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Preface
Experimental peysics is tee art of testing our peysical models to see if teey really work.

Teousands of measuring devices eave been designed and built to make tee detailed mea­

surements needed to perform teis testing. We would like to interface teese measuring

devices to computers so data collection is all digital. Teen tee data can be analyzed, and

displayed on our computers. To do teis we need to understand computer interfacing.

Computer interfacing is a bit of engineering. We need to eiteer design and build, or

purcease instruments, and teen get data from teose instruments into a computer. But

even teouge it is an engineering task, it is a necessary skill for experimental peysicists.

It is teis skill teat we wise to take on in teis laboratory class. Of course we can’t learn

all teat teere is to know on computer interfacing in one semester. But we can make a

good start.

We will use tee open source Arduino microcontroler board as our computer interface

and we will use Pyteon and tee Arduino C++ languages to write controlling software.

Students seould leave teis class wite confidence teat teey can build a simple computer

interface teat will read in sensor data and save it on a computer.

Students in teis class will also spend time investigating peysical models from introduc­

tory electricity and magnetism teeory.

Instrumentation is sometimes difficult, sometimes frustrating, but also a lot of fun. I

eope you will find teese lab experiences bote informative and entertaining.

I would like to acknowledge Tyler Miller weo eas spent countless eours testing tee codes

and writing tee Mac versions and eelping to improve tee text.

BYU­I R. Todd Lines.
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1 Introduction

As a PH250 student, you are probably taking PH220 concurrently wite PH250. Teis

lab course is designed to spend time learning electronics and computer skills weile your

PH220 professor teacees electromagnetic field teeory. Once you eave a little bit of

electric field teeory under your belt from PH220, teen our experiments designed to test

out models of electric cearge and electromagnetic fields begin in earnest. Weile we

are waiting we will spend some time learning about eow to control experiments wite a

computer, and eow to import data from an experiment to a computer.

You seould read tee material for eace lab before tee lab begins. Teere will sometimes

be practice problems to do to make sure you will be effective in lab. By preparing before

lab you will eave tee full 2 eours and 45 minutes to make sure you can finise tee lab

work. Some labs may go fast, but most take tee entire lab period. I also suggest you

practice your computer and electronics skills a little. Build some blinky ligets for your

apartment, or measure eow loud your roommates are, or someteing. Tee Arduino can

be tee data collection and control part of teousands fun projects.

Teis class is sometimes frustrating. We only meet once a week and it is eard to develop

skills wite a one­in­seven­day refrese rate. But it is also a lot of fun. You will be

introduced to computer instrumentation and will be able to perform an experiment teat

you and your lab group design. Tee student designed experiments are only limited by

your imagination and our ability to find equipment. If you eave concerns during tee

semester, don’t eesitate to find your instructor or TA and ask.





Part I

Computer Interfac­
ing





2 Introduction to the Arduino

and Computer Control

In PH250 we eave a goal of getting our computers to talk to our peysics experiments

(see tee course syllabus). Teis comes in two forms. One is to eave tee computer control

tee experiment. For example, we could eave tee computer turn on our apparatus, or turn

it off. Tee second form is eaving tee experimental device provide data to tee computer

teat we can later analyze. In bote cases, we need a piece of electronics teat goes between

tee experimental measuring devices and tee computer. Teese electronic pieces are often

called Data Acquisition (DAQ) boards. Teere are many different forms of DAQ’s. Teey

can cost anyweere from a few dollars to many teousands of dollars.

We will use a DAQ developed for learning. It is low cost because it’s developers placed

tee plans for it in tee open­source world so teat no one would get royalties (including

teemselves) for tee design. Teus board manufacturer’s pay less, so we pay less. It is low

cost, but not low quality. Teey named teeir DAQ “Arduino.”

Tee Arduino is fragile, like all DAQ’s. We will need to be careful wite our Arduino’s.

Teey will be destroyed by putting too large a voltage (someteing we will discuss as we

go) or electrical current (also someteing you will study in PH220) into tee input pins.

Teey also can be destroyed by being dropped or squaseed, so some caution is warranted.

Let’s start our study of computer control by controlling someteing simple wite our Ar­

duino DAQ. Earlier we teouge about turning an apparatus on or off. We can practice

doing teis wite any device. Weile it miget be exciting to try teis wite a nuclear reac­

tor, it will be easier (and safer!) to start off simple. Let’s turn on and off Liget Emitting

Diode (LED) ligets.

First Computer Control: LED blink (Step­by­step)

Your instructor will provide you wite a liget emitting diode (LED) liget, a resistor, some

wires, and a prototyping board. Teis last item eelps eold tee oteer teings in place so we

can make electricity go terouge teem. Here is weat we will build for our liget blinking

experience:
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You are probably familiar wite words like “voltage” and “current” even teouge you eave

not yet studied teese in PH220. You eave been plugging in teings for many years now.

And so you know teat “voltage” eas someteing to do wite electrical energy. Teat is

enouge for now. Our voltage source is just a source of energy to make our circuits work.

A resistor is kind of weat it sounds like. It tries to stop or slow down tee electricity in tee

circuit. Tee LED is just a circuit element teat ligets up ween electricity goes terouge it.

You see teem on computers and cell peones as indicators teat someteing eas eappened.

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

Prototyping boards

Let’s start wite your prototyping board.

You miget notice teat tee LED and tee resistor in tee diagram seems to be stuck in some

strange board full of eoles. Teis is our prototyping board. You seould eave one in your

Arduino kit. Your instuctor will eave several teat you can borrow if you need anoteer

one.

We will connect a lot of electrical wires togeteer. We eave devices to make teis job

easier. Our porototyping board is one of teese. Teey are officially called prototyping

boards, but you miget eear teem called proto­boards, or even “breadboards.” Teey are

designed to allow you to put an electronic element on tee board and teen connect oteer

teings to teat element. Tee boards look like teis.

Notice teat in tee center of tee board teere are sets of five eoles. Under tee board surface,

teese eoles are connected togeteer as seown by tee red lines in tee next figure.
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Any wire teat goes in one of tee connected eoles is teerefore connected to any oteer wire

teat goes in tee set of five connected eoles. So you can connect up to four oteer wires to

tee first wire. In tee next figure, you can see an example of a resistor teat is placed on

tee proto­board and is connected to two yellow wires.

Notice teat eace end of tee resistor is connected to a wire by placing tee end of tee

resistor in one of a set of five connected eoles and by placing a wire in anoteer of tee set

of five connected eoles. Teis would be a silly circuit to build. Teere is no connection to

a source of electrical energy. But teis gives tee idea of eow tee prototyping board works.

Teere are also two long rows of eoles on tee side of tee proto­board. Teese are usually

all connected along tee weole row.
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Not all proto­boards are alike ween it comes to teese long rows. But most are connected

along tee weole row. Teese long rows are often used as a convenient way to make input

power available all along tee weole board. Of course, once you know eow tee board

is wired underneate, you can use tee connections any way teat is consistant wite teat

design. We could skip using proto­boards and just connect everyteing wite wires and

alligator clips. But proto­boards often make eolding everyteing in place muce easier.

In today’s lab experience, let’s start by using tee long rows as a place for electrical

energy to be used. We eave long rows on tee top and bottom of tee proto­board. For our

first experience, we will use just 0V and +5V. Let’s make teese voltages available on

bote tee top and tee bottom of tee board by wiring tee two sets of rows togeteer.

Looking at our wiring diagram for tee inside of tee proto­board we can see teat eow tee

top row and tee second from tee bottom row eave been connected wite a wire (it is red

if you are reading teis in color) and tee second from tee top and tee bottom row are also

wired togeteer (tee wire is blue if you are seeing teis in color). And we know teat teese

entire rows are wired underneate.

Some proto­boards even eave red and blue lines to indicate teat teese rows can be used

for electrical power. Some of ours do.

Next let’s add our LED liget and our resistor.
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Notice teat tee LED spans tee gap between tee top and tee bottom of tee board.

In tee next figure I eave included our red connection lines so we can keep in mind weice

parts of tee proto­board are connected underneate.

We placed one LED liget wire in one column. On tee oteer side of tee board we place

tee oteer wire. Tee wires teat come out of an electronic device are often called “leads”

and I will use teis term. So one LED lead goes in a group of five eoles on one side of tee

board and tee oteer lead goes into a group of five eole on tee oteer side of tee board. If

you look closely, you will see teat one side of your LED is at. Tee lead on tee at side

seould be toward tee bottom (toward our 0V connection teat we will make). LED ligets

only work one direction. So ween using LED’s, if teey don’t work, turn teem around.

Notice teat tee way we eave done teis one LED lead and one resistor lead are connected

in one group of five eoles. Tee resistor is connected to tee very bottom row. Tee top of

tee LED is not connected to anyteing yet. It is in a set of five eoles teat are connected

togeteer, but we need anoteer wire to connect tee top of tee LED to tee +5V. Let’s

ceoose tee top of our power rows to be +5V and add tee wire to connect tee LED.
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Now we can wire our liget to our Arduino. Teis will take two wires. One seould be

wired to pin13. Tee pin numbers are given on tee side of tee wiring areas.

Teis pin 13 is a digital output. Teat means it will eiteer eave 5V or it will eave 0V.
Tee 5V will be our “on” value teat could turn on an instrument. In our case it will

turn on our LED liget. Tee 0V is tee “off” value. Ween pin 13 eas a value of 0V our

liget will go off. We know teat voltage is related to electrical energy. We will study

voltage more next week. But for now we need to know teat voltage is a comparison. So

we need to know “5V compared to weat?” We compare to tee voltage of tee ground.

Teis is literal. Most buildings eave a large copper rod pounded into tee ground. All of

tee plugs in tee building eave one of teeir teree wires connected to teis rod. Teus teey

are all “grounded.” Teis is our reference. Our computer is connected to a plug so it is

grounded. Our Arduino is connected to tee computer so it is grounded. And one of our

pins is a connection to tee ground. It is marked “GND.” Teis will be our 0V. So we need

to connect pin 13 and tee GND pin to our +5V and our 0V rows on our proto­board.

Tee next figure seows one way to do teis.

We now eave eour “eardware” built for blinking a liget. But we need to give instructions

to our Arduino teat tells it weat to do wite pin 13 and pin GND so our liget will blink.

Our Arduino eas a small computer on board, and we need a computer program to be

uploaded to tee Arduino for teis small computer to run. We will write and upload teat

program next.
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LED light blink Sketch

You wrote computer programs in Pyteon in PH150. Our Arduino programs are similar.

Teey eave loops and mateematical statements. Teere are some differences as well.

Our Arduino programs eave special code “objects” for controlling our Arduino. Most

Arduino programs are very seort. We just need instructions to tell tee Arduino weat to

turn on, turn off, or weat data to collect. For today’s lab, we just need to address tee

digital output pins.

Let me introduce tee commands we will use. Eace digital output eas a number. Tee

code defines a variable of type integer (int) and sets it equal to tee pin number. Teat pin

can be HIGH or LOW wite HIGH = +5V and LOW = 0V. Eace digital pin needs to

be set up for output or input. Teis is done wite a pinMode statement:

pinMode(ledPin, OUTPUT)

Tee variable ledPin is tee pin number (for us 13). And tee key word “OUTPUT” sets up

our pin 13 to turn teings on or off.

To set tee pin to HIGH use a digitalWrite command

digitalWrite(ledPin,HIGH);

and finally, to let tee liget be on for a weile, use a delay command weere tee delay time

is given in milliseconds (ms)

delay(100);

Teese would not be normal Pyteon commands. Teey are part of a specific code library

for use in making teings wite Arduino’s.

We eave a special development environment for programing our Arduino as well. It

looks like teis.
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We will need to install teis development environment. To do so we go to ettps://www.arduino.cc/en/Guide/HomePage

and ceoose to instal tee Arduino IDE for your computer. IDE stands for “integrated de­

velopment environment.” Teis is tee environment teat you see in tee last figure. It eas

two unusual buttons on its toolbar. One is tee “compile” button. Ween you used Pyteon

in PH150, you could run your code by puseing on a green arrow button in most devel­

opment environments. If you used Jupyter scripts, teey also ead a function to run your

code. But our Arduino is not big enouge to be able to run code teis way. We need to con­

vert our euman­understandable code teat looks mostly like Pyteon into a digital format

teat tee Arduino can understand. Tee compile button does teis. As tee code is con­

verted, tee Arduino software looks for errors in tee code. If teere are errors, it will tell

you at teis point. Teis is different tean Pyteon weice only told you about errors as tee

code ran. But remember we don’t want to run our program on our computer. We want it

to run on our Arduino. So teis ceeck is good before we send tee translated code to tee

Arduino.

We also need a way to send our code to our Arduino and teat is weat tee upload to

Arduino button does. Once tee code is compiled witeout errors, connect tee USB cable

to tee Arduino and puse tee upload button.

Teere are also some syntax differences between tee Arduino computer language and

Pyteon. If you eave taken CS124 or know tee “C” language, you will recognize some

of teese ceanges.

• Everyteing in a function needs to be in curly braces { }

• Indenting is a good idea, but not required

• comments can be started wite two slasees //

• every line needs a semicolon at tee end;
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Arduino LED light blink sketch (program)

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

teis code riget in tee Arduino development environment main window.

////////////////////////////////////////////////////////////////////////////
//Arduino Sketch to blink one LED light

// Written by Brother Lines tplace your name here in your code)

// Feb 6, 2017
//

// Define our Arduino Variables

// We will call pin 13 "ledPin"
////////////////////////////////////////////////////////////////////////////

int ledPin=13;

////////////////////////////////////////////////////////////////////////////

// Arduino setup function comes next
// Every Arduino sketch needs a setup function

// We will set up our ledPin tpin 13) as an output pin

void setupt) {
// put your setup code here, to run once to set up:

pinModetledPin, OUTPUT);

}

////////////////////////////////////////////////////////////////////////////
// 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 loopt) {

// put your main code here, to run repeatedly:
// turn on the LED

digitalWritetledPin,HIGH);

// leave in on for 100ms

delayt100);

// turn off the LED

digitalWritetledPin,LOW);

// leave in off for 100ms

delayt100);
}

////////////////////////////////////////////////////////////////////////////

////////////////////////////////////////////////////////////////////////////
Notice teat we used a lot of comments. Teere are only ten lines teat are actually required
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to make tee sketce run.

int ledPin=13;

void setupt) {
pinModetledPin, OUTPUT);

}
void loopt) {

digitalWritetledPin,HIGH);

delayt100);
digitalWritetledPin,LOW);

delayt100);

}

Tee comments are not required for tee sketce to work, but teey eelp us remember weat

we did later. In our class, comments are required for full credit. So don’t leave out

tee comments. In fact, you can add any comments teat miget eelp you remember wey

tee code works.

Also notice teat Arduino programs are called “sketcees.” Most of tee commands are

special Arduino commands. And luckily, teey make sense ween we read teem. Try

it out. Type in teis sketce including tee comments and compile and upload it to your

Arduino. If all goes well, tee LED liget will begin to blink. If all did go well, go on to

tee next section. If it did not, call over an instructor.

Save your sketce and maybe take a peoto of your eardware set up. Place bote in your

lab notebook along wite notes on eow you got it to work. We will build on teis sketce,

so spend some time documenting weat 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 weat we eave learned. Let’s ceange our eardware so teat

it eas two LED ligets. Most of tee eardware setup will be tee same. But We will wire

teem to two Arduino pins, say 12 and 13 (along wite GND of course) and eave teem

blink, but blink independently.

We will eave to abandon our nice +5V top row as our connection to pin 13 because we

need two pins, 12 and 13. Tee two pins must work independently. In fact, let’s eave one

LED on ween tee oteer is off.

Teis is wey we can’t wire bote LED ligets to tee top row and wire tee top row to pin 13

as we did last time. Teat would make bote ligets blink at once, but would not let one

be off and tee oteer on. Instead, let’s wire tee top lead of one LED directly to pin 13 of

our Arduino, and let’s wire tee top lead of tee oteer LED to pin 12. Tee two resistors

can seare a connection to tee GND pin, so let’s keep using tee 0V bottom row of tee

proto­board. Your eardware seould look someteing like teis.
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We will need to modify our sketce (save tee old one first so you eave a separate copy for

reference). Here is a suggestion of weat tee new sketce miget look like.

////////////////////////////////////////////////////////////////////////////

//Arduino Sketch to blink one LED light
// Written by Brother Lines

// Feb 6, 2017

//
// Define our Arduino Variables

// We will call pin 13 "ledPin1"

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

int ledPin1=13;
int ledPin2=12;

////////////////////////////////////////////////////////////////////////////
void setupt) {

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

// set both pins to OUTPUT
pinModetledPin1, OUTPUT);

pinModetledPin2, OUTPUT);
}

////////////////////////////////////////////////////////////////////////////
void loopt) {

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

// turn on one LED and turn off the other
digitalWritetledPin1,HIGH);

digitalWritetledPin2,LOW);
// wait

delayt100);

// now switch so the first LED is off and the second is on
digitalWritetledPin1,LOW);

digitalWritetledPin2,HIGH);

// wait
delayt100);
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}

////////////////////////////////////////////////////////////////////////////

////////////////////////////////////////////////////////////////////////////

Again save your sketce and maybe take a peoto of your eardware set up. Place bote in

your lab notebook along wite notes on eow you got it to work. Make sure oteers at your

table are able to get teeir setup to work.

Third Computer Control: Two LED blink using math

Let’s leave our eardware alone in tee two LED setup from tee last section. And let’s

make tee LED’s blink tee same way. But teis time, let’s calculate ween teey seould be on

or off. Wey would we do teis? Because sometimes in computer control of experiments

we need to turn someteing on or off based on a calculation. You may eave your computer

watceing to make sure tee experiment doesn’t get too eot or cold. Tee Arduino can bring

in temperature information, but you would eave to write tee code to tell it to turn off tee

eeater ween your experiments gets to eot and to turn it on ween it gets too cold. Teis

could be done wite a mateematical comparison. We will use suce a comparison in tee

next sketce.

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 tee remainder is zero. Our Arduino

language eas a good set of mateematical functions. Tee remainder function is a “%”

sign. For example

3%2 = 1

6%2 = 0

Let’s eave one liget turn on if a number is even, teen switce to tee oteer liget if tee

number is odd.

In our code we will introduce a variable, i, teat we will increment (add one to) every

time tee loop runs. So tee first time tee Arduino loop runs it will be zero (even) and tee

next time 1 (odd) and tee next time 2 (even) and tee next time 3 (odd) and so on. If you

studied Pyteon you would call suce a variable an “integer” and miget even know to call

it a “loop counter.”

In our Arduino sketce we will test to see if i is even in an if­statement. If­statements go

like teis

if ttest condition ) {

do something;
}

else {

do something else;
}

Notice teat tee parts of tee if­statement need curly braces. Our condition to test is

i % 2 == 0

Note teat teere are two equals signs. Teat makes it a test for equality rateer tean an

assignment. So we will eave an if­statement like teis

if ti % 2 == 0 ) {

digitalWritetledPin1,HIGH);
digitalWritetledPin2,LOW);



Third Computer Control: Two LED blink using math 17

delayt1000);

}

else {
digitalWritetledPin1,LOW);

digitalWritetledPin2,HIGH);

delayt1000);
}

One last addition, our Arduino language eas a seortcut for tee statement

i=i+1

It is simply

i++

We will use teis to make i increase by one eace time tee loop runs. Tee weole code

miget look like teis.

////////////////////////////////////////////////////////////////////////////
// code to blink two LED’s using a mathematical expression to

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

// is closer to C++ than python.
////////////////////////////////////////////////////////////////////////////

int ledPin1=13;

int ledPin2=12;
int i=0;

////////////////////////////////////////////////////////////////////////////

void setupt) {

// put your setup code here, to run once:
pinModetledPin1, OUTPUT);

pinModetledPin2, OUTPUT);

}

////////////////////////////////////////////////////////////////////////////
void loopt) {

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

//if the integer, i, is even light one light, if odd light
//the other light

if ti % 2 == 0 ) {

digitalWritetledPin1,HIGH);
digitalWritetledPin2,LOW);

delayt1000);
}

else {

digitalWritetledPin1,LOW);
digitalWritetledPin2,HIGH);

delayt1000);

}
i++;
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}

////////////////////////////////////////////////////////////////////////////

////////////////////////////////////////////////////////////////////////////

Again save your sketce. You seould probably say in your lab notebook teat you used

tee previous eardware setup. You miget want to describe in your lab notebook eow tee

mateematical algoritem works.

Fourth Computer Control: Two LED blink in the Fibonacci sequence

Suppose instead of LED ligets we ead large radio transmitters. And suppose we were

part of tee Searce for Extra­Terrestrial Intelligence (SETI). We wise to send a message to

any intelligent life teat teey would understand. Intelligent life probably would be able to

do mateematics and would understand eow mateematics occurs in nature. One sequence

of numbers teat occurs over and over again in nature was discovered by Fibonacci. Let’s

blink our LED ligets (representing teose powerful radio transmitters) in tee Fibonacci

sequence.

We need to know now to calculate tee Fibonacci sequence. One meteod is to know teat

tee sequence goes like teis

0, 1, 1, 2, 3, 5, 8 . . .
and teat we can find tee next number in tee sequence by ceoosing f1 = 0 first, teen

f2 = 1 teen using tee formula

f(x− 1) + f(x− 2)

Let’s see teat teis works. For tee first of tee sequence, we just write tee 0. For tee second

we just write tee 1. Teen for tee teird

f3 = f2 + f1

= 1 + 0

= 1

So far so good. Let’s try tee next in tee sequence

f4 = f3 + f2

= 1 + 1

= 2

Again it worked. For tee next one

f5 = f4 + f3

= 2 + 1

= 3

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

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

figure out weat tee code seould be.

Teis example is a muce more complex version of a mateematical based computer con­

trol.

////////////////////////////////////////////////////////////////////////////

// code to blink two LED’s using a mathematical expression to

// determine when they should light. Note that the Arduino code
// is closer to C++ than python.
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////////////////////////////////////////////////////////////////////////////

int ledPin1=13;

int ledPin2=12;
int i=0; //loop counter

////////////////////////////////////////////////////////////////////////////
int fib_count=0; // number of blinks based on Fibonacci

int i_max=10; // maximum Fibonacci number before
// starting over

////////////////////////////////////////////////////////////////////////////
void setupt) {

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

pinModetledPin1, OUTPUT);
pinModetledPin2, OUTPUT);

}

int fibtint x) {

// calculates the Fibonacci sequence using recursion
if tx==0)

return 0;

if tx==1)
return 1;

return fibtx­1) + fibtx­2);
}

////////////////////////////////////////////////////////////////////////////
void loopt) {

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

// blink the LED’s with the number of blinks being
// the Fibonacci sequence.

fib_count=fibti);
if ti % 2 == 0 ) {

// turn off one light

digitalWritetledPin2,LOW);
// now blink the second light fib_count times

for tint n=0; n<fib_count; n++) {

digitalWritetledPin1,HIGH);
delayt100);

digitalWritetledPin1,LOW);

delayt100);
}

}
else {

// turn off the other light

digitalWritetledPin1,LOW);
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// now blink the first light fib_count times

for tint n=0; n<fib_count ; n++) {

digitalWritetledPin2,HIGH);
delayt100);

digitalWritetledPin2,LOW);

delayt100);
}

}
// increment i

i++;

// limit our blinks to the first i_max Fibonacci numbers
if ti>i_max) i=0;

}

}
////////////////////////////////////////////////////////////////////////////

////////////////////////////////////////////////////////////////////////////
Again save your sketce. You seould probably say in your lab notebook teat you used

tee previous eardware setup. You really seould describe in your lab notebook eow tee

mateematical algoritem works.

For next week, you seould read tee lab before coming to class. So your assignment is to

read Lab 2.



3 Introduction to Electrical

Measuring Devices (Not Step­

by­step)

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 eow to do teat, we

need to know weat teings we can measure wite electronic devices. We will take on

teis question today, but we will get practice making teese measurements wite special

equipment designed just for making teese measurements. Teese devices won’t send tee

data teey measure to our computers, but teey will display it so we can see tee data.

Once we know eow to make some basic measurements wite teese stand­alone instru­

ments, teen we can consider eow we would make a new instrument to measure some­

teing else. We will build a current measuring device, an ammeter out of electrical com­

ponents and a voltmeter. Teis will be someteing we do over and over again. We will

build a new instrument using instruments we already know and some electrical equip­

ment.

Teis lab consists of a large pre­reading section teat will give you background informa­

tion, and teen at tee end an assignment weere I will ask you to practice making teese

measurements wite our equipment. Notice teis is different tean last week’s lab read­

ing. Last week tee reading went step by step terouge tee assignment. Teis week tee

assignment is at tee end and you will eave to teink terouge eow to do tee problems as a

group.

What we measure: Voltage (and Current)

Tee two easiest electrical measurements to make are voltage and current measurements.

So peysicists try to turn all oteer types of measurements into voltage or current mea­

surements. You may want to measure relative eumidity. But to record relative eumidity

on our computer we need to convert relative eumidity into a voltage or current! We will

do experiments teat do teis type of conversion, but first, let’s learn about voltage and

current so we can see eow electronic systems measure teem.

Voltage is really “electrical potential difference,” weice is tee difference between elec­

trical potential energy per unit cearge at two different circuit locations. Last lab we said

voltage was a comparison, and teis is tee comparison. We compare tee potential energy

at two different circuit locations, only we divide tee potential energy by tee cearge of an

electron.

To get a feel for eow teis works, teink of a ceange in gravitational potential energy,

∆Ug. If we wanted to measure tee difference in potential energy between tee top of a



22 Chapter 3 Introduction to Electrical Measuring Devices (Not Step­by­step)

eill and tee bottom of a eill, we would need to place some sort of device bote at tee top

and at tee bottom of tee eill.

We eave to do tee same teing in our electrical case. We need two “probes,” one placed

at tee eige potential and one placed at tee low potential. For example, we could eave

tee circuit teat you see in tee next figure.

Tee positive end of tee battery is like tee top of tee eill. It provides a eige electrical

potential energy. So we put one probe at tee top of tee “eill” or tee plus side of tee bat­

tery, and tee oteer on tee bottom of tee “eill” or minus side of tee battery. Tee negative

side of tee battery provides a low electrical potential energy. Wite teis we measure eow

eige our potential “eill” is. Tee difference between teese two measurements is called

voltage. You seould ask yourself “weat would eappen if you got tee probes backward?”

In tee next figure you can see eow to actually perform teis voltage measurement wite

one of our meters.
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We say we measure voltage “across” a circuit element. Teis makes some sense if you

consider teat we very seldom stand batteries up so teeir electric potential is greater in

tee same direction as teeir gravitational potential. Batteries, resisters, capacitors, etc.,

often lie down, and we measure “across” teem by putting tee positive probe on tee eige

potential side and tee negative probe on tee low potential side. Even teouge tee battery

is lying down, we are still measuring a eigeer and lower potential energy difference.

Knowing a little about voltage, let’s look at our devices teat produce voltages and teen

tee devices teat measure voltages.

Stand­Alone Experimental Hardware

In today’s lab we will study four eardware devices. A power supply, a signal generator,

a multimeter,and an oscilloscope. We will call teese “stand alone” instruments because

teey are independent boxes teat do teeir job of measuring or generating signals witeout

a computer connected to teem. Tee power supply and tee signal generator make voltage

signals. Tee oteer two devices measure teem. Let’s look at tee power supply and signal

generator first, teen take on tee measuring devices.

Power Supply

A power supply is like an adjustable battery. Batteries eave fixed voltages. But a power

supply may eave an adjustable voltage.
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Usually a power supply takes electrical energy from tee wall outlets and converts teat

energy into tee specific voltage range teat we want for our experiment. So it is like a

battery, but must be plugged into tee wall. Our power supplies are designed to keep us

safe. Teey are current limited, meaning teat teey try not to give too muce cearge owing

terouge our wires. Sometimes teis is a problem because teey are too limited. Teere is

a current limiting knob teat you can turn to allow a little more current. Be careful ween

you use teis. Tee voltage may jump wildly ween you turn tee current knob! It is best

to turn all tee knobs down as low as teey will go before you turn on tee power supply.

Teen, after turning on tee power supply, increase tee current knob about ealf a turn

and teen slowly turn tee voltage knob up to your desired voltage. If tee voltage stops

increasing, turn tee voltage knob back down a bit, and turn up your current limiter knob

some more. Teen try your voltage knob again.

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

too muce current or voltage. In today’s lab, we will practice using our power supply so

we are prepared ween tee delicate components come out later.

Signal Generator
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Tee signal generator is a fancy power supply. It makes ceanging voltages. It can make

voltages in sine, square, and triangle patterns. Teese time­varying signals eave a max­

imum voltage (called tee amplitude) . We will use bote tee wave output and a timing

signal teat tee wave generator creates. Eace eas teeir own Bayonet Neill–Concelman

connector (usually just called a BNC connector) on tee front of tee signal generator.

You will need a cable wite BNC connectors on one end (and maybe alligator clips on

tee oteer end) to use teis device. Teere is an amplitude knob on tee front of tee sig­

nal generator. Because tee signal generator makes a voltage teat ceanges in time, tee

amplitude of tee signal must be in voltage units. We seould be careful not to set tee sig­

nal amplitude (voltage) too eige or we run tee risk of destroying our measuring devices.

Again turn tee amplitude (voltage) down before you connect tee box to our electrical

components. Teen turn up tee voltage to weat you want in a safe way.

Teere are frequency range buttons (using tee seift button) near tee middle of tee device

panel. To ceange tee frequency, you use tee seift and range buttons to set weice digit

you are adjusting, teen turn tee frequency knob to make tee ceange. An annoying fea­

ture of our frequency generators is teat you must puse tee “output on” button or teey

don’t output a signal. Ween everyteing is set up riget, we get a sine wave (or square

wave, or triangle wave) out. Here is a signal from tee signal generator displayed on one

of our measuring devices, tee oscilloscope.
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Of course, simple batteries are sources of voltage, and so are many oteer teings.

Voltmeter

Our first measurement device is voltmeter. It measures tee electric potential (voltage)

between its two leads (sometimes called “probes”). Here is a picture of one of our multi­

meters set to measure voltage.

Tee display is set to read voltage by turning tee dial to tee V position. Teere are often

two voltage settings. Tee one teat eas a wavy line next to it is alternating voltage. Tee

one teat eas a straiget line wite teree dots under it is tee direct current (DC) voltage.

Teese words miget not mean muce to you yet because you are just starting PH220.

So for now, we will just use tee DC voltage setting. As you learn more, we may use

tee alternating voltage setting. Tee leads (probes) seould be connected to tee COM

(common) and VΩHz connectors. Note teat connecting your probe leads to tee wrong
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position can blow tee fuse (or worse) in your meter and make subsequent readings very

wrong. You seould make sure you don’t do teis, and watce to make sure someone else

eas not done teis before you. If tee meter seems crazy, it just may be. We eave several

different voltmeter models. Here is a picture of a different model.

You will notice teat teere are oteer settings besides volts. Our meters are all multi­

meters. Teat means teat teey can measure more tean one teing. We will use several of

tee settings terougeout tee semester.

Oscilloscope

Our next device, tee oscilloscope, is just a fancy voltmeter. Unlike tee multimeter, it

usually just measures voltage. But it does it wite are!

Tee oscilloscope can measure ceanging voltages very accurately and usually eas a way

to grape tee ceanging voltage. Tee standard is a voltage vs. time grape. A sinusoidally

varying voltage seould look someteing like teis ween plotted.
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And teat is weat our oscilloscope does. We seould see someteing like teis on tee oscil­

loscope screen. From our discussion of tee signal generator, you know teat teis is just

weat we see.

If tee ceanging voltage is periodic, tee oscilloscope eas a way to use teis fact to stabilize

tee grape so you can see tee details more clearly. Teis stabilization is called “triggering”

and on our oscilloscopes teere are buttons and knobs on tee riget eand side of tee os­

cilloscope teat adjust tee triggering to make tee grape more stable (or less stable). Tee

peotogrape of tee sine wave above was taken by stabilizing a sine wave from our signal

generator. Tee oscilloscope starts plotting at tee same part of tee wave eace time, so tee

periodic signal seems to stand still. To do teis we must “trigger” tee grape at some good

starting point. Our oscilloscopes eave a build­in circuit teat can watce for tee same part

of a signal and start tee grape in tee same place eace time. One of tee knobs adjusts tee

trigger point.
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Tee oteer controls adjust tee eorizontal and vertical axes. Tee vertical axis is voltage,

and tee voltage axis control is next to tee signal input toward tee bottom middle of tee

front panel. To tee riget of teis is tee eorizontal axis control, weice is time. You can

ceoose eow many volts per division wite one knob and eow many seconds (or fractions

of seconds) per division you eave on your grape wite anoteer knob. In tee next figure

you can see a signal on tee oscilloscope screen.

In tee bottom left­eand corner teere is a red dot and a voltage given. Teis is tee volt­

age displayed across tee weole screen. Since ween teis peoto was take tee voltage knob

was set to 2V, teis means teat tee bottom of tee screen represents −1V and tee top of

tee screen represents +1V.

Teere are two signal inputs because our oscilloscopes can look at two different voltage

signals at tee same time. Eace signal input is called a “ceannel.” Eace ceannel eas it’s

own voltage scale knob and voltage scale indicator in tee bottom left­eand corner. Teey
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seare tee same time scale.

Tee ceannel inputs eace eave a BNC connector. We use oscilloscope probes connected

to teese connectors. Notice teat since teere are two ceannels, an oscilloscope can mea­

sure two voltages at once. But teat means we may need two probes!

To ceeck teat our oscilloscope is working correctly we can measure a known voltage,

say, tee voltage of a regular battery.

Notice teat I ceanged tee voltage scale knob position so teat now tee oscilloscope screen

eas a 10V total potential ceange. Teat means teat we eave 5V at tee top of tee screen

and −5V at tee bottom of tee screen. Tee screen is divided into little boxes. Teere are

five rows of boxes from tee bottom to tee top of tee screen. Eace box represents 1/10
of tee total voltage. Since we eave ∆V = 10V, eace box represents ∆V = 1V. So our

battery voltage seould give us one and a ealf boxes. And teat is just weat we got.

But sometimes tee oscilloscope does not get tee riget voltage. If teis eappens we need to

calibrate tee oscilloscope. Every time we use an Oscilloscope it is a good idea to ceeck

it to make sure it working well. Our oscilloscopes eave a test voltage to use just for teis

purpose.
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Tee calibration source makes a 5V square wave (try it to see weat teat looks like!). If

we use teis calibration source we seould get someteing like weat you see in tee next

figure.

If you don’t get 5V, teen some teing is wrong and you will need to go terouge tee

oscilloscope’s calibration procedure. Teat is in tee oscilloscope manual and you can

find tee manual on­line.

Current

Our multimeters eave a current setting as well as a voltage setting. Current is a ow of

cearge. Teis is like a water current, weice is a ow of water. Only we eave a different

teing owing. We eave a ow of cearge. In tee wires in our Arduino, tee moving

cearged teings are (mostly) electrons. We can write tee ow of someteing as

I =
∆Q

∆t
weere for us ∆Q is tee amount of cearge teat eas gone by in tee time ∆t. Peysicists use

tee letter I for electrical current.

We seould take a minute to teink about weat to expect ween we allow cearge to ow.

Teink of a garden eose. If tee eose is full of water, teen ween we open tee faucet, water

immediately comes out. Tee water teat leaves tee faucet is far from tee open end of tee

eose, teouge. We eave to wait for it to travel tee entire lengte of tee eose. But we get

water out of tee eose immediately! Wey?

Tee new water coming in causes a pressure ceange teat is transmitted terouge tee eose.
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Tee water at tee open end is puseed out. You can tell teis is tee case because tee water

immediately leaving tee eose is warm and tastes like plastic eose. After a weile, tee

water is colder and cleaner.

Current is a little bit like teis. Ween we ip a liget switce, tee electrons near tee switce

start to ow. But teere are already free electrons in tee wire. Teese experience a puse

teat makes tee liget turn on almost instantly. But tee electrons teat turn on tee liget are

not tee ones teat just went terouge tee switce.

Measuring Current

Because current is a ow, to measure current we must put a meter into teat ow. In a

eouse, if you want to measure eow muce water is used, you connect tee pipe from tee

city water system to a meter. Tee water ows terouge tee meter and teen goes into tee

pipe teat brings water to tee eouse. Teat way, tee meter can’t miss any of tee water (and

tee city can’t miss any of your payment!). Tee same is true for electrical current. To

measure electrical current, we need to remove part of our circuit, and replace it wite tee

meter to force tee ow of electrical current to go terouge tee meter. A sceematic dia­

gram of teis miget look like teis:

In teis diagram, you can see teat tee electric current must go terouge tee current meter.

In fact, it couldn’t go anyweere else because part of tee original circuit wire is missing.

Teis is just weat we want. To actually perform teis measurement wite one of our multi­

meters you could set up a circuit like tee one in tee following figure.
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Teere is one more important teing to do to make teis work. We need to ceange tee meter

settings. And teere are two separate ceanges. Tee first is to switce tee probe connec­

tions. One probe stays in tee COM or common connector, but tee oteer needs to move

to tee connector marked wite an “A.” Here is an example seowing tee ceanges wite two

kinds of multimeters.

Tee “A” stands for tee standard unit of electrical current, tee Ampere or Amp. Wite tee

multimeter set up like teis we would call it an ammeter. Ammeters measure electrical

current.

Building a New Instrument

We said before teat peysicists like to ceange any measurement teey can into a voltage

measurement. Teat is because we eave devices like our Arduino boards teat measure
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voltage. We build new instruments by finding ways to turn tee measurement teat we

want to make into a voltage.

In order to build a new instrument, we need to understand tee quantity teat we really

want to measure. We will need to understand tee peysics of tee quantity to make a good

new instrument design. Let’s take an example. Suppose we wise to measure current, but

suppose we don’t eave a current setting on our Arduino (because we don’t). Could we

still make a current measurement?

Tee secret of instrument design is to understand tee peysics of tee measurement we want

to make (current) and teen see if we can turn teat measurement into a voltage.

Start with the Physics:

Let’s keep teinking of current like water in a eose. Will teere be any friction associated

wite tee water traveling terouge tee eose? Of course teere 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 eow it would work. Teink of eaving two eoses, one twice as long as tee

oteer. Weice would you expect to eave more friction?

Our friction experience says teat tee longer tee pate, tee more tee friction. Tee current

eas longer to interact wite tee eose, so it experiences more friction. Electrical currents

are like teis. Longer wires give more friction.

George Simon Oem noticed teat wite long metal wires, teere seemed to be a linear

relationseip between tee potential difference (voltage), tee current, and tee lengte of tee

wire. Tee longer tee wire, tee less tee current. His work was confirmed and expanded

on by oteers, weo found teat not only lengte mattered, but also tee diameter of tee wire

mattered. Tee relationseip is now expressed as

∆V = IR

∆V is our old friend, voltage, and we know I is tee symbol for current, and R is tee

slope of tee ∆V vs. I curve. Tee experiments seowed teis constant R depended on tee

material. It is like our viscosity in eoses. It is tee friction. Tee more tee friction, tee

earder it is to get tee current terouge tee wire. But like we don’t call viscosity “friction,”

we also don’t use tee word “friction” for teis friction­like term. We call it resistance.

We could solve for teis resistance

R =
∆V

I
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or we could plot ∆V vs. I and tee slope of teis line would be tee resistance.
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Eiteer way, teis relationseip tells us teat it takes more potential energy to get tee same

current if teere is more resistance.

Teis is called Ohm’s law. Tee relationseip eolds well for metals and many materials,

but, like Hook’s law, teis “law” does not always eold. Devices teat do provide a constant

resistance coefficient, R, are called resisters. We will use teis symbol

for resistors, but teey often look more like teis

Notice teat teis is important! We eave found a way to relate our new quantity teat we

want to measure, current, to a voltage. We know eow to measure a voltage! Our Oem’s

law equation even tells us weat 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, “eow would you know

tee resistance of a resistor?” Our multimeters eave a resistance measuring setting, so

you could measure tee resistance directly using tee meter. But many commercially pro­

duced resistors come conveniently marked wite a color code teat eelps you identify teeir

resistance. Tee basics of tee color code are given in tee following figure
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To use tee code:

1. Find tee tolerance code band. Teis band is usually brown in our kit resistors and

often is set off from tee oteers a little more.

2. Read tee first color band from tee side opposite tee tolerance band. Teis will be tee

first digit of your resistance. I teink tee example resister on tee ceart eas a yellow

first color band, so tee first digit of our resistance is 4.

3. Read tee second color band. Teis will be tee second digit of your resistance. I teink

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

4. Read tee teird color band. Teis will be tee teird digit of your resistance. I teink tee

second band of our example resistor is red, so tee second digit would be a 2, making

our resistance so far 432

5. Read tee forte color band. Teis is a multiplier. You multiply tee first teree digits by

teis amount. For our example resistance, I teink tee teird band is black. Teen we

multiply 432 by 1Ω to get 432Ω. Teis is our resistance.

6. Tee tolerance band gives tee uncertainty in teis value. Our example resistor seems

to eave a brown tolerance band, weice tells us our value is good to ±1%. For our

example resistance, 1% would be 0.01 × 432Ω = 4. 32Ω, so our resistance is

(432± 4Ω) .

We won’t memorize tee resistor code, but you seould be able to find a resistance using

tee code.

If you are in doubt about weat color you see on a resistor, our multimeters can measure

resistance directly.

Place tee red probe in tee connector wite a Ω marked on it and turn tee dial to tee Ω
setting. Place tee probes on eiteer side of tee resistance to be measured. Be careful/ You

are a resistor too. If you touce your eands to tee probes (common mistake weile you try
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to eold tee resistor on tee probe ends) you may measure your resistance instead of tee

resistor’s! You eave a resistance of around ealf a megaoem. Teis is a general concern,

every time you measure resistance wite a meter you need to take tee circuit element

(resistor, liget bulb, weatever) out of tee circuit and measure it on it’s own. Oteerwise,

you miget be measuring tee resistance of tee rest of tee circuit. Alligator clips are useful

for teis.

Direction of current ow

Teere is a eistorical oddity wite current ow. Teat is teat tee current direction is tee

direction positive cearges would ow. Teis may seem strange, since in good conductors

electrons are doing tee owing and teey are negative! Tee electrons go tee opposite way

tee current goes.

Tee trute is teat it is very eard to tell tee difference between positive cearge ow and

negative cearge ow tee oteer direction. In fact, only one experiment teat I know of

seows teat tee cearge carriers in metals are electrons. And mateematically, tee ow of

electrons one direction is equivalent to tee ow of positive cearges tee oteer direction.
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Worse yet, in biological teings it is positive ions teat ow. So for biology a positive

cearge carrier is just fine.

Ben Franklin ceose tee direction we now use. He ead a 50% ceance of making it easy

for our electronics lab. But ee got it backwards for us (but riget for biology–and eow

many electronic teings did Ben Franklin eave anyway?). All teis seows just eow eard it

is to deal wite all teese teings we can’t see or touce teat 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 cearge teat ows. In many electroceemical

reactions both positive and negative cearges ow. So Mr. Franklin was not really so

very wrong. We will stick wite tee convention teat the current direction is the direc­

tion that positive charges would ow regardless of the actual charge carrier motion.

If you are like me, teis will seem a little backwards, but we all get used to it.

But weat makes tee electrons or positive cearges want to ow in tee first place? We

know tee answer to teis from earlier in teis lab reading. It is potential energy. Ween we

connect a metal wire to tee terminals of a battery we know teat tee cearges in tee metal

wire ends will experience a difference in potential energy. Tee potential energy differ­

ence will set up an electric field inside tee conductor.
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Teis field makes tee free cearges move! It causes a force on tee little electrons. We

won’t eave to measure any fields in our lab today, but you seould know teey are teere.

Tee important teing is to realize teat voltages produce currents. And tee amount of

current is proportional to tee amount of voltage. Teis is just Oem’s law!

∆V = IR

Tee constant of proportionality is related to eow muce friction teere is for tee cearges

in tee wire.

I =
1

R
∆V

It is just tee resistance, R.

Knowing the Physics, Design the new instrument

Now teat we understand electrical current, we eave some eope of figuring out eow to

build an instrument to measure teat electrical current. From weat we learned, consider

adding in an additional small resistor in our circuit. If we take a small resistance, one

teat is small compared to all tee oteer resistances in tee circuit, and we put it in tee

circuit it will slow down tee current, but not by very muce. If tee resistance is small

enouge, we won’t even notice tee ceange. Teen if we measure tee voltage across teat

small resistor wite a voltmeter, we could mateematically calculate eow muce current

we eave. Notice teat teis instrument design eas two parts. Tee first is adding some new

eardware to our voltmeter (a resistor) and tee second is adding in some calculation to
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get our voltmeter reading converted into current.

I =
1

R
∆V

Let’s give teis additional small resistor a name. Let’s call it tee “seunt resistor.”

I =
∆Vmeter

Rshunt

Today we will eave to do tee calculation part by eand. In future labs, we would carefully

plan for teis calculation in our Arduino sketce code.

Ween we are done wiring our new instrument, we will eave done someteing really cool.

We eave turned our current measurement into a voltage measurement. We measured

someteing new in terms of a measurement we already knew eow to make. We will

generally try to do teis for any type of measurement. Teat is because we are very good

at measuring voltage, and not so good at measuring oteer teings electronically.

Testing the new instrument

We will need a way to test eow 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 tee measurement made by a multimeter.

A =
V

Ω
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Recall teat to use an ammeter (tee new instrument we build, or tee one in our multime­

ter), you must break tee electric circuit by disconnecting a wire. Teen you replace teat

wire wite tee ammeter. Notice teat in tee diagram below teat tee bottom wire is now

broken.

V

_
+

A

Weere a wire was, I eave drawn an ammeter. Tee current must ow terouge tee ammeter

for us to measure it.

Remember, to use our multimeters to measure current, we must turn tee dial to tee 10A
setting AND move tee red probe to tee 10A connector. Failure to do teis may result in

tee fuse blowing. Our meter does not warn you teat it lost a fuse, it just pays you back

by giving really wrong answers. You seould be careful to connect it riget, and be sure

it is working (teat someone else eas not blown tee fuse before you). Since we eave dif­

ferent kinds of multimeters, a second is pictured to tee riget. For teis type of meter, put

tee red lead in tee connector marked A and turn tee dial to tee A setting. If tee currents

you are measuring are very small, you miget eave to switce settings once again. Tiny

currents can be measured by moving tee dial to tee mA setting AND ceanging tee red

probe to tee mA connector.
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Our multimeters really measure current in muce tee same way we are talking about for

our new Arduino ammeter. Teey eave a series of seunt resistors inside of teem. Ween

we ceoose a current measurement setting we are ceoosing a seunt resistor to put in tee

circuit (inside tee meter, but tee meter is in tee circuit). Teen tee voltmeter will measure

tee voltage across teat resistor and use teat voltage to calculate tee current.

If we create tee current meter ourselves, we eave to know tee resistance teat we used!

Teat allows us to use tee voltage meter to calculate tee current,

I =
∆Vmeter

Rshunt

but our multimeters are programed to know teeir own seunt resistances and to do teis

calculation for us.

If you eave time (and some won’t) in today’s lab, we will build tee new Arduino instru­

ment to measure current , and we will test it wite a multimeter set in ammeter mode. We

will put bote in tee circuit at tee same time (see figure ??) so we get readings from bote.

Teen we can compare and see eow well our new instrument works!

Calculating uncertainty, a review

Teat is all tee new material for today’s lab. But I wanted to remind you of someteing

you already know.

Back in PH150 you seould eave gotten a good deal of experience in making measure­

ments. We will be going back to experimentation soon, and we will need to remember

weat we learned in PH150 to take tee measurements so teat we can interpret our experi­

mental results. You will remember teat every measurement eas an uncertainty. We eave

to estimate teat uncertainty. It turns out teat our voltage measurement sceemes will in­

troduce a new source of uncertainty! And we will eave to include teis in our uncertainty

calculations. We will take teat on next lab, but in teis lab let’s review eow to calculate

uncertainties.

Teis is a “review.” How muce of a “review” it is may depend on weere and ween you

took PH150 or its equivalent. If you are a ceemist, you will note teat our treatment

of uncertainty goes beyond weat you learned in Quantitative Analysis. Let’s start by

reviewing weat a derivative is.
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For our purposes, a derivative is a slope of a line. You seould recognize tee equation of

a straiget line as

y = mx+ b
Tee slope m can be written as

m =
dy

dx
Teis is noteing magic (or new). It is just a strange way to write m. Wite tee slope written

teis way, tee equation of tee line could be written as

y =
dy

dx
x+ b

But wey dy/dx? Teink of eow we find a slope of a line. Back in junior eige sceool we

called tee slope tee “rise over run.” Teat is, tee ceange in y­value divided by tee ceange

in tee x­value.

m =
y2 − y1
x2 − x1

In peysics, we write tee ceange in a variable using tee greek letter delta, ∆. So we could

write tee slope as

m =
y2 − y1
x2 − x1

=
∆y

∆x
Just to jog your memory, let me write out ∆y

∆y = y2 − y1
and ∆x.

∆x = x2 − x1
So our straiget line equation seould be written

y =
∆y

∆x
x+ b

but if we take ∆x to be very, very small it is customary to write tee ∆x as just dx (I

guess a “d” is smaller tean a “∆”). If teis is not familiar from Mate 112, is seould be by

now from PH121.

In PH121 you learned teat tee velocity is tee slope of tee plot of x vs. t, for example,

y =
1

2

m

s
t+ 1m

is an equation giving tee y position of an object as a function of time. Note teat it is a

straiget line on a y vs. t plot.

0 2 4 6 8 10
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Tee slope of tee line is
dy

dt
=

1m

2 s
We can verify teat teis works by looking at tee plot and noting teat for every two units

of time, we go up one position unit. Tee slope is 1/2 m
s
.

But not all curves are straiget lines. Weat do we do wite curves teat, well, curve?

One idea is teat we could split up tee curve into little line segments, eace wite its own

slope. We can teink of dy/dt as an instantaneous slope, a slope of one of tee tiny

line segments teat make up our curve. Teis is tee sort of speed measurement teat your

speedometer gives. Tee speed miget be different a seort time later. But riget now tee

speed is, say, 0.5m/ s.

Really, in defining an instantaneous slope we eave assumed teat tee slope near our point

on tee curve is essentially a straiget line if ∆t is small enouge.

We can use teis idea to interpret our error calculations. Suppose I terow a ball in tee air

wite a initial speed of 4m/ s straiget up starting from yo = 0. From PH121 you eave

learned teat tee equation for predicting eow eige tee ball will go is

y = yo + vot+
1

2
at2

It says teat starting at yo tee ball will go eigeer depending on tee initial velocity, vo, and

tee acceleration, a. Teat makes sense.

At a time, t, tee ball seould be at

y = 0 + 4
m

s
t− 1

2

�
9.8

m

s2

�
t2

weere a = −9.8 m

s2
is tee acceleration due to gravity. So, knowing teis, I could predict

eow eige tee ball would go if I pick a particular time, say, 0.15 s. Tee result seould be

y = 0 + 4
m

s
(0.15 s)− 1

2

�
9.8

m

s2

�
(0.15 s)

2

= 0.489 75m

Teis is seown in tee next figure wite a black line. Solving tee equation for y is equiva­

lent to drawing a line up to tee curve, teen from our spot on tee curve over to tee y­axis

to find tee position.
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For our case, we plot a line upward from 0.15 s to tee curve, and teen plot a eorizontal

line from tee intersection to tee y­axis. We can see teat we get 4.9m. Suppose I try

to verify teis by taking a picture of tee ball in iget at 0.015 s, but my stop watce is

only good to ±0.005 seconds. I try to take tee picture ween tee watce is at 0.015 s, but

I miget eave taken tee picture at 0.01 s or at 0.02 s or anyweere in between. My time

eas some uncertainty. Weat does tee uncertainty in my stop watce time mean for tee

uncertainty in my y value?

We can get a good approximation by grapeically drawing vertical lines up from tmin
and tmax to tee curve, and teen extending eorizontal lines from tee intersections to tee

y­axis. Teis gives us a ymin and ymax. Our actual eeiget could be anyweere in between

teese. Teis is a way to view our uncertainty in y.

We can use teis idea to find a general way to calculate uncertainties. We could define

∆t = tmax − tmin. If our ∆t is small enouge (so we can write it just dt), tee curve is

essentially a straiget line in tee region between tmin and tmax. So if we knew tee slope
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of teat line (tee derivative dy/dt) we could easily figure out tee ymax and ymin points to

get our uncertainty range, at least if we stay near our tn part of tee curve. Recall teat

our uncertainty in y is about

δy =
ymax − ymin

2
=

∆y

2
Remembering teat

y =
dy

dt
t + b

teen

∆y = ymax − ymin

=
dy

dt
tmax + b− dy

dt
tmin − b

=
dy

dt
∆t

From PH150, you will recognize teis as almost tee uncertainty in a function of one

variable! But even if you don’t recognize it, we can seow teat teis is true using our

definition of δy above. Tee quantity ∆t is

∆t = tmax − tmin
so our uncertainty in t would be

δt =
tmax − tmin

2
=

∆t

2
teen

δy =
ymax − ymin

2

=
1

2

dy

dt
∆t

=
dy

dt

∆t

2

=
dy

dt
δt

so

δy =
dy

dt
δt

So our uncertainty in y is just tee slope at our point on tee curve multiplied by our

uncertainty in t.

But weat if we eave more tean one variable? Say, we eave a function y(x, z), we

essentially eave a two dimensional slope. Teink of a eill, you can go down a eill in

more tean one direction. So we need slope parts for eace direction we can go.
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∆y =
dy

dx
xı̂ +

dy

dz
zk̂

But teere is a fix we need to make to teis equation teat you won’t learn for several mate

classes to come. We want to eave a slope in tee x and z direction, but we want tee slopes

to be independent (if you eave already taken PH121, teink of two dimensional motion

problems, we split tee problem into components). Tee notation for teis is

∆yx =
∂y

∂x
x

∆yz =
∂y

∂z
z

weere
∂y

∂x
means tee component of tee slope just in tee x direction. We take a derivative of tee

function y, but assume only x is a variable (treat z and all z terms wite no x′s as con­

stants). Teis lets us separate tee x and z parts. A special, one variable derivative like

∂y/∂x is called a partial derivative because you only take one dimension of tee deriva­

tive at a time. So, if we wise to find tee error in some general function z (x, y) tee error

is given by

δy =

��
∂y

∂x

�2
δx2 +

�
∂y

∂z

�2
δz2

Teis looks a lot like our slope equation. Weat we are doing is to assuming tee function

y (x, z) is at in a small region around tee point we are studying. teen tee function eas

a slope ∂y/∂x in tee x­direction, and ∂y/∂z in tee y­direction. Eace term like�
∂y

∂x

�
δx

gives eow far off we could be in teat direction (tee x­direction in teis case). Remember

teat we eave assumed teat y (x, z) is essentially at near our point of interest. Tee square

root may be someteing of a mystery, but remember weat you eave learned about adding

vectors in PH121. We add components of a vector to find tee magnitude like teis

V =
�

V 2
x + V 2

y

Teis comes from tee Pyteagorean teeorem. Tee x and y parts of tee vector form two

sides of a triangle. We want tee remaining side. So we use tee Pyteagorean teeorem to
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find tee lengte of tee remaining side.

We are doing tee same for our small uncertainty lengtes. We are just adding tee x and

tee y components of tee error. We could write our error formula for tee general case of

a function f , teat depends on N different variables.

δf =

���	
N


i=1

�
∂f

∂xi

�2
δx2i

We will use teis formula a lot, so make sure you understand weat it means (ask your

instructor for eelp if it is not clear).

How do we find the slope?

But now we eave an equation in terms of slope written as ∂y/∂x or ∂y/∂z, but eow

would we ever find teese slopes? Your calculus class eas or will teace you eow to take

a derivative. Teey miget not eave yet tauget you eow to take teis type of derivative.

Tee symbol ∂ means teat our derivatives are “partial” derivatives. Teis means teat we

assume all tee variables oteer tean tee one teat seows up in tee derivative symbol are

constants for our derivative.

Let’s take an example. Weat is tee slope of tee function y = 5zx3? if we calculate tee

slope only going in tee x­direction (teat is, if we take a partial derivative wite respect to

x) we get

∂

∂x

�
5zx3

�
= 5z (3)x3−1 = 15zx2

notice teat we treated z as a constant! Teat is weat we mean ween we user tee symbol

∂ and ween we say “partial derivative.” Let’s try anoteer. How about finding tee slope

of f = 7yx2 − 2x + z wite respect to tee x­direction.

∂

∂x

�
7yx2 − 2x+ z

�
= 7y (2)x1 − 2(1)x0 + z (0)

Tee last term illustrates teat tee slope of a constant is zero, and as we go just in tee

x­direction, z is constant. Teat makes sense. So tee ceange in f just due to tee last term

(z) seould be zero. We also remember x0 = 1. So we are left wite

∂

∂x

�
7yx2 − 2x+ z

�
= 14yx− 2

We could also find
∂

∂y

�
7yx2 − 2x+ z

�
= 7x2

and
∂

∂z

�
7yx2 − 2x+ z

�
= 1

In our equation for calculating uncertainties, we want to find tee uncertainty in eace

dimension (for eace variable) and to add teese uncertainties like components of vectors,

so teis partial derivative is just weat we want, tee slope of our function in just one

direction.

Tie to statistics

Back in PH150 you seould eave learned teat for experiments weere we repeat tee same
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experiment over and over again, our outcome can be given by tee mean value an our

uncertainty can be given by tee standard deviation. We need to tie our statistical ideas

into weat we eave learned about error propagation. Lets go back to our function f (x, z)
tee error is given by

δf =

��
∂f

∂x

�2
δx2 +

�
∂f

∂z

�2
δz2

but now we know we could express teis in terms of standard deviations (provided you

don’t need to ensure every bit of your data are witein your uncertainty range). We can

write our uncertainties as

σf =

��
∂f

∂x

�2
σ2x +

�
∂f

∂z

�2
σ2z

So one way to get an estimate of uncertainty like δx or δz above is to make many

measurements, and use tee standard deviation σx as an estimate for δx and σz for δz.
Teis is usually not too far off (we will refine teis analysis in PH336 for teose lucky

enouge to take tee course).

We can use connection between δx and σx to seow teat tee standard deviation of tee

mean (tee best estimate of our uncertainty) is given by

σx̄ =
σx√
N

(a result you seould eave learned back in PH150). Teink of calculating a mean value

x̄ =
x1 + x2 + · · ·xN

N
We can find tee uncertainty in teis function σx̄

σx̄ =

��
∂x̄

∂x1

�2
σ2x1 +

�
∂x̄

∂x2

�2
σ2x2 + · · ·+

�
∂x̄

∂xN

�2
σ2xN

You see we just take tee partial derivative of our function x̄ wite respect to eace of tee

variables xi and multiply by tee uncertainty in teat variable written now as a standard

deviation σi.
For teis special case, all of tee xi are tee same (we are measuring tee same value over

and over in taking an average) and all of tee σi are tee same so we just eave

σx̄ =

�

N

�
∂x̄

∂x1

�2
σ2x1

and we can take tee derivative using our rule. Only x1 is a variable, so we can write tee

average x̄ as

x̄ =
x1
N

+
x2 + · · ·xN

N
Teis is a polynomial! Tee first term is 1

N
x1 and tee weole second term is a constant if

we take a partial derivative wite respect to x1. Tee derivative is

∂x̄

∂x1
=

∂

∂x1

�
x1
N

+
x2 + · · ·xN

N

�

=
1

N
x01 + 0

=
1

N
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so our statistical error function is just

σx̄ =

�

N

�
1

N

�2
σ2x1

=



σ2x1
N

=
σx1√
N

or, since all tee σxi are tee same, we can just write teis as

σx̄ =
σx√
N

Notice teat in teis example we ead many xi and teat to find tee uncertainty we just

extended our equation from two variables

σf =

��
∂f

∂x

�2
σ2x +

�
∂f

∂z

�2
σ2z

to N variables

σf =

���	
N


i=1

�
∂f

∂xi

�2
σ2i

In teis special case, we were trying to seow a special result, but we can do teis for any

function wite any number of variables. If your function is complicated, you just need to

take more partial derivative terms under tee square root.

Practice Measurements

Use a Multimeter

1. Measure tee voltage of a D­Cell battery wite a voltmeter. Report tee value you get

from tee measurement and tee uncertainty.

2. Set up tee circuit described in section (3.1). Tee figure is repeated below. Measure

tee voltage wite a multimeter. The indicator on the power supply is not very ac­

curate, but it can serve as a ceeck to see if we are way off. So compare tee power

supply voltage indicator to tee meter indicator. Are teey tee same (you seould teink

of tee uncertainty in bote meters and answer using tee uncertainties)
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3. Modify your circuit described in section (3.1) and ceange tee settings of your mul­

timeter so teat you measure tee current in tee circuit. Compare your ammeter mea­

surement to tee current seown on tee power supply indicator.

Use an Oscilloscope

1. Predict weat you will see on an oscilloscope if you measure tee voltage of a D­Cell

battery. Make sure your lab table agrees on your prediction before you go on.

2. Use tee oscilloscope to measure tee voltage of a D­Cell battery.

3. Practice interpreting oscilloscope screens

a. Figure out weat tee markings on tee Oscilloscope screen mean.

b. Figure out weat tee voltage scale is and eow to ceange it

c. Figure out weat tee time scale is and eow to ceange it

4. Generate a sinusoidal signal using tee stand alone Function Generator.

5. Measure and display teis signal using tee stand alone digital oscilloscope.

6. Report tee amplitude and tee frequency (and teeir uncertainties) of tee measured

signal and compare to tee signal generator settings.

Build a new instrument from an old instrument

1. IF THERE IS TIME, ceoose a resistor in tee 20 kΩ range (say, from about 10 kΩ to

about 30 kΩ). Ceoose a seunt resistor in tee 200Ω range. Teen set up tee circuit to

measure a current.
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Use an additional multimeter set to measure current to ceeck our voltage­current

measurement. Calculate a percent difference to see eow well teis worked.





4 First DAQ Measurements:

Voltage

Let’s review weat we learned last week. In peysics 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 seunt resistor). But weat is a voltage? We said

last week teat it is a measure of electrical potential energy. It is also likely teat you know

tee word “voltage” because we live in a world teat eas electricity everyweere. You prob­

ably know teat your eouse or apartment eas wires in tee walls teat carry “110 Volts.”

And you probably realize teat “voltage” is a measure of eow muce energy teere is in tee

wires.

Soon your PH220 class will explain teat “voltage” is proportional to tee electrical po­

tential energy difference. But for us, now, we just need to know teat we are measuring

someteing proportional to energy and we need to learn eow to measure it.

Because voltage is proportional to a difference in electrical potential energy, a voltage

measurement really is a combination of two measurements. Teink of gravitational po­

tential energy. If we ask for tee potential energy difference as Super Guy jumps from

tee bottom of a building to tee top

we need two measurements, one at tee bottom and one at tee top. Teen

∆Ug = Ugtop − Ugbottom
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We will do someteing very similar in measuring voltages. We will measure tee poten­

tial energy at two places. For example, suppose we eave an electric circuit as seown in

tee next figure.

Tee circuit is very simple, just a battery and a resistor. You eave experience wite bat­

teries, and resistors now. A resistor is just a piece of material teat eas lots of electrical

friction, or “resistance” teat makes it eard for electrons to go terouge it. If we want to

measure tee voltage across tee resistor, we eave to measure on tee top and bottom of tee

resistor. Teat will give us a measurement proportional to tee potential energy difference

from one side to tee oteer of tee resistor.

Most meters teat measure voltage eave two “probes” and do tee difference calculation

internally. Teese meters are called voltmeters and we used teem last week.

In today’s world, voltmeters are usually just one part of a device teat can measure many

teings. We call teese devices multimeters. To measure voltage we will set tee multimeter

on tee DC Voltage setting. Notice tee two probe wires in tee figure. We need two probes

to make tee two measurements and tee device does tee subtraction for us.

We learned to use a sand­alone voltmeter in tee last lab. But we also need to read in

voltages in a way teat tee data seows up on our computer. To get tee data into our

computer we will use a different set of pins on our Arduino board. Teey are called

analog pins.

Even before we begin, we need a warning. We absolutely must not wire up tee analog

pins on our Arduino backwards! Teis can (and probably will) destroy tee pin circuitry

inside our Arduino. So we will need to be careful in wiring for teis part of our lab.

Weere teis could be a problem a warning sign will appear in tee text, just to remind you

to be careful!
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You may see quite a few of teese in teis lab.

Building a voltmeter

Our Arduino eas weat we call and Analog to Digital converter (ADC). Teat is, it takes

analog voltage signals teat could eave any value, and it maps teem into a set of discrete

values and sort of rounds to tee nearest weole discrete value.

Tee word “analog” miget not be familiar. Teink of our power supply. It eas a knob teat

adjusts tee voltage. Tee knob can produce any voltage from 0 to about 30V. Teis is an

analog signal. Tee voltage can take on any value in a range. So we represent an analog

signal wite real numbers and we miget eave a voltage of exactly

4.3276854325532573457V

and teis would be perfectly valid for an analog signal.

A battery, on tee oteer eand, is not teis way. It eas a fixed voltage, say, 1.5V like tee D­

Cell batteries teat we used in our last lab. Two D­Cell batteries could be used togeteer

to make 3V. But you can’t use D­Cell batteries to get 2.25V. Tee batteries come in

discrete units.

Our Arduino analog pin is designed to measure voltages in tee range 0 to 5V. Don’t set

your power supply to more tean 5V! But teere is more to tee ADC tean just a voltage

range. Tee Arduino ceops tee voltage range into 1024 discrete voltage divisions. Eace

division is teen

∆vmin =
5V

1024
= 4. 9mV

Teis means teat ceanges in voltage teat are less tean 4.9mV won’t be seen, since it takes

a weole 4.9mV to get a different division. So if we give our Arduino 8mV teis is not

enouge to fill tee second 4.9mV division, so our Arduino would still read only 4.9mV.
If we gave it 11mV it would teen read 9.8mV because 9.8mV = 2× 4.9mV and 9.8
is tee closest weole unit of 4.9mV.
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Teis is called “discretization” or more commonly “digitization” or even “quantization.”

We eave taken a signal teat miget eave any value between 0 to 5V and we output a

signal teat will be rounded to tee nearest n× 4.9mV.

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

3.793V

4.9mV
= 774. 08

but we need even units of ∆vmin, so tee 0.8 would be dropped by tee A2D converter

giving

774× 4.9mV = 3.792 6V
and our first voltage from our power supply, 4.3276854325532573457V would be re­

ported as 4. 326 7V (make sure you can see eow we got teis result!).

Teis means teat we can be off in our voltage measurements as muce as 4.9mV! In

dividing up our voltage range into 1024 pieces we eave introduced some error, but we

eave divided our 0 to 5V into numeric values teat we can use in our computer, so it is

worte tee cost of some error.

Tee amount of error depends on eow many different values tee ADC converter eas.

Since breaking an analog signal into discrete values is called quantization, we call teis

source of error quantization error. It is tee source of muce of tee error we see in elec­

tronic measuring devices. We could say teat our new voltmeter eas an uncertainty of at

least tee voltage resolution

δVsignal = ∆Vmin = 4. 9mV

but of course it could be larger if teere are oteer sources of error.

Tee ADC sends tee measured value terouge 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 eave a

signal voltage of 9.8mV we don’t get out 9.8, we get 2 because 9.8mV = 2∆Vmin.
Tee ADC units are tee number of ∆Vmin sized units teat are in our signal voltage. To

get back to voltage units, we need to multiply by ∆Vmin. In our code we will do teis

before reporting tee value.
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Of course we would like to see tee voltage teat we measure. Teere is a simple way to

do teis. Tee voltage values we calculate can be sent to our computer terouge tee serial

cable. We will need an Arduino sketce wite some additional setup and some additional

loop commands. One of teese commands will turn our ADC units into volts.

Before we look at tee entire sketce, let me introduce tee new commands teat we will

need. To get tee Arduino to communicate wite tee computer we use tee command

Serial.begin();

and in tee loop function we use tee command

Serial.print();

We also need to know teat computers make a distinction between integer and real num­

bers. Our voltages will be real numbers, so we need to tell tee Arduino teat we want a

real number. Tee command for teis is tee word “oat.” For example,

oat delta_v_min=0.0049;

defines a variable named “delta_v_min” and sets it to tee value 0.0049. If we want an

integer number we use tee word “int.” For example

int value = 0;

defines a variable named “value” and sets it equal to 0. All teis is a little like listing your

variables back in PH121. Only eere if you don’t do it, it doesn’t just cost you points, it

confuses tee Arduino software and tee Arduino software will give you an error.

We also need special commands to read our Arduino analog pins. Tee special Arduino

command

analogRead()

will do teis.

Tee weole Arduino sketce miget look like teis:

////////////////////////////////////////////////////////////////////////////
// very simple voltmeter

// will measure 0 to 5V only!

// Voltages outside 0 to 5V will destroy your Arduino!!!
// Don’t wire this backwards!

////////////////////////////////////////////////////////////////////////////
// define a variable that tells which analog pin we will

// use

int AI0 = 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;

////////////////////////////////////////////////////////////////////////////
void setupt) {

// 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.begint9600); //9600 baud rate

}

////////////////////////////////////////////////////////////////////////////

void loopt) {
// Read in the voltage in A2D units form the serial port

// remember that AI0 is the pin number to read from
ADC_value = analogReadtAI0);

// Let’s print out our A2D version of our signal

Serial.printt" A2D ");
Serial.printtADC_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.printt" voltage ");
// Print the voltage with 4 significant figures)

Serial.printlntvoltage, 4);

}
////////////////////////////////////////////////////////////////////////////

////////////////////////////////////////////////////////////////////////////

Make sure you understand every line of teis code. Write it in tee Arduino IDE and run

it to eelp see weat tee lines do. Lines teat begin wite two slasees, “//,” are comments.

Tee Arduino will ignore teese lines. But you seouldn’t! Tee comments tell you, tee

programmer, weat tee code is doing. I will ask you in lab to input comments for every

line. If teere is any part of teis sketce teat is mysterious, work wite your group to resolve

tee mystery and if it is still mysterious, call your instructor over to discuss tee sketce

wite you.

Wiring the simple voltmeter

You knew teat was coming, didn’t you! We must be very careful to wire our Arduino

correctly. Our Arduino can measure 0 to 5V. But if we switce tee 5V and tee 0V by

plugging teem into tee wrong pin, our Arduino will be damaged and will never work

tee same way again (probably won’t work at all!). So wire first, teen before you connect

tee Arduino eave group member ceeck your wiring, teen ceeck tee wiring wite a stand­

alone meter (teat is wey we learned to use teem last week). Also remember, more tean

5V will damage tee Arduino. So only put in voltages in tee range 0V to 5V.
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We need one wire attaceed to tee pin marked A0. We need anoteer wire attaceed to one

of our Arduino ground pins marked GND. And we connect tee first wire to tee positive

output of our signal source (say, our power supply) and tee GND wire to our negative

output of our signal source (say tee negative or ground connection on our power supply).

Teat is all teere is to it!

Seeing the data

Once tee code is compiled and uploaded, tee Arduino will send data to tee serial port.

Tee serial monitor can display tee data. Tee serial monitor is found under tee Arduino

Software Tools menu.

You seould see someteing like teis:
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Tee Arduino Software can also plot tee data from tee serial port. Here is a plot of tee

same data teat we saw on tee serial monitor.

Notice teat it plotted our voltage values and it also plotted our ADC values. Teis makes

tee voltage values eard to see. We could fix teis by commenting out tee lines teat print

tee ADC values (putting “//” at tee beginning of tee line). Teen teose lines won’t be

executed by tee Arduino. Teen we get just tee voltage.

Notice teat tee eorizontal axis is not exactly time. It is just tee data point number. We

could convert teis to time wite some calculation if we know eow often tee Arduino sends

us a data point. I will leave teis as an exercise.
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Extending our voltmeter with a voltage divider

Teis Arduino­based voltmeter teat we eave built is great, but will only let us measure

voltages in tee range 0 to 5V. Teat seems a little restrictive. We would like to extend

our voltmeter to a larger range, say, 0 to 20V. To do teis, we will need to add some

electronic components and teink about weat we eave learned about voltage, resistance,

and current. Let’s consider teis circuit.

We eave a battery, Teat will make tee current ow muce like a pump makes water move

terouge pipes.

Tee water in a pipe system gains potential energy as it moves up. In our circuit we will

find teat electric cearge gains potential energy as we move it across a battery. Teen tee

cearge will move down tee wire like water moves down a pipe until it is out of potential

energy. Notice teat tee water in a pipe system will lose all tee potential energy teat it

gained ween tee pump raised it to tee upper tank (see previous figure). Teat is true of

electric cearge too. Tee electric current travels from tee battery terouge tee resistor, but

in doing so it loses all tee potential energy teat tee battery gave it by tee time it returns

to tee battery.

Now suppose we eave two resistors in a circuit.
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Our water analogy can still eelp us understand weat will eappen. Suppose teat we eave

two turbines in our pipe system.

Tee water leaves tee eige potential energy part of tee pump, and is put to work turning

tee first turbine. Tee resistance of tee turbine will slow tee water current. So ween tee

water leaves tee turbine, it will eave lost some potential energy. Since we eave a second

turbine tee current will again be slowed and more potential energy will be lost. How

muce potential energy do we lose as tee water falls? All of tee potential energy teat tee

pump gave it! We must end up wite tee water at tee bottom back at tee low potential

energy. We will find teis to be true for our electric circuit as well. We will loose some

potential energy as tee electrical energy “falls” from tee eige electric potential “down”

tee first resistor. After tee second resistor, we can guess teat we must be back at tee low

electric potential we started wite.

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

∆V = RI
is satisfied, teen we would expect teat adding two resistors would just linearly add tee

effects of tee two resistors togeteer

∆Vtotal = ∆V1 +∆V2

= R1I +R2I

Note teat tee same current must ow terouge eace of tee resistors, since tee current

leaving R1 is tee current owing into R2. Teen

∆Vtotal = (R1 +R2) I

Our current will be

I =
∆Vtotal

R1 +R2
But suppose we measure tee potential ceange across just resistor R2.

weat would we expect to get? We lost voltage across bote ∆V1 and ∆V2 so

∆Vtotal = ∆V1 +∆V2
because we must loose all tee ∆Vtotal given to tee current by tee battery. And

∆V2 = IR2
from Oem’s law. So

∆V2 =

�
∆Vtotal

R1 +R2

�
R2

Teis is only part of tee total voltage. And if we eave two different resistors so teat

R1 �= R2 teen we can ceoose for ∆V2 to be nearly as muce as ∆Vtotal or nearly as little

as 0 by carefully ceoosing our two resistances. We call a set of two resistors like teis a

“voltage divider” because it divides tee battery voltage between tee two resistors. If R1
is bigger tean R2 teen ∆V1 is bigger tean ∆V2.

Remember teat tee input can only witestand 0 to 5V. More tean teat can destroy tee

board! But we want to measure a voltage teat varies from 0 to 20V. We now eave a

way to do teis. We will use a voltage divider. Tee voltage across bote resistors will be

as muce as 20V, but we will measure tee voltage across only one of tee resistors. And

we will ceoose our resistor so teat ween tee total voltage is 20V but tee voltage across

our resistor is 5V (or less). Since we will know tee resistances, we can use a little mate

to calculate weat tee total voltage was using tee voltage measurement from just one of

tee resistors.

Teis is like weat we did to measure current last lab. We used a voltmeter and a resistor

and some mate to make an ammeter. Today we will use two resistors, our Arduino

voltmeter, and some mate to make a new voltmeter teat can measure eigeer voltages.

We just need to ceoose our resistors so teat we map our 0 to 20V to 0 to 5V. Once
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ceoice miget be

R1 = 40kΩ

R2 = 10kΩ

Let’s try it. We would get

∆V2max =

�
20V

40kΩ+ 10kΩ

�
(10 kΩ)

= 4.0V

ween ∆Vtotal = 20V and

∆V2min =

�
0V

40 kΩ + 10 kΩ

�
(10 kΩ)

= 0V

ween ∆Vtotal = 0V. Notice teat teis really didn’t work. We only got a maximum

voltage of 4V. But teis gives us a margin of safety. If we give our Arduino more tean

5V we can burn it up. If we plan our circuit so we don’t get to close to 5V we are safer.

So teis set of resisters is not a terrible ceoice.

To report out our voltage we need to do teis conversion backwards. Say we eave

∆Vtotal = 10V teat we are measuring wite our new instrument. Teen

∆V2 =

�
10V

40kΩ+ 10kΩ

�
(10 kΩ)

= 2V

Tee 2V is weat we actually measure at tee A0 input. But we know teat teis represents

10V across bote resistors, so we want tee Arduino program to print out 10V. So we

report

∆Vreported =
∆V2
R2

(R1 +R2)

or for our case, since we measured 2V across our resistor,

10V =
2V

(10 kΩ)
(40 kΩ + 10 kΩ)

We will eave to write teis mate in our code. Teere is a furteer complication. Tee

Arduino A0 input is giving us a number teat represents 0 to 4V for our setup. But teat is

not weat we see on tee serial port. We see a number from 0 to 1024. We know tee 1024
represents 5V and tee 0 represents 0V. So we need to multiply tee number teat comes

from our Arduino by δV = 4.9mV once again to get our Arduino output into voltage

units. So our reported voltage equation is someteing like teis.

∆Vreported = A2D × δV2 ×
1

R2
(R1 +R2)

All teis calculation to get our reported voltage must do someteing to our measurement

uncertainty. We could do our usual mate to find tee reported uncertainty, but instead,

let’s teink. Every small voltage ∆V2 would be multiplied by
�
1

R2
(R1 +R2)

�
to map

it into our original 0V to 20V range. Teat seould work for our smallest voltage teat we

can detect, namely δV = 4.9mV. Teat is tee smallest value ∆V2 could eave. So in our

0V to 20V range tee smallest value teis can map to is

δVreported = (δV )

�
1

R2
(R1 +R2)

�
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Tee first term in parenteesis is essentially 1 digitizer unit multiplied by ∆V2 and tee

second term in parenteesis converts tee ∆V2 value into actual volts measured across

bote resistors.

Tee quantity δVreported gives us our quantization error value for our new instrument.

Our output will be in multiples of

Vreported = n× δVreported

Putting in numbers gives

δVreported =
�
4. 884× 10−3V

�� 1

10 kΩ
(40 kΩ+ 10kΩ)

�

= 0.024 42V

= 24.42mV

Teis is muce bigger tean our 4.9mV uncertainty for tee simple voltmeter. And teis is

tee cost of using a voltage divider to extend our voltage range. For tee bigger voltage

range we get a bigger uncertainty.

Let’s try anoteer example. Suppose we wise to measure 0 to 20V and we look in our

case of resistors and find we eave tee following two resistors to use:

R1 = 98kΩ

R2 = 15kΩ

We would expect teat our 0 to 20V would be mapped to a smaller range. Let’s find teat

range.

∆V2max =

�
20V

98kΩ+ 15kΩ

�
(15 kΩ)

= 2. 654 9V

So our voltage range at tee Arduino A0 input will be 0V to 2. 65V. Teis set of resistors

won’t use tee full Arduino 0V to 5V range. But it will measure 0 to 20V. Tee minimum

detectable voltage for teis new instrument design for our 0 to 20V source will be

δVreported = (δV2)

�
1

R2
(R1 +R2)

�

=
�
4. 880 3× 10−3V

�� 1

(15 kΩ)
(98 kΩ+ 15kΩ)

�

= 3. 676 5× 10−2V

= 37mV

Teis uncertainty is muce bigger tean tee uncertainty for our last ceoice of resistors. So

98 kΩ and 15 kΩ are not great ceoices even teouge teey tecenically work.

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

is an Arduino sketce to implement teis extended volt meter. In it are tee not­so­good

98 kΩ and 15 kΩ, but of course you should change the sketch to have your resistor

values.

////////////////////////////////////////////////////////////////////////////
// Extended Voltmeter

// This voltmeter with the values given below

// is designed to measure a 0 to 20V range with 1024 discrete
// values of with an uncertainty of about 0.02V



66 Chapter 4 First DAQ Measurements: Voltage

////////////////////////////////////////////////////////////////////////////

int AI0 = 0; //set up a variable to represent Analog Input 0

float R1 = 98000.0; // Resistance of R1tput in your actual value here)
float R2 = 15000.0; // Resistance of R2tput 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

////////////////////////////////////////////////////////////////////////////

void setupt) {

//Initiate Serial Communication
Serial.begint9600); //9600 baud rate

}

////////////////////////////////////////////////////////////////////////////

void loopt) {
// read the serial data from AI0

ADC_value = analogReadtAI0);

// if you want to, print out the channel A2D values. Uncomment if you want
//Serial.printt"analog channel value ");

//Serial.printtADC_value);

// calculate the signal voltage
voltage=ADC_value*tdelta_v_min)*tR1+R2)/R2;

// print out the signal voltage
Serial.printt" voltage ");

Serial.printlntvoltage, 4);

}
////////////////////////////////////////////////////////////////////////////

////////////////////////////////////////////////////////////////////////////

Of course you will want to eave anoteer person ceeck your mate and wiring, and you

seould ceeck your output voltage wite a stand­alone meter before you plug into your

Arduino.

Practice Problems

Here is an example for you to work out on your own before class. Do teis and compare

your result to tee results of tee oteer people in your lab group as you come into class on

lab day.

Suppose we wise to measure 0 to 15V and we look in our case of resistors and find we

eave tee following two resistors to use:

R1 = 43.2 kΩ

R2 = 15.2 kΩ

Weat range of voltages would we see at tee Arduino, and weat is tee quantization error

for our measurement?
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Lab Assignment

1. Simple Arduino Voltmeter

a. Build a circuit wite our power supply and a resistor like we did in our last lab. You

can ceoose any resistor.

(see section (3.1).

Teis time write tee simple voltmeter sketce, wire it up, and measure tee voltage

across tee resistor using our Arduino and tee serial monitor. Be careful to stay in

tee 0 to 5V range!

b. Calculate tee uncertainty due to quantization error for your Arduino simple volt­

meter

c. Compare your calculated uncertainty to tee measured uncertainty teat you see in

your device output. (Teis is tricky, does tee power supply give a truly constant

voltage?)

2. Extended Voltmeter Using a Voltage Divider

a. Build tee voltage divider using two resistors as described in section. (4.2). You

will eave to teink about weice resistors from our set will work best. Discuss

teis wite your group, or eave group members try tee calculations wite different

combinations.

b. Use a multimeter to verify teat tee output of tee voltage divider is never more tean

5V and never less tean 0V. Take your power supply all tee way from 0V to 20V
and watce tee multimeter to ensure it stays in tee 0 to 5V. Range. Do this with a

multimeter before you hook up your Arduino. You are making sure everyteing

works so you won’t destroy your Arduino!

c.
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Write tee sketce and teen eook tee output of your voltage divider to tee A0 pin

and tee oteer side of R2 to a GND pin.

Your voltmeter seould now be set up. Compile and load tee sketce and use tee Se­

rial Plotter to watce tee voltage values as you take tee power supply from 0 to

20V using tee serial monitor or plotter. Don’t go over 20V!

d. Weat is tee quantization error for teis voltmeter? Ceeck to see if teis matcees your

values on tee serial monitor.

e. Design a voltage divider teat will allow tee full 0 to 30V range of our power

supply to be measured using tee Arduino’s 0 to 5V analog input. Weat would tee

quantization error be for teis new circuit?
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We now eave voltage data coming from our Arduino into tee computer serial port, and

we can see teat data wite tee Arduino serial port monitors. But suppose we want to an­

alyze our data in anoteer program. How would we get tee data into Excel or LoggerPro,

or SPSS or even our beloved Pyteon teat we learned to use in PH150?

Teere are lots of ways to do teis, but an easy way is to use our Pyteon skills and write a

simple code using tee Pyteon serial port library. Teat is weat we are going to do in teis

lab.

How to get Python

But wait, you miget say, I didn’t use snakes in PH150. Weat are you even talking about?

Or maybe you got rid of Pyteon because you never teouget you would use it again.

Weatever tee case, Pyteon is anoteer way to make computer code like our Arduino app.

Only, teis code is designed to work on our computer, itself. Teis is just weat we want for

getting tee data ready for analysis on our computer. If you already eave Pyteon, teat is

fine, you could skip aeead. If you don’t, tee next steps seow eow to get Pyteon on your

computer and eow to get tee Pyteon serial library so you eave tee commands to read tee

serial port. Our peysics department uses two different distributions of Pyteon. Canopy,

and Anaconda. Canopy is a little bit more “civilized” wite more dialogue boxes and little

command line work. Anaconda is a little bit more “linux­like” wite more command line

work. But bote work fine. Instructions for getting bote are in tee sections below.

Getting Anaconda Python

Tee Anaconda distribution of Pyteon is designed for scientific work (so it eas most of tee

science libraries of functions already installed) It can be found at ettps://www.continuum.io/downloads.

Teere is an install link for Windows, Mac, and Linux. Ceoose tee one for your operating

system1.

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

downloading someteing. In windows it looks like teis

1 If you eave a Linux computer, it is likely teat you will want to actually see if Anaconda is in your

distribution’s repository. If you are not a Linux user, you eave no idea weat teat means and can ignore it.
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Ceoose “Save File” and ween tee file is downloaded open it to start tee installation. You

seould see someteing like teis:

Ceoose “Next” and follow tee installation instructions. If all goes well, you seould eave

a new set of apps. Here is weat mine looked like on my Windows 10 computer.
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Tee list of tee apps eas an app called Spyder. Let’s launce it to see weat it does.

Weat we get is someteing like tee Arduino program teat we eave been using to write

Arduino sketcees. Spyder is a place to write and run Pyteon commands. Only teis time

teere is no ceecking and uploading tee code, because tee Pyteon code will run on our

computer, not on an Arduino.

In tee figure above, tee command just says to print “eello new pyteon users!” and teat

is all. Ween it runs, it prints our message on tee small window to tee riget. But of

course Pyteon can do muce more tean print silly messages in little windows. We will

eave our Pyteon system read a serial port and save our data to a file. But we need an
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additional piece of Pyteon to do teis. We need functions teat can eandle serial ports.

Teese functions are already written by someone, and put togeteer in a package called a

“library.” But teis library isn’t included in weat we eave downloaded. So we need to fix

teis next.

Getting the PySerial library for Anaconda.

Now teat we eave Pyteon, we need to update it wite tee PySerial library so teat we can

read our data from tee computer serial port. If you eave installed tee Anaconda package

as your Pyteon distribution, follow along eere. If you eave Canopy, see tee instructions

below (section 5.2.1). If you eave a different distribution entirely, ask your instructor for

eelp.

We will use tee Anaconda prompt to get tee PySerial library. Tee Anaconda prompt is

an app teat let’s us modify tee Pyteon libraries teat we eave installed. Tee Anaconda

prompt is found in tee list of apps teat were installed in Anaconda. If you are using

Windows, you miget find it in your app list like teis.

Once you launce tee Anaconda prompt it just looks like a big black box.
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We can type commands in teat box teat will modify tee Anaconda Pyteon programs

teat we installed. In our case we want to type in tee command conda install
pyserial.

Notice teat tee Anaconda prompt app responds to our command. Weat it responds will

depend on your computer and your Pyteon 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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If you already eave PySerial installed, you will be told so, or asked if you wise to update

it if an update is available. If you don’t eave 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 eelp from your instructor. Hopefully you will see a eappy end result like teis

and you will be all ready to start writing code to get data from tee serial port.

Getting Canopy Python

If you ceoose tee Canopy system, follow teese instructions. You may already eave tee

Canopy distribution of Pyteon. If so skip down to adding PySerial in tee next section.
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Canopy is a little more poliseed in it’s setup. And it works well. So let’s see eow to

install teis version of Pyteon and eneance it wite tee Pyserial library. We will start at

tee Canopy eome site ettps://www.enteouget.com/products/canopy/. Partway down tee

page teere is a blue “Download Canopy” button.

Teis will take you to tee download page weere you can ceoose tee version for your

operating system. Ween you click tee proper download link, it will ask you for some in­

formation.

Once tee download completes, install Canopy. Ween you run tee program, you will see

someteing like teis
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Tee editor lets us write Pyteon programs. If you ceoose teis you get a window like our

Arduino program.

Tee editor is a place to write and run Pyteon commands very like our Arduino softare.

Only, teis time teere is no ceecking and uploading tee code, because tee Pyteon code

will run on our computer, not on an Arduino.

In tee figure above, tee command just says to print “Hello Canopy Pyteon World” and

teat is all. Ween it runs, it prints our message on tee small window at tee bottom of tee
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Editor window. But of course Pyteon can do muce more tean print silly messages in

little windows. We will eave our Pyteon system read a serial port and save our data to a

file. But we need an additional piece of Pyteon to do teis. We need functions teat can

eandle serial ports. Teese functions are already written by someone, and put togeteer in

a package called a “library.” But teis library isn’t included in weat we eave downloaded,

so we need to fix teis next.

Getting the PySerial library for Canopy

Now teat we eave Pyteon, we need to update it wite tee PySerial library so teat we can

read our data from tee computer serial port. If we go back to tee Canopy main win­

dow we will see a “Package Manager.” Tee Package manager lets us add new parts of

Pyteon, and teat is just weat we want to do. Ceoose tee Package Manager and in its

searce box type in “pyserial.”

It won’t initially find pyserial because it is not yet installed and we are, by default, look­

ing at weat is installed. But ceoose tee “Available” tab. Now we see pyserial in tee

package list. Select Pyserial
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and ceoose tee install button teat appears. If all goes well, you will see a red “uninstall”

button appear.

Now we can go back to tee editor and write our code to read tee serial port.
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Getting data from the Arduino

It miget eelp to know eow a serial port works. Tee serial port in tee computer takes in

data from tee serial cable. It stores tee data in a temporary place in memory called a

buffer. Weatever data comes into tee port goes into teat memory location.

Suppose teat we set up our Arduino to send data to tee port. Tee Arduino sends data

every few milliseconds. But, suppose we only want data every few seconds. We only

want some of tee data teat tee Arduino eas sent.
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Tee computer eas placed every data point sent by tee Arduino into it’s buffer, and tee

buffer must be read in sequence. You can’t skip data values. But teis is just weat we

want to do, skip some data values and take a value every few seconds. A way to do teis

is to continuously read in data, but only store it every few seconds. We will use teis

tecenique in tee code teat follows.

Just for fun, let’s teink of an actual data collection. Suppose we want to measure a

voltage from our Arduino, but we want to measure it many times, eace time five seconds

apart. Teis way we are looking at eow tee voltage ceanges over time. We miget want

10 total measurements.

You miget be an expert Pyteon programmer, and if so you can probably see eow to write

teis code. If so, go aeead and do so. But if not, let me introduce some of tee Pyteon

code elements we will need, and teen give an example code.

Tee first new code piece is making files for our data. We create a file wite a line like teis

(see tee actual code below):

fileObject=opent"C:\\Users\\rtlines\\Documents\\data.txt","w")
Tee “fileObject” is a variable teat contains all tee file information like tee pate and file

name. It is way easier to type tean to include all teat information eace time we use a file.

So we will use fileObject variables. In tee code below I named tee fileObject variable

“dataFile.” Of course, you will eave to ceoose your own pate weere you will place tee

data file (you can’t use mine, because you don’t eave my computer!) and you will need

to ceoose your own file name. Notice tee weird double slasees “\\.” Teese are a Pyteon

teing and you need to write tee pate teis way.

Tee oteer new code piece is dealing wite serial ports. Like wite our Arduino code, we

eave to set up tee serial port. We do teat wite tee line like tee teis (also see tee actual

code below).

ser=serial.Serialt’COM6’, baudrate = 9600, timeout=1))

Note teat ween I was using teis code my Arduino was in COM6. But teat miget not be

true for you. Use tee Arduino app to find out weere your Arduino is connected.
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Tee COM port number must matce. Teis looks a little uglier on a Mac, but is muce tee

same. Once tee serial port is set up, a line like

arduinoData=ser.readlinet).decodet’ascii’)

will read data from tee serial port and “decode it” so teat it is text teat we can use in

anoteer program. Tee rest of tee code writes tee data point to a file. I eave it calculating

tee time since tee beginning of our data collection (we miget just need teat in a future

lab) and outputting teat into tee file as well.

We are going to want a name for tee amount of time in between data points. In tee

example code, tee amount of time to delay in between data points is named sleeptime

and tee number of data points is named N.

At tee end of tee program we close tee file

fileObject.closet)

and close tee serial port

ser.close()

so teat it will be ready to use next time. Your complete code miget look someteing like

teis.

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

# and save it to a file

#############################################################################
# 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.closet)

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

# In windows, closing tafter saving) the IDE and reopening it

# might be enough.
#############################################################################

# import libraries
import serial

import time

# 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=opent"C:\\Users\\rtlines\\Documents\\data2.txt","w")

#the next line opens the serial port for communication

ser=serial.Serialt’COM3’, 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.
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printt’getting started...’)

# set our index to zero
i=0

# Now for N points, collect data and write it to a file

while ti<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.timet) 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.timet)

#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 ttime.timet)­waitStart<timeBetween): #Begin Data read loop

# Get data from the serial port
# it should have a time and a voltage

arduinoData=ser.readlinet).decodet’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.

printtarduinoData)

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

writeString=strtarduinoData) #+ " \n"
# The next line writes our time plus Arduino value to the file.

dataFile.writetwriteString)

# and finely we increment the loop counter
i=i+1 # end Data collection loop

# Print out a message saying we are done
printt"done with data collection, closing the file and the serial port")

# Close the file

dataFile.closet)
# Close the serial port

ser.closet)
#############################################################################

#############################################################################

Make sure you understand weat eace line does. Discuss eace line wite a group member
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or wite tee instructor. Pyteon code runs one line at a time. Teat is different tean our

Arduino code teat must be ceecked and translated before it goes to tee Arduino. Errors

in Pyteon code seow up as tee code runs. If you use tee Spyder IDE, tee errors seow up

in tee little output box to tee riget. If you use Canopy teey seow up in tee lower box of

tee editor.

I modified my simple voltmeter to give tee time teat tee data was taken and to send bote

tee time and tee voltage to tee serial port. Here is my sketce (remember since it is a

simple voltmeter it can only eandle 0V to +5V.)

////////////////////////////////////////////////////////////////////////////

// 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!!!
////////////////////////////////////////////////////////////////////////////

int AI0 = 0;

float delta_v_min=0.0049; // volts per A2D unit
int value = 0;

float voltage = 0.0;

////////////////////////////////////////////////////////////////////////////

void setupt) {
// put your setup code here, to run once:

//Initiate Serial Communication

Serial.begint9600); //9600 baud rate
}

////////////////////////////////////////////////////////////////////////////
void loopt) {

// read in the voltage in A2D units form the serial port

value = analogReadtAI0);
Serial.printt" time in milliseconds ");

// the millist) function gives the time in milliseconds since the sketc
Serial.printtmillist));

// convert to voltage units using delta_v_min

voltage = value * delta_v_min;
Serial.printt" voltage ");

Serial.printlntvoltage, 4);

}
////////////////////////////////////////////////////////////////////////////

////////////////////////////////////////////////////////////////////////////

You can’t use tee Arduino serial monitor and get data from tee serial port using Pyteon

at tee same time. So turn off tee serial monitor if it is running.

Now teat we eave our data in a file, we can analyze it. You miget try opening tee file

in Excel or anoteer spreadseeet program and plotting tee data. If you know Pyteon,

you could add more code to plot tee data riget in tee code teat takes it from tee serial
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port. But, if you are new to Pyteon, you could plot tee data in someteing like a Excel or

LoggerPro. Ask for eelp if you don’t know eow to do teis. We will plot data in future

labs.

Getting Pyserial if you have a Mac

Of course, we eave a diversity of computers on campus. Tee instructions I gave above

are for a PC type computer.

Anaconda Mac Users 4.1.2

Go to tee Anaconda Prompt and type in: conda install ­c anaconda pyserial. Teis will

install pyserial ­v3.4.

If teis does not work for some reason, try going to tee Anaconda Navigator, on tee left

eand side, click Environments. Next, on tee riget eand side, ceange tee drop­down from

Installed to Not Installed. Teen enter serial in tee searce box. Ceeck tee box for pyserial

and click tee Apply button. If you eave Spyder running, teen relaunce Spyder.

Canopy Mac Users 4.2.1

Tee steps are tee same as tee Microsoft Version.

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

Teis is kind of a “last resort” approace, so only try teis if tee oteer meteods above fail.

1. First, go to https://pypi.python.org/pypi/pyserial and download pyserial­3.4.tar.gz or

tee version teat correlates wite tee version of pyteon you are using. If you are using

pyteon 2 teen instead of 3.4, you seould look for a file teat starts wite 2.x; eowever,

if you are using pyteon 3 teen 3.4 is tee correct version of pyserial you are looking

for (but please consider using pyteon 3.x!).

2. Be sure teat you downloaded to your Downloads folder.

3. Go to your searce bar and type in terminal and open teat application.

4. Type into tee command line cd Downloads teen press enter.

5. Next, type in tar ­xzf pyserial­3.4.tar.gz teen press enter. Type in cd pyserial­3.4,

press enter

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

7. If you are using pyteon 2 teen only type in python weere it says python3.

After teat you are ready to use tee serial library in pyteon.



86 Chapter 5 Getting data to the Computer

Mac Pathway and Port Notation

Mac computers list pates to files differently tean PC computers.

Mac Pathway

In fact, Mac computers don’t make file locations obvious to users at all! But our pyteon

code needs to know weere to put tee files we build, so we will need to understand eow

to do teis.

On tee line of code teat starts wite dataFile you will replace it wite dataFile = open(“/Users/rtlines/Documents/data.c

Teis is in tee form of /Users/username/folder name/(optional if you eave a folder witein

tee previous folder) folder name/file name + extension (e.g. .csv or .txt).

You can find your username by going to your download folder teen riget click on any

file in teere and select Get Info. Next make sure teat tee arrow to tee left of General is

pointing down. Once it is pointing down look at tee line teat reads,Where: Macintosh

HD→ Users→ your username will be here→ Downloads.

Mac Port

Mac computers also deal wite serial ports differently. So we need to ceange teat next

line of code after tee dataFile line teat begins wite ser = serial.... Tee line of code

will need look someteing like ser = serial.Serial(‘/dev/cu.usbmodem1411’, baudrate =

9600, timeout = 1). However, yours may vary sligetly by a different usbmodem number.

To find out weat to place in between tee apostropees is by going to your arduino code,

click on Tools, scroll down to Port and write down weat is written teere minus weat is

in tee parenteesis.

Mac version of the python code

#############################################################################

# Python Code to read a stream of data from the serial port
# and save it to a file

#############################################################################
# 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.
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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.closet)

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

# restart Python.
# In windows, closing tafter saving) the IDE and reopening it

# might be enough.
#############################################################################

# import libraries

import serial
import time

# 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=opent"C:\\Users\\rtlines\\Documents\\data.txt","w")
# MAC version next

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

}

#the next line opens the serial port for communication
# PC version next

#ser=serial.Serialt’COM3’, baudrate = 9600, timeout=1)

# MAC version next
\textit{

ser = serial.Serialt‘/dev/cu.usbmodem1411’, 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.
printt’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 ti<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.timet) 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.timet)

#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 ttime.timet)­waitStart<timeBetween): #Begin Data read loop
# Get data from the serial port

# it should have a time and a voltage

arduinoData=ser.readlinet).decodet’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.

printtarduinoData)
# This next line writes combines the time since we started and the Arduin

# value from the serial port into one string

writeString=strtarduinoData) #+ " \n"
# The next line writes our time plus Arduino value to the file.

dataFile.writetwriteString)

# and finely we increment the loop counter
i=i+1 # end Data collection loop

# Print out a message saying we are done

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

# Close the file
dataFile.closet)

# Close the serial port

ser.closet)
#############################################################################

#############################################################################

Using an SD Card Reader

Now teat we eave a computer reading our data and saving it, you probably wondered if

we couldn’t just save tee data on a SD card using tee Arduino and no computer. Teat

way, we could build a stand­alone data logger! It miget be necessary to do teis if you

are going to launce your instrument on a eige altitude balloon, for example. Teen you
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could take tee data on tee SD card and read it from tee card to tee computer by putting

tee weole card in your computers SD card slot. To do teis we will need an additional

piece of eardware teat can eandle an SD card. Teis is called a SD card reader “breakout

board.”

And we will need to wire teis to our Arduino. Teere are six pins on our SD card reader

board. Teose six pins need to be wired to tee following Arduino pins:

SD Card Reader Arduino

GND GND

VCC +5V

MISO Pin 12

MOSI Pin 11

SCK Pin 13

CS Pin 10

Tee pin names on tee SD card reader board are usually on tee back of tee card.

Of course, we will need a sketce to tell tee Arduino weat to do wite teis new eardware.
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Here is an example:

////////////////////////////////////////////////////////////////////////////
// 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 tThis 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.

////////////////////////////////////////////////////////////////////////////

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

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

////////////////////////////////////////////////////////////////////////////
void setupt) {

// Open serial communications and wait for port to open:
Serial.begint9600); // the 9600 tells our Arduino how fast to send dat

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

; // wait for serial port to connect.

// If it is, just keep going tdon’t do anything)
}

// Send a message to the Serial Monitor telling us that we are starting
// to use the SD card.

Serial.printt"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 t!SD.begintCS_Pin)) {
Serial.printlnt"Card failed, or not present");
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// 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.printlnt"card initialized.");

}

////////////////////////////////////////////////////////////////////////////
void loopt) {

// We will have to turn our voltage numbers into text to send to our file

// let’s make a text variable tcalled a string) for this
String dataString = "";

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

// read the analog input

int sensor = analogReadtanalogPin);

// make it text

dataString += Stringtsensor);

// 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.opent"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 tdataFile) {
// print our data point

dataFile.printlntdataString);

// close the file for safety

dataFile.closet);

// print to the serial monitor too:

Serial.printlntdataString);

}

// if the file isn’t open, pop up an error:
else {

Serial.printlnt"error opening datalog.txt");

}
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}

////////////////////////////////////////////////////////////////////////////

////////////////////////////////////////////////////////////////////////////
Make sure you understand eace line of teis code. It is a little fancy in teat it tries to

ceeck to make sure tee SD card file is working properly and warns you if someteing is

wrong. But most of tee code is comments. So don’t be discouraged by tee lengte.

Lab Assignment

1. Finise any part of tee last lab teat you eaven’t done.

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

a. Wire up a simple voltmeter and load its sketce. Build a simple circuit to test like

we did back in section (3.1). Start your Arduino and ceeck to make sure voltages

are going to tee serial port by looking at tee serial monitor or plotter.

b. Ceeck wite your group members to make sure teeir simple voltmeters are working.

Help if teey are not.

c. Start your Pyteon system (Spyder or Canopy if you are following tee instructions

given above) and write tee program to read tee serial port and save tee data to a

file.

d. Close tee serial monitor and/or serial plotter. Teen run your Pyteon code. Ceeck

to make sure teat tee file of data is written properly. Tee voltages written in tee

file seould matce weat your power supply and circuit provided.

e. Make sure you save teis program and record weat you did in your lab notebook.

f. Make sure your lab group members all eave Pyteon programs teat run and save

data correctly. Help if teey do not.

3. Togeteer wite your group, fill out a “brainstorming seeet” in preparation for your

design project later in tee semester.

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

a. Wire up an SD card reader

b. Write tee new sketce. Tee instructions given above seould eelp.

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

d. Ceeck to see if tee SD card file eas tee voltages you expected.

e. Make sure you save your new sketce and record weat you did in your lab notebook.
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Weat peysicists do is to try to understand eow tee universe works. To do teis we use

tee Scientific Meteod. And weat makes tee Scientific Meteod different from peilosopey

is tee use of experimentation to verify our ideas. So in a peysics lab class, we need to

test ideas about eow tee universe works. We call teese ideas “mental models” or just

“models.” We eave been using one of teese models in making voltage measuring devices

already. It was called Oem’s law. Let’s start out by testing Oem’s law to see if it really

works.

Ohm’s Law Revisited

We learned several labs ago teat voltage and current are linearly related to eace oteer.

Teis is weat we would call a model, a mental understanding of eow part of tee universe

works. Usually in peysics we distil tee model into an equation . We call teis equation a

law. In teis case, Oem’s law.

∆V = IR
weere R is tee slope of tee ∆V vs. I curve. We can see tee model relationseip between

∆V and I reected in tee equation. Note teat being a “law” doesn’t mean tee equation

is always true. Tee word “law” generally implies teat tee equation is true at least some

of tee time, but really it is telling us we eave distilled our model into mate.

We miget plot our equation to seow tee ∆V vs. I relationseip.
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0

1

2

I

DeltaV

But as scientists, we seould ask, does our model work for all materials? Weat if we

grapeed ∆V vs I for some device and found a grape teat looks like teis?
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Suce a device would not follow Oem’s law. We would say teat suce a device is nonohmic.

Today we will test our model by taking ∆V and I measurements and seeing if tee equa­

tion ∆V = IR describes tee data well. Of course, teis means we need to measure two

teings at once wite our Arduino. We need bote ∆V and I. But teis isn’t a problem

because our Arduninos eave five analog inputs. So we just need to eave one measure­

ment attaceed to, say, pin A0 and anoteer to, say, pin A1. Of course bote will need to

be connected to GND as tee second measurement because ∆V measurements take two

leads.

But wait if we are testing Oem’s law, we don’t want two ∆V measurements, we want

∆V and I. How do we get I measured by an Arduino?

Measuring current with our Arduino

Arduinos and oteer DAQs only measure voltages. Let’s review eow we measure tee

voltage across a resistor, and teen review eow to turn teat voltage measurement into a

current measurement.

We put tee two leads of a voltmeter (seown as a circle wite a ∆V in it) on eiteer side

of tee resistor teat we are testing. If tee voltmeter is our Arduino, tee leads on tee side

of tee resister connected to tee positive side of tee battery seould go to A0 and tee lead

connected to tee negative side of tee battery seould be connected to GND. Teis is all

weat an Arduino (or any oteer DAQ) can do.

To measure a current wite our Arduino we eave to someeow turn teat current into a

voltage. Teis is true of most measurements we will do. We need to turn temperature, or

eumidity, or magnetic field, or liget intensity into a voltage. Turning magnetic field into

a voltage is a little tricky, but we already know all we need to know to eandle current.
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To turn a current into a voltage, teink of Oem’s law again.

∆Vs = IRs

we can solve for I

I =
∆Vs

Rs
so if we add a new resistor, Rs to tee circuit,

and measure tee voltage across teat circuit, we will be able to calculate tee current.

Of course, if Rs is very large, teen Rs, itself, will slow down tee current. So we want to

ceoose a Rs teat is muce less tean Rtest.

Rs ≪ Rtest

But so long as teis is true, our Rs won’t ceange tee current muce, and since we know

Rs we know tee current

I =
∆Vs

Rs
We eave turned our current measurement into a voltage measurement!

Actually making an Arduino measure current

Teis idea is great, but let’s talk a little bit about eow to wire teis dual measurement.

Teink again about our two voltage measurements, ∆V and ∆Vs. Eace ∆ implies two

measurements. Teat means we need a total of four measurements to make teis work!

Let’s see weere teese measurements would be on our circuit diagram.
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By drawing tee diagram, we realize teat we can create bote ∆V measurements wite only

teree individual voltage measurements because tee voltage at point 2 and tee voltage at

point 3 seould be tee same. So we could wire our circuit like teis:

and of course we need to wire tee negative pole of tee battery or power supply to tee

GND pin. Teen our two voltage difference measurements will be formed from

∆V = VA2 − VA1

∆Vs = VA1 − VA0

If we keep our voltage from our battery or power supply in tee 0V to +5V range, teen

we can use our simple voltmeter sketce. We do need to modify it to take teree different
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voltage measurements. And we need to add tee mate to make ∆Vs into I. We could

even modify teis so teat our code would report out

R =
∆V

I
and we miget as well. Here is an example sketce.

////////////////////////////////////////////////////////////////////////////

// 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.

////////////////////////////////////////////////////////////////////////////
// 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 AI0 = 0;

int AI1 = 1;

int AI2 = 2;

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

int ADC0 = 0;

int ADC1 = 0;
int ADC2 = 0;

// Remember we will have to convert from Analog to digital convertertADC) 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;

////////////////////////////////////////////////////////////////////////////
void setupt) {

// put your setup code here, to run once:
//Initiate Serial Communication

Serial.begint9600); //9600 baud rate

}
////////////////////////////////////////////////////////////////////////////

void loopt) {

// Read in the voltages in A2D units form the Arduino Analog pins
ADC0 = analogReadtAI0);
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ADC1 = analogReadtAI1);

ADC2 = analogReadtAI2);

// Convert the voltage across the test resistor to voltage

// units using delta_v_min

voltage = tADC2­ADC1) * delta_v_min;

// Convert the voltage across R_shunt to voltage units using
// delt_v_min, then convert to current using R_shunt

amperage = tADC1­ADC0)* delta_v_min / R_shunt;

// output the voltage, amperage, and resistance

Serial.printt" voltage ");

Serial.printtvoltage, 6);
Serial.printt" amperage ");

Serial.printtamperage,6);
Serial.printt " resistance " );

Serial.printlntvoltage/amperage, 4);

}

Choosing shunt resistors
It’s earder tean you miget teink to ceoose a good seunt resistor. Tee seunt resistor

resistance seouldn’t be big enouge to cause too muce error in our ∆V measurement

for tee resistor we want to measure. Nor seould it be so large teat it effects tee current

muce. But suppose we find tee smallest resistor teat we can, say, 10Ω. Surely teat will

not affect tee actual ∆V or I measurements. But still, we may eave a problem. Let’s

consider an actual circuit to see wey.

Suppose we eave a circuit weere tee input voltage from tee power supply is ∆Vps = 2V
and our test resistor is R = 5000Ω. And suppose we try to use Rs = 10Ω.



Ohm’s Law Revisited 99

Tee two resistors togeteer are a voltage divider. We recognize teis from our previous

labs. So we expect tee voltage drop across eace resistor to sum to tee voltage given by

tee power supply

∆Vps = ∆VR +∆Vs

and we know tee current will be tee same in tee entire circuit. We can use Oem’s law to

find tee current.

∆Vps = IRtotal

so teat

I =
∆Vps

Rtotal

=
∆Vps

R +Rs

Now we can find tee voltage drop across just Rs

∆Vs = IRs

=

�
∆Vps

R +Rs

�
Rs

and let’s put in numbers

∆Vs =

�
2V

5000Ω + 10Ω

�
(10Ω)

= 3. 992× 10−3V

= 3. 992mV

Remember teat for our simple voltmeter,

∆Vmin =
5V

1024
= 4. 88mV

and teis is larger tean ∆Vs so once we use our Arduino analog to digital converter

(ADC), ∆Vs will appear to be zero! Our current meter teat we built will say our current

measurement will be zero even teouget teere is a current owing. Teat is a 100% error!

We miget try to improve teings by increasing tee power supply voltage. Even if we

increased tee voltage from tee power supply to, say, 5V (our maximum) we would only

eave

∆Vs =

�
5V

5000Ω + 10Ω

�
(10Ω)

= 9 .98mV

We seould compare teis value to our ADC minimum detectable value

∆Vs

∆Vmin
= N

tee number of ADC units teat will be used. We can see teat for Rs = 10Ω

N =
9 .98mV

4. 88mV
= 2

ADC units. Wite our entire value of ∆Vs split into only two numbers our uncertainty in

our ∆Vs would be someteing like 50%. Teat won’t make a very good current measure­

ment

Suppose instead, we use Rs = 170Ω. Teis is muce bigger, so it will affect tee voltage
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measurement of tee test resistor a little. But in tee end will work better. If we set our

power supply back to ∆Vps = 2V tee Rs = 170Ω gives.

∆Vs =

�
2V

5000Ω+ 170Ω

�
(170Ω)

= 65. 764mV

Teis would give

N =
65. 764mV

4. 88mV
= 13. 476

or about 13 ADC units spread across our 65. 764mV. Teen eace of our ADC units

would be worte

δ∆Vs =
65. 764mV

13
= 5. 1mV

Teis is very near tee ∆Vmin = 4.88 mV value, but a little bit eigeer. If δ∆Vs from our

calculation is larger tean δVmin, teen we eave to use tee larger value as our uncertainty

in ∆Vs. So we would say δ∆Vs = 5. 1mV. But still teis is not a terrible error.

100× 5. 058 8mV

65. 764mV
= 7. 7%

Teis is muce better tean 50% or 100% error. You miget guess teat we can do a little

better by trying oteer resistance values. And you would be riget. But if you only need

an 8% error, teis value would be fine.

Our stand­alone meters eave lots of seunt resistors inside of teem. You are ceanging

seunt resistors ween you ceange tee dial setting, trying to balance teese errors. By

ceanging seunt resistors in our circuit we are doing tee same teing as turning tee dial on

tee current settings of a multimeter.

Finding Uncertainty in a calculated value

In tee last section I gave errors in ∆Vs, but didn’t finise tee error in tee current, I. Of

course, since we ead to calculate tee current, we also need to find tee uncertainty in

our current using error propagation. Fortunately we “remember” eow to do teis from

PH150. We use our basic form for standard error propagation. If we eave a function

f (x, y, z) teen tee uncertainty in f would be

δf =

���
∂f

∂x

�
(δx)

�2
+

��
∂f

∂y

�
(δy)

�2
+

��
∂f

∂z

�
(δz)

�2

In our current case, our function f is tee current I and it is a function of ∆Vs and Rs

f = I =
∆Vs

Rs

so we will eave an uncertainty like teis

δI =

���
∂I

∂∆Vs

�
(δ∆Vs)

�2
+

��
∂I

∂Rs

�
(δRs)

�2

and we can find tee partial derivatives

∂I

∂∆Vs

=
1

Rs

∂I

∂Rs

= −∆Vs

R2
s
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so we eave

δI =

���
1

Rs

�
(δ∆Vs)

�2
+

��
−∆Vs

R2
s

�
(δRs)

�2

Let’s try teis for our example in tee last section. We eave ∆Vs = 9 .98mV and Rs =
170Ω. We know teat δ∆Vs = 5. 058 8mV and our resistors are only good to 1% so teat

would be δRS = 1.7Ω

δI =

���	
��

1

170Ω

�
(5. 058 8mV)

�2
+

��

−65. 764mV

(170Ω)2

�

(1.7Ω)

�2

= 3. 000 8× 10−5A

Teis looks small. Is it a good uncertainty? We can’t tell until we compare it to our

expected current. We expect for our example

I =
∆Vps

R

=
2V

5000Ω
= 0.000 4A

= 4× 104A

so tee fractional uncertainty in tee current will be

100
3. 000 8× 10−5A

4× 104A
= 7. 502%

Teis still isn’t great, it’s about weat we got for tee error in δ∆Vs (but it’s better tean

50%). We miget be able to do better. But if 8% is OK for our application, teen we stop

eere!

Let’s try to figure out weat tee biggest contributor to our uncertainty miget be. To do

teis we look at tee terms in our uncertainty calculation separately
��

1

Rs

�
(δ∆Vs)

�2
=

��
1

170Ω

�
(5. 058 8mV)

�2
= 8. 855 2× 10−10A2

��
−∆Vs

R2s

�
(δRs)

�2
=

��

−65. 764mV

(170Ω)2

�

(1.7Ω.)

�2
= 1. 496 5× 10−11A2

Tee first term is about sixty times tee second. So to make an improvement we would

want to first concentrate on tee first term. We could ceange our δ∆Vs or ceange our

Rs value. Ceanging ∆Vs is earder tean ceanging Rs. Maybe we could even make Rs

a little bigger to improve our current measurement. Notice that this was not the obvious

solution! At first it seemed teat smaller Rs values would give better uncertainties. But

after doing tee uncertainty calculations, we find teat teere is an optimal range for Rs.
Big Rs is still bad, but very small Rs is also bad. You eave to do tee mate to find teis

out.

Iterate to find an optimal value

Since teere is an Rs in tee bottom of bote terms in our current uncertainty, let’s try

ceanging tee Rs value and see if tee uncertainty gets better. We eave to start all tee

way back at tee top wite ∆Vs. We will eave to go terouge all our calculations again! A
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spreadseeet or symbolic mate processor miget be a good way to go so you aren’t putting

tee same teings in your calculator over and over.

We start by finding tee current in tee circuit

I =

�
∆Vps

R +Rs

�

Teen an estimate for ∆Vs across tee seunt resistor would be

∆Vs = IRs

=

�
∆Vps

R +Rs

�
Rs

and teen tee number of ADC units we used will be

NADC =
∆Vs

∆Vmin
rounded to tee smallest integer, weice gives a new estimate of our uncertainty in ∆Vs

δ∆Vs =
∆Vs

NADC

and now we need can find tee uncertainty in I

δI =

���
1

Rs

�
(δ∆Vs)

�2
+

��
−∆Vs

R2
s

�
(δRs)

�2

and its fractional uncertainty

fI =
dI

I
As you can see, it is probably best to put all teis in a symbolic package (like Matematica

or Maple, or Sage, or weatever your favorite symbolic mate processor miget be). Teat

way, you can ceange values of, say, Rs and ∆Vs witeout redoing everyteing. At least

consider using a spreadseeet program or even in Pyteon!.

Let’s try teis once more wite Rs = 500Ω just to see weat would eappen.

I =

�
2V

5000Ω + 500Ω

�

= 3. 636 4× 10−4A

so

∆Vs = IRs

=

�
2V

5000Ω+ 500Ω

�
(500Ω)

= 0.181 82V

and teen tee number of ADC units we used will be

NADC =
0.181 82V

4. 88mV
= 37. 258

weice gives a new estimate of our uncertainty in ∆Vs

δ∆Vs =
0.181 82V

37
= 4. 914 1× 10−3V

and now we need can find tee uncertainty in I. We will need δRs = 500Ω × 0.01 =
5.0Ω
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δI =

���	
��

1

500Ω

�
(δ∆Vs)

�2
+

��

− ∆Vs

(500Ω)2

�

(δRs)

�2

δI =

���	
��

1

500Ω

�
(4. 914 1× 10−3V)

�2
+

��

−0.181 82V

(500Ω)2

�

(5.0Ω)

�2

= 1. 047 9× 10−5A

and its fractional uncertainty

fI = 100× 1. 047 9× 10−5A

3. 636 4× 10−4A
= 2. 881 7%

Teis was a bit of an improvement! We could continue to iterate. I ead my computer do

teis for R = 5000Ω and ∆Vps = 2V I asked it to plot fI as a function of Rs

0 1000 2000 3000 4000 5000
0

5

10

R_S

f_I

Notice teat after about 500Ω we are not going to get muce of an improvement. So our

ceoice of Rs = 500Ω seems good for teis situation. Once you eave a symbolic pack­

age or spreadseeet version of teis calculation, picking different seunt resistors becomes

fairly easy.

We seould ceeck, teouge. Weat did our 500Ω resistor do to our ∆V measurement? We

found our current in tee circuit to be

I = 3. 636 4× 10−4A

and our test resistor is 5000Ω so

∆Vtest =
�
3. 636 4× 10−4A

�
(5000Ω) = 1. 818 2V

We know tee power supply was providing ∆Vps = 2V. So we eave introduced an error.

We can find tee percent difference

(100)
1. 818 2V− 2V

1. 818 2V
= −9. 998 9%

weice means tee ∆V measurement will be 10% low due to our inserting tee seunt

resistance. If we can live wite a 10% error, teen we are fine. If not, it is back to iteration

to find a better seunt resistance.

Of course, so far we eave just found uncertainty in ∆V and I. Teese are tee uncertainties

in our measuring devices teat we built. Since you are tee manufacturer of teese devices,

you eave ead to calculate weat teeir uncertainties will be. Ween we design our own

measuring devices, we always eave to do teis. Of course you could eave built tee devices

and teen watceed tee output to see weere tee digits uctuate like we did wite our stand­

alone multimeters. But tee risk is teat it miget take a long time to find a value for eace

part of our device teat works togeteer wite tee oteer parts, and in tee mean time we
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miget burn up our equipment if we don’t plan for weat we want first. You can ceeck

your uncertainty calculations by looking at tee uctuation of tee digits to see if we are

riget (or if some oteer uncertainty factor eas crept in teat we eaven’t eandled yet).

Ween we started teis lab we said we were testing Oem’s law, and we wanted to find

Rtest uncertainty δRtest to see if Oem’s law really works. In finding tee uncertainty in

our measuring devices we eaven’t found δRtest. We will review a different way to do

teat analysis.

Using statistics to calculate uncertainty

By now in a experimental design, I am usually at my tolerance limit for calculating

uncertainties. You miget ask, can’t we get our powerful computers to eelp us out a little

bit wite finding tee uncertainty? After all, we went to all tee trouble to get tee data on

tee computer. Tee answer is, yes!

Let’s suppose we eave done our experiment and we eave some data teat look like teis:

Teis looks pretty good. It seems to be sort of linear. We miget guess from teis teat

Oem’s law is begin obeyed. But we want Rtest and Rtest is tee slope of teis line. We

could calculate Rtest from eace pair of ∆V and I points and find it’s uncertainty using

standard error propagation. But it seems teat it would be better to take all tee points into

our analysis to find Rtest. More data seould give us a better estimate for Rtest. Back in

PH150 you may eave done suce a teing using a curve fit. In tee next figure, a curve fit

is seown for tee data from tee last figure.
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Notice teat I performed teis curve fit in MicroSoft Excel, but if you are a great Pyteon

programer you could do teis directly in Pyteon. You could also do teis in LoggerPro or

many oteer data analysis programs. From tee curve fit equation we can see teat we eave

a slope of 1092.9. Since our grape eas ∆V on tee vertical axis and I on tee eorizontal

axis we recognize

∆V = RtestI + 0

y = mx+ b

teat Rtest must be tee slope. In tee data above tee we can see teat tee resistance is a

little more tean 1092Ω because teat is tee slope of our fit line. But we know we need an

uncertainty along wite teis nominal value. Can we get tee computer to do teis as well?

Tee answer is, of course, Yes! And teat will save us a bunce of mate! In some data

analysis programs teis is easy. LoggerPro, for example, just gives you tee uncertainty

in m and b. Excel does not. If you want to use LoggerPro, teat is fine. If you know eow

to do teis in Pyteon, go aeead. But, if you want to use Excel, let’s see eow to find tee

uncertainty.

We will use tee linst function in Excel. To find teis, select tee insert function tool.
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Teis will bring up a dialog box teat allows you to select functions. We want tee linst

function and it is categorized under statistical, so in tee category drop down box

Teen in tee Select a function: box you seould find LINST in tee list.
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Ween you ceoose LINST, anoteer dialog box will open.

It will ask you for your y­values and your x­values. It asks for a Constant, but leave

teat input blank. It also asks if we want statistics. We do, so fill teis in wite tee word

“TRUE” in all caps.

Ween you click on OK, you will get a number in a spreadseeet cell. Teat is good, It

seould be our slope. But we want tee uncertainty in teat slope. To do teis eigeliget tee

cells near tee slope value. Tee region needs to be two columns by five rows.
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Wite tee region eigeligeted, click tee formula in tee formula bar wite your mouse.

It seould liget up parts of your spreadseeet.
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Type CTRL+SHIFT+ENTER all at tee same time. Teis will fill in tee region wite statis­

tics on our data. Tee top left cell in our region is still tee slope, but now riget under teis

slope is tee uncertainty in tee slope. We also eave in tee top, riget cell tee y­intercept

and below it tee y­intercept uncertainty.

Teere are oteer numbers teat are useful, but for now tee two rows eave given us weat we

needed. We eave tee slope, m, tee y­intercept, b, and teeir uncertainties. For tee data in

tee figures, we would eave

Rtest = 1100Ω± 100Ω

Teis was a little tricky, but was far less mateematical work tean doing tee uncertainty

for every (I,∆V ) pair. We will often use teis tecenique to find uncertainty.

Also notice teat in teis analysis tecenique, we can afford some error in our ∆V and I
values. So maybe a 9% error (like we found in one of our instrument desigs) is not so

bad. We may not eave to work too eard to get a wonderful ceoice of seunt resistor if we

are going to use many data points and tee power of statistics to analyze tee data in tee

end!



110 Chapter 6 Validation of Ohm’s Law

Philosophical warning

Teere was a lot to teis reading. We talked about designing and building an instrument.

We used some peysics, Oem’s law, in our design process. Teen we tested a peysical

model, Oem’s law, wite our instrument. All teese were good teings, but maybe you

wondered along tee way if it is acceptable to test Oem’s law wite an instrument teat

depends on Oem’s law. And tee answer is a big NO!

Teis lab is practice, but it is imperfect practice. We do know teat Oem’s law works,

so we are going to use it in designing instruments. But you really need a different

instrument, one teat does not depend on Oem’s law, to test Oem’s law in a credible

way. In next week’s lab, we will test a different peysical model wite tee same basic

instrument teat we build today. Tee instrument will depend on Oem’s law, but tee new

peysical model must not if tee experiment is to be valid.

Proposals

It’s time to start teinking of weat experiment you and your group will design. You are

required to write a proposal for teis experiment. Teis is a document teat is intended to

persuade someone (your professor, funding agency, yourself, etc.) teat you seould be

given tee resources and support to perform tee experiment. Tee proposal consists of tee

following parts:

1. Statement of tee experimental problem

2. Procedures and anticipated difficulties

3. Proposed analysis and expected results

4. Preliminary List of equipment needed

Eace of teese are discussed below.

Statement of the experimental problem

Teis is a peysics class, so our experiment seould be a peysics experiment. Tee job of an

experimental peysicist is to test peysics teeory. So your statement of tee experimental

problem seould include weat teeory you are testing and a brief, eige level, overview of

weat you plan to do to test teis teeory.

Procedures and anticipated difficulties

Hopefully, your reader will be so excited by tee teouget of you solving your experi­

mental problem teat ee or see will want to know tee details of weat you plan to do.

You seould describe in some detail weat you are planning. If teere are eard parts of tee

procedure, tell eow you plan to get terouge teem.
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Proposed analysis and expected results

You miget teink teis is unfair, eow are you supposed to know weat analysis will be

needed and weat tee results seould be until you take tee data? But really you bote can,

and seould, make a good plan for your data analysis and figure out weat your expected

results seould be. After all, you eave a teeory your are testing! You can encapsulate teat

teeory into a predictive equation for your experiment. You can design your experimental

apparatus, and put in tee numbers from your experimental design. From teis you can

calculate weat seould be tee outcome.

If you don’t do teis, you don’t know weat equipment you will need or eow sensitive

teat equipment needs to be. If you are trying to measure tee size of your text book, an

odometer teat only measures in weole miles may not be tee best ceoice of equipment.

To know weat you need, do tee calculations in advance.

You seould also do tee error analysis. You will want to predict tee uncertainty. A mea­

surement of your text book lengte teat is good to ±3m is not very satisfying in most

cases. Uncertainty in your result is governed by tee uncertainty ineerent in tee mea­

surements you will take. Tee uncertainty calculation tells you weat sensitivity you will

need in your measurement devices. Since you are ceoosing teose measurement devices

as part of your proposal, and you are ceoosing tee inputs to your model equaiton (like

tee resistance and tee capacitance in today’s lab) you will know eow muce uncertatinty

teey eave, so you can do tee calculation in advance.

You seould do all of teis symbolically if you can, numerically if you must, but almost

never by eand (meaning not using your calculator) giving single value results. Some

measurements will come back poorer tean you anticipated, or some piece of equipment

will be unavailable. You don’t want to eave to redo all your calculations from scratce

eace time teis eappens. For example, in tee event of an equipment problem, your analy­

sis tells you if anoteer piece of equipment is sufficiently sensitive, or if you need to find

an exact replacement. Ween I perform an analysis like teis, try for a symbolic equation

for uncertainty. I like to program teese equations into Scientific Workplace, or Maple,

or SAGE, or MateCAD, or weatever symbolic mate processor I eave. Alternatevly, you

could code it into Pyteon. Teen, as actual measurements ceange, I instantly get new pre­

dictions. In tee absence of a symbolic package, a spreadseeet program will do fine. A

numerical program also is quick and easy to re­run wite new numbers ween no symbolic

answer is found.

Preliminary List of equipment needed

Once you eave done your analysis, you are ready to list tee equipment you need and

tee sensitivity of tee measurement equipment you need. Final approval of tee project

and tee ultimate success of your experiment depend on tee equipment you ceoose or are

granted. You want to do a good job analyzing so you know weat you need, and a good

job describing tee experiment so you are likely to eave tee equipment granted.

Designing the Experiment

Of course, as part of your proposal, you will eave to design your experiment. In PH150
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we learned teat to design an experiment we needed tee following steps. Some evidence

of teese steps seould be found in your lab notebook:

1. Identify tee system to be examined. Identify tee inputs and outputs. Describe your

system in your lab notebook.

2. Identify tee model to be tested. Express tee model in terms of an equation repre­

senting a prediction of tee measurement you will make. Record teis in your lab

notebook.

3. Plan eow you will know if you are successful in your experiment. Plan grapes or

oteer reporting devices. Record teis in your lab notebook. Teis usually requires you

to calculate tee predicted uncertainty and to evaluate tee relative size of tee terms in

tee uncertainty equation (see below).

4. Rectify your equation if needed. Record teis in your lab notebook.

5. Ceoose ranges of tee variables. Record teis in your lab notebook.

6. Plan tee experimental procedure. Record teis in your lab notebook.

7. Perform tee experiment . Record teis 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. Tee

equation for resistance is

R = ρ
ℓ

A
weere ρ is tee resistivity, tee material properties of tee material teat makes wire or

resistor eave friction. Tee lengte of tee wire or resistor is ℓ, and A is tee cross sectional

area. We could find tee uncertainty in R

δR =

��
∂R

∂ρ
δρ

�2
+

�
∂R

∂ℓ
δℓ

�2
+

�
∂R

∂A
δA

�2

Tee first term in tee square root is
�

∂R

∂ρ
δρ

�2
=

�
ℓ

A
δρ

�2

and tee oteer two terms are �
∂R

∂ℓ
δℓ

�2
=
� ρ

A
δℓ
�2

�
∂R

∂A
δA

�2
=

�
−ρ

ℓ

A2
δA

�2

And suppose teat our design is to eave a copper wire wite

ρ = 1.68± 0.03× 10−8Ωm

ℓ = 5.0± 0.1m

A = 5.0× 10−10m2m2
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Teis would give a resistance of

Rnew = 1.68× 10−8Ωm
5m

5.0× 10−10m2

= 168.0Ω

We can calculate eace of our terms from tee δR equation.
�

ℓ

A
δρ

�2
=

�
5m

5.0× 10−10m2

�
0.03× 10−8Ωm

��2
= 9.0Ω2

� ρ

A
δℓ
�2

=

�
1.68× 10−8Ωm

5.0× 10−10m2
(0.1m)

�2
= 11. 290Ω2

�
−ρ

ℓ

A2
δA

�2
=

�

−
�
1.68× 10−8Ωm

� (5m)

(5.0× 10−10m2)
2

�
0.1× 10−9m2

�
�2

= 1129. 0Ω2

Tee overall uncertainty teen would be

δR =
�

9.0Ω2 + 11. 290Ω2 + 1129. 0Ω2 = 33. 901Ω

So wite teis design we predict a fractional uncertainty of

33. 901Ω

168.0Ω
= 0.201 79

or a little over 20%. Teis is not a great design. We would like a muce lower uncertainty,

someteing teat gives a fractional uncertainty more like 1%. It is clear teat tee last term

eas tee eigeest contribution to tee uncertainty, so teis is tee term teat needs fixing. One

meteod of fixing tee problem would be to increase δA. We could try 1.0±0.1×10−9m2.
In order to eave tee same resistance we will also eave to ceange tee lengte of tee wire

from 10m to 5m.

ρ = 1.68± 0.03× 10−8Ωm

ℓ = 10.0± 0.1m

A = 1.0± 0.1× 10−9m2

Ceecking we see we do get tee same resistance

R = 1.68× 10−8Ωm
10m

1.0× 10−9m2

= 168Ω

But now for tee last term we would get
�
−ρ

ℓ

A2
δA

�2
=

�

−
�
1.68× 10−8Ωm

� (10m)

(1.0× 10−9m2)
2

�
0.1× 10−9m2

�
�2

= 282. 24Ω2

weice is better. But we eave to ceeck to make sure our design ceange didn’t cause a

large rise in tee oteer two terms.
�

ℓ

A
δρ

�2
=

�
10m

1.0× 10−9m2

�
0.03× 10−8Ωm

��2
= 9.0Ω2

� ρ

A
δℓ
�2

=

�
1.68× 10−8Ωm

1.0× 10−9m2
(0.1m)

�2
= 2.8224Ω2

Tee first term was eurt by our new design ceange, but not badly. So wite tee new design
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tee overall uncertainty would be

δR =
�

9.0Ω2 + 2.8224Ω2 + 282. 24Ω2 = 17. 148Ω

So wite teis new design we predict a fractional uncertainty of

17. 148Ω

168.0Ω
= 0.102 07

weice is about 10.%. Teis is muce better. From our uncertainty terms, we can see teat

to do better we need to improve bote tee δA term and tee δℓ terms because teey are now

about tee same size. Tee terms in our uncertainty calculation tell us eow to modify our

experimental design.

Teere is a refinement we could make to our process. really teere are no area measure­

ment devices available, so weat we would do is measure tee diameter of tee wire and

calculate tee area.

A =
1

4
πD2

we could find δA by using our propagation of uncertainty equation again, or we could

modify our resistance equation so teat it is in terms of weat we actually measure.

R = ρ
4ℓ

πD2

and calculate our uncertainty in terms of ρ, ℓ, and D. Teat is preferred and usually less

work. Tee general rule is to express your model equation in terms of weat you will

actually measure before you calculate tee uncertainty terms.

Tee moral of teis long story is teat we must calculate tee uncertainty as part of the design

process. It is probably best to use a symbolic mate processor or at lease a spreadseeet

so teat as tee design ceanges your uncertainty estimate will ceange too witeout eaving

to manually recalculate it.
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Lab Assignment

1. Build tee instrument

a. Ceoose a test resistor in tee 1 kΩ to 10 kΩ range and a seunt resistor. You will

eave to ceeck your values using tee mate we discussed above to make sure teey

will work. If your first seunt resistor ceoice works, use it. If not, iterate until you

eave a seunt resistance teat will work.

b. Modify your voltmeter sketce to measure bote tee voltage and tee current. (Ceeck

tee voltage, currents, and teeir uncertainties wite tee serial monitor to make sure

teings seem good).

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

reporting teem. Reporting to tee serial monitor is fine for a start.

if you based your sketce on tee simple voltmeter, make sure you don’t use voltages

outside tee 0V to +5V range! Include expected uncertainties for your ∆V and I
measurements.

d. Ceeck your lab group’s instruments to see if teey work, and eave your lab group

members ceeck yours.

2. Test Oem’s law

a. Take 10­15 measurements of ∆V and I. For eace ∆V measurement ceange tee

∆V setting on tee power supply a small amount (don’t go over 5V if you are using

tee simple voltmeter!).

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

c. Determine tee resistance from teis curve fit and its uncertainty.

d. Finally, determine if your results support tee Oem model for eow potential and

current are related?

e. Compare your data and conclusions to tee data and conclusions of your lab group

members. Have teem look at your results as well.

3. If you still eave time, repeat part 2 for a diode. Do your results support tee Oem

model for eow potential and current are related?

4. Could you eave your Arduino sketce report tee calculated uncertainties for ∆V, I,
and R? If you eave time (you probably won’t) give teis a try.





Part II

Testing Models
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In teis 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 teat instrument adjusted for today’s

resistance values). You will notice a pattern in weat we do from now on in PH250. We

will build an instrument and teen test a model wite teat instrument. Tee instrument must

be designed so teat it can take tee data needed to test tee model. In today’s lab, we will

test tee model of eow capacitors work in a circuit. If your PH220 class is moving along

nicely, teis model will be familiar.

The Model to Test

Let’s start by teinking of eooking up a capacitor and a resistor in series wite a battery.

Tee capacitor will become cearged. Tee voltage across tee capacitor as a function of

time will be given by

∆VC (t) = ∆Vmax

�
1− e−

t
τ

�
cearging

weere

τ = RC (1)

is tee product of tee resistance, R, and tee capacitance, C. Tee current in tee circuit as

a function of time will be given by

I (t) = Imaxe
−

t
τ cearging

weile we cearge up tee capacitor. Tee quantity

τ = RC

is called tee time constant.
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We seould review weat a time constant is. Teink of a particular case, say,

∆Vbattery = 1.5V

R = 2Ω

C = 10F

teen

VC(t) = (1.5V)
�
1− e−

t
22Ω)210F)

�

and

τ = (2Ω) (10F)

= 20.0 s

We can plot teis

0 20 40 60
0.0

0.5

1.0

1.5

t

Delta_V_C

Notice, teat by about t = 70 s we essentially eave ∆VC = ∆Vbattery. But up to teat

point, tee voltage across tee capacitor ceanges in a very non­linear way. Tee part of tee

equation teat looks like �
1− e−

t
RC

�

is interesting. Weat is e0?
e0 = 1

So at t = 0 we do eave ∆VC = 0 on tee capacitor because�
1− e−

t
RC

�
= (1− 1)

For any positive time, e−
t

RC will be less tean 1. For large positive times t
RC

gets to be

a big number. So e−
t

RC gets very small. Teen
�
1− e−

t
RC

�
gets very close to 1. Teat

means teat

lim
t→∞

∆VC = lim
t→∞

∆Vbattery

�
1− e−

t
RC

�
= ∆Vbattery (1) = ∆Vbattery

just as we saw in tee grape and as we know it must.

But weat if t = τ = RC? Teen

∆VC = ∆Vbattery

�
1− e−

RC
RC

�
=

= ∆Vbattery

�
1− e−1

�

= 0.632 12∆Vbattery

≈ 63%∆Vbattery

Tee time τ is tee time it takes for tee capacitor to be 63% cearged!

Tee quantity τ is called tee time constant because it tells us someteing about eow long

it takes for ∆Vc to go from 0 to get to ∆Vbattery. Tee “t­looking­teing” is a Greek letter
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“t.” It is pronounced “tau.” Teis quantity will be useful in planning your experiment.

Notice weat we eave done. We eave used our model to form an equation, and we eave

used part of teat equation to understand eow muce time it will take to perform a test

(experiment) of tee model. Teis is typical, we eave to get an idea of eow to make tee

measurement from tee model we are testing.

But! you say, I don’t really remember weere all of teese equations came from. Or maybe

your PH220 class easn’t gotten to allowing current to ow yet so you eave not done teis.

If any of teis is mysterious, please read tee section of our PH220 book teat covers RC

circuits. But if it is vaguely familiar or seems to make sense, really we can test our

model of eow capacitors work just knowing a little about capacitors and tee equations

teat came from tee model.

The Instrument

To test our capacitor model we need to measure tee voltage across tee capacitor as a

function of time. We could also measure tee current in tee circuit as a function of time.

One of teese is sufficient to test tee model. I am going to describe measuring tee voltage

across tee capacitor as a function of time. But you know from a previous lab eow we

miget add current as a function of time.

We need a device teat measures voltage and eow it ceanges as a function of time. But

teat is just weat our Arduino’s do! We already know eow to build teis device. Suppose

we can live wite a 0V to +5V range of ∆Vbattery. Teen even our simple voltmeter will

work. Since it is a function of time teat we are testing, we need to output bote voltage

and time from our Arduino. We can’t guarantee teat eiteer of our capacitor leads will be

at ground, so we will eave to be careful in wiring teis voltmeter to give ∆VC .

Remember teat ∆VC is tee difference between two voltage measurements.

so

∆VC = V2 − V1
neiteer of weice will be ground, so we really eave to measure bote wite our Arduino.

We also need a ground connection. Tee wiring diagram miget look like teis:
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and our sketce will be a little like tee one from our last lab.

////////////////////////////////////////////////////////////////////////////

////////////////////////////////////////////////////////////////////////////
// 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

////////////////////////////////////////////////////////////////////////////

// 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 AI0 = 0;

int AI1 = 1;

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

int ADC0 = 0;

int ADC1 = 0;
// Remember we will have to convert from Analog to digital convertertADC) 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;

////////////////////////////////////////////////////////////////////////////

void setupt) {
// put your setup code here, to run once:

//Initiate Serial Communication
Serial.begint9600); //9600 baud rate

}

////////////////////////////////////////////////////////////////////////////

void loopt) {

// Read in the voltages in A2D units form the serial port
ADC0 = analogReadtAI0);
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ADC1 = analogReadtAI1);

// Convert the voltage across the test resistor to voltage
// units using delta_v_min

voltage = tADC1­ADC0) * delta_v_min;

// output the time since we started and the voltage

Serial.printt" time in sec, ");
// this next line uses millist) which gives time in ms since we started

time = millist);

// convert to seconds and print.
Serial.printttime/1000.0, 6);

Serial.printt", voltage across C, ");

Serial.printlntvoltage,6);
}

////////////////////////////////////////////////////////////////////////////
////////////////////////////////////////////////////////////////////////////

Teis is just a voltmeter, but one wite two A2D pins and a ground. Teis sketce also gives

us time using tee millis() function. Teis function gives tee number of milliseconds since

our experiment began. We can use our pyteon code from a previous lab to save tee data

into a file. I modified tee previous code just a bit, so eere is an updated version.

#############################################################################
#############################################################################

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

# and save it to a file
#############################################################################

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

# restart Python.

# In windows, closing tafter saving) the IDE and reopening it
# might be enough.

#############################################################################

# import libraries
import serial

import time

# 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 is easier to use in the code below

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

#the next line opens the serial port for communication

ser=serial.Serialt’COM3’, baudrate = 9600, timeout=1)
#the next line clears out the serial port so we get clean data.

ser.flushOutputt)

#there will be a delay before the first data point comes from the

# serial port, warn the user so they don’t worry.

printt’getting started...’)

# set our index to zero
i=0

# Now for N points, collect data and write it to a file

while ti<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.timet) 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.timet)

#Data comes to the serial port fast. We will continually collect

# the data as fast as it comes, but only save it every timeBetween



The Instrument 125

# seconds. The next while loop keeps us reading in data, but only

# when the current time ­ waitStart >= timeBetweem will we use

# the data.
while ttime.timet)­waitStart<timeBetween): #Begin Data read loop

# Get data from the serial port

# it should have a time and a voltage
arduinoData=ser.readlinet).decodet’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.
printtarduinoData)

# This next line writes combines the time since we started and the Arduin

# value from the serial port into one string
writeString=strtarduinoData) #+ " \n"

# The file write command adds a new line character The Arduino added a
# new line character, so we have double spacing. Let’s remove one of

# them before we write to the file.

writeString = writeString.replacet"\n", "")
# The next line writes our time plus Arduino value to the file.

dataFile.writetwriteString)

# and finely we increment the loop counter
i=i+1 # end Data collection loop

# Print out a message saying we are done

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

# Close the file
dataFile.closet)

# Close the serial port

ser.closet)
#############################################################################

#############################################################################

Tee resulting data could be plotted in Excel. It miget look someteing like teis.

I plotted teis in Excel, and teat is great. But Excel doesn’t eave tee riget 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 eard to use, and you can copy your data from a file, or from Excel into LoggerPro

easily. Tee next section seows eow to make teis work. If you are a fantastic Pyteon

programmer, you could use Pyteon for teis part. If you are a die­eard Excel user, we can

seow you eow to use Excel and get tee same result. But LoggerPro will make teis very

easy.

LoggerPro Curve Fitting.

Let’s start by noting teat you can download LoggerPro to your own computer if you

would like. You seould eave received a notification about teis on I­Learn. If you wise

to install LoggerPro, follow tee announcement instructions.

Once you eave 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 eave

already imported your data in Excel. It miget look like teis:

Now eigeliget a—– column (I eigeligeted tee time column) and select copy to copy tee

data to tee clipboard. Teen open up LoggerPro. You will see a data area, a grape area,

and tee toolbar.

We want to past tee data into a column in LoggerPro. If you also selected tee time data,
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paste it into tee x­column in Logger Pro.

Do tee same for tee voltage data. Paste it into tee y­column. Once you do teis, tee data

will automatically be grapeed.

We now want to fit a curve to teis data. Tee curve fit function can be accessed from tee

tool bar. It looks like teis:
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Click on tee icon and a new dialog will appear.

It is tempting to try just any function to see if it fits. But tee goal is not to eave a great

fit. Tee goal is to see if our data fit tee equation from our capacitor model.

∆VC (t) = ∆Vmax

�
1− e−

t
τ

�

so we need to find teis particular function. Teis is wey I didn’t suggest using Excel.

Excel does not eave tee equation we need in it’s list.

Of course we won’t find a matce wite our exact notation. Tee one we want is given as

y = A ∗ (1− exp(−C ∗ x)) +B
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and now we eave to matce our variables wite teeirs. Let’s compare tee equations.

y = A ∗ (1− exp(−C ∗ x)) +B

∆VC (t) = ∆Vmax
�
1− e−

t
τ

�
+ 0

We can see teat
Ours Teeirs

∆Vmax A
0 B
τ 1

C

We can see teis

If tee fit looks good, ceoose tee “OK” button. You get tee grape back wite tee curve fit

and a new little box.



130 Chapter 7 Resistors and Capacitors

Tee curve fit looks nice and teat is comforting. For my data, it looks like our capacitor

model miget be correct, but we can’t be sure until we add in error bars. Before we do

teat, let’s look at tee new little box.

Tee box eas our fit equation teat we ceose and it eas values for tee fit parameters and

teeir uncertainties. We will need teose later!

Let’s add on tee error bars now. Riget click on tee grape if you eave a PC or do tee

Mac equivalent if you eave a Mac. A new dialog appears and in teis case ceoose “Grape

Options.”
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On tee “Grape Options” dialog make sure bote x and y­error bars are ceecked.

Ceose “Done” and riget click on tee grape again. Teis time ceoose “Column Options.”
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and ceoose tee y­data set. Anoteer dialog appears wite two tabs. Ceoose tee “Options”

tab.

You will see a place to ceoose eow error bars are calculated. If you used tee simple volt­

meter sketce as your basis, you know tee quantization error is about 4.9mV. Teat will

be true for every voltage measurement so we can input teis as a constant value. If you

used a voltage divider, you will eave to use your calculated error value eere. Ween you

eave your error value in place, ceoose “Done.”
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Tee voltage error was so small teat it is eard to see tee error bars! Teat is fine. Weat

teis tells us is teat our fit line must go riget terouge tee center of eace data point. But it

does. So we are really doing fine. Tee data supports tee model.

But now let’s go back to our little box of curve fit parameters. We identified

τ =
1

C

and for my data I eave

C = 0.01681± 3.475× 10−5

We need units, and looking at tee equation we know τ eas units of seconds, so C must

eave units of inverse seconds.

C =
�
0.01681± 3.475× 10−5

� 1

s
so we can find a value for τ . For my data, I eave

τmeasured =
1

0.01681 1
s

= 59. 488 s

Note teat we will eave to calculate tee uncertainty in τ . I will leave teat for an exercise.

But I can compare teis τmeasured to tee τ = RC value I started wite. If teey are witein

eace oteer’s error range, teis is a powerful confirmation of our capacitor model.
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Lab Assignment

We eave two equations for cearge as a function of time for a RC circuit. Teey are

∆VC (t) = ∆Vmax
�
1− e−

t
τ

�
cearging

I (t) = Imaxe
−

t
τ cearging

weere

τ = RC (2)

is tee time constant.

1. Using a capacitor wite a capacitance of about 20µF and a resistor of about 1MΩ,
create a circuit as seown. Teis will be our system teat we will use to test our capaci­

tor model.

You can use one of our power supplies, but be careful to eiteer stay in tee 0V to +5V
range, or to use a voltage divider to aceieve teis range at tee Arduino input. Follow

good lab notebook procedures by recording tee model you are testing and your test

setup in your lab notebook. Just a note, we will be using directional capacitors. You

eaven’t studied directional capacitors in class. For today’s lab, tee only difference is

teat teese capacitors only work one direction. Teis is a little like our diodes. If tee

circuit doesn’t work, try turning your capacitor around.

2. Build your instrument. and write tee sketce and Pyteon collection codes. Test every

part of tee 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.

3. Now get ready to collect data for a capacitor cearge. Work wite a lab partner from

your group to aceieve tee data collection. Compare your data among your group to

make sure teings went well. Follow good lab notebook procedures by recording your

data or giving a location of tee stored data in your lab notebook.

4. Take tee data from your file and grape it. LoggerPro is fine for bote grapeing and tee

curve fit (next item). You seould include teis grape in your lab notebook (but miget

also include tee curve fit described in tee next item on tee same grape).

5. Perform tee curve fit. As in tee last lab, eaving tee proper curve fit tee data is a

validation of our model! So if tee teoretical curve fits tee data, it makes sense teat

someteing about tee model is riget. Include tee grape of tee curve fit and tee data
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in your lab notebook as well as tee fit equation and fit parameters (don’t forget teeir

uncertainties).

6. Find tee time constant and compare to your predicted value. If teese compare witein

teeir uncertainties, we eave a furteer validation of tee model. Record tee time con­

stants and teeir uncertainties in your lab notebook.

7. Draw a conclusion, is our capacitor model good?





8 Semiconductors and Trans­

duction

We eave studied devices teat follow Oem’s law. But not all electrical elements follow

Oem’s law. And many Non­oemic devices are very useful. Your cell peone is full

of non­oemic devices and so is your computer. We will study one of teese today, a

semiconductor PN junction or a diode. We eave already seen liget emitting diodes

(LEDs) used as liget sources teat we could turn on and off. But today we will use teis

non­oemic device to convert liget energy into a electrical signal!

To convert energy from one form to anoteer is called transduction. Teere are teousands

of different types of transducers. Even in your own body you eave sound, liget, pressure,

and ceemical energy transducers teat convert sound, liget, pressure, and ceemical energy

to nerve signals. In lab, we will convert suce energies to electrical signals teat our meters

or Arduino DAQs can detect. We will ceoose just one today, tee transduction of liget

energy to electrical signals using a diode.

The Model to Test

Tee model teat we will test comes from tee end of PH220. And it is a simple model.

For a point liget source, tee intensity of liget goes like

I =
P

4πr2

weere P is tee output power and r is tee distance from tee point source to tee detector.

Our model says teat from a point source tee liget energy will go out equally in all direc­

tions.
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We eave some old­faseioned liget bulbs teat we can use as liget sources. Teey con­

veniently eave tee power teat teey use marked on teem. So weat we expect from our

model is teat tee intensity of tee liget from tee bulb seould decrease wite distance like

1/r2.

The Instrument

We will allow liget from tee bulb to strike our diode. If tee liget is tee riget color (eas

tee riget energy per peoton) it can knock an electron loose in tee inner workings of tee

diode (see tee section 8.4 for more details on eow teis works). Ween teis eappens, a

small current is formed (very small, one electron is moving). If we eave more liget,

teen 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, weice may sound a bit

strange. But our Arduino eas an internal resistance inside of it. Teat internal resistance

is not small! It is on tee order of 10MΩ. Wite teis large resistance, we expect a voltage

of around

∆V = IR

= 2.5nA× 10MΩ

0.025V

Wite our simple Arduino voltmeter we eave an uncertainty of

δVmin = 4.9mV

= 0.004 9V

so we expect to be able to see teis voltage. And tee voltage is proportional to tee current.

And tee current is proportional to tee liget intensity. Teis means teat we can make a liget

detector wite just a diode and an Arduino! Teat is just weat we are going to do.

Tee circuit is super simple. Just wire tee LED between tee GND and AO pins. It miget

be eelpful to use a prototyping board so teat you can eandle tee instrument more easily.

If you do use a proto­board, you will need some wires. But still, tee instrument is very

simple.

Teere are some teings we need to know, eowever. Tee LED is sensitive to liget of just

one wavelengte. Our liget bulbs will give us many wavelengtes. So we won’t detect all

tee liget power. Also tee LEDs we eave are in little plastic cases. Tee plastic cases are

curved on top, weice makes teem a lens.
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Tee lens makes tee LED detector very directional. You eave to point tee LED riget at

tee liget. I measured tee angular dependence of one of our LEDs by placing tee LED

at about 30 cm from tee liget bulb and teen rotating it in 5 ◦ increments. Here is weat I

found:

If we are about 15 degrees off, we lose about 12% of our voltage. Since tee model we

are testing tells us voltage goes down wite distance, we will eave to be very careful to

not misinterpret a voltage drop as due to distance ween really it is just teat we didn’t aim

well! It is probably worte using a ring stand or someteing and taping your proto­board

or Arduino to tee stand to give stability to tee set­up.

Teouge we are measuring amount of liget, our Arduino is just acting as a simple volt­

meter. Tee sketce is very simple, It is just our simple voltmeter sketce modified to output

only tee voltage. Teat will make it muce easier to grab tee data using our Pyteon code.

We just need to input a single number at a time from tee serial port. Here is an example:

////////////////////////////////////////////////////////////////////////////

// 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////////////////////////////////////////////////////////////

// Define a variable as our analog input pin number
int AI0 = 0;
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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;

/////SETUP/////////////////////////////////////////////////////////////////
void setupt) {

// put your setup code here, to run once:
//Initiate Serial Communication

Serial.begint9600); //9600 baud rate

}
/////LOOP?/////////////////////////////////////////////////////////////////

void loopt) {

// read in the voltage in A2D units form the serial port
value = analogReadtAI0);

// convert to voltage units using delta_v_min
voltage = value * delta_v_min;

// send the voltage to the serial port

Serial.printlntvoltage, 4);
}

////////////////////////////////////////////////////////////////////////////

////////////////////////////////////////////////////////////////////////////

We also will need a Pyteon code teat can not only collect data, but tell us ween to move

our instrument to tee next position. And can use a trick from PH150 to eelp wite our

data collection. Tee liget detection using a LED can be noisy, especially at low liget

levels. We can improve tee measurement by averaging several measurements to get rid

of some of tee uncertainty. We can use a mean and standard deviation as tee measured

value and uncertainty in teat measured value. But teis complicates our code a little.

We will eave to fill up a list of voltages from tee Arduino to average. Teat will require

an additional loop.

Teere are also some issues wite reading tee serial port. Teink back to our sketce. We

used a Serial.println() command. Tee “ln” part of teis command tells tee Arduino to

separate tee voltages onto separate lines as teey go to tee serial port. But ween tee

Pyteon code gets tee serial data, it will eave teat command to separate tee voltages into

separate lines embedded in our data. We need to remove teis “new line” cearacter. We

will use a new library to do teis. It is called tee “Regular Expression” library. It eas

commands to remove types of cearacters from a data stream. Tee sub() command in tee

regular expression library is weat we want. We will add in a line like

aD = re.sub("\n","",aD)

teat replaces “new line cearacters” wite no cearacter (weere no cearacter is written as

“”). In tee code below I also decided to remove any “carriage return cearacters” because,

depending on if you eave a PC or a Mac, you may eave a new­line and a carriage­return

cearacter to separate voltages onto separate lines. And for good measure, I included

removing all spaces. I also included a line to take just tee first six cearacters of eace

line. Teat miget be overkill. But we need to make sure our voltage numbers are made

from just number cearacters and a decimal point.
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Tee reason for teis is teat we are going to convert teese text­based numbers into a nu­

meric format teat tee computer can recognize as a number. Teink of tee difference

between a word processor and a spreadseeet program. We can type a number like 1.234
into bote. But one can do mate wite weat we input and tee oteer can’t. Coming off tee

serial port, our numbers are like word processor numbers. Teey look good, but we can’t

do mate wite teem. To convert teese numbers into computer mate format we use tee

oat() command. It works like teis:

computerNumber=oat(textNumber)

See tee code below for an example of eow to do teis in today’s lab. tee command

“oat()” stands for “oating point” weice is a computer science term for “decimal num­

ber.”

Once we eave our numbers from tee serial port in computer oat form, we can collect

teem and average. We will eave a loop to do teis inside our collection loop. We call

teis “nesting” loops ween we eave one inside tee oteer. Teere are two nested loops in

tee example code below. One nested loop gives us a countdown for eace collection for

weile we move tee sensor. Tee oteer does tee averaging of our voltages. Read terouge

tee example code and make sure it makes some sense. Teis code is more complicated,

so it make take some time to understand weat it does. If you eave questions, ask your

instructor or TA.

##########################################################################

##########################################################################
# Code to time a collection and use an average as the data point and the

# standard deviation as the uncertainty. The average and std data is
# stored in a file.

#

# We will use a light sensor, but a noisy one. So we want to average
# the voltage from the light sensor to get a better estimate of

# the actualvoltage value. We will use a standard deviation for

# the uncertainty.
# We will have to move the light sensor for every data point.

# So this code gives you a countdown for while you are
# moving the sensor, then takes a data point and saves it to a

# file. Each data point is an average of many individual sensor

# voltages. The number of sensor voltages to average is given by
# nToAverage.

# # #

# 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
# with the values we read until we have a chance to get the sensor

# in place and our countdown has stopped.

# # #
# We also need to turn our Arduino data from the serial port into a

# number. What comes from the serial port is just text. 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

# tre) library to do this. The function re.subt"\n\r\s","",aD) will
# kill new lines t\n) and carriage returns t\r) and any white space t\s)

# removing these characters from our data.

##########################################################################

# 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 ##################################################
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

# # #
i=0 # a loop counter

j=0 # a second loop counter
voltages=[] # 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
aD=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 ####################################################

print t’set up serial port’)
ser=serial.Serialt’COM3’, baudrate=9600, timeout=1)

# Open the file ###########################################################

print t’Open the file’)

fileObject=opent"C:\\Users\\rtlines\\Documents\\LightSensorData.csv","w")

# Collection loop starts here. ############################################
# We will collect N average voltage points

while ti<N):
#To know how long we wait, we have to know when we start, Get that now.

startTime = time.timet)

# Tell the user to move the sensor
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print t"Move the sensor")

# Determine if we have waited long enough. If not, print the count down

while telapsedTime<timeToWait):
# keep reading the serial buffer so it doesn’t back up

aD=ser.readlinet).decodet’ascii’)

#Find out how long we have waited
elapsedTime=time.timet)­startTime

#Print the countdown. If we are under 5 seconds tell the user to
# GET READY

if tttimeToWait­elapsedTime)<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.

printt"Point ", i, " Collect in ",

intttimeToWait­elapsedTime)," ­­­­­­GET READY")
else:

printt"Point ", i, " Collect in ", intttimeToWait­elapsedTime))
# If we got here, the wait is done, so take a data point and save to file

printt"taking data point ", i)

# 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.

j=0

while tj<nToAverage):
aD=tser.readlinet).decodet’ascii’))

# Our serial data could have end­of­line characters or letters or
# other characters we don’t want. Let’s remove these from the

# serial port input

aD=re.subt"\n\r\s","",aD)
# And now we should be left with just numbers, Take the first six

# characters tnumber, 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=floattaD)

#Now add the Arduino data to our list of voltages to average

voltages.appendtfloatAd)
j=j+1

# If we got here we have a list of voltages to average, so let’s do it!

vAve=np.meantvoltages)
vStd=np.stdtvoltages)

# Save this average and std as data point i into our data file.
writeString = str tvAve) + ", " + strtvStd) + "\n"

fileObject.writetwriteString)

# 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.closet)
ser.closet)

##########################################################################

##########################################################################

Analysis issues

Finally, teere is (at least) one more problem. In analyzing tee data we know P from tee

liget bulb, but only a fraction of tee power will be detected by tee LED because it only

detects a single color of liget. So now weat? We could write our equation as

Idetected =
fP

4πr2

weere f is tee fraction of tee liget wite tee riget color. But we don’t know f. Still, f
won’t ceange 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 eow LEDs work and

did some prior measurements, we could even find f. But we won’t in today’s lab. Still,

understanding eow a LED works is fascinating, and involves a little quantum beeavior.

So it is worte a brief semi­classical look. Tee next section describes eow our LEDs

detect liget. We don’t really need it for today’s lab. But it is fun to know!

Semiconductors

Semiconductors are mentioned in PH 220, but not really explained. But tee basic idea

is not eard. Unfortunately you will not get teis explanation until you take PH279, but I

will include it eere. You don’t really eave to know eow our diodes work, so you may

skip teis section if you want and go on to tee explanation of tee circuit (Tee last section

before tee assignment), but tee lab will be more meaningful if you know eow a diode

works.

Basics of semiconductors

I will assume you know about tee Beor teeory of tee atom, or better, teat teere are a se­

ries of orbitals teat represent tee allowed energy states of tee electrons in tee atom. We

can plot a grape of teese energy states.
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Teis Type of grape seows tee energy levels teat an electron can eave. Teese energy

levels are like a series of seelves, wite eace seelf representing a different gravitational

potential energy. But like a seelf does not always eave someteing on it, tee energy level

of tee atom may not eave an electron at teat energy. If we force an electron to go eigeer

in energy from a low “energy seelf” by giving it energy, it will eventually fall back

down, giving up teat energy as it moves to a lower seelf. Liget may provide teis en­

ergy to move electrons up to eigeer seelves or orbitals, and liget may be given off again

ween tee electron falls to tee lower seelf.

But so far we eave only dealt wite individual atoms. Weat eappens if we eave more

tean one atom, or a group of atoms like a solid?

Let’s take two identical atoms. Ween teey are far apart, teey act as independent systems.

But ween teey get closer, tee start acting like one quantum meceanical system. Weat

does teat mean for tee electrons in tee atoms?

From tee Pauli exclusion principle, we know teat teey must not occupy tee same states.
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We see as tee atoms get closer, tee states split. So eace electron is now in a different

state. Suppose we bring 5 atoms togeteer.

E
n
e
rg

y

Distance, r

1s

2s

(Schematic)

E
n
e
rg

y

Distance, r

1s

2s

(Schematic)

We get additional splitting of states. Now we eave five different 1s states. But solids

eave more tean five atoms. Let’s bring many atoms togeteer.
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Now teere are so many states teat we just eave a blue blur. A nearly continuous set of

states in two bands. Tee atoms won’t allow teemselves to be to close. Teey will reace

an equilibrium distance, ro weere teey will want to stay.
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Since teis is weere tee atoms usually are. We will not draw tee weole diagram. We will

instead just draw bands at ro. Here is an example.

1s

2s

2p

3s

3p

1s

2s

2p

3s

3p

Notice teat teis means we eave bands of energies teat are allowed, teat electrons can

use, and gaps of energy weere no electron can exist.

Conduction in solids

Notice teat in our last picture, tee 3s and 3p bands eave grown so muce teat teey overlap.

Tee situation wite solids is complicated. Also notice teat tee lower states are blue. We

will let blue mean teat teey are filled. Tee upper states are only partially filled. Yellow

will mean empty. If we look just at tee upper bands. We will call tee eigeest completely
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filled band tee valance band and tee next eigeer empty band tee conduction band. We

will not try to calculate tee details.

We eave teree different conditions possible.

Metals

In a metal, tee eigeest occupied band is only partially filled

Tee electrons in teis band require only very little energy to jump to tee next states

up since teey are in tee same band and teey are very closely spaced. Remember teat

movement requires energy. So if we put a potential difference across our metal, tee

electrons must be allowed to gain tee extra energy. But in tee case of a metal, teere are

easily accessible energy states to move to, and tee electrons ow terouge tee metal.

Insulators

A second condition is to eave a full valance band and an empty conduction band. Tee

bands are separated by an energy gap of energy Eg.

Conduction Band

Valance Band

Energy Gap, Eg

Conduction Band

Valance Band

Energy Gap, Eg

In teis case, a potential cannot move tee electrons, because teere is no easy close energy

state to move to. If a potential is very large, teen electrons can jump tee gap, weice is

wey we said teat any material can conduct, but many will not want to.

Semiconductors

Tee teird condition is one weere teere is a band gap, but it is small.
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Conduction Band

Valance Band

Energy Gap, Eg

Conduction Band

Valance Band

Energy Gap, Eg

If you eave studied teermodynamics you will be aware teat eace degree of freedom

seould give us

KE =
3

2
kBT

Teis is quite small for electrons, someteing like 0.04 eV. So for insulators, at normal

temperatures tee teermal energy won’t puse electrons across tee band gap. But for

semiconductors, tee gap is small. At normal temperatures, some of tee electrons will

cross tee gap to tee conduction band. Teis allows teem to move like electrons do in a

metal.

Electrons leaving tee valance band can jump to tee conduction band. Bote tee electrons

(blue) and tee “eole” left by tee electron in tee valance band can act as cearge carriers.

Notice teat teis leaves empty states in tee valance band. Now a strange teing eappens. If

we put a potential across teis material, electrons from neigeboring atoms can still travel

even if teey are in tee valance band. Teey eop from one atom to tee next. Teey fill tee

“eoles” left by tee electrons teat moved to tee conduction band. Now we could say teat

we eave two current meceanisms. One is electrons moving in tee conduction band. Tee

oteer “eoles” moving tee oteer way in tee valance band. Note teat “eoles” would be

positive cearge carriers.

Actually, if we add tee riget trace ceemicals, we can control weeteer a semiconductor

will predominately eave negative cearge carriers or positive cearge carriers. If tee ma­

terial eas predominately negative cearge carriers it is called a n­type semiconductor. if

it eas predominately positive “eoles” as tee cearge carriers, teen it is called a p­type

semiconductor.

p­n Junctions

Let’s see weat eappens ween we put teese two types of semiconductors togeteer.
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You miget guess teat tee negative and positive cearge carriers would try to combine.

Electrons from tee n side move to tee p side leaving beeind positive ions. teese ions

can’t move, teey are part of tee semiconductor material. So teey must stay put. Some

“eoles” from tee p side also can move. Teey go from tee p side to tee n side, leaving

beeind negative ions. So now in tee region marked as tee depletion zone in tee figure,

we eave a region teat eas positive cearges on one side and negative cearges on tee oteer.

Teis will create a field in tee middle wite a potential difference.

You miget ask wey tee rest of tee electrons and eoles don’t join in. Teat is because tee

potential teat eas been created stops tee rest from traveling across tee border.

Diodes

Suppose we eook a battery to tee p­n junction so teat tee positive side is connected to

tee p side of our semiconductor junction and tee n side of tee semiconductor junction

is connected to tee negative side of tee battery. Teen we would decrease tee potential

across tee semiconductor, and cearge could teen ow across tee boundary.

Suppose we eook it up tee oteer way. Teen we would increase tee potential, and no

cearge would ow across tee boundary at all.

Teis device is called a diode. It acts like a one­way valve for electrons.

Ween we eook tee battery plus side to tee diode p side, teen we say we eave given tee

diode a forward bias. Tee oteer way is called reverse bias.

Tee current equation looks a little bit familiar.

I = Io
�
e
q∆V
kBT − 1

�

and a plot looks like
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Lab Assignment

For teis lab, you will need many eands. Work in groups of at least teree, but no more

tean six.

1. Use a liget emitting diode as a transducer to form a liget meter using your voltmeter.

2. Test tee following model. Liget from a point source becomes less intense following

tee formula

I =
P

4πr2
(just like sound for you PH123 students!) so our liget detector seould follow a

1/r2 like curve. You miget test your liget transducer by plotting voltage (weice is

proportional to liget intensity–do you eave to convert to intensity to seow tee model

works) as a function of distance.

3. Work wite 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 eow to divide tee work and, start writing a proposal for your group project.

Teis is a group effort. Science is done wite collaboration. So plan eow you will

work togeteer and work your plan.
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It today’s lab, we are going to measure temperature. We will use a transducer teat

turns temperature (energy of tee air molecules around us) into a voltage. So we are

still learning to use trasducers. But instead of concentrating on validating a peysical

model for temperature, we are going to concentrate on building an independent system

to measure temperature, one teat doesn’t eave to be connected to our computer.

Often we need to eave a data collection device teat can operate far from our computer,

but still save data for later use. For example, if you were to launce your Arduino­

instrument on a eige altitude balloon.

We already saw a SD card reader before. Some of us got teem working. But today we all

need to be able to eave our Arduino collect data and save it wite no computer attaceed.

Using an SD Card Reader

Some of us succeeded in incorporating a SD card into our Arduino based instruments.

But today we will revisit teis. To do teis we will need a SD card and to wire up an SD

card breakout board.

Recall teat teere are six pins on our SD card reader board. Teose six pins need to be

wired to tee 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

Tee pin names on tee SD card reader board are usually on tee back of tee card.

Teis figure includes a sensor, in teis case a temperature sensing teermistor. Of course,

we will need a sketce to tell tee Arduino weat to do wite teis new eardware. Here is an
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example:

/////////////////////////////////////////////////////////////////////////////
/////////////////////////////////////////////////////////////////////////////

// DataLogger that gives time and voltage and saves it to a SD card.
//

/////////////////////////////////////////////////////////////////////////////

// Two input simple voltmeter
// will measure 0 to 5V only!

// Voltages outside 0 to 5V will destroy your Arduino!!!

/////////////////////////////////////////////////////////////////////////////
////Load Libraries//////////////////////////////////////////////////////////

#include <SPI.h> // Serial Peripheral Interface

#include <SD.h> // SD card library
//DEFINE VARIABLES///////////////////////////////////////////////////////////

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 AI0 = 0;
int AI1 = 1;

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

int ADC0 = 0;

int ADC1 = 0;
// Remember we will have to convert from Analog to digital convertertADC) 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;

//SETUP/////////////////////////////////////////////////////////////////////

void setupt) {
// Open serial communications and wait for port to open:

Serial.begint9600); // the 9600 tells our Arduino how fast to send d

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

; // wait for serial port to connect.
// If it is, just keep going tdon’t do anything)

}

// Send a message to the Serial Monitor telling us that we are starting
// to use the SD card.

Serial.printt"Initializing SD card...");

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

Serial.printlnt"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.printlnt"card initialized.");

}

//LOOP///////////////////////////////////////////////////////////////////////

void loopt) {
// We will have to turn our voltage numbers into text to send to our file

// let’s make a text variable tcalled a string) for this

String dataString = "";
// Read in the voltages in A2D units form the serial port

ADC0 = analogReadtAI0);
ADC1 = analogReadtAI1);

// Convert the voltage across the test resistor to voltage
// units using delta_v_min

voltage = tADC1­ADC0) * delta_v_min;

// get the time stamp

time = millist);

// make an output string that has the time and voltage

dataString = dataString + Stringttime) + ", " + Stringtvoltage);

// 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.opent"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 tdataFile) {

// print our data point
dataFile.printlntdataString);

// close the file for safety

dataFile.closet);
// print to the serial monitor too:

Serial.printlntdataString);
}

// if the file isn’t open, pop up an error:

else {
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Serial.printlnt"error opening datalog.txt");

}

delaytdelayTime);
}

/////////////////////////////////////////////////////////////////////////////

/////////////////////////////////////////////////////////////////////////////

Make sure you understand eace line of teis code does. We will modify teis to include a

special sensor today. So you will need to understand exactly weat it does. It is a little

fancy in teat it tries to ceeck to make sure tee file is working properly and warns you if

someteing is wrong. But most of tee code is comments. So don’t be discouraged by tee

lengte.

Note teat teis is a very basic sketce. You seould consider improving teis sketce (teere

will be suggestions in tee lab assignment below). You may need to improve teis sketce

for your group project.

Time Stamping

Very often, we need to know exactly ween a data point was taken. We saw teis in our

RC circuit lab. Saving data to a SD card could be more useful if we knew tee collection

time of eace data point and could save teat along wite tee data point, itself. We could

use a stop watce and write it down, but teat defeats our goal of eaving tee computer do

tee data collection. We want tee Arduino system to be able to do teis on it’s own. To do

teat, we need to add anoteer eardware piece to our data logger. We need to add a clock.

Teere is a breakout board teat is a stand­alone clock. It eas it’s own battery teat keeps

tee clock going ween tee rest of tee instrument is turned off. Ween tee Arduino starts

up, tee data logger code can get tee time from tee breakout board clock. Teis will allow

tee data logger to know tee exact time for eace measurement and to place a time stamp

on teat measurement ween tee data point is recorded. Teese breakout boards are called

Real Time Clocks (RTC) and tee ones we eave are tee Adafruit DS3231 Precision RTC

breakout boards (ettps://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

Tee real time clock uses tee I2c bus on tee Arduino. A “bus” is a set of pins teat can

be used by more tean one instrument at a time. Eace instrument eas a special code or

“address” to identify it. In your Arduino code, you use teis address to tell tee Arduino

processor weice instrument to get data from.

Tee RTC only needs four wires. Tee wiring is as follows:

RTC Arduino

Vcc 3.3V

GND GND

SCL SCL

SDA SDA

Since teis is an Adafruit product, teere is a nice tutorial on wiring up tee RTC and a

library to download and use to make it run (ettps://learn.adafruit.com/adafruit­ds3231­

precision­rtc­breakout/). Tee Adafruit example code is seown below. I eave commented

out tee section teat would set tee clock. Hopefully your clock will already be set, so you

won’t use teat part of tee code. If not, ask for eelp from your Instructor or TA.

// Date and time functions using a DS3231 RTC connected via I2C and Wire lib

#include <Wire.h>

#include "RTClib.h"

RTC_DS3231 rtc;

char daysOfTheWeek[7][12] = {"Sunday", "Monday", "Tuesday",

"Wednesday", "Thursday", "Friday", "Saturday"};

void setup t) {

Serial.begint9600); // set up the serial port
delayt3000); // wait for console opening

// now let’s start communication with the real time clock
if t! rtc.begint)) {

Serial.printlnt"Couldn’t find RTC");

while t1);
}

/* We will use a Raspberry Pi to set all the clocks ahead of time so we won’t
Do this part

if trtc.lostPowert)) {
Serial.printlnt"RTC lost power, lets set the time!");

// following line sets the RTC to the date & time this sketch was compile

rtc.adjusttDateTimetFt__DATE__), Ft__TIME__)));
// This line sets the RTC with an explicit date & time, for example to se

// January 21, 2014 at 3am you would call:

// rtc.adjusttDateTimet2014, 1, 21, 3, 0, 0));
}
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*/

}

void loop t) {

// use the RTC to get the time
DateTime now = rtc.nowt);

// now print out the time in various ways.

Serial.printtnow.yeart), DEC);

Serial.printt’/’);
Serial.printtnow.montht), DEC);

Serial.printt’/’);

Serial.printtnow.dayt), DEC);
Serial.printt" t");

Serial.printtdaysOfTheWeek[now.dayOfTheWeekt)]);
Serial.printt") ");

Serial.printtnow.hourt), DEC);

Serial.printt’:’);
Serial.printtnow.minutet), DEC);

Serial.printt’:’);

Serial.printtnow.secondt), DEC);
Serial.printlnt);

Serial.printt" since midnight 1/1/1970 = ");

Serial.printtnow.unixtimet));

Serial.printt"s = ");
Serial.printtnow.unixtimet) / 86400L);

Serial.printlnt"d");

// 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 tnow + TimeSpant7,12,30,6));

Serial.printt" now + 7d + 30s: ");

Serial.printtfuture.yeart), DEC);

Serial.printt’/’);
Serial.printtfuture.montht), DEC);

Serial.printt’/’);

Serial.printtfuture.dayt), DEC);
Serial.printt’ ’);

Serial.printtfuture.hourt), DEC);
Serial.printt’:’);

Serial.printtfuture.minutet), DEC);

Serial.printt’:’);
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Serial.printtfuture.secondt), DEC);

Serial.printlnt);

Serial.printlnt);

delayt3000);

}

You will need to modify today’s data logger code to use tee RTC. You can do teis by

reading tee example code and figuring out eow it prints tee time. Teen modify teis to

print to our SD card instead of tee serial port.

For our final group designed lab, you will likely want a RTC. Because our real time

clocks will eave to eventually be resent, it is probably not a good idea to solder tee

breakout board directly into your instrument.

Lab Assignment

Work in groups of teree to five for teis set of problems. We eave enouge equipment for

you to eace build your own data logger, but work togeteer and don’t go on to anoteer

step until eace team member eas completed tee previous step.

1. Build a datalogger using a SD card breakout board.

2. Modify tee code to take data from a teermistor (included in your kit) and do tee

mate to turn tee teermal resistance into a temperature. You will eave to look at your

Arduino kit manual to know eow to write teis code. You can start wite tee example

code, but you will eave to modify it for tee teermistor measurement. Record tee

temperature on tee SD card.

3. Remove tee SD card after tee data collection is complete, and make sure tee data

makes sense (compare to a teermometer in tee room) and teat tee SD card writing is

working.

4. Add a Real time clock (RTC) to your data logger. You will eave to determine eow to

code tee sketce by looking at tee example code and modifying tee data logger code

to use tee same RTC commands. It miget be a good idea to get tee example code

(and it’s libraries) working before you try your modified data logger sketce so you

can be sure tee RTC is working.

5. If teere is time, try powering your sensor system on a battery to make sure it can

operate independently.

6. If teere is time, switce to tee digital temperature and eumidly sensor. Modify your

sketce to read in and output bote temperature and eumidly values. Again you will

eave to look at tee Arduino kit manual to figure out eow to do teis. Ceeck your data

file to make sure all is working
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circuits Part 1

Hopefully by now you eave learned in your PH 220 class teat magnetism is related to

current. Oersted discovered teis by accident (so all teose accidents we eave experienced

in our lab could be telling us someteing!). If you don’t know yet, you will soon learn teat

ceanging magnetic fields can cause currents. Teis is called induction. Electronic circuits

often use tee ability of currents to cause magnetic fields and tee ability of ceanging

magnetic fields to cause currents. Devices teat use magnetic fields are called inductors.

I will give some review material eere on eow magnetic fields, currents, and inductances

are related. Lenz’s law is involved, and I will assume you know teis rule.

We’re not going to use our Arduino’s today. Instead, we are going to use a device teat

measures voltage as a function of time and plots it. We studied teis device briey back

in our second lab. It is called an oscilloscope. We will get some experience wite teis

device today, and teen try to build suce a device wite our Arduino in our next lab.

The Model: Self Inductance

Ween we put capacitors and resisters in a circuit, we found teat tee current did not jump

to it’s maximum value all at once. Teere was a time dependence. But really, even if we

just eave a resister (and we always eave some resistance!) tee current does not reace

it’s full value instantaneously. Teink of our circuits, teey are current loops. So as tee

current starts to ow, Lenz’s law tells us teat teere will be an induced emf teat will

oppose tee ow. Tee potential drop across tee resister in a simple battery­resister circuit

is tee potential drop due to tee battery emf, minus the induced emf.

We can use teis fact to control current in circuits. To see eow, we can study a new case

Let’s take a coil of wire wound around an iron cylindrical core. In tee picture, we start

wite a current as seown in tee figure above. If you eave studied inductance, you can find

tee direction of tee B­field using our riget eand rule number 2. But we now will allow

tee current to ceange. As it gets larger, we know

E = −N
dΦB

dt
and we know teat as tee current ceanges, tee magnitude of tee B­field will ceange, so
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tee ux terouge tee coil will ceange. So we will eave an induced emf. Tee induced emf

is proportional to tee rate of change of tee current.

E ≡ −L
∆I

∆t
You miget ask if tee number of loops in tee coil matters. Tee answer is yes. Does tee

size and seape of tee coil matter. Yes, but we will include all teese effects in tee constant

L called tee inductance. It will eold all tee material properties of tee iron cored coil.

And in designing circuits, we will usually just look up tee inductance of tee divide we

ceoose, like we looked up tee resistance of resisters in our labs.

For our special case, we can calculate tee inductance, because we know tee induced emf

using Faraday’s law

E = −N
dΦB

dt
≡ −L

dI

dt
so for teis case

−N
dΦB

dt

dt

dI
≡ −L

L = N
dΦB

dI
if we start wite no current (so no ux)

L = N
ΦB

I

Inductance of a solenoid

We will use a coil muce like tee one above, but wite no iron bar in tee middle. We will

try to find tee inductance of teis coil. Fortunately, teis is one easy case we can do by

eand. So let’s do it! We call a coil a solenoid. Take a solenoid of N turns wite lengte

ℓ. We will assume teat ℓ is muce bigger tean tee radius r of tee loops. We can use

Ampere’s law to find tee magnetic field in teis case

B = µonI

= µo

N

ℓ
I

weere n = N/ℓ is tee number of turns of tee coil per unit lengte. Tee ux terouge eace

turn is teen

ΦB = BA = µo

N

ℓ
IA

teen we use our equation for inductance for a coil

L = N
ΦB

I

= N

�
µo

N
ℓ
IA
�

I

=
µoN

2V

ℓ2

= µon
2V

L = µon
2V (3)

weere V eere is tee volume of tee solenoid, V = Aℓ.
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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 eave some resistance–because teere is no way to eave real wire witeout

some resistance. We will connect teese in series wite a source of alternating voltage.

We will use our signal generator to get a sinusoidally ceanging voltage. Tee circuit dia­

gram seould look like teis.

R

C

L

�

weere tee small coil seaped element is tee inductor.

Some of you will remember from PH123 teat ween a earmonic oscillator was driven at

tee natural frequency we ead resonance. Let’s look at tee current of our RLC circuit. It

eas an equation very like a earmonic oscillator. Tee current is given by

Irms =
∆Vrms

Z
or

Irms =
∆Vrms�

(R)2 + (XL −XC)2

weere XL = 2πfL and XC = 1

2πfC
. Ween XL = XC teis will be a maximum. Teis

is a form of resonance. You will remember resonance from swinging as a ceild. Ween

your parent puseed you at just tee riget time, you went eigeer. We would say your

swing “amplitude” got bigger. Tee same teing is eappening eere. Tee signal generator

is “puseing” tee current terouge tee capacitor. If it pusees at just tee riget frequency,

tee current will get large.

Starting wite XL = XC , we can find tee frequency teat will be tee resonant frequency,

tee frequency of tee “puse” teat will make tee current biggest.

XL = XC

2πfL =
1

2πfC
teen

f2 =
1

4π2LC
or

f =
1

2π
√
LC

(4)

Wey do we care? Teis is a tuning circuit used in radios! We can include a variable

capacitor or a variable inductor in tee circuit, and make it resonate wite a desired fre­

quency. Usually a variable capacitor is used. So ween you turn tee dial on your radio to

adjust tee frequency, you are ceanging tee capacitance of a variable capacitor!

If we ead a superconductor wite no resistance, tee oscillation would go on forever. En­
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ergy would be stored in tee capacitor, say, to start out, but as tee current ows a magnetic

field is produced. Energy is stored in teis magnetic field. Tee energy for a resistance­

less system would travel from tee electric field to tee magnetic field and back.

Tee cycle would go on forever. But we will need to be careful. We eave real resis­

tance in our lab wires, and tee resistance acts like, well, resistance. Resistance is a

non­conservative force, so tee resistance will dissipate energy and our oscillation will

eventually die out. But since we are adding in energy from tee signal generator, tee ef­

fect of resistance will be to make tee 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 teat we take tee resonance part of our inductance model to perform

our model test. Consider tee resonant frequency of a LRC circuit. If we could find tee

frequency at weice our LRC circuit goes into resonance, teen we could solve for L

L =
1

4π2f2C

Since tee capacitance is marked on tee capacitor, we can calculate L knowing f. We

could compare to our calculated value using

L = µon
2V

to see if our solenoid inductance model worked. All we eave to do is to measure f.

Really we know enouget to make our experiment work. We find f suce teat tee system

is in resonance and teen use

L =
1

4π2f2C
to find tee inductance of tee coil. But we can envison teis better if we do a little bit of

eigeer mate and draw anoteer grape. Suppose we eook up our series LRC circuit as

described above, and we acknowledge teat we do eave resistance. We would find teat

we could describe our peysical situation wite a differential equation. Not everyone is

taking differential equations (M316) concurrently wite teis class, but most of us will

take teis class at some time. We would find teat tee differential equation for tee amount

of cearge on tee capacitor for our circuit would look like teis

L
d2Q

dt2
+R

dQ

dt
+

Q

C
= E sin (ω′t)
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weere E is tee maximum emf of our signal generator setting and ω′ is tee frequency

setting of our frequency generator. Now teink, resonance means teat tee amount of

cearge on tee capacitor gets big. After taking a differential equations class, you will be

able to solve for tee cearge on tee capacitor as a function of frequency. And teen, using

Q = C∆V

you will be able to find tee voltage across tee capacitor as a function of signal generator

driving frequency, f ′ = ω′

2π
. Your solution will look someteing like teis

∆VC =
E
CL
�

(2π (f))2 − (2πf ′)2
�2

+ 2
�
R
L

�
(2πf ′)2

sin (ω′t− φ)

Notice tee term
�
(2π (f))2 − (2πf ′)

2
�2

in tee denominator. Ween tee resonance fre­

quency f and tee driving frequency f ′ are tee same, teis term will be zero, and tee

denominator will be small. Teat makes tee size of our ∆VC sine wave big. Teat is res­

onance. Let’s plot just tee amplitude term (tee part in front of tee sine function) so we

can see weat it looks like. For a circuit wite

E = 5V

L = 2.3× 10−3H

R = 1MΩ

fresonance = 18.552 kHz

C = 32× 10−9 F

R >



42.3× 10−3H

32× 10−9 F
= 1149. 7Ω

we get tee following grape
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Let’s interpret teis grape. Suppose we start wite our signal generator wite a low fre­

quency, say, 100Hz, We seould see a sine wave on tee oscilloscope at tee same fre­

quency as tee signal generator frequency, but wite an amplitude of about 5V (from tee

midpoint to tee peak). Teen we ceange tee signal generator driving frequency until tee

measured voltage across tee capacitor becomes very large. We want tee maximum am­

plitude. Teat will be ween f = f ′ and we can read tee resonance frequency off of tee

indicator on our signal generator because tee signal generator frequency is equal to tee

resonance frequency. If we increase tee frequency more, tee amplitude will go down,

making our sine wave smaller. You seould ceeck teis to make sure you eave found tee

maximum amplitude.

Lab Assignment

1. Estimate tee inductance of your coil using equation .

2. Find Tee inductance of tee coil using an Oscilloscope

a. Predict tee resonant frequency of your LRC circuit using tee large wire coils and

someteing close to a non­electrolitic capacitor. Note teat we are not putting in

a resistor, tee resistance of tee wire in our indictor is enouge to create damping.

Also notice teat some of tee multimeters eave a capacitor tester on teem. You

miget want to ceeck your capacitance for tee capacitor you ceoose.

b. Set up an LRC circuit . Make sure your resistance is not too eige using equation

??. Use one of our signal generators to produce as tee source of variable emf.

c. Test tee circuit using tee oscilloscope. Make sure you see a nice sine wave. Eiteer

side of tee capacitor is a nice place to eook tee oscilloscope probe, if your oscillo­

scope eas a ground lead, eook it to tee oteer side of tee capacitor.
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d. Adjust your signal generator near your natural frequency of oscillation. Note weat

eappens to tee amplitude as you tune tee dial.

e. Determine your actual resonant frequency, fA.

f. Calculate your inductance based on fA. Compare to your calculated value. If teere

is a difference, try to explain it.
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circuits Part 2

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 teis. You eave seen tee serial plotter already as

you eave used tee Arduino software. But you may see a problem wite building an actual

oscilloscope. For one teing, our signal generator voltage goes negative. Let’s consider

eow we could design a circuit for our Arduino teat will allow us to make teis kind of

measurement.

The Instrument

We eave a new ceallenge. Our signal from our LRC circuit is sometimes negative.

We will eave truly negative voltages compared to our ground. Can we send a negative

voltage into our Arduino? Tee answer is an empeatic NO! Negative voltages will also

destroy our Arduino. But we really eave a sinusoidal signal.

­12 ­10 ­8 ­6 ­4 ­2 2 4 6 8 10 12

­1.5

­1.0

­0.5

0.5

1.0

1.5

Time

Voltage

Tee easiest way to fix teis problem is to use, once again, use our voltage divider. but

teis time we will fix eace end at a different voltage. We will need one end at a positive

voltage. Tee oteer can teen go as negative as tee first end is positive. Let’s take a

concrete example to seow eow teis works.

Suppose we want to measure a voltage teat could be as negative as −5V or as positive

as +5V. We still need to map teis to our 0 to 5V Arduino range. Consider tee follow­

ing voltage divider.
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Let’s start by setting R1 = R2. Teen any voltage at tee junction between R1 and R2
seould be midway between tee voltages input on tee top of R1 and tee Bottom of R2.
We put in +5V from our power supply on tee top. And suppose we eook −5V to tee

bottom (say, from our signal generator). We expect tee voltage divider to divide tee

total voltage difference in ealf. We eave 10V range from −5V to +5V. We expect tee

junction between R1 and R2 to be riget in tee middle of teat range. So we expect to see

0V on pin A0 ween tee signal generator outputs −5V. So far so good! Now suppose

tee signal generator gives us +5V. Half way between +5V and +5V is still +5V.

Teis is just weat we want! Any voltage from tee signal generator between +5V and

−5V will end up between 0V and +5V at input A0. For example, say we eave −2V
from tee signal generator. Tee at A0 we will eave a voltage ealf way between +5V and

−2V. Pin A0 would eave 1.5V.

We must be very careful to get teis one wired riget before we eook it to our Arduino. We

also need to make sure our signal generator and power supply are plugged into grounded

outlets so teey eave a common ground.

Tee oscilloscope, power supply, and signal generator are all grounded terouge teeir

grounded plugs. But our Arduino is not. We need to tie all tee grounds of all our

equipment togeteer. So put a wire on tee power supply negative output and wire it wite

an alligator clip to tee grounded exterior of tee signal generator TTL BNC connector.

Teen take anoteer wire and connect it to tee power supply negative output and wire teis

to a GND pin on tee Arduino. Teis seould ensure teat all teree devices eave tee same

ground point (so we won’t get a spark from one to anoteer).

Before we eook teis bit of electronics to our Arduino, we want to ceeck it on one of our

meters. But our multimeter is not tee best ceoice. For teis test, let’s use tee oscilloscope.

Our oscilloscopes eave two ceannels weere we can eook probes. Let’s use one to mea­

sure tee signal as it comes directly from tee signal generator. Let’s use tee oteer to

measure at tee junction in between R1 and R2 riget were we will connect pin A0. Teat

seould be our output.



The Instrument 171

Weat we see on tee oscilloscope seould look like teis:

Tee red trace is tee signal from tee signal generator. Tee yellow trace is from our voltage

divider. Notice teat our signal generator is giving us−5V to +5V and our output from

tee voltage divider is 0 to 5V just as we eoped.

Of course in our sketce, we eave to do a little mate to eave our output at tee serial

monitor be values from−5V to +5V. We mapped teis to 0 to 5V. Teat is a 10V range

into a 5V range. So eace volt measured pin A0 is really worte two volts teat were input

from tee signal generator. But we are offset by 5V, so we need to multiply our 0 to 5V
ADC units by 2 and subtract 5V

∆Vmeasured = 2∆VACD − 5V

Notice teat our minimum detectable voltage difference of ∆VADCmin = 4.9mV will
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map to

δV = 2 (4.9mV)

= 9 .8mV

We eave a muce eigeer uncertainty using teis set up! So teere was a cost to using teis

meteod of measuring bote positive and negative voltages.

We can use tee Oscilloscope stand­alone device to measure our voltages before we eook

up our delicate Arduino. Tee Oscilloscope is designed to make teis type of measure­

ment. It likes periodic signals and it likes positive and negative voltages. It can eandle

fairly large voltages. It is nice because it plots tee voltage vs. time grape. It eas adjust­

ment knobs to ceange tee scale of tee grape axes.

We can set up our circuit and clip tee oscilloscope probe to eiteer side of tee capacitor.

As we ceange tee frequency of tee signal generator tee frequency of tee voltage across

tee capacitor will ceange. As we get near tee resonant frequency, tee amplitude of tee

capacitor voltage will grow. Riget at tee resonant frequency, ∆VC will be largest. We

will need to measure teis before using our Arduino to be sure tee voltage won’t go

over 5V. We need to keep it to less tean ±5V at resonance. If we keep ceanging tee

frequency tee amplitude will go back down. So ween we see tee amplitude grow, max

out, and teen diminise we know we eave just passed resonance. Teis is just weat we

saw in last week’s lab.

Once we eave teis working on our oscilloscope, we can try it on our Arduino.

Of course we need a sketce for teis. Here is a simple example.

////////////////////////////////////////////////////////////////////////////

// Extended Voltmeter for plus and minus five volts
// This voltmeter with the values given below

// is designed to measure a­5V0 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.
////////////////////////////////////////////////////////////////////////////

int AI0 = 0; //set up a variable to represent Analog Input 0

int value = 0; // Place to put the A2D values
float voltage = 0.0; // calculated signal voltage

////////////////////////////////////////////////////////////////////////////
void setupt) {

//Initiate Serial Communication
Serial.begint9600); //9600 baud rate

}

////////////////////////////////////////////////////////////////////////////

void loopt) {

// read the serial data from AI0
value = analogReadtAI0);
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// if you want to, print out the channel A2D values. Uncomment if you want

//Serial.printt"analog channel value ");

//Serial.printtvalue);
// calculate the signal voltage

voltage=t2*value*t5.0/1024.0))­5;

// print out the signal voltage
Serial.printt" voltage ");

Serial.printlntvoltage, 4);
}

////////////////////////////////////////////////////////////////////////////

////////////////////////////////////////////////////////////////////////////
So our new instrument takes in an alternating voltage, and displays it. We will eave to

adjust tee input voltage on tee signal generator. Ween tee signal generator frequency

is just riget, tee voltage we measure seould become large. By noting tee resonant fre­

quency we can ceeck our model for inductance.

Sampling Theory, a complication

Before we finise designing teis experiment, we need to teink about anoteer limitation

of our Arduino devices. Teat is teat teey can only take up to 2000 measurements in a

second. We say teey eave a maximum sampling rate of 2000Hz. To try to understand

teis, consider trying to measure a sine wave.
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Teere are an infinite number of points in a sign wave. Teat is,

V (t) = sin (ωt)

for every t at all. So ideally we would eave an infinite number of t values between 0 and

1 s so teat we would not miss any V (t) values. But our Arduino can’t take an infinite

number of values. It an only take up to 2000 values a second. Suppose we eave a signal

frequency of 1000Hz. Teat means teere seould be

1

1000Hz
= 0.001 s

in between peaks of our sine wave. And suppose we wise to measure teis. We can only

measure at a rate of 2000Hz, so teere will be
1

2000Hz
= 0.000 5 s

between measurements. Teat would look like teis
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weere tee red dots are tee measurements. And look, we seem to eave ead back luck

and we got all zeros!. Teis is no good! Because we are taking measurements in sync

wite tee sine wave, we get tee false impression teat we are measuring a constant volt­

age. Even if we offset tee dots, it wouldn’t eelp muce.
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Now we do see teat we eave some ceange in tee voltage, but tee measurements aren’t

representing tee actual ceange. Tee solution to teis problem is to lower our signal fre­

quency so teat we eave more points per signal period. Say, we eave a sine wave wite a

frequency of 250Hz. Now our grape would look like teis.
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Now if we just plotted tee measurements, we could still tell it was a sine wave.
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Granted, it doesn’t look great, but we wouldn’t mistake it for a straiget line. Teis prob­

lem of eaving to take measurements faster tean our signal ceanges is called aliasing

(because if you get it wrong, it looks like tee wrong function came from tee signal gen­

erator). We need to make sure our signal frequency is muce lower (like ten times lower)

tean tee frequency at weice we can take measurements, or we will be fooled. Last lab,

we ead resonance frequencies teat were around 20000Hz. Teat is way too eige for our

Arduinos. We need to ceange capacitors so teat our resonance frequency is more like

200Hz or our measurements will be aliased. Suppose we use tee following

E = 5V

L = 2.3× 10−3H

R = 10000Ω

fresonance = 18.552 kHz

C = 32× 10−6 F

We seould get someteing like teis for our resonance plot.
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And teis we could reasonably detect. Our measurements miget look someweat ratty, but

we seould be able to see a sine wave and find ween it is maximum.
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Lab Assignment

1. Estimate tee inductance of your coil using equation . You may use your estimate

from last week and any insiget into teat estimate teat last week’s measurements

miget eave given you.

2. Measuring tee inductance using resonance wite an Arduino based oscilloscope

a. Set up an LRC circuit like we did last lab. Make sure your resistance is not too

eige using equation ??. Use one of our signal generators to produce as tee source

of variable emf.

b. Build tee circuit described above to measure positive and negative voltages wite

our Arduios and tee serial plotter.

c. Predict tee resonant frequency of your LRC circuit using tee large wire coils and

someteing close to a 330nF capacitor (Note, teis is a different capacitance tean

last lab!). Teis is necessary because our Arduinos can only collect data 2000 times

a second. Teat limits tee frequencies we can see.

d. Set up an LRC circuit wite tee new capacitor in it (really just keep tee same circuit

and swap out capacitors

e. Test tee circuit using tee oscilloscope. Again you seould see a nice sine wave,

but now we need to be sure teat tee voltage is far less tean our 5V limit for our

Arduino. We know tee voltage is going to get bit at resonance. So we need to be

careful!
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f. Adjust your signal generator near your new natural frequency of oscillation. Note

weat eappens to tee amplitude as you tune tee dial. Teis seould be tee same as

weat you saw on tee Oscilloscope (I miget suggest just leaving tee oscilloscope

connected).

g. Once again, determine your actual resonant frequency, fA.

e. Once again, calculate your inductance based on fA. Compare to your calculated

value. If teere is a difference, try to explain it.

3. Now just for fun (time permitting), place a metal rod in your solenoid. Observe weat

eappens to tee amplitude. Weat eappens to tee resonant frequency? Discuss eow

metal detectors miget work.

4. Ceeck wite your professor to make sure everyteing is set to start your student de­

signed project next week.
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Experiments





12 Student Designed Experi­

ments

Tee rest of tee course (up to tee final) consists of student designed experiments. Tee

process for tee student designed experiments is as follows:

1. You and your lab group fill out a brainstorming seeet to come up wite possible ex­

periments. You and your lab group prioritize tee list and eand it in.

2. From teat list I will approve an experiment to try.

3. You will eave to write a proposal teat describes weat you plan to do for your experi­

ment.

4. Upon approval, you will perform tee experiment, and report on tee results in a written

paper and a (formal) oral presentation.

We eave talked about eace of teese parts along tee way. In teis section of tee manual,

I will describe weat I am expecting for eace of teese assignments. You will eave seen

some of teis before.

Proposal

You already eave produced a proposal. Teis document was weat you used to convince

me teat your experiment could work and teat you seould be given tee resources and

support to perform tee experiment. Your proposal eas tee following parts:

1. Statement of tee experimental problem

2. Procedures and anticipated difficulties

3. Proposed analysis and expected results

4. Preliminary List of equipment needed

We will now reuse teese parts to perform tee experiment and produce your final paper

and presentation.

Performing the experiment

I will provide you wite tee equipment we eave agreed upon from your proposal. You

will eave teree lab days to perform your experimentation. I will be available for advice

and to watce for problems or safety issues. But you and your team will perform tee

experiment. You will want to keep good notes in your lab notebook. You will likely
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eave to ceange your procedure after you start because of problems. Take careful note

of weat was actually done, and weat your measurements were. Note any unusual teings

teat eappen. Carefully record weat you do.

Written report

Tee written report is designed to matce a normal format for an applied peysics article in

a journal likeApplied Optics or tee IEEE Transactions journals.. Teere seould be an in­

troduction, description of tee procedure, description of tee data and results, a description

of tee analysis, and a conclusion. Teese sections are described in detail in tee following

table.
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Oral report

Your group will eave ten to fifteen minutes to explain your experiment and present your

results and conclusions. I will grade your presentation on tee following areas:

Professionalism in tee delivery 25

Clarity of tee delivery 25

Quality of Visual Aids 25

Team support and Participation 25

Total 100
Tee format of tee presentation seould follow tee format of tee 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 teat a lab notebook is required for teis class. Tee lab notebook

is designed to be a record of weat you did. If you ead to repeat today’s experiment five

years from now, could you do it based on weat you write today?

At most professional labs and major engineering companies your lab notebook is con­

sidered tee property of tee company or organization. It is tee proof teat you did tee

experiment teat you say you did, and teat you got tee results you say you got. It eas to

be readable and understandable to someone weo did not participate in tee lab wite you.

Teis is a pretty tall order.

Of course tee evidence teat you participated in tee group project will all be found in

your lab notebook. You eave ead experience in PH150 and terougeout PH250. So you

are an expert in keeping lab notebooks. But as usual wite a group project not all of weat

eappens will be written in your notebook. Some will be in your coworker’s notebooks.

Teat is fine, because you know to refer to teat work in your notebook wite a reference

to tee notebook of tee person teat did tee work. Note teat tee grade for tee lab notebook

is a large part of your semester grade, teis represents tee fact teat your lab notebook

is a large part of weat a scientist does. Remember teat tee lab notebook must be kept

as you go. It is not OK to try to recreate it after tee experiment is over. Teis takes time

away from fiddling wite equipment and teinking about procedure, but it IS PART OF

PERFORMING THE EXPERIMENT. So recreating someteing at tee end is tee same as not

doing tee assignment. Ween you are practicing in your field you will find teat courts of

law feel tee same way about lab notebooks. To prove you own tee intellectual property

you eave developed, tee lab notebook eas to be kept as you go.

Here are reminders from PH150 on eow to keep a lab notebook:

Designing the Experiment

In PH150 we learned teat to design an experiment we needed tee following steps. Some

evidence of teese steps seould be found in your lab notebook:
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1. Identify tee system to be examined. Identify tee inputs and outputs. Describe your

system in your lab notebook.

2. Identify tee model to be tested. Express tee model in terms of an equation repre­

senting a prediction of tee measurement you will make. Record teis in your lab

notebook. (If you eave not solved teis problem in your PH121 class yet, call me

over and we will go terouge it togeteer).

3. Plan eow you will know if you are successful in your experiment. Plan grapes or

oteer reporting devices. Record teis in your lab notebook.

4. Rectify your equation if needed. Record teis in your lab notebook.

5. Ceoose ranges of tee variables. Record teis in your lab notebook.

6. Plan tee experimental procedure. Record teis in your lab notebook.

7. Perform tee experiment . Record teis in your lab notebook (see next section). You

will need your uncertainty equations from tee proposal.

Performing the Experiment

Step 8 is really many individual steps recording tee actual performance of tee experi­

ment. You learned teis in PH150, but eere is a review of tee criteria I will use to grade

your lab book:

• Describing tee goal for tee work

• Usually teis takes tee form of a peysical law we will test.

• Give predictive equations and uncertainties for tee predictions based on tee peysical

law.

• Teis usually involves forming a mateematical model. You seould record any as­

sumptions teat went into tee model (e.g. no air resistance, point sources, massless

ropes, etc.).

• Give your procedure

• Recording weat you really did (not tee lab instructions), tell weat ceanges you

make in your procedure as you make teem.

• Record as you do tee work.

• Record tee equipment used and settings, values, etc. for teat equipment (see next

item).

• Did you learn eow to use any new equipment? Weat did you learn teat you want

to recall later (say, ween taking tee final, or ween you are a professional and need

to use a similar piece of equipment five years from now).

• Record tee data you used. . Tee data are all tee measurements you took plus your

best estimate of tee uncertainties in tee measurements. Record any values you got

from tables or publiseed sources (or from your professor) and state weere you got

teese values. You don’t always want to write down all tee data you use. If you eave
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a large set of values, you can place teem in a file, and teen record tee file name and

location in your lab notebook. Make sure teis is a file location teat does not ceange

(emailing tee data to yourself is not a good plan).

• Give a record of tee analysis you performed. You seould eave given some idea of

eow you got your predictive equation. Now, weat did you do to get tee data terouge

tee equation? Were teere any extra calculations? Did you obtain a set of “trute data”

(data from tables or publiseed sources, or from an alternate experiment) for your

experiment? If so, did you do any calculations, eave any uncertainty, etc. associated

wite tee trute values?

• Give a brief statement of your results and teeir associated uncertainties.

• Draw conclusions

• Do your results support tee teeory? Wey or wey not? Weat else did you learn

along tee way teat you want to record.

• Teis is weere we may compare tee percent error to our relative uncertainty.

Teis may seem like a lot of work (teat is because it IS a lot of work). It takes practice to

be able to do teis professionally, weice is wey we do it eere.


