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Exercise VIII-4: Create a script that sets x to a number between 1 and 20. If x is prime, output the text string
“The number is prime.” If the number if not prime, output the message, “The number is not print.” Solve this
problem using an array, for loops, if statements, and fprintf statements...........ccccoeoii i 106

Exercise VIII-5: Define x as the row vector [1, 3, 5, 8, 88, 72, 6]. Create a script that defines this array, and
then displays the values of the elements IN FEVEISE OFUET.........oo i eeeeeeees 106

Exercise VIII-6: Define x as the row vector [1, 3, 5, 8, 88, 72, 6]. Create a script that defines this array, then
displays the values of the elements in reverse order, and then displays the values of the elements in their
Lo 401 F= LI o] o [T SRR 106

Exercise VIII-7: Define x as the row vector [1, 3, 5, 8, 88, 72, 6]. Use a for loop to display the values of 1st, 3rd,
L 1 TE= T Lo A | Y=Y (=T 41 TP 106

Exercise VIII-8: Define x as the row vector [1, 3, 5, 8, 88, 72, 6]. Use a for loop to display the values of 7th, 5th,
3rd, and 1St €lemMENTS, IN TNAL OFUET. . .onee e e e 106

Exercise VIII-9: The MATLAB mod function finds the remainder after dividing two numbers. For example,
mod(5,2) is the remainder when we divide 5 by 2. Note that mod(5,2)=1 and mod(4,2)=0. We can use this
function to see if a positive integer is odd or even. Use this function to determine if a number x is odd or even.
Use an IF statement to print out an appropriate text message stating whether the number is odd or even. ... 106

Exercise XV-1: Create a list of metrics that you wish to use to evaluate the Performance of your vehicle. This
should be a bulleted list. Specify how you would test and measure each metric..........cccoeeeeeiiiiiiiieiieeeeeceeinn, 200

Exercise XV-2: Create a table in which to record the performance metrics listed in Exercise XV-1.............. 200

Exercise XV-3: Measure the performance of your baseline vehicle. Record the information in your table. Keep
the table in a safe location such as a notebook or file folder. You will need to compare the baseline results to
all of the ideas you attempt iN thiS SECTION. .........iiiiiiiiiiiiiiiii ittt anennnnnne 200

Exercise XV-4: Measure the performance of your vehicle before you clean the tires........ccccccceeeiiiiiiiiiiiinnnnn. 200

Exercise XV-5: Come up with a procedure for cleaning your vehicle tires. Document this procedure so that it
will be repeated whenever the vehicle is used for testing or competition. Your procedure should include the
materials used, any special methods that you employ, and how often the tires should be cleaned................ 200

Exercise XV-6: After cleaning the tires, measure the vehicle’s performance and compare to that measured in
o ] T E-T= I Y SRR 200

Exercise XV-7: Adjust the torsion bar to minimum stiffness. This means that you can twist it with very little
force. Measure your VENICIE'S PEIFOIMANCE. ..........ouuiiiiii et e e e e e e e e e aaaaaaaas 202

Exercise XV-8: Adjust the torsion bar to maximum stiffness. Measure your vehicle’s performance and
COMPATE T0 EXEICISE XV-7 . oottt e e e e e e e e e e e e e e e e e e e e e e e e eeas 202
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Exercise XV-9: Adjust the torsion for maximum performance. This may take several adjustments and several
measurements. Make sure that you record a table of data for every adjustment that you make. Also make sure
that you have a way of knowing the position of the adjustment SCreWS. ..........cceviieeriiiiiiiiii e, 202

Exercise XV-10: Adjust the compression spring to minimum compression. (It will be completely uncompressed
with no hope of actually ever being compressed. Thus, it will do nothing.) Measure your vehicle’s performance.

Exercise XV-11: Adjust the compression spring to maximum compression. Measure your vehicle’'s
performance and compare t0 EXErciSe XV=-10. ......cccciiiiiiiiiiiii e e e e et e e e e e e e aa e e e e e 204

Exercise XV-12: Adjust the compression spring for maximum performance. This may take several adjustments
and several measurements. Make sure that you record a table of data for every adjustment that you make.
Also make sure that you have a way of knowing the position of the adjustment post.............cccoeeveeeeeeeeeeeeenn. 204

Exercise XV-13: Before adding weights, measure your vehicle's performance to obtain a baseline. ............ 204

Exercise XV-14: Add weights to specific locations on your vehicle. Document where you place the weights,
why you placed them in their specific locations, and what you expect to happen. Measure your vehicle’s
performance and compare to the baseline and any previous weight trials you may have made. It may take
several trials to see an effect or to achieve the desired result. Make separate trials and document each trial
separately so that you can compare all of the trials and have a history of all of the variations that you made.204

Exercise XV-15: Before adding the dead spot lookup table, measure your vehicle’s performance to obtain a
o= Y= [T Lo 1= g (0] 1 = U o =SSP 206

Exercise XV-16: Add the dead spot lookup table to your control model. Document your changes and what you
expect to happen. Measure your vehicle’s performance and compare to the baseline and any other trials that
you have made. It may take several trials with different variations in the dead spot to achieve the desired
effect. Make separate trials and document each trial separately so that you can compare all of the trials and
have a history of all of the variations that You Made. .............ooiiiiiiiiiiiiiiiiiiiiieei e 206

Exercise XV-17: Before implementing the steering angle based vehicle speed lookup table, measure your
vehicle’s performance to obtain a baseline. ... 208

Exercise XV-18: Modify the steering angle-vehicle speed lookup table in your control model. Document your
changes and what you expect to happen. Measure your vehicle’'s performance and compare to the baseline
and any other trials that you have made. It may take several trials with different variations in the table to
achieve the desired effect. Make separate trials and document each trial separately so that you can compare
all of the trials and have a history of all of the variations that you have made. ...............cccciviiiiiiiiiiiiiiiii. 208

Exercise XV-19: Determine the value of the steering offset constant necessary to make your wheels point
straight when the steering is disabled and the vehicle is powered. ... e, 209

Exercise XV-20: Before implementing rear-wheel steering, measure your vehicle’s performance to obtain a
0T Y= 11 =SSR 211

Exercise XV-21: Implement rear-wheel steering. Document your changes and what you expect to happen.
Measure your vehicle’s performance and compare to the baseline and any other trials that you have made. It
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may take several trials with different variations in the tables to achieve the desired effect. Make separate trials
and document each trial separately so that you can compare all of the trials and have a history of all of the
variations that YoU have Made. ... e e e e et e e e e e e e e et 211

Exercise XV-22: Before implementing camera index memory, measure your vehicle’'s performance to obtain a
o= 7= 11 T PSPPSR 214

Exercise XV-23: Test this method for different values of the switch threshold. (We set it to 10 in the above
example.) Lowering the value means that it will throw out many more values of the index that would otherwise
be valid. Making it higher means that more signals that would otherwise be invalid are used. (Lowering the
threshold means that it holds more. Raising the threshold makes the system act more like it did before we

= To (o L=To It g =0 0= 0 o T Y TSP 214

Exercise XV-24: Determine an appropriate value for the crash detection threshold. It should not disable the
vehicle for bumps and high speed curves. It should stop the vehicle after it crashes into something. ............ 221

Exercise XV-25: Discuss with your teacher how this set of blocks works. Include the signal output of the
Battery Read block, the voltages this block reads, the thresholds of the switches, and the signal routing
provided by the switches. What is the frequency of each of the pulse generators? (Remember that frequency is
the reciproCal Of thE PEIIO.) .....uu i et e e e e e e e ettt e e e e e e e e e e a bt eeeeeeeeeabaannas 222
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Lesson I: Introduction to Simulink and the
KL257Z

A. Connecting the KL25Z Board

We will be using MathWorks Simulink to program the Freescale KL25Z microcontroller board. Here we will
show a brief introduction to Simulink to program the tri-colored LED on the KL25Z microcontroller board. We

will be using the KL25Z microcontroller by itself. The TFC Shield is mounted on the KL25Z board and both are
packaged inside an antistatic bag:

The TFC Shield is plugged into the KL25Z Board. Both boards are shown separately below:

Pins on the TFC Shield.
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14 Autonomous Vehicle Control, Modeling, and Design

We see that the TFC Shield has pins that plug into the KL25Z headers. Gently pull apart the two boards. Do
not twist the boards. Alternately pull up one side then the other until the boards pull apart:

. The microcontroller board is shown below:

SDA port.

Always store the KL25Z microcontroller board and the TFC Shield in the anti-static plastic bag when not in use.

Connect one side of the cable to the SDA port in the KL25Z board. Note that the SDA port
powers the KL25Z and provides a communication link between the KL25Z and your computer.

SDA port.

Plug the other side of the cable into a USB port in your computer.

To check to see that your computer recognizes the KL25Z, we have created a program to detect
the port. From the MATLAB command window, enter the command Detect_KL25Z Board at the command
prompt. If you see an error, than you board was not detected by your computer:
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>> Detect KLZ5Z Board
Error using Detect KL25Z Board>findFRDMSerialHardware (line 68)
Unable to locate any FRDM-KL25Z Boards...

HARDWARE may not be Connected or Recognized.

R ey
A KL25Z board was not found. ’/ Error in Detect KL25Z Board>getFRDM KL25ZCOMPort (line 44)

comPorts = findFRDMSerialHardware (sysProg, sysCmd, sysRegex):

Error in Detect KL25Z Board (line 8)
com port = getFRDM KL25ZCOMPort;

Jr >

This error message means that you did not connect your board properly or that your computer does not have
the proper drivers. Note that only the SDA port can be used to connect the KL25Z to your computer. The other
port can power the KL25Z, but it cannot establish a communication link between the KL25Z and your
computer. If you are using the SDA port and you still receive an error, you may need to update the
driver on your computer.

If you have proper communication between your computer and the KL25Z, you should receive a
message similar to the one shown below:

Command Window

>> Detect KLZ25Z Board
KL257 board detected on COMZ0.

Jx >>

Your com port will be different, especially if you are using Apple OSX. Now that we have verified that the board
is connected, we can create a model and download it to the KL25Z.

B. Blinking Light
We will now create a simple Simulink model to flash the blue on-board LED. First, make sure that you are in
your own working directory. Creating these models will create a large number of support files:

) MATLAB R2015b odemic e

AFPS SHORTCUTS

HOME
() = B M B8 & U 8 @
GetMom Instal Package  Signal Anatysis  MATLAS Coder  Optimizaton FI0 Tunge Curve Fiiting WAL Systam Image
Apps App Honabosk: Mantifcation  Acquisition

* Cor Users ¢ hemiter ¢ Documents ¢ MATLAB ¢ mueh »

nt Foider v
[Nome [rype - [ate Moditicd | >> Detect KLZD
rew Fulduor 12182015 11 KL2E

“| My_First_Seript m Seripl THEME 12T o

- g e wans  amss e |f5>> [ This is my working directory. Change to your own
working directory.

Instead of creating a new model manually and setting it up to run on the KL25Z, we will use a utility provided
by MathWorks to create a new model and set up the options to have it run on the KL25Z. In MATLAB window
select the Apps tab:
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a & I7i) & o} 88 2 ]

P Tuner Cunve Fitting NuPAD Syatem Image Ingtumest Application  Freescale Cup  Control System
HNetabosk: Identification Acquisition Coatrol Complat Cogpasion Diesignes

-
Qptimezation

»> Detect KL252Z Board q a 0
KL252 board detocted on COM20. Click on this icon.
APPS tab selected. fi>>

Click on the Freescale Cup Companion icon to run the app:

Ell Freescale Cup Companion [_ o[ =]
Update

Freescale Cup Companion

Additional Examples

View Live Camera Data
Simple Car Controller

Create New Model

Open Library

Show Examples

Configure Existing Model

App Halp | FAQ ‘ Close

Click on the Create New Model button. Simulink will run and open an empty model:

" o untitled * - Simulink scademc use

File Edil View Dwploy Dagrem  Senulabon Anolysis Code  Tools Help

“.-‘u.'\'_uﬂ iﬁ@'.’i?ej‘ |n<'z_"\'|1:|.n | (D vy~

iz |

&

BE4Bs

P

Ready 100% FrendStopliscrote s

We can now place parts in this model. Open the Simulink Library Browser by clicking on the Library Browser

4
icon HE .
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File Edit View Display Diagram Simulation Analysis Code Tools Help

E}"j dg@" @' 10.0
untitled |

P

Click here.

Y
€3

The Simulink Library Browser will open:

ulink Librory Browser

e T vl,l’\-ﬁv v+ @

simulink
Communly Used Blocks: — —
Continuous ﬂ
Dashbaard
Discontinuities Commonly  Continuous
Discrete

Logic: and 8it Operatians Used Blodks

Lookup Tables

Math g;u-la\mn'. An |
Model Verification -‘
Model-Wide Utilibes
Purts: & Subisystems Discontinuitiess  Discrede
Signal Attributes

Signal Routing
S .
Saurces
Usaer-Dedined Functions E
% Additional Math & Discrete :| Ledic and Eit

1 Avrospace Blacksat Operations

Autonomaus Vehice Competition —
i~ Communications System Toolbox
1 Communications Systern Toolbox MDL £

Computer Vision System Toolbox

Control System Toolbox

DSP System Toolbox
i~ DSF Systam Teolbox HOL Support
1 Embedded Coder

Embedded Coder Support Package for I ¥
1 Embedelied Coder Suppart Package for %‘c

Fuzzy Logic Toolhax
i+ HOL Coder Madul Parts &

Tmage Acquisition Tooax Verffication  Subsystems
Instrument Control Toofax _,L‘
- -
KN | r [

ird

=
@ (@

Math Madek-Wide
Operations Utilies

We have created a library of the most commonly used of parts for this competition in a library called
Autonomous Vehicle Competition. Select this library as shown below:

'; Simulink Librory Browser !E
< T T =]y v rE e @

Autonomous Vehicke Competition

=i~ Simulink - -
Communly Used Blocks e <= 3
Continuous

Dashbosnd Compare
Discontinuities To Constant
Descrete - 1
Logic: and Bit Operatians
Lookup Tables

Wodel verhcaion Autonomous Vehicle
Model-Wide Utilibes -o .
Rorte  Subeytams Competition library selected.
ignal Attributes

::::EI Rendting
Sources

User-Defined Functions

Dgun

Gt

1 Communications

i1 Computer Vision System Toolbox
Control System Toolbox

i DSP System Toolbox

- DSF System Toolbox HOL Support

#- Embedded Coder

Embedded Coder Support Fackage for

Ernbiedelied Coder Suppart Package for .

Fuzzy Logic Toolbox o

HUL Coder | S—
Momentary Switch

Tmage Acquistion Toolax
Instrument Control Tooe _,L‘
. v An
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All off the parts in this library are also located in other libraries. (They were actually copied from the other
libraries into this library.) You are encouraged to look through all of the other libraries to see what other blocks
are available. We will use the Autonomous Vehicle Competition library so that parts are easy to find for the
first few labs. Scroll down the right pane to locate the Pulse Generator:

'; Simulink Librory Browser

< e T vl,l’\-ﬁv rE e @

Autonomous Vehicke Competition

=i~ Simulink

Continuous

Dashboard

Discontinuities

Descrete

Logic: and Bit Operatians

Lookup Tables

Math Operations

Model Verification

Model-Wide Utilibes

Purts & Subsysdems

signal Attributes

Signal Reuting

Sinks.

Sources

Usaer-Dedined Functions
= Additional Math & Discrete

o

1 Communications Systern Toolbox HOL €
Computer Vision System Toolbox
Control System Toolbox
DSP System Toolbox

i~ DSF System Teolbox HOL Support

#- Embedded Coder

Embedded Coder Support Fackage for
1 Embedded Coder Suppart Package far
Fuzzy Logic Toolbex

i HOL Coder

Communly Used Blocks e

Tmage Acquistion Toolax
Instrument Control Tooe _,L‘
Fl 3

e

Ej H

Momentary Switch

am

s LLD
P ReBIs

On Board LED
s

&

Patentiomter

M= E|

-]

| Pulse
1 Generator

Fulse
Cenerator

b4

Repreating
Sequence
Jr FROMELH
o —
36 =54
30 -
RGB LED
[ FREHT

| ——

Drag the pulse generator into your model:

» unbithed * - Simulnk noodemic use
Fie Edé View Dispiny Dispram Simalstion Anslyss Goce Tools Help

=H-o@ We-Erw gk |- M - @
e |

o

=

JUL

Pulse
Generator
-
”
»
Floady

Double-click here to open the
properties for this block.

Double-click on the pulse generator part to edit its attributes. Specify a Period of 1 second and a Pulse Width

of 50%.
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@ source Block Parameters, Pulse Genoerator
else ~1

Y(t) =0
and

Pulse type determines the computational technique used.
Time-based is recommended for use with a variable step solver, while
Sample-based is recommended for use with a fixed step solver or witl
a discrete portion of a model using a variable step solver

Paramelers

Pulse type:

Time (t): [Us(- simulation time

Amplitude:

[1

Period (; 3N 0 0

|1r — We are not generating this
Pulse Width (% of period): p|0t. It |S Only ShOWﬂ fOr

[s0 reference. (We could

Phase delay (secs): gn @

P generate it if we wanted to.)
1 Interpret vector parameters as 1-D

d o

9 ok | cancel | wep |

This block generates a square wave as shown below:

Scope !E
File Tools View Simulation Help B
@ (40P @[> &4 I |[F& y4
y/4 3l
[ [ 4 [

A
v

0.8 [~ < ’: —
l_Output is 1.

Period, T=1 second.

06

0.4 —
02 |- Pulse width. Output is 0. —
o
| | | | | | | | |
1] 0.5 1 15 2 25 3 3.5 4 45 5
Ready T=5.000

Note that the period is the amount of time the waveform takes to repeat. In this case, the waveform repeats
once every second, so the period T equals 1 second. The pulse width is the amount of time the waveform
spends “high.” In this case, we specified a pulse width of 50%, so the waveform is high half of the time. The
frequency of a signal is one divided by the period, F = 1/T, for a period of 1 second, we will have a frequency
of 1 Hz. Note that Hz is short for the unit Hertz, which in the old days was called cycles per second. So 1 Hz is
one cycle per second. (Or, the waveform repeats once every second.)

We also see that the output of the pulse generator switches between 0 and 1. When we connect
this to our LED block, a 0 will turn off the LED and a 1 will turn on the LED. For the waveform we created,
when we connect this pulse source to an LED, it will cause the LED to flash on and off at a 1 Hz rate (on and
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off once per second) with the LED on 50% of the time and off for 50% of the time. Click the OK button to
accept the changes.

Locate the On Board LED block in the Autonomous Vehicle Competition library:

55 Samulenk Libieaey Browsor =10lx]
N - L

Autonomous Vel Competition

= Simuink <] [- —p— -
Commanly Used Blocks = . B
i Digtal Gutput
Discontinuties [
Diserats 21 =
Logic and BE Operations

Loakup Tebles
th

Signal Routing
Sinks
Sources
User-Uefined Punctiors

& Digcrate

W Addmiznal Mat

—

l On Board LED block.

" On Board LED
FROUTR.

<

o Comgute 0N Sysbers
Cantral Systam Toclboy
% DSP System Toolbox I
= DSF System Toolbox HOL Support Patenbometer
=i~ Embedded Coder ) ]
Embedded Coder Support Fackage for
5 Lbedded Coder Suppert Package for b .
% Fuzzy Logic Teolbax Produt
- HOL Coder "

Image Acqusstion Toolba 5
Ingtrumant Control Foslbox. _I;,
I — :

Drag one into your model:

" o untitled * - Simulink academic use

File Edl View Dwgdoy [hagrom Semulobon Anolysis Code Tools Help
- = =1 - L T - |— [T T
m-oa8 Frk: A= ME- R Y CN 2 i R ] L Al

iz |

@

I B ®

Red LED -~

[l m Pin PTB18
Gp”'se KL25Z On Board LED block.
enerator
On Board LED

B E

Ready 175% FrendStopliscrate s

Connect the input of the On Board LED block to the output of the Pulse Generator:

" o untitled * - Simulink academic use

File Edl View Dwgdoy [hagrom Semulobon Anolysis Code Tools Help
- = =1 - L T - |— [T T
m-oa8 Frk: A= ME- R Y CN 2 i R ] L Al

iz |

@

I B ®

B E

1 a Red LED

11 N Pin PTB18 —_—
Pulse _R a5z Double-click here to open the
Generator On Board LED properties for this block.

- 4

Ready 175% FrendStopliscrote s
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Next, double-click on the On Board LED block to modify its properties. Change the LED Color to LED_BLUE:

"4 Sink Block Parameters: On Board LED

X|

~On-Board LED (mask) (link)

the pull-down menu.

I|N¢..?='.|-1F OF TECHNOLOGY

LED Color:

Turn on and off the On-Board LED. Specify the color of the LED using

Instrumentation and Microcontrollers using Automatic Code Generation

[LED_RED

: Color to LED_BLUE.

Use this menu to change the LED

OK Cancel

Help

Apply

Click the OK button to accept the changes. Note in the model that Blue LED will be displayed on the block:

ﬂl N Blue LED
g Pin PTD1 and D13

Pulse jli{
KL25Z
Generator

On Board LED

Before continuing, save your model as Blue_LED_Flasher. Note that there can be no spaces in your model

name.

We are now ready to run our first model on the FRDM-KL25Z Microcontroller target. To build the
model, download it to the FRDM-KL25Z Target, and run the model on the target, click on the Build Model

|

+ 4

button

"« untitled * - Simulink acodemic use

File Cdit View Display Disgram Simulation Analysis Code Tools Help

- ﬁﬂ 8- -5 @ 4> h'\ M E [Harmal sl @ - -
untitied |
@,
]
. ﬂ H » N Blue LED
- Pin PTD1 and D13
5]
Pulse R
KL25Z
S Generator
On Board LED
a8
I-;:nxly 175% FomdSteplecnte

Click on this button

A bunch of stuff will happen:
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File Edit View Display Diagram Simulation Analysis Code Tools Help
3 orma J
untitled
>IN Blue LED
Pin PTD1 and D13
Pulse
KL25Z
Generatar
Stuff happening! On Board LED ’ Click here to view the
diagnostic window.
(1 of 1): Generating code for System object 'RHIT_KL25Z_Library. RHIT_LED_Out' Ej\fiew diagnastic‘ﬁS% FixedStepDiscrete él

When the download is complete, the blue LED light will flash on and off at 1 Hz.

If there was an error and your blue LED is not flashing on and off, you can view the diagnostic
window by clicking on the link as shown above:

Diagnostic Viewer !E
F-E- B K- 8- @
untitled
"ert_main.c" ;I
"§## Creating standalone executable "../untitled.elf"™ ..."

C:/MATLAE/SupportPackages/R2015b/gcc—arm—none-eabi-4 5-2015g1-20150306-win32/bin/arm-none-eabi-g++ -Wl, -—gc—sections -Wl,-—

Map="untitled.map" -mcpu=cortex-mOplus -mthumb --specs=nanoc.specs —--specs=nosys.specs -T"C:\MATLAB\SupportPackages\R2015b\mbed-
8e73be2alacl/TARGET RL25Z/TCOLCHAIN GCC_ARM/MEL2524.1d" “C:\MATLAE\SupportPackages\R2015b'\mbed-

Be73beZaZacl/TARGET EL252Z/TOOLCHATN GCC ARM/cmsis nvic.o" i kd—

Be73belaZacl/TARGET KL253/TOOLCHAIN GCC_ARM/starsup Mrr25z( | hese models SpeC|fy the b\mbed-

Be73beZalacl/TARGET RL25Z/TCOOLCHATIN GCC ARM/retarget.o™ "C Slze Of the model
8e73be2alacl/TARGET RL252Z/TCOLCHAIN GCC_ARM/system MFL2524 er.o untitled.o untitled data.o
BoardInit.o SysTickScheduler.o arm cortex m multitasking.o doWnloaded to the KLZSZ. E/R2015b/mbed-

BeT73be2aZacl/TARGET KL25Z/TOOLCHATN GCC ARM/libmbed.a C:/C h/Lib/GCC/libarm cortexM0l math.a —lm
—-1lm

"§¥# Created: ../ /untitled.elf"

"§¥% Invoking postbuild tool "Binary Converter" ...
C: /MATLAB/SupportPackages/R2015b/gcc—arm—none-eabi-
../untitled.bin

"#¥# Done invoking postbuild tool."™

"#¥# Inveoking postbuild teool "Hex Conver
C:/MATLAB/SupportPackages/R2015b/gcc
../untitled.hex

"§¥# Done invoking postbuild
"§## Invoking postbuild t

-20150306-win32/bin/arm-none-eabi-objcopy —0 binary ../untitled.elf

C:/MATLAE/SupportPack 2/R2015b/gcc—arm—none-eabi-4 $-2015g1-20150206-win32/bin/arm—none-eabi-size ../untitled.elf ﬂ
text data ss dec hex filename
10476 1le0 112 10748 2%fc ../untitled.elf

"§¥# Done invoking postbuild tool."
"§## Successfully generated all binary outputs.”

C:\Users\herniter\Documents\MATLAB\meh\untitled ert_rtwrexit /B 0 ThIS ShOWS that the
1 file(=) copied.
### Successful completion of build procedure for model: untitled —— download was SUCCGSSfUI-
1

Build process completed successfully

If the download was not successful, you might not have the drivers installed correctly. However, it is more likely
that you forgot to plug in your KL25Z board into your computer. You should always show the diagnostics
window! It is the best way to determine that your model built correctly and was downloaded to the
KL25Z.
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The numbers displayed are also important as they specify the size of the model downloaded to
the KL25Z. If the model becomes too large two things may occur. If Simulink detects that the model is too
large, an error message will be generated. If the model is too large and this is not detected by Simulink, the
model will be downloaded to the KL25Z. The results will be a model that does not run properly or not at all.
Since Simulink cannot always detect when a model is too large the general rules for size limits are that the text
size should be less than 130,000, the data size below 7,900, and the BSS size below 17,000. These data sizes
are not mutually exclusive, so a general rule would be to stay 10% below theses limits.

Note that the model is written to the FRDM-KL25Z flash memory so that if you cycle the power,
the model will remain in memory and restart at power up or when you press the reset (RST) button on the
KL25Z.

C. Flip-Flop LED Model

As a second example, we want to turn on the Blue LED half the time. When the Blue LED is not on, we
want the Red LED to be on. The output of the pulsed source from the previous example is a zero or a 1. We
can check this value with the compare to constant block as shown below. Note that we will start with the
previous model and then use the File / Save As menu selections to create a new model. Save the model with
the name Flip_Flop_LED:

Blue LED
Pin PTD1 and D13

Pulse Compare R
Generator To Constant KL25Z
On Board LED

m - »=05 >IN

Note that we are using the Compare To Constant block. The output of this block is either true (1) or false (0).
In this case. If the pulsed source is a 1, the output of the block is true, which is represented by the numerical
value of 1. That numerical value of 1 will turn on the Blue LED. Next, we add the remainder of the model to turn
on the Red LED:

_ Blue LED
m »>=05 P IN Pin PTD1 and D13

Pulse Compare R
Generator To Constant KL25Z
On Board LED

Red LED
Pin PTB18

Compare R
To Constant1 KL25Z

On Board LED1

—» <05 » N

If the pulse generator output is 0, the bottom Compare To Constant block will be true and the red LED wiill
turn on.
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You might ask, why do we not uses the implementation below:

== Blue LED
m P == >N Pin PTD1 and D13
Pulse Compare R
Generator To Constant KL25Z
On Board LED
= Red LED
"~ >N Pin PTB18
Compare R
To Constant1 KL25Z

On Board LED1

Checking for equality is always risky when using fixed precision floating-point numbers. (These are real
numbers with limited decimal places of accuracy.) Numbers in computers do not have infinite precision and
calculations will always have round-off errors. Consequently, 1 may not be 1, but might be .99999999 or
1.00000001. Since our signal is either 0 or 1, it is just as easy compare it to 0.5 and not risk the equality being
false when we expect it to be true. Using the second method just introduces a failure mode into your controller
that can easily be avoided. Build the model below and verify that the LED flips between red and blue.

File Eil ew Display Diagram | Si i ysis Code Tools Help
L’Fu"q E:@'E'D@\@\LUV ‘@'h Normal | @~ @
Flip_Flop_LED |
®
@
Blue LED

B>=0.5 N ue
= ﬂ_ﬂ ~=0 Pin PTD1 and D13
e Pulse Compare R KL257
= Generator To Constant

On Board LED
Red LED

> IN

H <03 Pin PTB18

Compare R
C To Constant1 KL25Z
P On Board LED1
»
Ready 175% FixedStepDiscrete |

D. Questions

Question I-1: Can both ports on the KL25Z be used to connect to your computer?

Question |-2: What is the second USB port on the KL25Z used for?

E.

Exercises

Exercise I-1: Modify the Blue_LED_Flasher so that the RED LED flashes at a rate of 2 Hz (twice per second.)

Exercise 1-2: Modify the Blue_LED_Flasher so that the Blue LED flashes at a rate of 1 Hz but the light is only
on for ¥ of a second.
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Exercise I-3: Create a single model that flashes the Blue LED at a 1 Hz rate with 50% duty cycle, the Red LED
at a 0.5 Hz rate with 50% duty cycle, and the Green LED at a 0.25 Hz rate with 50% duty cycle. Remember
that Hz is frequency (f) and the period is 1 divided by the frequency, F = 1/T. You can use more than one

pulse generator to solve this problem. Also note that when more than one LED is on, the colors will be
combined to form new colors.
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Lesson 11
KL25Z On Board Sensors

The KL25Z has an on-board accelerometer for measuring acceleration in three dimensions and
a touch sensor that can be used as a slider to measure the position of your finger.

A. Touch Sensor Interface (TSI)
The touch sensor is that small open space on the KL25Z board enclosed in a rectangle. It kind of looks like
open board space:

Touch Sensor Interface. You
can slide your finger along this
pad.

Create a new model (remember to use the Freescale Cup Companion App) and place the Touch Sensor
Interface block in your model:
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" untitled * - Simulink academic use
File Edit View Display Diagram Simulation Analysis Code Tools Help

CRCY BHO-E-RgOP = |[A-m

untitled |

@

®

EA
4

B U

Touch Sensor Interface

B

TSI_Percent p

KL25Z]
Touch Sensor Interface

The output of this block is a number between 0 and 100 representing the position of your finder on the slider
rectangle. As you move your finger, the output of the block will change correspondingly. (Where zero is and
where 100 is, we are not sure...) We will create a simple model to test the operation of this sensor. We will turn
on the red LED if the sensor output is greater than or equal to 50 and turn on the blue LED when the sensor

output is less than 50. The model below accomplishes this task:

Touch Sensor Interface
_ Red LED
TS| Percent P >= 50 P IN Pin PTB18
KL25Z] Compare R
To Constant KL25Z

Touch Sensor Interface On Board LED

- - Blue LED
<50 N Pin PTD1 and D13

Compare R KL257

To Constant1
On Board LED1

Build and download this model to your KL25Z board. Verify the following:

1) The red and blue LEDs turn on and off appropriately as you slide your finger.
2) When you are not touching the rectangle, the blue LED is illuminated.
3) Which side of the rectangle is zero and which side is 100.

As a second example, we will use all three LED’s to implement the following function:
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1) If the TSI output is less than 25, no LED’s are illuminated.

2) If the TSI output is greater than or equal to 25 and less than 50, the green LED is illuminated.
3) If the TSI output is greater than or equal to 50 and less than 75, the red LED is illuminated.
4) If the TSI output is greater than or equal to 75, the blue LED is illuminated.

To implement this function, we will need a Logical Operator block to implement the AND function. The
Logical Operator block is located in the Autonomous Vehicle Competition library. The logic for the
green LED is shown below:

Touch Sensor Interface

TSI _Percent p>=25
KL252Z] Compare —P AND Green LED
Touch Sensor Interface To Constant —P IN Pin PTB19
Logical R
Operator KL25Z
> <50 On Board LED
Compare

To Constant

Note that the output of the logical AND block is only true (1) if both inputs are true (1). We use similar logic for
the red LED:

Touch Sensor Interface

TSI_Percent Pl == 25
R -
KL252, TEEFSE;:"‘ "1 AND »lIN Green LED
Touch Sensor Interface > Pin PTB19
Logical R
» <50 Operator KL25Z
On Board LED
Compare
To Constant1
P >=50
Compare |
AND IN Red LED
To Constant2 » L Pin PTB18
Logical R
» <75 Operator1 KL25Z
v On Board LED1
Compare

To Constant3

The logic for the blue LED is a single compare to constant block:
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Touch Sensor Interface

TSI_Percent pl==25
KL257 Compare >
Touch S Interf To Constant o| AND » 1N Green LED
ouch Sensor Interface Pin PTB19
Logical R K257
Operator
< a0
> OnBoard LED
Compare
To Constant1
- ==5(
Compare -
AND - Red LED
To Constant2 > » IN Pin PTB18
Logical R KL257
. Operator1
P <75 On Board LED
Compare
To Constant3
Blue LED
» =75 La LK
" " Pin PTD1 and D13
Compare R
To Constant4 KL257

On Board LED2

Build and download the model to verify that it works properly.

B. Accelerometer
The KL25Z has an on-board 3-axis accelerometer. It can measure acceleration in three directions up to +/- 1 g.
It has three outputs, one for each axis. The output is a real number between -1 and +1, where +/-1 represents
+/- 1g of acceleration. (Remember that g is the acceleration of gravity, 9.8 m/s?).To illustrate its operation, we
will display the acceleration of each axis on one of the on-board LEDs.

We cannot use the On Board LED block because it is either full on or completely off as they
respond to a signal of 0 or 1. We would like to have the brightness of the LED controlled by the amount of
acceleration. The higher the acceleration, the brighter the color. To do this, we will use the RGB LED block:

YR FROM-KL25Z
:..
p -_.I
Y — et
RGBE LED

Each input can be a number between 0 and 255. With a zero input, the LED is off. With a 255 input, the LED is
at its maximum brightness. For a number x between 0 and 255, the brightness in percent of the full brightness

value is 100 (ﬁ) To show this, build and download the models shown below:
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30
25 »R FROM-KL25Z
. — =
Constant > G —] =4
g —Et
0
RGB LED
Constant1
o L |
Constant2

The RED LED should be illuminated dimly. Next, change the constant to 75:

75 » R FROM-KL25Z
. — =
Constant » G —] =
g —W&t
0
RGB LED
Constant1
o L |
Constant2

The RED LED is illuminated a little brighter.

Since we can control the brightness of each LED, we can make color combinations, such as:

75 » R FROM-KL25Z
. — =
Constant » G —] =
g —W&t
25
RGB LED
Constant1
o L |
Constant2

The overall color appears slightly orange. If we increase the green brightness:

75 »R FROM-KL257
. — =
Constant » G — =t
g —Et
100
RGB LED
Constant1
0 |
Constant2

The LED will appear yellow.

Since we have 256 levels of brightness for each LED, the total number of color combinations is
256 X 256 x 256 = 16777216. We will use these color possibilities so show off the 3-axis accelerometer. First,
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the accelerometer outputs a signal from -1 to +1. The RGB LED block only accepts positive inputs. To fix this,
we will add 1 to each of the outputs:

1

Constant
X
Read MMAB451
Accelerometer Y w{+
On-Board KL25Z
R KL252° 1
KL25Z Accelerometer
Constant1
1
Constant2

The output of each of the sum blocks is a number between 0 and 2. The RGB block requires a number
between 0 and 255. Thus we need to scale the outputs of the sum blocks by multiplying it by a constant 2755 =
127.5. We can do this by multiplying by a constant or using a gain block. We will use a gain block as shown

below:
I >

b4

Gain
1
Constant
X
Read MMAB451
Accelerometer Y »(+, 1275 >
On-Board KL25Z
R KL252° 1 Gain
KL257 Accelerometer
Constant1
1275 )
1 Gain2
Constant2

With a gain block, the output is the gain times the input. We could have done the following, but it is not as

clean:
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[

=’:—\ Ll
+ x >
1275 —I—.Prnduct

Constants
Constant
x
Read MMAS451
Accelerometer Y '.:'/*::\ ™ \
On-Board KL25Z >
R z 1275
KL25Z 1 Product1
KL25Z Accelerometer Constant4
Constant1
+ Ll
+ b >
1 Product?
12745
Constant2
Constant3

The product block is usually used to multiply two, non-constant, signals together. When multiplying by a
constant, the gain block is preferred.

As a last step, connect the model to the RBG LED Block:

L\
Gain
1
Constant
% » R FROM-KL25Z
Read MMAB451
Accelerometer ¥ Lt 1275 G _-,"I'
R On-Board KL25Z , »lB — et
KL25Z 1 Gain1
KL257 Accelerometer RGB LED
Constant1
>, 1275
1 Gain?
Constant2

Build and download the model. Then shake your board and watch the LEDs light up!

You will notice that the LEDs do not respond very quickly. This is because the model does not
have a fast response time, because we did not specify the response time. To fix this problem, we will need to

specify the fixed step time for the model. Click on the Model Configuration Parameters button @ , as shown
below:
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" & Accelerometer2 - Simulink academic use

File Edit View Display Diagram Simulation Analysis Code Tools Help

CRg-N o= e e® P = |- mw oo 2@
Accelerometer2 | 4» Jodel Configuration Parametersi

-

@

3 Click here.

—

=]

The Configuration Parameters window will open:

@ Configuration Parameters: Accelerometer2/Freescale FRDM-KL 257 Configset (Active)

Catege'yl List

Salect: r Simulation time
Start time: [0.0 Stop time: [10.0 7
- Data Import/Export

% Optimization - Solver options

& Diagnostics
- Hardware Implementation Type: |Fixed—step j Salver: |di5crete (no continuous states) j

Model Referencing
-~ Simulation Target
= Code Generation

w
i+

» Additional options

i

Click here.
J OK Cancel Help | Apply |

Click on Additional options as shown above:

&2 Configuration Parameters: Accelerometer2/Freescale_ FRDM-KL25Z7_Configset (Active) _ |I:I|i|

Catego-‘yl 5 List | —

Select: ~Simulation time
Start time: [0.0 Stop time: [10.0
Data Import/Export
- Opfimization ~Solver options
& Diagnostics
- Hardware Implementation Type: |Fixed—step j Solver: |discrete (no continuous states) j

-~ Model Referencing
- Simulation Target
Code Generation

¥ Additional options

Fixed-step size (fundamental sample time): |auto
r Tasking and sample = L
Periodic sample tim Fixed -step size set to auto. trained j
Tasking mode for periodic sample times: |Auto j
[T Automatically handle rate transition for data transfer
[ Higher priority value indicates higher task priority _I
J OK | Cancel | Help | Apply |

The Fixed-step size is how often the model executes. Since it is set to auto, Simulink picks the step size, and
in this case, it is not small enough. Change the Fixed-step size to 0.01:
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Categc:"\__.-‘l 5 List | il

Select: rSimulation time

Start time: [0.0 Stop time: [10.0
Data Import/Export

E- Optimization
& Diagnostics
- Hardware Implementation Type: |Fixed—step j Solver: |discrete (no continuous states) j
-~ Model Referencing

& Simulation Target - " .
Code Ganeration Additional options

rSolver options

Fixed-step size (fundamental sample time): |U.01

rTaskingal  Fixed-step size set to 0.01.

Periodic shrmpre—ormerormsoranTe Unconstrained -
Tasking mode for periodic sample times: |Auto j

["! Automatically handle rate transition for data transfer

[ Higher priority value indicates higher task priority

i

J OK | Cancel | Help | Apply |

The value specified is in seconds, so 0.02 specifies a Fixed-step size of 0.01 seconds. A Fixed-step size of
0.01 seconds means that the entire model executes once evert 0.01 seconds. In our case, it means that the
controller reads the accelerometer, adjusts the signals to between 0 and 255, and updates the LED once every
0.01 seconds. That is pretty fast. For our model, as we move the board, the change in the LED’s color should
appear instantaneous. Click the OK button to accept the changes and then build and download the model to th
KL25Z.

The model now responds well, and as you shake the board, the colors change. It is, however,
difficult to determine the X, y, and z directions. This is because even though the accelerometer outputs a zero
signal when there is no acceleration (when we do not move the board), our scaling makes the signals non-zero
most of the time. The only time an LED will go off is when we have a -1g acceleration. To fix this problem, we
will use a different method. Instead of adding 1 to the accelerometer signals, we will take the absolute value of
the signals:

|ul » 255
Ab:
s Gain
x » R FROM-KL25Z
Read MMAS451
Accelerometer Y (Ul » 255 G -',__I
On-Board KL25Z
R z Absi _ B — It
KL257 Gain1
KL257Z Accelerometer RGB LED
»|ul B 255
Abs2
Gain2
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The absolute value block (Abs) is not in the Autonomous Vehicle Competition library. Instead, it is in the
Simulink / Math Operations library:

25 Simulink Library Browser (=[]
< : : =]y v

simulink/Math Operations
=i~ Simulink e -
Cammonly Used Blacks - ] N
Continuous

Dashboard Abs

Discontinuities r -

Discrete >

Logie andl Bit Speratians: y. ® \

Lookup Tables e
o uE ables i
/ Model Verification -
Modelwide Utilibes g o7
: Purts: B Subspstems Nzj=0 Abs block.
Signal Attributes Algebraic Constraint
Signal Routing
g R Sinks o
Math Operations library. Sauress j . }
Usaer-Dedined Functions E .
% Addrtional Math & Discrete £ Asgament
#- Avrospace Blockset I 1
Autonamous Vehicle Competition — N won B
Communications Syster Toolbox | |
[« 15 Sy olbox HDL Bias
[« n Systern Toolbox -
[« Tonlba: ol
D! m Toolbox 2 u
[

ystem Toolbox HOL Support

deded Coder

dded Coder Suppart Package for
Coder Suppar

Camples b
Magnitude-Angle

Re
b
Complex to

v Real-Imag
" R

From this model, you should be able to determine the x, y, and z axes for the accelerometer on the KL25Z
board. Demonstrate the operation of this model. (Note that gravity never turns off. When the board is at rest,
depending on how you orient the board, it will still measure 1g due to gravity on one of the axes.)

C. Questions
Question II-1: What is an accelerometer?

Question II-2: Where is the touch sensor located on the KL25Z board?

Question 11-3: What is the correct way to create a new model that will run properly on the KL25Z7?
Question II-4: What is the numerical output of the Touch Sensor Interface block?

Question 1I-5: Which side of the touch sensor rectangle is 0%? Which side is 100%?

Question II-6: What are the differences between the On Board LED block and the RGB LED block?
Question II-7: What are the valid numerical inputs to the On Board LED block?

Question 11-8: What are the valid numerical inputs to the RGB LED block?

Question 11-9: How many different colors are possible with the RGB LED block?

Question 1I-10: The accelerometer on the KL25Z measures acceleration in how many dimensions?
Question II-11: What is the maximum output of the accelerometer?

Question 1I-12: In what library is the Abs block located? What does the Abs block do?

Question 11-13: What is the Fixed-step size in a model? How do you set it in a model?

D. Exercises
Exercise 1I-1: What other logical operators are available with the Logical Operator block?
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Exercise 11-2: In what other Simulink library is the Logical Operator found? (In addition to the Autonomous
Vehicle Competition library.)

Exercise 11-3: List two blocks in the Simulink / Commonly Used Blocks library that are not found in the
Autonomous Vehicle Competition library. Specify what these blocks do?

Exercise 11-4: List two blocks in the Simulink / Math Operations library that are not found in the Autonomous
Vehicle Competition library. Specify what these blocks do?
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Lesson Il
Pushbuttons, Knobs, Dip Switches, and LEDs

The Freescale Cup shield is a board that plugs into the KL25Z controller. We will refer to this
board as the “TFC Shield.” In your kit, the two boards come packaged together:

Potentiometer.

Four DIP switches.

KL25Z board.

The shield comes with two potentiometers (pots) for adjustable controls, two momentary pushbuttons, four DIP
switches, and four LEDs. These devices are wired to the KL25Z board and we have Simulink blocks for using
the devices. Note also that the shield has interfaces for the servo motor, drive motors, and linescan camera.
The motors will be discussed in the next lab. Here, we will show how to use the switches, potentiometers, and
LEDs. You will have the option of using these devices when you build the controller for your vehicle.

A. Pushbuttons and LEDs
We will start with the model shown below. Remember, when creating a new model, use the Freescale Cup
Companion app as shown on page 16:
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R Shield LED D3

Pulse KL25Z7
Generator Shield LED D3
FRDM-TFC
g Shield LED D4
R KL25Z7
Momentary Switch Shield LED D4
FRDM-TFC
g Shield LED D5
R KL25Z7
Momentary Switch1 Shield LED D5
| > Shield LED D6
Pulse R KL25Z

Generator1 Shield LED D6

All of these blocks are located in the Autonomous Vehicle Competition library. There are four Shield LED
blocks in the library, once for each LED on the shield. You will need to drag in four separate LED bocks to
create this drawing. When the input to the block is a 1, the LED will turn on, when the input to the block is a
zero, the LED will turn off.

There are two pushbuttons, A and B. Note that this type of switch is also referred to as a
momentary switch, and the switch only changes its output while you are holding down the switch. When you
release the switch, the output goes back to its original value. Drag in a Momentary Switch into your model.
Double-click on the momentary switch block:

Double-click here. )E Shield LED D3
KL287
Sheld LED D3

o

")

Momentary Switch

Shield LED D5

Shield LED D6
KL25Z

Shield LED DB
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"4 Source Block Parameters: Momentary Switch {&J
Momentary Switch (mask) (link)

Read the state of the momentary switch.

The block output emits logical true when you press the
momentary switch.

Parameters
Switch:
A -

Sample time: 0.1

I OK H Cancel H Help ‘ Apply

Note that we can choose between switch A and B, corresponding to the switches on the shield. Leave this
block as Switch A. Note also that the sample time is set to 0.1 seconds. The sample time is how often the
block is executed. In this case, executing the block reads the pushbutton switch. Thus, we will check the value
of the pushbutton every 0.1 seconds. This is probably fast enough for a pushbutton. Note that if we make the
sample time faster, we will not notice much of a difference, because, as humans, we probably can't press and
release the button much faster than once every 0.1 seconds. If we make the sample time slower, say once a
second, then we only check the pushbutton once every second. At this slow rate, the pushbutton could be
pressed and released several times and the block would not notice that it was every pressed. Thus, the sample
time needs to be selected based on how fast we think the pushbutton can be pressed and released. For this
application, 0.1 seconds will be fast enough. Place a second pushbutton in your model and change the switch
to B.

Switeh A R UL

Shield LED D3

FRDM-TFC

P b Shiskd LED D4
R KL25Z

Momentary Switch Shield LED D4

FROM-TFC

- L
Switch B |/’ e ¢ R T L

mentary Switch Shiekd LED DS

b Shiald LED 0§
R KL252Z

Shiekd LED D&

Note that the output of the momentary switch is zero when the pushbutton is not pressed. The output of the
momentary switch is one when the pushbutton is pressed.

Next, place two pulsed sources in your model. Set the period of one source to 1 seconds (1 Hz
frequency). Set the period of the second source to 0.1 seconds (10 Hz frequency). Set the duty cycle of both
pulsed sources to 50 %. The parameters for the two sources is shown below:
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\*& Source Block Parameters: Pulse Generator

=3

*4 Source Block Parameters: Pulse Generatorl

Pulse Generator

Qutput pulses:

if (t >= PhaseDelay) && Pulse is on
Y(t) = Amplitude

else
Y(t) =0

end

Pulse type determines the computational technique used.

Time-based is recommended for use with a variable step solver, while
Sample-based is recommended for use with a fixed step solver or withi

a discrete portion of a model using a variable step solver.

Parameters

Pulse type: [Time based

Time (t): [Use simulation time

Amplitude:

1

Period (secs):

1

Pulse Width (% of period):
50

Phase delay (secs):

4 mn

H Cancel H Help

9 [ ox

»

Apply

Pulse Generator -

Qutput pulses:

if (t >= PhaseDelay) && Pulse is on
Y(t) = Amplitude

else
Y(t)=0

end

Pulse type determines the computational technique used.
Time-based is recommended for use with a variable step solver, while
Sample-based is recommended for use with a fixed step solver ar withi

a discrete portion of a model using a variable step solver. E

Parameters

Pulse type: ITime based 3

Time (t): IUse simulation time N

Amplitude:

1

Period (secs):

1

Pulse Width (% of period):
50

Phase delay (secs):

4 1 2

9 [ o

H Cancel H Help Apply

Wire the blocks as show:

il

Pulse
Generator

FRDM-TFC

Momentary Switch

FRDM-TFC

> Shield LED D3
R KL257

Shield LED D3

Shield LED D4
R KL25Z

Shield LED D4

o

Momentary Switch1

» Shield LED D5
R KL25Z

Shield LED DS

Pulse
Generator1

Y

Shield LED Dé
R KL25Z

Shield LED D6

With this model, LED D3 should blink at a 1 Hz rate (once per second). LED D4 should turn on when you press
Momentary Switch A. LED D5 should turn on when you press Momentary Switch B. And, LED D6 should blink
at a 10 Hz rate (10 times per second). Make sure that you have one switch selected as switch A and the
other switch selected as Switch B, or you will generate an error when building you model.

Build and download your model to the KL25Z shield. Note that the USB cable still plugs into the
SDA port on the KL25Z board:

Copyright 2016. This document may not be reproduced without the express written consent of Marc E. Herniter or Rose-Hulman Institute of Technology.



Lesson lll: Pushbuttons, Knobs, Dip Switches, and LEDs 41

Verify the operation of your model:

e LED D3 should blink at a 1 Hz rate (once per second).

e LED D4 should turn on when you press Momentary Switch A.
e LED D5 should turn on when you press Momentary Switch B.
e LED D6 should blink at a 10 Hz rate (10 times per second).

B. Potentiometers and Knobs
The shield has two potentiometers (abbreviated as “pot”) that output a variable signal between -1 and +1. We
will use the model below:

FRDM-TFC
‘ » >=-075 > Shieki LED D3
Compare R KL25Z
Potentiometer To Constant Shield LED D3
b >=-0.25 > Shield LED D4
Compare R KL25Z
To Constantt Shield LED D4
¥ ==025 > Shield LED D5
Compare R KL26Z
To Constant2 Shield LED D5
P ==075 > Shield LED D&
Compare R KL25Z
To Constant3 Shield LED D&

All of the blocks have been discussed earlier except for the potentiometer. When you place the Potentiometer
block in your model, you will need to select a sample time and the Potentiometer (A or B). For this example,
you can use either A or B. Double-click on the potentiometer block and specify Potentiometer A and a sample
time of 0.1 seconds:
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["&| Source Block Parameters: Potentiometer P

Potentiometer (mask) (link)
Read the normalized potentiometer value.

The block output emits normalized values (-1.0 to 1.0) based
on the angular position of the potentiometer.

Parameters
Potentiometer:

A -

Sample time: 0.1

| OK || Cancel || Help | Apply

Note that the sample time is how often the value of the potentiometers is read. Since the value of this device
can change as we turn the knob, a sample time of 0.1 may or may not be fast enough.

This model does the following. We will start with the knob turned all the way clockwise. In this
position, the potentiometer block outputs a -1. As we turn the knob counter-clockwise, the output becomes
more positive. When the output is greater than or equal to -0.75, LED D3 turns on. When the output is greater
than or equal to -0.25, LED D3 and LED D4 turn on. When the output is greater than or equal to +0.25, LED
D3, LED D4, and LED D5 turn on. When the output is greater than or equal to +0.75, all of the LEDs will turn
on.

Build and download the model and verify that the LEDs turn on and off as you vary the knob of
potentiometer A. Note that since the sample time is so fast (0.1 seconds), the knob and LEDs appear to turn
on and off instantaneously as we vary the know.

As a second example, double-click on the potentiometer block and change the sample time to 1
second:
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-

*& Source Block Parameters: Potentiometer

|

Parameters

Potentiometer:

Potentiometer (mask) (link)

Read the normalized potentiometer value.

The block output emits normalized values (-1.0 to 1.0) based
on the angular position of the potentiometer.

A

Sample time: 1

\| Sample time set to 1

second.

| oK

H Cancel H Help l Apply

e

4

Build and download the model. With this slower sample time, you will notice that there is a large delay between
when you move the knob and when the LEDs change. This is because the value of the potentiometer block is
only read once a second, and we can change the position of the knob much faster than that. Thus, the choice
of a sample time is based on how fast you need the microcontroller to respond. In this case, a sample time of
0.1 seconds is more appropriate for reading the potentiometer.

The potentiometer outputs a value between -1 and +1. As we rotate the knob, the value
changes within this range. This range is actually a little strange for control systems and adjustments. Instead,
we would like the output to vary between 0 and 1 as we fully rotate the knob. The model below accomplishes

this task:
This signal varies from -1
to 1 as we rotate the knob.
FROM-TFC /
6 . » >=02 > Shield LED D3
Gain Compare R KL25Z
Potentiometer To Constant Shield LED D3
1
Constant . . . » =04 > i
This signal varies from 0 to R Shield LED D4
1 as we rotate the knob. Compare KL252
as we rotate the knob Jompare S E o
> ==06 > Shield LED D5
Compare R KL25Z
To Constant2 Shield LED D5
Note that all of the constant
blocks have changed. ——» >=08 > Shield LED D6
Compare B KL25Z
To Constant3 Shield LED D&
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The potentiometer block outputs a signal from -1 to +1. When we add 1 to that signal, the new value varies
from O to 2. We then divide that signal by two so that the final signal varies from O to 1.

We will make one last change to this model. We note that the knob behaves backwards
compared to standard convention. That is, as we turn the knob clockwise, the value of the potentiometer
decreases. This is the opposite of most controls which increase as we turn the knob clockwise. (I realize this is
old fashioned. We no longer have knobs. We only have touchscreens with areas on the screen to mimic
buttons...) To fix this problem, we will multiply the potentiometer signal by -1.:

FRDM-TFC
Gain1
Potentiometer

The potentiometer outputs a signal from -1 to +1. When we multiply this by -1, the result is a signal that goes
from +1 to 1 (effectively changing the direction of rotation for the knob). The remainder of the model is the
same as the previous model that was scaled to work from O to 1:

FRDM-TFC

‘ > ’ b >=02 > Shield LED D3
Gain1 Gain Compare R KL25Z

Potentiometer To Constant Shield LED D3

1

Constant - > ==04 P Shield LED D4
Compare R KL25Z

To Constant1 Shield LED D4

t > ==08 > Shield LED D5
Compare R KL25Z

To Constant2 Shield LED D5

>=08 »> Shield LED D6
Compare R KL25Z

To Constant3 Shield LED D&

Build, download, and demonstrate this model. The more lights should turn on as the knob is turned clockwise.

C. Dip Switches
The Freescale Cup shield has four dip switches as shown below:
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Four DIP switches.

The switches can be changed with a small screwdriver. These switches are not as easy to change their value
as with the pushbuttons, so they are typically used in applications where their position is not changed
frequently. However, they do provide four switches for our use, if needed. The DIP Switch block is located in
the Embedded Coder Support Package for Freescale FRDM-KL25Z Board / FRDM-TFC Shield Library.

= = ~ =
E: Simulink Library Browser =HIE ﬁ

@ Enter search term R B e @

Embedded Coder Support Package for Freescale FRDM-KL25Z Board/FRDM-TFC Shield

4 simulink - FROWTFC
Commonly Used Blacks = .]m
Continuous

Dashboard Battery Indicator
e

Discontinuities

Discrete
Logic and Bit Operations ?

Lookup Tables
Math Operations Battery Read

Model Verification __FwTe
Model-Wide Utilities =
Ports & Subsystems

Signal Attributes DC Motor
Signal Routing FRORCTC|

Sinks b

Dip Switch

n

User-Defined Functions
> Additional Math & Discrete
b Aerospace Blockset
Autonomous Vehicle Competition
> Communications System Toolbox

i L. L > Communications System Toolbax HDL Support Line Scan Camera
DIP Switch is in this ||brary. > Computer Vision System Toalbax s

Control System Toolbox
> DSP System Toalbox

> DSP System Toalbox HDL Support
' Embedded Coder Momentary Switch
Embedded Coder Support Package for ARM Cortex-M Processors FRON-TFC]

4 Embedded Coder Support Package for Freescale FROM-KL25Z Board

TN FROMKL25Z

FROM-TFC Shield Potentiometer
> Fuzzy Logic Taolbox P FROWTFC|
" e

Image Acquisition Toolbox
Instrument Control Toolbox Servo Write

e

/

Model Predictive Control Toolbox
b Neural Network Toolbox
> RHIT Arduino Library
> RHIT KL25Z Library
Robust Control Toolbox
> SimEvents
> Simscape -

Create the model shown below:

Copyright 2016. This document may not be reproduced without the express written consent of Marc E. Herniter or Rose-Hulman Institute of Technology.



46 Autonomous Vehicle Control, Modeling, and Design

Shield LED D3
R KL25Z
Shield LED D3
FRDM-TFC Shield LED D4
[s 0]
LT R
1 2 3 4
Shield LED D4
Dip Switch

Shield LED D5
R KL25Z

Shield LED D5

Shield LED D6
R KL25Z

Shield LED D6

Note that the block has four outputs, one for each switch. The value of each switch is eithera O ora 1,
depending on the position of the switch. Typically, we will use these switches to enable or disable a part of our
vehicle controller. Here, all we will do is turn on or off an LED based on the switch position. Build and download
the model. Verify that each individual switch turns on and off a specific LED. Note that the DIP switch is
covered with a small piece of plastic to keep it clean. Do not remove the plastic cover. You will need to poke
through the cover to change the positions of the switches.

We will show a few examples of using a DIP switch for enabling or selecting functions in a
controller. In the example below, position 1 of the DIP switch enables the potentiometer section of the model.
The output of the DIP switch is a 0 or a 1. When the output is a zero, the output signal of the product block is a
zero, and thus the potentiometer section has no effect on the remainder of the system. When the DIP switch
output is a 1, the output of the product block is the same as the output from the potentiometer section, and acts
as a “pass-through.” Thus, the DIP switch “enables” or “disables” the potentiometer section of the model in the
sense that the function is used or not used by the model.

S R SN N RN SN RN N R S S
FRDM-TFC

-
1
| ©
: I > =02 L Shield LED D3
1 Potentiometer 1 Froduct Compare K252
1 1 To Constant Shield LED D2
1 1
1 ) ) 1
1 Constant Potentiometer Section |
1 > >=04 > Shield LED D4
-
Compare KL25Z
To Constantd Shield LED D4
FROM-TFC ™ >=05 » Shield LED DS
!i H H E‘ Cempare ' ! KLI5Z
T T TS Terminator To Constant2 Shield LED DS
Dip Switch
Terminatord
‘erm inator » =08 > Shield LED D&
.'EI Compare R KL25Z
To Constant3 Shield LED D6

Terminator2
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Build and download this model. Verify that when the switch output is a 1, adjusting the potentiometer turns on
and off the LEDs based on the position of the potentiometer. Verify that when the switch output is a 0,
adjusting the potentiometer has no effect on the LEDs and that all of the LED’s will always be off.

As a second example, we will use the model shown below. This model used a Switch block
which is located in library Simulink / Commonly Used Blocks library:

FROM-TFC

A G 1 t, 05
>=0.2 Shield LED D3
Gainl Gain R c
Palentometer Compare KL257

H

To Constant Shield LED D3

:

FROM-TFC »-|=0 N\

—l—’D‘_| / >

‘ remnsior [ Switch control input. Swnch

Shield LED D4
Compare R K257

To Constant1 Sheeld LED D4

Dip Switch

]

b =08 » Shield LED DS
Compare R

To Constant2 Sheekd LED D5
“| =08 I

FROM-TFC Compare

A E? ’I\ﬂ> To Constant3 Shield LED D6
) .

Gain2

=
!
2
3

KL252

Shield LED D&

%

KI5

Momentary Switch

In the Switch block, the threshold is specified as zero. If the switch control input (shown above) is greater than
0, the output of the switch is the top input. (Or, the output of the switch block is the potentiometer control.) If the
switch control input is not greater than 0, the output of the switch is the bottom input. (Or, the output of the
switch block is the Momentary Switch control.) Thus, the DIP switch in this example allows us to choose
between two different methods of controlling the LEDs. Build and download this model to you KL25Z. Verify
that when the switch output is a 1, adjusting the potentiometer turns on and off the LEDs based on the position
of the potentiometer, and that the momentary switch has no effect on the LEDs. Verify that when the switch
output is a 0, adjusting the potentiometer has no effect on the LEDs and that two of the LED’s will turn on and
off as you press the Momentary Switch.

These two examples show how we would typically use the DIP switches. The switches are not
made to be changed frequently as they will wear out quickly. However, we can use them to enable or disable
functions, or switch between control methods as we would typically not change these functions very often. If
you need to frequently change a switches’ position, use the momentary switch.

D. Questions
Question llI-1: What is a shield?

Question llI-2: “Pot” is an abbreviation for what device on the TFC Shield?

Question I1I-3: How do you make a 10 Hz square wave with a Pulse Generator block?
Question llI-4: What are the numerical values that turn on and off the Shield LEDs?
Question IlI-5: What is a synonym for “momentary switch?”

Question IlI-6: What affect does the Sample Time in the Momentary Switch block have on the operation of the
momentary switch?

Question IlI-7: What is the output signal range of a potentiometer block on the TFC Shield?
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Question 111-8: What are DIP switches typically used for in a control system?
Question I11-9: In what library is the DIP Switch block located?

Question 11I-10: What are the numerical output values of the DIP Switch block?

E. Exercises

Exercise IllI-1: Create a model that flashes LED D3 at 1 Hz, LED D4 at 2 Hz, LED D5 at 4 Hz, and LED D6 at 8
Hz. Make sure that you set the fixed time step to auto or to 0.005.

Exercise 111-2: Use the touch slider to create the following model:

¢ When the slider output is greater than or equal to 25, LED D3 turns on.

e When the output is greater than or equal to 45, LED D3 and LED D4 turn on.

¢ \When the output is greater than or equal to 65, LED D3, LED D4, and LED D5 turn on.

e When the output is greater than or equal to 85, all of the LEDs will turn on.

e You may have to adjust some of the thresholds slightly based on your Touch Slider Interface.
Exercise 111-3: Create a model that does the following with a potentiometer.

e As the potentiometer is turned clockwise, a scaled signal goes from 0 to 3.5. For no rotation, the signal
is zero. For full rotation, the signal is 3.5. (Note that we made a similar system that goes from 0 to 1.)

e When the scaled signal is less than 1, all of the LEDs in the RGB LED on the KL25Z board are off.

e When the scaled signal is greater than or equal to 1 and less than 2, the blue LED in the RGB LED on
the KL25Z board is on. All other LEDs are off.

e When the scaled signal is greater than or equal to 2 and less than 3, the red LED in the RGB LED on
the KL25Z board is on. All other LEDs are off.

e When the scaled signal is greater than or equal to 3, the green LED in the RGB LED on the KL25Z
board is on. All other LEDs are off.

Exercise 1ll-4: Create a model that does the following with a potentiometer.

e As the potentiometer is turned clockwise, a scaled signal goes from 0 to 3.5. For no rotation, the signal
is zero. For full rotation, the signal is 3.5. (Note that we made a similar system that goes from 0 to 1.)

e When the scaled signal is less than 1, all of the LEDs in the RGB LED on the KL25Z board are off.

e When the scaled signal is greater than or equal to 1 and less than 2, the blue LED in the RGB LED on
the KL25Z board is on. All other LEDs are off.

e When the scaled signal is greater than or equal to 2 and less than 3, the red and blue LEDs in the RGB
LED on the KL25Z board are on. The green LED is off.

e When the scaled signal is greater than or equal to 3, all LEDs in the RGB LED on the KL25Z board are
on.
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Lesson IV
Servo Motor and Drive Motors

In this lesson we will learn how to control the servo motor and drive motors. Servo motors are position control
motors. With these motors the signal we pass to it specifies the angle to which the motor turns. (The angular
position.) With the drive motors, the signal we pass determines the direction (forward or backwards) and speed
at which the motor turns. Both of these motors require that we connect the battery, so we will wire up the
battery first. The battery powers the motors on the shield as they would draw too much power from the USB
port on your computer. You will probably need to charge your battery before doing this lesson.

Locate the battery connector. It is shown below:

For this project, we will use the color code that red is always positive and black is ground (GND). Connect the
battery as shown to your TFC Shield board. You will need to use a screw driver:

Red connects to VBAT. Black connects to GND.

Note that RED connects to the VBAT terminal and black connects to the GND terminal. (Do not reverse the
two. Connecting these incorrectly will damage both boards.) The connector properly wired is shown
below:

Copyright 2016. This document may not be reproduced without the express written consent of Marc E. Herniter or Rose-Hulman Institute of Technology.



Lesson IV: Servo Motor and Drive Motors 51

Connect your battery to the connector. The connector is keyed so that it will only connect one way. Thus, if you
wired your connector properly to the TFC shield, you cannot connect the battery incorrectly. The complete
setup is shown below:

Note that the battery will power the KL25Z so your last model will be running on the microcontroller. Also note
that with the battery connected, you can still connect your KL25Z to your computer through the USB port:

Battery connected.

Computer connected.

The battery will power the KL25Z and the TFC shield. However, you can still program the KL25Z from your
computer.

A. Servo Motor

We will now connect the servo motor to the FTC shield and then control its position with a model on the KL25Z.
First, unplug the battery:

Copyright 2016. This document may not be reproduced without the express written consent of Marc E. Herniter or Rose-Hulman Institute of Technology.



Autonomous Vehicle Control, Modeling, and Design

Switch off.

52

oroes]

cquna

Black ground wire.

| e—
v erers
Ervrreve.

If you look on the underside of the TFC Shield, you will notice that the connector we are using is labeled as

SERVO PWM and that the black wire of the plug is connected to the pin labeled GND:

SERVO connector.
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We now have the servo connector connected to the TFC shield. We can now control the servo motor with the
KL25Z microcontroller. We will create a simple controller to vary the position of the servo motor with one of the
potentiometers.

Create a new model using the Freescale Cup Companion. (See page 16 for the procedure.)
Create the mode shown below:

1 Shield LED D3

Pulse KL25Z
Generator Shield LED D3
FRDM-TFC FRDM-TFC

Al & D -

Gain

Potentiometer Servo Write

The pulse generator has a period of one second and a pulse width of 50%.(This is a 1 HZ square wave.) This
waveform pulses LED D3 on and off. We will use this as a “Board Alive” light. Whenever we see LED D3
pulsing on and off at 1 Hz, we know that the board is running. If the LED does not pulse on and off, we know
that the model we created caused the microcontroller to stop running. (Referred to as a crash or the
microcontroller is hanging.)

The part of the model below controls the servo motor.

FRDM-TFC FRDM-TFC
Potentiometer Servo Write

-30 to 30

Potentiometer A outputs a signal from -1 to 1 as the knob is rotated. The Gain block multiplies this signal by
30, so the output of the Gain block is -30 to 30 as the potentiometer knob is rotated. This is the signal input to
the Servo Write block. The input to this block is the angle that the servo motor will turn to. Thus, as the knob is
rotated, the servo motor will turn from -30 degrees to +30 degrees. Double-click on the Servo Write block and
fill in the parameters as shown:
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("l Sink Block Parameters: Servo Write {&J
Servo Write (mask) (link)

Drive the Servo motor to an angle specified in degrees.

The Minimum angle and Maximum angle parameters represent
the Servo motor rotation range.

The block input accepts values between Minimum angle and
Maximum angle. When the block input is outside of the
specified range (Minimum angle to Maximum angle), the block
saturates the values to the Minimum or Maximum angle.
Parameters

Servo:

0 -

Minimum angle (degrees): -30

Maximum angle (degrees): 30

[ 0K H Cancel H Help ‘ Apply

Note that we are using Servo 0 because we plugged our motor in the receptacle for Servo 0. Note also that
there are limits on the angle for the motor. These are hard limits to protect the motor. For example, if my
control system had an error and told the servo motor to turn to 381 degrees. Without any type of protection, the
motor would attempt to turn this rotation. It could never reach this value, so the motor would be on all of the
time and could possibly damage the motor. To prevent damage, the servo motor has limits that you can
specify. In this case, the motor is limited to turning +/- 30 degrees. If the input to the block is between +/- 30,
the motor will turn to that position. If the input is outside that range, the block will tell the motor to turn to the
specified limit. In this way, if our model specifies a bad signal, the block protects the motor by limiting the signal
to a limit that we know is safe.

Click the OK button. Connect your KL25Z board to your computer using the USB cable. Make
sure that you use the SDA port on the KL25Z. The battery does not have to be connected to program the
KL25Z. Build and download the model to the KL25Z. Once the model downloads, connect your battery. You
should verify the following:

1) LED D3 should flash at 1 HZ.
2) The servo motor should rotate as you rotate the knob for potentiometer A.

You will note a few things about the operation:

1) +/- 30 degrees of rotation is not that much.
2) As you rotate the knob, the motor rotates in a very jerky fashion.

To get more rotation, we need to change the value of the Gain block and the angle limitations in the Servo
Write block. Change the gain to 70:

FRDM-TFC FRDM-TFC
Gain
Potentiometer Servo Write

Change the limits in the Servo Write block to +/- 70:

Copyright 2016. This document may not be reproduced without the express written consent of Marc E. Herniter or Rose-Hulman Institute of Technology.



Lesson IV: Servo Motor and Drive Motors

55

The jerky rotation is because the model has a large fixed time step. We did not set the fixed time step. When

—c—

[*& Sink Block Parameters: Servo Write
Servo Write (mask) (link)

Drive the Servo motor to an angle specified in degrees.

The Minimum angle and Maximum angle parameters represent
the Servo motor rotation range.

The block input accepts values between Minimum angle and
Maximum angle. When the block input is outside of the
specified range (Minimum angle to Maximum angle), the block
saturates the values to the Minimum or Maximum angle.
Parameters

Servo:

0 -

Minimum angle (degrees): -70

Maximum angle (degrees): 70

[ 0K H Cancel H Help ] Apply

we create a model using the Freescale Cup Companion app, the time step is set to Auto, which means that
Simulink picks the time step. In this case the time step is very large. To specify a time step, select Simulation
and then Model Configuration Parameters from the Simulink menus:

B2 servol - Simulink

File Edit View Display Diagram &rlmldbvnlﬂrmlysm Code  Tools Help

o @
Servol |

@

Y

The dialog box below will open:

" i E—
.ﬁ:.:d Update Diagram Ctri+D 0 [Hormal_
@ Model Configuration Parameters Ctri+E
al Mode k L3
Data Display L]

W Enable Fast Restart

&4 Configuration Parameters: Servol/Freescale_FRDM-KL25Z_Configset (Active) —li=] ﬁ
Category List al
Select: Simulation time =
Solver Start time: 0.0 Stop time: 10.0 |4
Data Import/Export
» Optimization Solver options
> Diagnostics
Hardware Implementation | Type: |Fixed-step '] Solver: [discrete (no continuous states) N
Model Referencing
> Simulation Target - .
. Code Generation Additional options
< Click here. 1 '
J OK ] I Cancel ] I Help Apply

Click on Additional Options as shown:
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‘&4 Configuration Parameters: Servol/Freescale_FRDM-KL25Z_Configset (Active) == i:h
Category List =
Select: Simulation time
Solver Start time: 0.0 Stop time: 10.0
Data Import/Export L
+ Optimization Solver options
> Diagnostics
Hardware Implementation Type: |Fixed-step '] Solver: [discrete (no continuous states) ~
Model Referencing
> Simulation Target - .
. Code Generation ¥ Additional options
Fixed-step size (fundamental sample time): auto
Tasking and sample time options
Periodic sample time constraint: IUnconstrained ']
Tasking made for periodic sample times: lAuto ']
[T] Automatically handle rate transition for data transfer
[C] Higher priority value indicates higher task priority -
<9 I 0K ] I Cancel l I Help l Apply

We see that the Fixed-step size is set to auto. We always want to specify a step size for our models. The step
size is how fast the model runs. In our case, set the step size to 0.01 seconds:

‘& Configuration Parameters: Servol/Freescale_ FRDM-KL257_Configset (Active) | (=] ﬁ
Category List -
Select: Simulation time
Solver Start time: 0.0 Stop time: 10.0
Data Import/Export L
» Optimization Solver options T
> Diagnostics
Hardware Implementation Type: |Fixed-step 'l Solver: Idiscrete (no continuous states) ~

Madel Referencing
> Simulation Target

. Code Generation ¥ Additional options

Fixed-step size (fundamental sample time):

Tasking and sample time aptions
Periodic sample time constraint:
Tasking mode for periodic sample times:

[} Automatically handle rate transition for data transfer

["] Higher priority value indicates higher task priority

J

0.01 Y! Step size is 0.01

[Unconstrained 'l
[Auto 'l
[ OK ] [ Cancel ] [ Help ] Apply

With this step size, every block in the model will execute once every 0.01 seconds. This means that the KL25Z
will read the potentiometer and send a new signal to the servo motor every 0.01 seconds. Thus, an adjustment
to the servo motor will be made every 0.01 seconds. For humans, this will appear instantaneous. That is, it will
appear that the motor adjusts as soon as we turn the knob. In reality, it takes 0.01 seconds to make an
adjustment. Click the OK button to accept the parameters.

We need to make one more change to the model. Double-click on the Potentiometer block:
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"k Source Block Parameters: Potentiometer @

Potentiometer (mask) (link)

Read the normalized potentiometer value.

The block output emits normalized values (-1.0 to 1.0) based
on the angular position of the potentiometer.

Parameters

Potentiometer:

A -

Sample time: 0.1

I OK H Cancel H Help ‘ Apply

Even though the model has a 0.01 second step size, this block only reads the potentiometer once every 0.1
seconds, which is too slow. To fix this, change the sample time to -1:

"3/ Source Block Parameters: Potentiometer @

Potentiometer (mask) (link)

Read the normalized potentiometer value.

The block output emits normalized values (-1.0 to 1.0) based
on the angular position of the potentiometer.

Parameters
Potentiometer:

A -

Sample time: -1

l OK I ‘ Cancel ‘ ‘ Help ‘ Apply

A sample time of -1 means that the sample time is “inherited.” In this case, the sample time will be inherited
from the model which has a fixed-step time of 0.01 seconds. Thus, specifying that the sample time is inherited
means that this block will run at the model step size of 0.01 seconds. (Note that we could have also specified a
step time of 0.01 seconds in the block.)

Build and download the model to the KL25Z. You should notice the following:

1) The motor turns through many more degrees of rotation (+/- 70 degrees).

2) It turns much more smoothly as you adjust the potentiometer knob.

3) You will also notice that if you make large changes in the potentiometer knob, the motor takes time to
rotate to the specified position. This is the “slew rate” limitation of the motor and is as fast as it can turn.
We will have to live with this limitation.

B. Servo Motor Zero
Before we continue to the next part, we want to zero the servo motor. This is necessary for when we build the
vehicle. When we assemble the steering, we will adjust the tie rods assuming that the servo motor is at an
angle of zero. If this is not true, the steering will have a large offset and it will be difficult to have the vehicle
drive straight. To avoid this problem, we will set the servo motor angle to zero now.

Before continuing, run the previous model on the KL25Z and set the potentiometer fully
clockwise or counterclockwise. (Rotate the knob to one of the limits.) The servo motor should turn all the way
in one direction as you rotate the knob.

Save the previous model as Servo_Zero and change the model as shown below:
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‘ ‘ l Shield LED D3
Pulse KL25Z
Generator Shield LED D3
FRDM-TFC
: -
Constant
Servo Write

All this model does is flash LED D3 and set the servo motor angle to zero. Build and download the model.
When the model runs, you should hear and see the motor turn to zero angle and then stay there. Hearing and
seeing it move verifies that you have zeroed the motor.

After you hear the motor zero, unplug the battery and then unplug the servo motor from the TFC
Shield. We will not need the servo motor again until we build the vehicle.

C. Drive Motors

We will now identify the right and left motors, verify which direction is forward and reverse, and learn
how to use the motor drive blocks. We will work with the right motor first and the repeat the procedure for the

left motor. First attempt to identify the wires for the right motor. Each motor should have one black wire and
one red wire:

These two wires are for the
right motor on my vehicle.

You should probably mark the wires with tape to identify right and left.

Next, find the connection wires for the motor. They should be in a small plastic bag:
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You might want to tin up
these leads with solder if
you have a soldering iron.

Connect the wires to the right motor as shown. The wires should snap on and should not be able to be
removed easily:

Next, make sure that the battery is disconnected. Connect the two wires to the A-2 and A-1 connectors on the
TFC Shield. This may or may not be correct as we might need to flip which wire is connected to A-2 and A-1.
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We will now create a model to send a constant signal to motor A:

H ﬂ Shield LED D3
Pulse R KL25Z

Generator Shield LED D3
FRDM-TFC
+
Constant
DC Motor

Double-click on the DC Motor block and make sure that it specifies DC motor A:

& Sink Block Parameters: DC Mator =
D¢ Motor (mask) (link)
Drive a DC motor In efther direction. '

| The block input accepts normalized values (-1 to 1, full reverse
to full forward).

Paramelers

DC motor: | A

Ok | Cancel | Help | Apply

Connect your computer to the SDA port on the KL25Z board. Make sure that the battery is disconnected. Build
and download the model.

Next, let the rear wheels of the vehicle hang off the edge of the table so the wheels do not
contact the table:
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e

Plug in the battery. Determine if the wheels are spinning forwards or backwards. It appears that my wheels are
spinning backwards, so | need to reverse the red and black wires. So, it appears that the red wire should
connect to A-1 and the black wire to A-2:

Repeat the same procedure for the left drive motor. Given what we learned from motor A, we
will hook the black wire to B-2 and the red wire to B-1:

Next, add motor B to the model. Set the constant speed for motor A to O:
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JV Shield LED D3
Pulse KL25Z
Generator Shield LED D3

FRDM-TFC
Constant set to 0. !
0 > Motor A
Constant
DC Motar
FRDM-TFC
1 4
2 > _::‘ Motor B
Constant1
DC Motor1

Make sure that you double-click on the second DC motor and specify the motor as Motor B:

"4 Sink Block Parameters: DC Motorl > léj
DC Motor (mask) (link)

Drive a DC motor in either direction.

The block input accepts normalized values (-1 to 1, full reverse
to full forward).

Parameters

DC motor: IB - M

[ OK H Cancel ” Help ] Apply

Build and download the model. Only motor B should spin. Make sure that it spins forward. If not, flip the red
and black wires for Motor B. The wiring appears to be correct on my vehicle as the motor spins forward.

We have now determined the wiring for the right and left motors and forward direction. Record
the wiring you have just figured out. We will need to take off the wiring to build the vehicle. If you do
not record the wiring, you will need to figure it out all over again.

D. Motor Drive Example
As a last example, build the model below:
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R Shield LED D3

Pulse KL25Z
Generator Shield LED D3
Motor A
FRDM-TFC FRDM-TFC
+
Potentiom eter DC Motor
1
Constant
Motor B
FRDM-TFC FRDM-TFC
Potentiometer1 DC Motor1
1
Constant1

Note that the sample time for the potentiometer blocks should be set to -1. In this model, Potentiometer A
controls the speed of the Motor A (the right motor), and Potentiometer B controls the speed of the Motor B (the
left motor). Note that the motors will only go in the forward direction as the input signal to the DC Motor blocks
is between 0 and 1. Build and demonstrate the operation of this model. Make sure that the wheels of the car
are not touching anything or the car chassis will fly off the table when you build the model!

E. Questions
Question IV-1: What is the difference between a servo motor and a drive motor?

Question IV-2: Why is the battery required to run the servo motor and drive motor?

Question IV-3: On the battery connector, what color wire connects to the VBAT terminal? What color wire
connects to the GND terminal?

Question IV-4: What does it mean when a connector is keyed?
Question IV-5: The black wire on the servo motor connects to which pin on the SERVO PWM connector?
Question IV-6: What is the purpose of having an LED on the board always flashing on and off at a 1 HZ rate?

Question IV-7: What does a Gain block do?

Copyright 2016. This document may not be reproduced without the express written consent of Marc E. Herniter or Rose-Hulman Institute of Technology.



64 Autonomous Vehicle Control, Modeling, and Design

Question IV-8: Why are there maximum and minimum angle limits on the Servo Write block?
Question IV-9: What is the function of the Fixed-step size in a model?

Question IV-10: What is the effect of the Step Size in the Potentiometer block?

Question IV-11: Why do we need to zero the Servo Motor?

Question IV-12: When using a drive motor, why do we turn off power from the battery when we program the
KL25Z board?

F. Exercises

Exercise I1V-1: Using a Sine Wave block, create a model that rotates the Servo Motor angle back and forth
between -50 and +50 degrees at a frequency of 1 Hz. Note that frequency in rad/sec is 2rnF, where F is the
frequency in Hz. (So for a 1 HZ frequency, we need a radial frequency of 2 rad/sec.) The Sine Wave block is
in the Simulink / Sources library. Set the sample time to -1 and the fixed-step time to 0.01.

Exercise 1V-2: Using a Pulsed Generator block, create a model that rotates the Servo Motor angle back and
forth between -30 and +30 degrees at a frequency of 1 Hz. Note that you can change a sum block to a
difference block by changing the signs. (Double-click on the sum block and see the description.)

Exercise 1V-3: Using a Sine Wave block, create a model that rotates both DC Motor speeds between -0.5 and
+0.5 at a frequency of 0.25 Hz. Note that frequency in rad/sec is 2rnF, where F is the frequency in Hz. (So for a
0.25 HZ frequency, we need a radial frequency of 0.5x rad/sec.) The Sine Wave block is in the Simulink /
Sources library.

Exercise 1V-4: Create a model that uses a single potentiometer to control the speed of both motors. When the
potentiometer value is between 0 and 1, the right motor speed varies between 0 and 50% forward. (0 to 0.5 for
the DC Motor block input.) At this time the left motor is at zero speed. When the Potentiometer value is
between 0 and -1, the left motor speed varies between 0 and 50% forward. (0 to 0.5 for the DC Motor block
input.) At this time the right motor is at zero speed. (You should be able to do the logic with product blocks and
compare to constant blocks, or with Switch blocks.)
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A. Introduction
MATLAB and Simulink are industry standard tools used across multiple disciplines including electrical
engineering, mechanical engineering, aerospace engineering, biological systems, medical systems, weather
systems, economic system, mathematics, and much more. We will be using this tool because, no matter what
STEM field (science, technology, engineering, and math) you pursue, you are likely to use MATLAB and
Simulink for analysis and design. In fact, these tool are used in many other fields outside of the STEM fields.
These tools are taught extensively in secondary education and used throughout industry. For us, we will focus
on using the tool for control design and data visualization as related to designing an autonomous vehicle.

a)
Start MATLAB by clicking on the MATLAB icon (KE2ll). Note that this manual is designed for

MATLAB R2015b?. In Windows, this is located in the start menu and maybe on your desktop. In MAC OSX, the
same icon should be located in the Launchpad. MATLAB will open with a window similar to the one below:

) MATLAB R2015b - academic use [_ =] x]
PLOTS LE, SHORTCUTS Search Documentation
] = S - {L jury MNew Variable L& Analyze Code oE E @ Preferences 3 [
L S’ W [ FindFies L= (=) - 2\ 2y communty
L.'j Open Variable \I_;)“z Run and Time H Set Path
New New Open L JCompare  |mport Save Simulink  Layout Add-Ons  Help 7 Request Suppart
Script  w - Data Workspace |/ Clear Workspace w | o Clear Commands w  Library - ““ Parallel + - -
FILE VARIABLE CODE SIMULINK ENVIRONMENT RESOURCES
Save
I3 ,__J [l | » C: » Users » hemiter » Documents » MATLAB » v o
Current Folder (Gl Command Window ®
|Name |T L |Dme Modifi... ﬁQ s |
meh Folder 12/6/2015 1._.
Details ~
Workspace ®
Name - V|
a »

-| p

We will go through a few steps to make sure that all your windows match those shown in this manual. First,
make sure that the Home tab is selected:

1If you are using a different version, your screen captures may not match those show here, however, they should be
similar.
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Search Documentation 2

66

) MATLAB R2015b - academic use

'Y

SHORTCUTS

+, New Variable » Analyze Code o E Preferences r "y
Files J} ELEI — = (LIS f? E% \?) (3 Community
’_‘T) Open Variable » é? Run and Time lﬂ" Set Path
Mew MNew Open | _JCo Save Simulink  Layout Add-Ons  Help 2 Request Support
Script - - Workspace E Clear Workspace w u Clear Commands w Library - ““ Parallel + - -
FILE WARIABLE CODE SIMULINK ENVIRONMENT RESOURCES

Save
. Home tab selected.
ﬂv‘__h_j » C: » Users
Current Folder ®
[Name [T - |Date Modifi...
meh Folder 12/6/2015 1.

Next, click on the Layout icon and then select Default

Search Documentation e

PLOTS SHORTCUTS

- — |+, New Variable - Analyze Code ful -] E {0} Preferences I-g Ty

|_f:5 e Ea] Find Files @ EE] e L ILIE)) -~ \D (y Community
’_T) Open Variable + &) Run and Time l‘_—].‘ Set Path
New New Open L JCompare  |mport Save Simulink | Layout Add-Ons  Help 7 Request Support
Script - - Data Workspace L_Tl Clear Workspace w u Clear Commands w Library - * ““ Parallel + - -
FILE VARIABLE CODE % ESOURCES
Save 7] Default

ﬂ .:_J (| » C: » Users » hemiter » Documents » MATLAB » Three Column k

Current Folder (O8] Command Window m All but Command Window M
[Name [7... - [Date Modifi... fr >>
meh Folder 12/6/2015 1 - (] Command Window Only
: Save Layout .
r Layout icon selected. ] Default selected.
Organize Layouts...

Current Folder
Workspace
Panel Titles

v
v
v
v

Shortcuts Tab

Details ~
+" Toolstrip

Workspace ® Command History >

Name . Vv Quick Access Toolbar X

Current Folder Toolbar >

Selecting this option should cause your windows to match those show here.

Next, we will customize the toolbar so that it has some useful functions. Right-click as shown
below (OSX: control click):

Copyright 2016. This document may not be reproduced without the express written consent of Marc E. Herniter or Rose-Hulman Institute of Technology.



Lesson V: Introduction to MATLAB 67

) MATLAB R2015b - academic use [_]

Search Documentation

APPS SHORTCUTS

PLOTS

- - Il ., New Variable - Analyze Code oE E (O} Preferences [
I—‘-dh . u Find Files e (W = L IL15)] - L% \.7) (4 Community
mp Open Variable + é"e Run and Time lj Set Path
Mew New Open | |Compare  |mport Save Simulink  Layout Add-Ons  Help i) Request Support
Script - - Data Workspace |/ Clear Workspace w  |”» Clear Commands Library - ““ Parallel + - -
FILE WVARIABLE CODE SIMULINK ENVIRONMENT RESOURCES

Save

23| ,__qu » C: » Users » hemiter » Documents » MATLAB »
Curref Bowse nqlder| [GRl| Command Window

Name \’\\KIDate Modifi...
meh Fulde\r\_ \%1

Right-click here.
I

Select customize from the menu that appears:

) MATLAB R2015b - academic use [_ |

Search Documentation

APPS SHORTCUTS

PLOTS

O - Il |, New Variable > Analyze Code oE E {0} Preferences [
|_LL;5 T - l:'-lJ Find Files L3 L& = X (1)} _ ij @ (4 Community
[1» Open Variable v é"f Run and Time l'JJ Set Path
Mew MNew Open |L|Compare  |mport Save Simulink  Layout Add-Ons  Help 3 Request Support
Script - - Data Workspace IL'JCIear Workspace w uCIear Commands w Library - ““ Parallel « - -
FILE WARIABLE CODE SIMULINK ENVIROMMENT RESOURCES
Save
0 FeE (S T T S ~ S ts » MATLAB »
Move Toolbar Inside Current Folder Panel
Curren RSN

meh Folder 12/6/2015 1__.

The window below will appear. Choose the selections as shown:

) Preferences !E
4 MATLAB |~ | MATLAB Toolbars Preferences
Add-Ons
Code Analyzer Toolbar: [Current Folder /—J
Colors , Change the order of
Command History Layout: [ £] 52 (D) « work ¥
Gommand Window the icons here
Comparison le| & =] 1] 7] > Restore factary contr '
Current Folder
Editor/Debugger Controls: 2 ress Fi
Figure Copy Template B @ « work | Add Field
Fonts 2 A Browse for folder
General
GUIDE (] -3 Evaluate Selection (F9)
Help
Keyboard 4 i | New Folder
o Toalbars;
o Variables s ~ Back
/ Web r o Forward .
Workspace Items with a check
Simulink F = Up One Level
Computer Vision System Toolbox i
Toolbars selected. D Sycrom ool m @&  CodeAnalyzer Report are displayed.

D Toolbox r & TODO/FIXME Report

Image Acquisition Toolbox

Image Processing Toolbox r 5 Help Report

Instrument Control Toolbox

Parallel Computing Toolbox r & Contents Report

Simscape 2o

Simulink 3D Animation - - = Dependency Repart

Simulink Contral Design - - =) Coverage Report

tam Obinct .
OK | Cancel | Apply | Help |

If you choose the same options, your toolbar should match mine, though the icons might be in a different order.
If the icons are in a different order, you can rearrange the order in the Layout section of the window, as shown
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above. Click the OK button when done. Your MATLAB window layout should now match those shown in this
manual.

Next, we need to choose a directory where your files will be stored. This will be referred to as
the working directory. Whenever you start MATLAB, you should navigate to this directory. Use the icons we
just placed in the toolbar to create and or navigate to your working directory. On my system, | will be using the
directory named C:\Users\Herniter\Documents\MATLAB\meh:

). MATLAE R2015b - academic use [_[=]x

HOME PLOTS SHORTCUTS Search Documentation

L — IL Mew Variable - Analyze Code [oT] E {0 Preferences [
Lo of O [gevre 0 LB © = sl . @ 2 g communiy
mp ] Open Variable + Llff Run and Time l_‘lj Set Path .
MNew MNew Open |1| Compare Import Save Simulink  Layout Add-Ons Help —* Request Support
Script - - Data Workspace [/ Clear Workspace w L_/ Clear Commands w Library - [m Parallel + - - —
FILE VARIABLE CODE SIMULINK ENVIRONMENT RESOURCES
Save
e ;_1* i » C: » Users » herniter » Documents » MATLAB » meh ___ v o
Current Fi Bl Command Window H H
AN _ _ Working directory

N
l shown here.

Use this icon.

Each student should use a unique working directory in which to store files. Note that every time you start
MATLAB, you will have to change to your working directory before you start doing any work. All of your files will
be stored in your working directory or subdirectories within your working directory. If you do not change to
your own working directory, you may lose files or overwrite someone else’s files. We are now ready to
start using MATLAB.

B. MATLAB Command Window
The Command Window is shown below. In this window we can enter commands and they will be evaluated
by MATLAB. Note that the command prompt is indicated by the double right caret >>:

). MATLAB R2015b - academic use [_ =]
PLOTS SHORTCUTS Search Documentation
= - JL Mew Variable > Analyze Code wE E {0} Preferences
L of O [grmere 02 Ua L ] - \D 5 communty
mp ] Open Variable &/ Run and Time l_‘lj Set Path -
New MNew Open | |Compare |mpot  Save Simulink  Layout Add-Ons  Help =’ Request Support
Script - - Data Workspace [/ Clear Workspace w L_J Clear Commands w Library - [m Parallel + - -
FILE VARIABLE CODE smu K RESOURCES
Save - Command Window.

L=l N » C: » Users » hemiter » Documents » MATLAB » meh - o

Current Folder (Gl Command Window

|Name |T 2 |Dale Moadifi.... fx > ‘

—l Command prompt.

MATLAB functions and commands can be entered at the command prompt.

We can enter basic arithmetic expressions at the command prompt. When you press the
ENTER key, the expressions will be evaluated. For example, type 5+3 and press the ENTER key:
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) MATLAB R2015b - academic use [_ =] x]

PLOTS SHORTCUTS Search Documentation

JL New Variable - Analyze Code oE (0} Preferences 3
g = ~ &= @ &

l—L;JE‘ 90 L [ql Find Files o ICTE)) — (% Community
g} Open Variable + \I_:_‘-_‘f Run and Time lIJJ Set Path
Mew MNew Open  _|Compare  |mport Save Simulink  Layout Add-Ons  Help 3 Request Support
Script - - Data Workspace I‘_"JCIearWorkspace - UCIearCommands - Library - ““Para\lel - - -
FILE VARIABLE CODE SIMULINK ENVIRONMENT RESOURCES
Save e}
I3 ;J | W » C: » Users » hemiter » Documents » MATLAB » meh v R
Current Folder @ || Command Window ®
[Name [Ty... - |pate Modified vy 543
ans =
8 \ Expression is evaluated.
Ja>>
Details ~
Workspace ®
Name - Value
| — ans 3
— . .
~— Variable ans saved in
q | [ the workspace.

The expression is evaluated and the value is stored in a variable named ans. All variables are saved into what
is referred to as the MATLAB workspace. The MATLAB workspace consists of the variables you create and
store in memory during a MATLAB session?. Note that values are saved in the MATLAB workspace while
MATLAB is running. If you shut down MATLAB, all variables in the workspace will be lost unless you save the
workspace.

MATLAB follows the standard conventions for the order of evaluating mathematical operations.
The highest precedence operators are evaluated first. Raising a number to a power has the highest
precedence, followed by multiplication and division which have the same precedence, followed by addition and
subtraction which also have the same precedence. When two operations have the same precedence, they are
evaluated from left to right. Some examples are shown below:

>> 5+3-4*6+7/2 / 4*6 evaluated first, then
7/2, then the rest.

ans =

-12.5000

>> 5+6/2 | 6/2 evaluated first.
S

ans =

8

2 What is the MATLAB workspace? From the MATLAB help system.
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Use parentheses to change the order of operations:

>> (5+6)/2 \l (5+6) evaluated first.

ans =

5.5000

>> 5+6/7+4 \I 6/7 evaluated first.

ans =

9.8571

>> (5+6)/(7+4) / (5+6) evaluated first, then (7+4) is

evaluated. Division is performed last.

ans =
1

The ” key is used to indicate the power operator. Note that the power operator has the highest precedence
and is executed first unless parenthesis are used to change the order:

>> 212 /4 \I 272 evaluated first.

ans =

>> 27 (2/4) | 2/4 evaluated first.
S

ans =

1.4142

Note that 242 means 2 squared, or 22, which is equal to 4. Also note that 20.5 is 2°%, which is the v/2.

C. Defining Variables.
We can define variables in MATLAB by typing the variable name followed by an equal sign and then a value or
mathematical expression. The variables will be saved in the MATLAB workspace.

Some examples are shown below:
>> A=5
A =

5
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>> z00=35/3

zoo =
11.6667

We created two new variables named A and zoo. If you look in the MATLAB Workspace window, you will see
the two new variables displayed

Workspace ()]
Name - Value

A 5

| ans 1.4142

| | zoo 11.6667

Kl |

A valid variable name starts with a letter, followed by letters, digits, or underscores. MATLAB® is case
sensitive, so A and a are not the same variable®. The maximum length of a variable name is 63 characters.

Some examples of variable names are
>> A5=6
A5 =
6
>> b17=789.44
bl17 =
789.4400
>> Cat_Dog = 7
Cat_Dog =
7
Note that variable names are case sensitive, so the three variables listed below are different:
>> This_is_a_long_variable_name=3
This_is_a_long_variable_name =
3
>> This_is_a_lLong_variable_name=4

This_is_a_Long_variable_name =

3 From MATLAB help documentation, “Variable Names.”
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4

>> This_is_a_Long_ Variable_name=5
This_is_a_Long_Variable_name =
5

When we look at the Workspace window, we see that the three variables are listed separately, indicating that
they are different variables:

Workspace (]
Name - Value
A o

I AS 6

|| ans 1.4142
I b17 789.4400
|- Cat_Dog 7

|| This_is_a_long_variable_name 3

|| This_is_a_lLong_varnable_name 4

|| This_is_a_lLong_Variable_name 5

|| zoo 11.6667

Note in MATLAB that when the semicolon is used at the end of a statement, it causes MATLAB to not display
the result of a calculation:

Command Window

>> a=bh;

>> b=3;

>» d=4;
Jx >>

The expressions were evaluated and values were saved. The result was just not displayed. Note that to display
the value of a variable, all you need to do is type the name followed by the ENTER key:
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Command Window

>> a=bhb;
>» b=3;
>> d=4;
>> d

d:

Je>> |

Since variables are stored in the workspace, their values can be used at a later time. Variables
can also be used to make calculations:

Command Window

>>» ab=7;

>>» boo=2;

>> D=3;

>> ®x=ab+boo/D

T.6667

Je>> |

Note that you can change the value of variables:

>>» x=(ab+boo) /D

D. Saving and Clearing the Workspace
The variables in the workspace will remain in the workspace until you shut down MATLAB, at which time they
will be lost unless you save them. To save the data in the workspace for use in a later MATLAB session, use
the MATLAB save command. Specify a file name when you use this command:
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Command Window

>> save('my workspace data')

Je>> |

You will notice that a file now appears in your current folder with the specified name and a .mat extension:

J MATLAB R2015b - academic use

APPS SHORTCUTS

) g — | New Variable - Analyze Code oE E () Preferences
Lap S L [ FindFiles & g = = || =
I_,j Open Variable é‘f Run and Time l__T“ Set Path
Mew New Open | . JCompare Import Save Simulink  Layout Add-Ons
Script - - Data Workspace lr_i’ Clear Workspace w le Clear Commands w Library - “ll Parallel + -
FILE WARIABLE CODE SIMULINK ENVIRONMENT
Save
_t_i Pl W » C: » Users » hemiter » Documents » MATLAB » meh
Current Folder (Gl Command Window
[Name |Type - |Date Modified

>> save('my workspace data')
1] my workspace data.mat MAT-file 12/6/2015 11:4___ fx >

AN

Workspace data saved in
this file.

Exit out of MATLAB and then restart MATLAB. You will see that the workspace is empty:

) MATLAB R2015b - academic use [_[=] x]

PLOTS SHORTCUTS Search Documentation

SEE T g . MNew Variable 7 Analyze Code [or) E {0} Preferences
I_EJE . u Find Files @ I:'.E o L || _ Qj (4 Community
L » Open Variable + &} Run and Time lﬂ Set Path
Mew MNew Open | Compare  Import Save Simulink  Layout Add-Ons  Help 3 Request Support
Seript b d - Data Workspace lu? Clear Workspace w u Clear Commands w Library - “n Parallel - -
FILE VARIABLE CODE SIMULINK ENVIRONMENT RESOURCES
Save
‘EEEcS » C: » Users » hemiter » Documents » MATLAB » meh - p
Current Folder [GRl Command Window y)
|Nf""'e Type - |Date Modified Warning: Name is nonexistent or not a directory: C:\Users\hernitsg

m my_workspace data.mat MAT-file 12/6/2015 11:4...

Academic License

Jx >>

Details ~
Workspace ®
Name - IVﬂIue |

.
\I Workspace is empty.

-| Ready y]
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Navigate to your directory. The file we saved is located in that directory. Right-click on the .mat file (MAC:
control-click) and the select Load:

) MATLAB R2015b - academic use [_ =] x]
PLOTS SHORTCUTS Search Documentation

=S — @ mry) Mew Variable L Analyze Code [u] ] E @ Preferences 3 2

I_Edh Sl .. u Find Files I:'.E || . % U (% Community
I_;_) Open Variable + \Lbk Run and Time lj Set Path
Mew MNew Open | |Compare  Impord Save Simulink  Layout Add-Ons  Help 3 Request Support
Script - - . . e v L_ﬁ' Clear Commands w Library - ““ Parallel - -
FILE nght_C“Ck here' CODE SIMULINK ENVIRONMENT RESOURCES
Save CF] /

» herniter » Documents » MATLAB » meh | o

Current Folder [G | Command Window ®
-M Warning: Name is nonexistent or not a directory: C:\Users\hernite
e 6/20 -4

Show Det

Show in Explorer Academic License
Load

Import Data...

my_workspace_( Save Select Load.

Workspace Create Zip File

N L R F2 ]

ame Delete Delete
Compare Selected Files/Folders
Compare Against »
Cut Cirl+X
Copy Ctrl+C
Paste Cirl+V
¥ Indicate Files Not on Path
3 i
-‘ Ready y

After you select Load, you will see that the variables are back in the MATLAB workspace:
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Search Documentation e B

3 - — -, New Variable < Analyze Code [ul -] {0} Preferences : )
Ly G [ FindFiles £ g = L | @ E - & PN
’_T) Open Variable é;/ Run and Time ﬂ Set Path
Mew MNew Open  _|Compare  |mport Save Simulink  Layout Add-Ons  Help 2 Request Support
Script  w - Data Workspace D Clear Workspace w | Clear Commands ¥ Library - I“I Parallel + - -
FILE VARIABLE CODE SIMULINK ENVIRONMENT RESOURCES
Save
3] v_—J | W » C: » Users » hemiter » Documents » MATLAB » meh v P
Current Folder (Gl Command Window
[Name Type - |Date Modified Warning: Name is nonexistent or not a directory: C:\Users\hernitd
El my_workspace data.mat MAT-file 12/6/2015 11:4...
Academic License
rks| data.mat (MAT-fil ~ 1

my_workspace_data.mat ( tie) >> load('my workspace data.mat')

Workspace ® f"Z >>

Name - IVaIue | |

a 5 -

A 5 ™

a5 7

- A5 6

[ ans 14142

- b 3

- b17 789.4400

| boo 2 The variables we had before are

| Cat_Dog 7 K

{d 4 <| now back in the workspace.

1 |D 3

[ This_is_a_long_variable_name 3

._a_long_variable_name 4
[ This_is_a_lLong_Variable_name 5 - Fl | >

-| p

To remove all data from the MATLAB workspace, use the clear command:

) MATLAB R2015b - academic use [_ =] x]

Search Documentation

3 - — -, New Variable < Analyze Code ol -] E {0} Preferences : )

|—f|_:5 LLJJ - [L&] Find Files @ EEI b L (C15)] . [% \.'_’) (% Community
’_T) Open Variable é;/ Run and Time ﬂ Set Path
New New Open L JCompare  |mport Save Simulink  Layout Add-Ons  Help 7 Request Suppart
Script  w - Data Workspace D Clear Workspace w | Clear Commands ¥ Library - I“I Parallel + - -
FILE VARIABLE CODE SIMULINK ENVIRONMENT RESOURCES
Save
1 v_—J | W= » C: » Users » hemiter » Documents » MATLAB » meh v o
Current Folder (Gl Command Wind
[Name Type - |Date Modified Warning: Name is nonexistent or not a directory: C:\Users\hernitd

El my_workspace data.mat MAT-file 12/6/2015 11:4...

Academic License

my_workspace data mat (MATfile) ~ >> load('my workspace data.mat')
Workspace ® >> clear
Name - IVaIue | fx S ‘

\:

Workspace is now empty.
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E.
Question V-1

Question V-2:
Question V-3:
Question V-4:
Question V-5:
Question V-6:
Question V-7:
Question V-8:

Question V-9:

F.

Exercise V-1:

oo ow

Exercise V-2:

T Ta ™o

Exercise V-3:

Questions
: What is the purpose of the working directory in MATLAB?

How long are values stored in the MATLAB workspace?

Right-click in Windows is the same as what key sequence on the MAC with OSX?
What is the MATLAB workspace and what is it used for?

What does precedence mean in terms of mathematical operations?
Are variables Wax and WaX the same or different in MATLAB?

What is the function of the semicolon in MATLAB assignments?
Specify the characters that are legal to use in MATLAB variable names.
What is the maximum size of a variable name?

Exercises

By hand, calculate the following values. Then check your calculations with MATLAB.
5+4-3

5+4*3

3*4+4

3*(4+4)
What are the values of the following MATLAB commands:

pi

Pi

1/0

-1/0

0/0

What does NaN stand for? (Use the MATLAB help facility to answer this question.)
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A. Row Vectors

Arrays are variables that contain more than one value. MATLAB is designed to handle arrays as easily as it
handles scalar variables. A scalar variable is a variable with a single value. An example of an array will make
things easier:

>> a=[1, 4, 88, 3, 2]
a =
1 4 88 3 2

We have defined variable a as an array of 5 values. This is a one dimensional array referred to as a row vector
because all of the values are on a single line, referred to as a row. Note that when we define an array, we
enclose the values inside square brackets, [ and ], and the values are separated by commas or spaces. A
second example is shown below:

>> b = [32 88 9 33 2]

b =
32 88 9 33 2
We can access individual elements of an array with an index. For example the 3 element of b
iS :
>> b(3)
ans =

9
In the statement b(3), the number 3 is referred to as the index. Accessing an element is referred to as
addressing the element. The first element of a is:

>> a(1)
ans =

1
Again, in the statement a(1), the number 1 is referred to as the index. If we use an index outside of the range

of where the variable is defined, we will get an error:

>> a(6)
Index exceeds matrix dimensions.

Note that an index is always a positive integer greater than or equal to 1. An individual value in an array is
referred to as an element. When you want to work with a specific element in an array, it is referred to as
addressing the array or element. The properties of an index are that it is an integer between 1 and the
maximum size of the array that you are addressing.

MATLAB is designed to handle arrays naturally. So, we can add arrays a and b because they
have the same number of elements and because both are both row vectors:

>> c=a+t+b
C:
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33 92 97 36 4
Notice that we created a new row vector called c. Since a and b were both row vectors with 5 elements, c is a
row vector of 5 elements. Note that the first element of ¢ is equal to the first element of a plus the first element
of b. The second element of ¢ is equal to the second element of a plus the second element of b, and so on.
The statement c=a+b was equivalent to the following:

>> c(1) = a(l)+b(1);
>> ¢c(2) = a(2)+b(2);
>> ¢(3) = a(3)+b(3);
>> c(4) = a(4)+b(4);
>> ¢c(35) = a(3)+b(5);
>> C

c =

33 92 97 36 4

Obviously c=a+b is much more convenient and will actually be executed faster on the computer. (meaning that
it is more efficient.)

B. Column Vectors
A row vector is a one-dimensional array with all of the values in a single row. We will also encounter column
vectors. This also a one dimensional array. However, all of the values are in a single column. For column
vectors, the values are separated by a semicolon when you create the array. Examples of column vectors with
7 values are:

>> x=[1; 4; 55; 33; 5; 99; -4]

X =
1
4
55
33
5
99
-4
>> y=[-1; -3; 4; 6; -1; -5; O]
y =
-1
-3
4
6
-1
-5
0
We address column vectors the same way we address row vectors:
>> y(5)
ans =
-1
>> x(2)
ans =
4
Since x any y are both column vectors with the same number of elements, we can add them together:
>> Xty
ans =

0
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1
59
39
4
94
-4
Again, the first element of x is added to the first element of y. The second element of x is added to the second
element of y, and so on.

Note that we cannot add x to a for two reasons. First, they have a different number of elements.
Second, you cannot add a row vector to a column vector:

>> a+x
Error using +
Matrix dimensions must agree.

C. Functions to Create Arrays
MATLAB has a number of functions for creating arrays. Here we will only look at a few simple methods.

1. The Colon Operator
The colon operator (first: step: last) generates a row vector from the first value to the last value with the
specified step. For example, to generate values 1, 3, 5, 7, 9, we would use 1:2:9

>> g=1:2:9
a =
1 3 5 7 9
The step can be negative:
>> p=10:-1:5
b =
10 9 8 7 6 5

And, the step does not have to be an integer:

>> c=-5:.2:-4
C =
-5.0000 -4.8000 -4.6000 -4.4000 -4.2000 -4.0000
If we only use two numbers with the colon operator (first: last), a step of 1 is assumed:

>> 55:63
ans =
55 56 57 58 59 60 61 62 63

The colon operator with a unit step is convenient for addressing a range of elements in an array.
For example, suppose a is the following array:

>> a=[1, 44, 77732, 33, -5, 44, 8]
a=
1 44 77732 33 -5 44 8
Suppose that we want a new array that contains the 3 through 6" elements of this array. One way is to use

the method below:

>> c=[a(3), a(4), a(b), a(6)]
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Cc =
77732 33 -5 44

Basically, what we did is create a new row vector ¢ that contains the specific elements that we wanted from

row vector a. This method works fine, but it is a bit cumbersome, especially if we had a few hundred elements

rather than four elements.
A better method is the following:

>> c=a(3:6)
C =
77732 33 -5 44
3:6 generates indices 3, 4, 5, 6, so a(3:6) takes the 3™ through 6™ elements of a and places them in a new row

vector.

As another example, suppose we wanted every other element of a:

>> a(l:2:7)
ans =
1 77732 -5 8
We can also use this method to reverse the order of a:
a =
1 44 77732 33 -5 44
8
>> a(7:-1:1)
ans =
8 44 -5 33 77732 44
1

This method of addressing arrays will be used when we obtain data from the linescan camera on the vehicle.

2. Ones and Zeros
MATLAB has several functions for creating arrays. The ones and zeros functions create arrays and fill
them (not surprisingly) with ones and zeros. We will use these functions to initialize arrays. These functions are
designed for multidimensional arrays. However, for this project we are only using one dimensional arrays that
we refer to as row vectors and column vectors. The syntax of the functions is ones(r,c) and zeros(r,c), where r
is the number of rows, and c is the number of columns. For us, one of those numbers will always be 1. To
create a row vector with five elements, all of which are 1, we would use the following:

>> ones(1,5)
ans =
1 1 1 1 1
The (1,5) means 1 row and 5 columns. Or for us, a row vector of five elements. To create a row vector with ten

elements, all of which are zero, we can use:

>> zeros(1,10)
ans =
0 0 0 0 0 0 0 0 0 0
To create a column vector, the number of columns will be 1. So, to create a column vector with

five elements, all of which are 1, we would use the following:

>> ones(5,1)
ans =

1

1
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1
1
1

The (5,1) means 5 rows and 1 column. Or for us, a column vector of five elements. To create a column vector
with ten elements, all of which are zero, we can use:

>> zeros(10,1)
ans =

eNoloNoNoNoNoNoNoNe)

D. Questions
Question VI-1: What is a scalar variable;

Question VI-2: What is a row vector.

Question VI-3: What is an index.

Question VI-4: If a and b are arrays. What must be true about a and b so that we can add a and b together?
Question VI-5: How do you address a single value in a vector?

Question VI-6: What is the difference between a row vector and a column vector?

Question VI-7: What are the requirements of an index?

Question VI-8: What is the colon operator?

Question VI-9: In the statement ones(1,5), what does the 1 do? How many elements are in the array? Is this a
row or column vector?

Question VI-10: In the statement zeros(5,1), what does the 1 do? How many elements are in the array? Is this a row or
column vector?

E. Exercises
For the exercises below use the following variables:

A=[1,7,2,8,3,9]
B=[-3,4,1,8,9,2]
Q=15

X=[1, 4, 6,9, 8, 6, 8]

C=A+B
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D=A-B

These exercises should be done by hand and then checked with MATLAB.

Exercise VI-1: What are the numerical values of A(1), B(3), X(7)?

Exercise VI-2: What are the numerical values of C?

Exercise VI-3: What are the numerical values of D?

Exercise VI-4: What is A+X?

Exercise VI-5: What are the values generated by 5:-1:17

Exercise VI-6: What are the values of A(3:6)?

Exercise VI-7: What are the values of A(6:-1:3)?

Exercise VI-8: What are the values generated by 1:0.1:3?

Exercise VI-9: What are the values generated by .9:.1:1.5?

Exercise VI-10:
Exercise VI-11:
Exercise VI-12:
Exercise VI-13:
Exercise VI-14:
Exercise VI-15:
Exercise VI-16:
Exercise VI-17:
Exercise VI-18:
Exercise VI-19:
Exercise VI-20:

order.

Exercise VI-21:

What are the values generated by 1:5:27?

What are the values generated by 5:1:17?

What is A+X(1:6)? Why does this work and not A+X?

What is A(1:3)+A(4:6)?

What is Q(5:-1:1)

What is Q(1:5)+Q(5:-1:1)

Give the command to create a column vector with the values 1, 3, 5, 7, 9.
Give the command to create a row vector with the values -1, -3, -5, -7, -9.
Give the command to create a row vector with the values -1, -3, -5, -7, -9.
Give the command to find the last two values of variable A.

Give the command to create a new vector G, where G has the same values as B but in reverse

Give the command to create the column vector with the values -0.1, 0.1, 0.3, 0.5, 0.7.
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MATLAB was designed to work with arrays, so array handling is built in to just about everything MATLAB does.
MATLAB was originally designed to make matrix calculations easier, as its name stands for MATrix
LABoratory. A matrix is a 2-dimensional array like

>> a=[123; 39 7; 38 4]

a =
1 2 3
3 9 7
3 8 4

Thus, if you will look deeper, you will find a huge amount of facilities available for array manipulation. Here we
will show a few operations and functions that are useful for the autonomous vehicle project. Note that the
functions given here will work multidimensional arrays. However, for our discussion, we will only address use
for vectors, which are one dimensional arrays.

For this discussion, we will define a few vectors to use in our calculations:

>> a=[123454321];
>> b=[10 9 8 7 6 7 8 9 10];
> c=[1234567891];
> d=[ 987 65432 1];

\Y

A. Built-In MATLAB Functions
MATLAB has a number of built-in functions that are useful for our project. The length function tells us
how many elements are in a vector:

>> length(a)

ans =

9
>> length([1 3 5 7 9])
ans =

5

We see that vector a has 9 elements and that the second array has 5 elements.
The MATLAB sum command adds up all of the elements in an array:

>> sum([1 2 3 4 5])
ans =

15
>> sum(b)
ans =

74
>> sum(1:100)
ans =

5050

In the last example, 1:100 generates the numbers 1, 2, 3, 4, 5, ..., 99, 100. Thus the statement sum(1:100)

finds the sum of the integers from 1 to 100.
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The MATLAB mean function calculates the average of the numbers in a vector:

>> mean(c)
ans =
5

Note that we can also calculate the mean of a vector using the sum and length functions:

>> sum(c)/length(c)

ans =

5

The max and min functions find the max and min of a vector:

a =

1 2 3 4 5 4 3 2 1
>> max(a)
ans =

5
>> Db
b =

10 9 8 7 6 7 8 9 10
>> min(b)
ans =

6

B. Scalar Calculations with Vectors
A scalar is a number with a single value. (What you are used to calling numbers.) When you use a scalar in a
calculation with a vector, the same calculation is applied to every element in the array. For example, to add
one to every element of vector a, we could use the following:

>> a
a =

1 2 3 4 5 4 3 2 1
>> g+l
ans =

2 3 4 5 6 5 4 3 2
>>

We see that the scalar value of 1 was added to every element in the vector. To multiply every element by 3, we
could use the following commands:

>> a
a =
1 2 3 4 5 4 3 2 1
>> 3*a
ans =
3 6 9 12 15 12 9 6 3

>>
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We see that each element in the array was multiplied by the scalar value of 3. We can do fairly complex
calculations with scalars, and the calculation will be done for each element in the array. For example, we will
add 1 to a and then multiply the result by 3:

>> a
a =

1 2 3 4 5 4 3 2 1
>> (a+1)*3
ans =

6 9 12 15 18 15 12 9 6
>>

We can also define variables as scalars and then use them in calculations as well. In the
calculations below, q is a scalar with a value of 5.

>> (g=5;

>> a

a =

1 2 3 4 5 4 3 2 1
>> a/q
ans =
0.2000 0.4000 0.6000 0.8000 1.0000 0.8000 0.6000 0.4000

0.2000

>>

Lastly, we will demonstrate scalar subtraction:

b =
10 9 8 7 6 7 8 9 10
>> b-q
ans =
5 4 3 2 1 2 3 4 5
>>

C.  Vector Calculations
MATLAB is design to do matrix calculations. This is something you will not learn until your college days. In
MATLAB when you specify multiplication and division, they are actually matrix calculations. In the example
below, K is a row vector and L is a column vector:

>> K=[1 2 3];
>> L=[1; 2; 3];

>> K*L

ans =
14

>> L*K

ans =
1 2 3
2 4 6
3 6 9

We see that K*L is not the same as L*K, and K*L results in a scalar value and L*K results in a matrix. Thus, * is
a matrix operation and beyond what we need for this project. By default, if you are working with arrays,
MATLAB performs matrix operations. We do not want to do matrix algebra for anything in this course. Thus,
we need to use the element by element operators in MATLAB. They are +, -, .*, ./, and .~. Note that the last
three used a period. So .* is multiplication, ./ is division, and .” is power. Always use the period for these
operators. Note that you can also use .+ and .-, but these operations are the same with and without the period.
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We will first demonstrate addition and subtraction:

>> a
a =

1 2 3 4 5 4 3 2 1
>> b
b =

10 9 8 7 6 7 8 9 10
>> a+b
ans =

11 11 11 11 11 11 11 11 11
>> a-b
ans =

-9 -7 -5 -3 -1 -3 -5 -7 -9
>>

With a+b we see that the first element of a is added to the first element of b. The second element of a is added
to the second element of b, and so on. The only requirement is that a and b have the same number of
elements. The same is true with a-b. The first element of b is subtracted from the first element of a. The
second element of b is subtracted from the second element of a, and so on. Again, the only requirement is that
a and b have the same number of elements.

For multiplication and division, use the .* and ./ operators:

>> p

10 9 8 7 6 7 8 9 10
>> a.*b
ans =
10 18 24 28 30 28 24 18 10
>> a./b
ans =
0.1000 0.2222 0.3750 0.5714 0.8333 0.5714 0.3750 0.2222 0.1000

With a.*b we see that the first element of a is multiplied with the first element of b. The second element of a is
multiplied with the second element of b, and so on. The only requirement is that a and b have the same
number of elements. The same is true with a./b. The first element of b is divided by the first element of a. The
second element of b is divided by the second element of a, and so on. Again, the only requirement is that a
and b have the same number of elements.

Finally the power () operator

a =

1 2 3 4 5 4 3 2 1
>> a. N2
ans =

1 4 9 16 25 16 9 4 1

We see that each element is squared.
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D. Plotting
MATLAB has a large number of functions available for plotting data. Here we will just discuss a basic plot. The
syntax for this command is plot(x,y) where x and y are vectors that contain the values of the points. x and y
must contain the same number of points.

As an example, we will plot the graph of the parabola y=x?-2x+1. First, we must define the values of x. We will
let x go from -5 to 7 in steps of 0.1:

>>x=-5:0.1:7;

Note that instead of using the colon operator, we can also use the linspace function. The syntax of the
linspace function is linspace(first_value, last_value, number_of_points)

>>x=linspace(-5,7,100);
Thi linspace function generates 100 equally spaced points from -5 to 7. The step between the points is
7-(=5)

100
y-values. This is easy to do in MATLAB:

= 0.12. We can use either method to generate the points for our x values. Next, we need to calculate the

V=X N2-2*X+1;

Note that we are doing element-by-element operations. The .» is the element-by-element operation for power.
Thus each element is squared. With 2*x, each element is multiplied by 2. And with the -1, we subtract -1 from
each element. In short, the equation x .~2-2*x+1 is calculated for every value of x. We only write the equation

once, but is will be executed 100 times in this example.
Now that we have x and y values, we can plot them. The entire code sequence is shown below:

>> x=linspace(-5,7,100);
>> y=X_N2-2%Xx+1;

>> plot(x,y)

The generated plot is:

File Edit View [ncert Tools Desktop Window Help -
N dse | b RNOBDLEA- S 0E D

40

35

30

25

20

We can annotate the plot with the commands below:

>> title("Plot of a Parabola®);
>> xlabel ("x-Values™)
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>> ylabel ("y-Values™)
>> grid on
The resulting plot is

File Edit View [ncert Tools Desktop Window Help -
N dse | b RNOBDLEA- S 0E D

Plot of a Parabola
40 T -

y-Values
8

8 4 2 (4] 2 4 (] 8
x-Values

You could come up with more interesting labels for the x-axis and y-axis labels if you wish.

E. Questions
Question VII-1: Is the mean of a vector the same as the average?

Question VII-2: What is a scalar?
Question VII-3: What is a*2? Is this scalar power? Does this work?
Question VII-4: What is the difference between .+ and + when doing array calculations?

Question VII-5: What is the difference between .- and - when doing array calculations?

F. Exercises
Exercise VII-1: What is the sum of all of the odd numbers between 1 and 100?

Exercise VII-2: What is the average of all of the numbers between 1 and 1000?
Exercise VII-3: What is the average of all of the numbers between 1 and 999?

Exercise VII-4: Three ways to find the sum of the numbers between 1 and 100 are shown below. Verify that the
three methods yield the same answer and then explain why they are the same.

a. sum(1:100),
b. y=1:100; x=100:-1:1; sum(x+y)/2
c. 100*101/2

Exercise VII-5: If a=[1 2 3 4 5 4 3 2 1], what is the numerical value of mean(a(4:6)). Verify by hand and with
MATLAB. Explain how this command works.

Exercise VII-6: Continuing with the previous question, what is 3* mean(a(4:6))/4?

Exercise VII-7: Continuing with the previous question, what is 0.75* mean(a(4:6))? Do you think this method is
more or less efficient that the method used in the previous exercise?
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For the next few problems, use the following variables:
Al=[183-7,-2, 6]

B1=[1 99 2 33 55 99]

Calculate the quantities by hand and then check with MATLAB.

Exercise VII-8: A1+B1
Exercise VII-9: A1-B1
Exercise VII-10: A1.*B1
Exercise VII-11: A1./B1
Exercise VII-12: (A1-B1)./B1
Exercise VII-13: (A1+B1).*B1

Exercise VII-14: Generate a plot of the parabola y=-x2-2x+2. Use 200 points and let x vary from -7 to +5. Label
the title, x-axis, and y-axis of the plot. Display the grid on the plot.

Exercise VII-15: Generate a plot of the function y=x3-x2-2x+2. Use 200 points and let x vary from -7 to +7.
Label the title, x-axis, and y-axis of the plot. Display the grid on the plot.

Exercise VII-16: Generate a plot of the function y= 2x+2. Use 200 points and let x vary from -3 to +3. Label the
title, x-axis, and y-axis of the plot. Display the grid on the plot.
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A. Script Files
Script files are text files that contain a sequence of MATLAB commands. If you have a large number of
commands that you type in at the command prompt repeatedly, instead of typing in the commands at the
command prompt over and over, you can place the commands in a script file and then run the script file. As an
example, we will place the plotting commands from Lesson VII.D in a script file. Note that when we create a
script file, it is placed in the current directory. Thus, make sure that your current directory is the directory that
you created to save your files:

) MATLAB R2015b - academic use

PLOTS APPS SHORTCUTS
[ o = e ] 11 . ze Code ]
o T — e Next, select this New # =) ;
button and Time
Mew New Open | L |Compare Import ’ Simulink  Layou
Script w - Data  Worksl — — Commands ¥  Library v
FILE WARIABLE CODE SIMULINK
Save
BRal N » C: » Users » hemiter » Documents » MATLAB » meh
Current Folder (Gl Command Window
[Name [Type - |Date Modified fx>>
E my_workspace_dat... MAT-file 12/6/2015 11:4... The Working directory is
shown here.

Select the New button as shown above and then select Script:

HOME PLOTS SHORTCUTS Search Documentation P B
q-p - @ {1, New Variable | Analyze Code wE E () Preferences 2 )
|—[|_$ - u Find Files & (L) -~ C% ) (% Community
[} Open Variable ¥ [ Run and Time (] Set Path
New | New @ Open | JCompare  Import Save Simulink  Layout Add-Ons  Help 3 Request Support
Sciipt | w - Data Workspace | Clear Workspace w | Clear Commands ¥ Library ~ |l paraltel v - -
Script Cirt o VARIABLE CODE SIMULINK ENVIRONMENT RESOURCES
cril
| of Ll TV
= ¥ Ul'_\.‘ Function irniter » Documents » MATLAB » meh v O
Curref OM Command Window
\y/ Example
L N \\4
5 £= Cclass /2015 1
= A 3
— System Object
Figure H
Select Script.
L_l Graphical User Interface
IAI Command Shortcut
o swuine | -
Works gy Simulink Model @
Name alue
| E Stateflow Chart
L_{ [*] SimulinkProject Y| 4

| 4

An empty Editor window will open:
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B Editor - Untitled

EDITOR PUBLISH
o = Find Files Insert = fx - l) E LS
L|_IE‘ \J H e - = Eil b || Run Section K_LP
| Compare v 0 GoTow Comment % g5 J
New Open Save . Breakpoints  Run  Runand |<- Advance  Runand
v v v Pt v L Find + Indent || w3 |7y v v  Advance Time
FILE NAVIGATE EDIT BREAKPOINTS RUN
&l save
£ | Untitled |+

1

[ seript Ln 1 Col 1

Type in the commands that we used to generate the plot in Lesson VII.D:

| Editor - Untitled*

EDITOR

B [5 ~ E [J FindFiles <3 - Insert =
| ) Compare w ©GoTo v Comment %

New Open Save

el B [ Print ~ \{ Find + Indent

FILE NAVIGATE EDM|

E Save Lﬂ] 9
[ Untitled® | + |

x=linspace(-5,7,100);

y=x."2-2%x+1;

plot(x,y):

title('Plot of a Parabola'):

xlabel ('x-Values'):

ylabel ('y-Values');

Grid on

© W ;s W b

Next, save the script by clicking on the Save button. When you name the file, it cannot have any spaces in the
name. The naming convention is the same as for variables; you can use alphanumerical characters and the
underscore. | will name my file “My_First_Script”
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E Select File for Save As
(«_,f\-,‘f | ~ Libraries ~ D ™ My D ¥ MATLAB ~ meh > |iﬂj| Search meh vel
Organize ¥ | New folder = -9

Favarites = Documents library
Arral by: Fold
B Deskiop meh nas by: Tolder ™
_ DFS Root
DFS Name =~
‘+ Dawnloads No items match your search.
% Dropbox

+«» Recent Places

J&. Google Drive

M Desktop

2 Hemiter, Marc

& Computer
~§ ospisk (C)
8 DVD RW Drive (D:)

~ Data (E:) =] o
File name: [My_First_Scripf =]
Save as type: [MATLAB Code files (*.m) =]

“ Hide Folders Cancel

When you save the file, MATLAB will add a .m file extension to the file name. (The file will be saved as
My _First_Script.m.) The file should be listed in your current directory:

) MATLAB R2015b - academic use [_=]x

PLOTS SHORTCUTS Search Documentation

o e — Il " New Variable * Analyze Code oE E (0} Preferences
l—&}‘ e L] [._]J Find Files W W = L ICIE)) - Q} {4y Community
mp ] Open Variable + \I_:f Run and Time lJJ Set Path .
Mew New Open |_|Compare  |mport Save Simulink  Layout Add-Ons  Help — Request Support
Script - - Data Workspace L/ Clear Workspace L_M’ Clear Commands Library - ““ Parallel + - -
FILE WVARIABLE CODE SIMULINK ENVIRONMENT RESOURCES
Save
_t_] ;_] | = » C: » Users » hemiter » Documentis » MATLAB » meh | 2
Current Folder (8] Command Window
|Name |Type £ |Date Modified

) My_First_Script.m Script 12/8/2015 1:20 PM
H my_mmspam_datM

P File listed here.

We will show three ways to run your file. The first way is to type the name of your script at the MATLAB
prompt. Note that you type the name without the .m extension:

) MATLAB R2015b - academic use [_J=]x
PLOTS SHORTCUTS Search Documentation
A - Il . New Variable o Analyze Code o E 0} Preferences [
l—'-dh ar U u Find Files v g = = () 4:) ij \‘_?) (3 Community
g QOpen Variable + \I_:‘/ Run and Time lj Set Path -
Mew New Open L |Compare  |mpot  Save Simulink  Layout Add-Ons  Help =7 Request Support
Scripp - - Data Workspace L/ Clear Workspace w | Clear Commands ~  Library - ““ Parallel + - -
FILE VARIABLE CODE SIMULINK ENVIRONMENT RESOURCES
Save &9
_1:_] ;_J "3 = » C: » Users » hemiter » Documents » MATLAB » meh AP
Current Folder [Gll Command Window
|Nﬂme |Type I3 Date Maodified sz >> My First Script

‘j My_First_Script.m Seript 12/8/2015 1:20 PM
[ my_workspace_data.mat  MAT-file 12/6/2015 11:47 AM No .m extension .

When you press the ENTER key, the script will run. In our case, if we have no errors, the plot will show up with
all of the annotations and a grid:
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Bl Figure 1 !E
File Edit View Insert Tools Deskiop Window Help N
NEHdL M ARLODRL E|0R |1
Plot of a Parabola
40 T T T T
L i
35 \
\
30 \ 1T
\
25 A\ 1
w \
El
$2r 1 Close this plot window.
ES
15 q
10 q
51 i
\\\ ~
0 , . ; f , .
-6 4 2 0 2 4 6 8
x-Values

My script mostly ran. However there is no grid. Close the plot window. The MATLAB Command window shows
an error highlighted in red:

HOME PLOTS SHORTCUTS Search Documentation e B
] =5 — - Mew Variable +* Analyze Code oE Preferences s )
|—fd5 - . [q] Find Files .& g S = (CIE) E @ E% \‘_P) (% Community
’_T) Open Variable + é} Run and Time lj" Set Path
New MNew Open _|Compare |mport  Save Simulink  Layout AddOns  Help "~ Request Support
Script - - Data Workspace D Clear Workspace w | Clear Commands +  Library - Im Parallel « - -
FILE VARIABLE CODE SIMULINK ENVIRONMENT RESOURCES
Save
it | A Bl » C: » Users » hemiter » Documents » MATLAB » meh v o
Current Folder (Gl Command Window ®
o [Name Type - Date Modified >> My First Script
My st cp i Sy LERZ D 1D ] Cannot find an exact (case-sensitive) match for 'Grid'
my_workspace data.mat MAT-file 12/6/2015 11:47 AM
The closest match is: grid in
C:\MATLAB\RZ2015b 64\toolbox\matlab\graphZ2di\grid.m
Error in My First Script (line 7)
Grid on
My_First_Script.m (Script) ~
Workspace @ fx > |
Name - Value "
x Ix7100 double -
v Ix7100 double hd
< »

The error says that line 7 of my script generated an error and that MATLAB does not know what the Grid
function is. When | look at my script, | notice that | have “Grid on” and not “grid on.” (It turns out that MS Word
auto capitalized the command while writing this manual. | just copied and pasted that command into the script
file.)

I will go back to the script file and correct line 7:

Copyright 2016. This document may not be reproduced without the express written consent of Marc E. Herniter or Rose-Hulman Institute of Technology.



Lesson VIII: Script Files and Control Flow 95

M Editor - C:\Users\herniter\Documents\MATLAB\meh\My_First_Script.m
EDITOR PUBLISH VIEW

du\j ~ H [JFindFiles  <g3 Insert = fx - I.) @ S k[_LJ>

|| Compare ¥ 3 GoTo v Comment % ¢ [

Mew Open Save Breakpoints ~ Run nand |- Advance Run and
- - - H Print - Ll Find + Indent wi |Fop - - ce Time
FILE NAVIGATE EDIT BREAKPOINTS. RUN

ESEVE D

! [ My First Scriptm | + |

1- x=linspace (-5,7,100); \
2 - y=x."2-2%x+1;

3 - plot (x,v): Click here.
4 — title('Plot of a Parabola'):
5- xlabel ('x-Values'):
6 - ylabel ('y-Values');
7 - grid on
8
Error fixed.

Save the script file before continuing.

A second way to Run the script is to click on the Run button as shown above. The script will run and
the plot should now be correct.
Figure‘l !E

File Edit View Insert Tools Desktop Window Help
NEdSLARRODE L |08 (0D

Plot of a Parabola

15 - 1

10t 1 Close this plot window.

S i | I
6 -4 -2 0 2 4 6
x-Values

co

The plot now appears to be correct. Close the window.

A third way of running the script file is to right-click (Mac OSX: Control-Click) on the file name in
the file Current Folder window:

Copyright 2016. This document may not be reproduced without the express written consent of Marc E. Herniter or Rose-Hulman Institute of Technology.



96 Autonomous Vheicle Control, Modeling, and Design

4\ MATLAB R2015b - academic use — = |i|
Search Documentation 2
1 L J;L L1z, New Variable | Analyze Code o E {0} Preferences i ;2 "
|_L‘J5 Lu“ - E‘-&I Find Files EEI IL_[5)] - u (' Community
,_T} Open Variable + &)- Run and Time \.E\“ Set Path
Mew Mew Open | _|Compare  Import Save Simulink  Layout Add-Ons  Help 2 Request Support
Script - - Data Workspace G Clear Workspace u Clear Commands w Library - II“ Parallel w - -
FILE VARIABLE CODE SIMULINK ENVIRONMENT RESOURCES
Save
it | = Bl 5 » C: » Users » hemiter » Documents » MATLAB » meh v 0
Current Folder @ || Command Window ®
[Name Type Date Modified

>> My First Script
Cannot find an exact (case-sensitive) match for 'Grid’

“"| My_First_Script.m

my_workspace™

Script 12/8/2015 1:27 PM
MAT-file 12/6/2015 11:47 AM

.mat

The closest match is: grid in
C:\MATLAB\RZ015b_¢4\toclbox\matlab\graphZd\grid.m

Right-Click here.

Error in Mv_Iirst_ﬁcript (line 7T)

My _First_Script.m (Script) ~ Grid on
M i >> My First Script
Name - Value - — i
x 1x100 double - >> My First_ Script
v Ix100 double - X
4| y f,>>

Select Run in the menu that appears:

) MATLAB R2015b - academic use

RTCUTS Search Documentation
] = 5 — A New Variable  Analyze Code oE E @ Preferences 2 '
|_r|j5 LLJJ - - | Find Files J} EEI S - =) _ E% K?) 5 Community
|
5 QOpen Variable + {:}- Run and Time LS“ Set Path
Mew Mew Open | _|Compare  Import Save Simulink  Layout Add-Ons  Help 2 Request Support
Script - - Data Workspace GCIear Workspace w  ° ) Clear Commands +  Library - I“I Parallel + - -
FILE VARIABLE CODE SIMULINK ENVIRONMENT RESOURCES
Save By
it | = Bl » C: ¢ Users ¢ hemniter » Documenis » MATLAB » meh > P
Current Folder (¥) Command Window ®
| >> My First Script
i M — Open Enter Cannot find an exact (case-sensitive) match for 'Grid'
) my_workspace_date ~
Show Details
I The closest match is: grid in
Run Script as Batch Jo g .
View Help F1 C:\MATLAB\RZ015b 64\toolbox\matlab\graphZ2di\grid.m
Show in Explorer
Create Zip File
Rename F2 Error in My First Script (line 7)
Delete Delete .
Grid on
Compare Selected Files/Folders
Compare Against 4 . .
My_First_Scriptm (Scrip >>» My First_ Script
Cut Cur+X >> My First Script
Workspace Copy Ctri+C fx - -
Name <+ Paste Ctri+V L >>
x
y ¥ Indicate Files Not on Path

The script should run and the figure window should open:
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Bl Figure 1 !E
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B.  The If Statement
The IF statement is used to choose between different options based on a logical decision. This is called control
flow. For example, if x is 5 you can do one thing, and if x is not 5 you can do something else. Since control flow
usually involves several MATLAB commands, the commands are usually placed inside a script file. The syntax
of the IF statement is the following:

if expressionl
statementsl
elseif expression2
statements?2
else
statements3
end

In the statement above, if expressionl is true, then only the statements in section statementsl are executed.
The remainder of the IF statement is ignored. IF expressionl is false, then expression2 is checked. If
expression?2 is true, then only the statements in section statements?2 are executed and the remainder of the
IF statement is ignored. If expressionl is false and expression2 is false, then the statements inside the ELSE
clause (statements3) are executed. Thus, the statements inside the ELSE clause are executed only if all of the
other conditions are false.

The ELSEIF and ELSE portions of the statement are optional. Thus, we could have the
statement:

iT expressionl

statementsl
end
So, if expressionl is true statementsl are executed. If expressionl is false, then the statement are not
executed.

You can have multiple ELSEIF statements:

if expressionl

statementsl
elseif expression2

statements?2
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elseif expression3
statements3
elseif expression4
statements4
elseif expression5
statements5
else
statements6
end

In this example, the expressions are checked sequentially. The statements that are executed are the ones with
the first true expression. If none of the expressions are true, then the statements in the ELSE clause are
executed.

As an example, we will execute the following set of commands:

It x==5
X=x+1;
end
% Display the value of X
X

This code segment tests if x is equal to 5. If so, 1 is added to x. If x is not 5, then MATLAB continues executing
the statements after the end statement. In this case, the value of x is displayed. A few comments about the
code are in order. First, the operator to test equality is ==. Thus x==5 tests if x is equal to 5. Note that this is
different than x=5 which sets x to 5. The valid operators for conditions in IF statements are listed in the table
below. Note that in MATLAB they are referred to as relational operators:

Relational Operators
== equal
>= Greater than or equal to
> Greater than
<= Less than or equal to
< Less than
~= Not equal to

We also see that the % sign specifies a comment. Any text that follows the % is ignored. The example below
shows the previous code with numerous comments:

if x==5 %Test if X equals 5.
x=x+1; %Add one to x if x was equal to 5.
end
%Display the value of x
X

Note that a comment can take up an entire line or can appear after MATLAB statements.

Since IF statements usually involve multiple lines of code, we will place the code inside a
MATLAB script file. We covered script files in Section VIII.A. Note that a script file has a .m extension. Place
this code inside a script file and name it IF1_Example.m. My file is shown below:
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L.._z_," Editor - C\Users\herniter\Dropbox\FMF Highschool Competition\Book\Matlab and Simulink Files\IF1_Example.m

EDITOR PUBLISH VIEW
g FE = [ Find Fil Insert [ v . = I
oy - H [U:I e : = Ed fx @ D LBL @Run Section '\l‘f
|-l Compare w I:;)HGOTOV Comment 3/9 42 4
Mew Open Save : _ — - Breakpoints ~ Run  Runand |=) Advance Run and
- - w | Prnt w | Find = Indent |3 | &f |ig - w  Advance Time
FILE NAVIGATE EDIT BREAKPOINTS RUN
E Save &
IF1_Example.m +
1-— 1f x==5 %Test 1f x equals 5.
2= x=x+1; %Add one to x 1f x was equal to 5.
Sll= end
4 $display the value of x
S X

Note that the MATLAB text editor helps us by highlighting different portions of the script file. For example,
MATLAB keywords like if and end are shown in blue. Comments are shown in green. Possible errors are
underlined in red and highlighted. Note that in line 5, the x is highlighted as a possible error. The editor
assumes that all statements will be terminated with a semicolon so that the output of the statement is
suppressed. If you hover the mouse pointer over the highlighted statement, the editor will specify the error:

M Editor - C\Users\herniter\Dropbox\FMF Highschool Competition\Book\Matlab and Simulink Files\IF1_Example.m

EDITOR PUBLISH VIEW
L~ = [JFindFil : Insert [=! W - ~ = IS
= H u ind Files L nse E.; fx D LEL [.il Run Section '\l‘f
| Compare ¥ E')H GoTo v Comment 9 42 g
Mew Open Save : : - - Breakpoints ~ Run  Runand |- Advance Run and
- - w [ Print \{ Find + Indent u 2f [fe - w  Advance Time
FILE NAVIGATE EDIT BREAKPOINTS RUN
E Save
IF1_Example.m +
L= 1f x==5 %Test if x equals 5.
= x=x+1; %Add one to x if x was equal to 5.
A= end
4 %display the value of x
5= 3
6 i Terminate statement with semicolon to suppress output (within a script). ( Details » J( Fix. |

In our case, this is not an error because we want to use this statement to display the value of x. Save the
script. Next we will set x to a value and then run the script. In the command window, set x to 3 and then run the
script by typing its name:
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Command Window
>> ®=3;
>> IF1 Example

Jx >>

Since x was 3, the condition x==5 was false, so 1 was not added to x. Next, we will set x to 5 and the run the
script:

Command Window

>> x=5;
>> IF1 Example

fx>> |

In this case, the condition was true, so the statements inside the if-end statement were executed, and 1 was
added to x.

Note that we can have multiple statements inside the if-end keywords. For example, if the
condition is true, we will add 1 to the number, then divide it by 2, and then subtract 1 from it. (Note that we
could do this with a single statement had we wanted to. The code segment is shown below:

ifT x==5 %Test if x equals 5.
Xx=x+1; %Add one to x if x was equal to 5.
X=xX./2; %Divide x by 2
x=x-1; %Subtract 1 from Xx.
end
%Display the value of x
X
Note that we could have done this all in the single statement x=(x+1)./2-1; However, we are illustrating

the fact that we can have multiple statements inside an if-else statement. Save this modified code segment as
a new script file, say IF2_Example. and then test the script with the same inputs as before:
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Command Window

>> x=3;
>> IF2 Example

>> x=5;
>> IFZ2 Example

S>> |

As an example of the i f- elseif- else-end statement, we will implement the following
logic. If the number is equal to 5, add one to it. If that is not true, check if the number is greater than or equal to
10. If so, add 2 to it. If that is not true, check if the number is less than -5. If so, set the number to zero. If none
of the conditions are true, set the value to 100. The code segments is shown below:

if x==5 %Test if X equals 5.
x=x+1; %Add one to x if x was equal to 5.
elseif x>=10
X=X+2;
elseif x < -5
x=0;
else
x=100;
end
%display the value of Xx
X
Tests of the script are shown below:
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Command Window

>> x=3;
>> IF3 Example

100

>> x=5b;
>> IF3 Example

>> x=75;
>> IF3 Example

17

>> x=-10;
>> IF3 Example

For the numbers shown, the script appears to work correctly.

Note that the IF statement does not have to have any elseif clauses or it can have several elseif
clauses. Furthermore, the IF statement does not have to have the else either.

As a last example, we will show an example of an expression that uses a nested IF statement
and a compound expression. A compound expression can test multiple logical expressions at the same time.
An example is (x==5)&&(y==2). && is the logical AND operator. Thus both conditions must be true for the
entire expression to be true. Thus, x must equal 5 AND y must equal 2 in order for the expression to be true.
Another example is (x==5) | | (y==2). In this example, || is the logical OR operator. The overall expression
will be true if x equals 5, or if y equals 2, or if x equals 5 and y equals 2. (One of both of the expressions being
true results in the total expression being true.)

C. For Loops
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For loops allow us to loop through a code segment a specified number of times. The syntax is

for index = values
statements
end

An example is

for 1 = 1:5 % Loop 5 times.

i % Display the value of 1.

pause(l); % Pause for 1 second.
end
In this example, the index is i. the values are 1:5. If you remember the colon operator from section VI.C.1, 1:5
generates the numbers 1, 2, 3, 4, 5. In this code segment, i is set to 1 and then the statements are executed.
Then i is set to 2, and the statements are executed, all the way up to i = 5.. Thus, the code segment above
loops five times. Each time through the loop, the value of i is displayed and MATLAB pauses for 1 second.
Save this code segment in a script file named Forl_Example. Executing the code segment yields the following
output.

>> Forl_Example
i =

1
i =

2

1 =
>>

An example of combining the for loop with an IF statement is:
for 1 = 1:5 %Loop 5 times.
ifT 1==3 %If 1 equals 3, print the statement below.
fprintf("The value of 1 is 3!\n");
else
i %ITf 1 1s not equal to 3, display the value of 1.
end
end
Here we loop 5 times with i set to values from 1 to 5. If the value of i is three, we print the text "The value

of 1 is 317, Ifthe value is not 3, then the value of i is displayed. Note that the \n in the fprintf statement
causes the line to be printed, generates a new line, and goes to the beginning of a new line. (To see the effect
of the \n, try running the script with the \n removed!)

>> For2_Example
i =

1
i =

2

Copyright 2016. This document may not be reproduced without the express written consent of Marc E. Herniter or Rose-Hulman Institute of Technology.



104 Autonomous Vheicle Control, Modeling, and Design

The value of 1 is 3!
4

5
As a last example, we can count down with a for loop.

for 1 = 5:-1:1 %Loop 5 times. Count down.
ifT i==3 %If 1 equals 3, print the statement below.
fprintf("The value of 1 is 3!\n");
else
i WIFf i is not equal to 3, display the value of 1i.
end
end
The only difference is in the use of the colon operator. 5:-1:1 generates numbers from 5 down to 1 with a step

of -1. (This was also covered in section VI.C.1.) This code segment generates the following output:

>> For3_Example
i =

5
1 =

4
The value of i is 3!
1 =

2
i =

1

In our Autonomous Vehicle project, we will be using FOR loops to step through the values of an

array. An example of this is shown below:

x=[15,3, 0,-99, 88]; %Define the array with 5 elements.
for 1 = 1:5 %i goes from 1 to 5. This generates the indices 1,2,3,4,5.
x(1) %Display the value of the element.
if x(i) >0 %Check 1T the element iIs positive.
fprintf("This element of x iIs positive.\n");
elseift x(1)<0 %Check if the element iIs negative.
fprintf("This element of x Is negative.\n");
else %lf we get here, the element is zero.
fprintf("This element of x is zero.\n");
end
end
Here, x has 5 values, x(1)=15, x(2)=3, x(3)=0, x(4)=-99, and x(5)=88. The For loop is used to step through
each element of x. Since i goes from 1 to 5, we step through all of the values of x. For each value of i, the code
segment

x(1) %Display the value of the element.

if x(i) >0 %Check if the element is positive.
fprintf("This element of x is positive.\n");

elseif x(1)<0 %Check if the element is negative.
fprintf("This element of x is negative.\n");

else %lf we get here, the element is zero.
fprintf("This element of x is zero.\n");

end
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is executed. Thus, we repeat the code segment for each individual value of x. This code segment displays the
value of x(i) and then states whether the element is positive, negative, or zero. Running the entire script yields
the output below:

>> For4_Example
ans =
15
This element of x is positive.
ans =
3
This element of x is positive.
ans =
0
This element of x is zero.
ans =
-99
This element of x is negative.
ans =
88

This element of x is positive.
>>

D. Questions
Question VIII-1: What is a script file?

Question VIII-2: What is a file extension?

Question VIII-3: What is the file extension for script files?
Question VIII-4: What is the naming convention for script files?
Question VIII-5: Are spaces allowed in script file names?
Question VIII-6: What are the alphanumeric characters?
Question VIII-7: Specify three ways of running a script file.
Question VIII-8: What is control flow?

Question VIII-9: Specify three different forms of the IF statement.

Question VIII-10: True or False: In an IF statement, you do not need to use the ELSEIF portion of the
statement.

Question VIII-11: True or False: In an IF statement, you do not need to use the ESLE portion of the statement.
Question VIII-12: What are relational operators?

Question VIII-13: How do you specify a comment in MATLAB code?

Question VIII-14: How are errors displayed in the MATLAB Editor?

Question VIII-15: How do you test if a script works correctly?

Question VIII-16: What are logical operators?
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Question VIII-17: What is the AND operator? Give an example.

Question VIII-18: What is the OR operator. Give an example.

Question VIII-19: What is the function of a for loop?

Question VIII-20: Can for loops count up, down, or both?

Question VIII-21: Specify how for loops can step through the elements of an array.
Question VIII-22: What is an index?

Question VIII-23: What is the colon operator?

E. Exercises
Exercise VIII-1: Create a script that tests if a variable named y is equal to 17. If it is equal to 17, add 2 to it.

Exercise VIII-2: Create a script that tests if a variable named y is equal to 17. If it is equal to 17, add 2 to it. If it
is not equal to 17, subtract 3 from it.

Exercise VIII-3: Create a script that sets x to a number between 1 and 20. If x is prime, output the text string
“The number is prime.” If the number if not prime, output the message, “The number is not prime.” Solve this
problem using an if and fprintf statements.

Exercise VIII-4: Create a script that sets x to a number between 1 and 20. If x is prime, output the text string
“The number is prime.” If the number if not prime, output the message, “The number is not print.” Solve this
problem using an array, for loops, if statements, and fprintf statements.

Exercise VIII-5: Define x as the row vector [1, 3, 5, 8, 88, 72, 6]. Create a script that defines this array, and
then displays the values of the elements in reverse order.

Exercise VIII-6: Define x as the row vector [1, 3, 5, 8, 88, 72, 6]. Create a script that defines this array, then
displays the values of the elements in reverse order, and then displays the values of the elements in their
original order.

Exercise VIII-7: Define x as the row vector [1, 3, 5, 8, 88, 72, 6]. Use a for loop to display the values of 1st, 3rd,
5th, and 7th elements.

Exercise VIII-8: Define x as the row vector [1, 3, 5, 8, 88, 72, 6]. Use a for loop to display the values of 7th, 5th,
3rd, and 1st elements, in that order.

Exercise VIII-9: The MATLAB mod function finds the remainder after dividing two numbers. For example,
mod(5,2) is the remainder when we divide 5 by 2. Note that mod(5,2)=1 and mod(4,2)=0. We can use this
function to see if a positive integer is odd or even. Use this function to determine if a number x is odd or even.
Use an IF statement to print out an appropriate text message stating whether the number is odd or even.
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A. Zeroing the Servo Motor
When we assemble the steering, we will adjust the tie rods assuming that the servo motor is at an angle of
zero. If this is not true, the steering will have a large offset and it will be difficult to have the vehicle drive
straight. To avoid this problem, we will set the servo motor angle to zero now. Repeat Section IV.B on page 57
before continuing.

B. Assembling the Steering
As a first step in assembling the car, we will put together the steering. It is important that you zero the servo
motor first, or your car will always power up with a steering offset, meaning that it will never be pointed straight.

We will be using the parts shown below:

Remove this plate.
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The front should look as shown:

The two mounting blocks
will be placed behind these
two supports:

Threaded mounting hole on the side near the
top. The servo motor will be held in by a

Threaded mounting hole in the bottom so we
can mount this on the vehicle chassis.

- -
e . 7 n S i aa L U] 7 AT BT 4
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These mounting blocks have a hole on the side and a hole in the bottom. This block will be placed on each
side of the vehicle as shown blow:

Block placed here. The hole points toward the
back. The arrow points towards the threaded
hole.

Second block will go here.

Use a flat pan head screw to attach the mounting block to the chassis. On the bottom side of the chassis, you
will see the mounting hole:

‘

’#

Use a flat pan head screw to attach the block. Mount both blocks:
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P

s

One block mounted with this screw.

y

AN

Second block mounted with this screw.

T

Find the appropriate splined wheel for our motor. It should have the text ‘FU” written on it:
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Find the wheel that has the
text “FU” on it.

Next, we will assemble the steering plate. You will need the following parts. Note that the order they are shown
in this picture is the order they will be placed next to each other.

Assemble them as shown in the instructions that accompany your kit (which is copied below):

When the parts are placed together, it should look as shown below:
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Mount the steering plate on the servo as shown.

AT

Mount the servo motor in the vehicle chassis:

Secure the servo motor to the chassis with two Philips head screws:
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| e

Next, we will attach the camera mount. Use the same screws that we removed from the front
plate. Do not reuse the plate that we removed on page 107:
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The servo motor assembly is shown below:

C. Assembling the Tie Rods

Next, we will assemble the tie rod arms. Locate the following parts:
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Screw on the plastic ends onto to the two tie rods:

Do this for both tie rod assemblies.

Next, remove the two front wheels from the vehicle by removing the tire nut with the tool
provided:

With the tires remove, adjust the length of the two tie rod assemblies so that the two front wheels will point
straight when connected to the servo motor mounting plate:

Copyright 2016. This document may not be reproduced without the express written consent of Marc E. Herniter or Rose-Hulman Institute of Technology.



116 Autonomous Vheicle Control, Modeling, and Design

ﬂ

Adjust the length of this tie
rod assembly.

Make sure that you adjust both tie rods and then you remember which tie rod is on which side. The two tie rods
are not the same length.

Next, place the tie rod on the steering ball and snap it on to the ball with a pair of needle nose
pliers. It will take a fair amount of force to do this:

Finally, reattach the front wheels and then screw the other end of the tie rods into the servo
motor plate as shown:
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We will now mount the KL25Z and the Freescale Cup Shield on the vehicle and then test the various
components.

A. Mounting the KL25Z and TFC Shield
Ouir final design will look at shown:

_————

Tap a 4-40 threaded hole
here.

Screw in one of the %2 - inch nylon spacers into the threaded hole:
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Mount the plate on the two mounting posts and the nylon spacer as shown:
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Mounting post.

/e :
Mark this point and drill a 4-40
pass through hole here.

Locate the location of the 4-40 pass through hole as shown above. Drill a hole in the Plexiglas mounting plate
so that you can attach the plate to the vehicle chassis. The new hole is shown below:

Mount the plate on your vehicle as shown:
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4-40 nut and
flat washer

Thread in four ¥2-inch nylon spacers:

Next, locate the KL25Z board and the TFC Shield. Note that the TFC Shield is mounted on the KL25Z board
and both are packaged inside an antistatic bag:
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The TFC Shield is plugged into the KL25Z Board. Both Boards are shown separately below:

We see that the TFC Shield has pins that plug into the KL25Z headers. Gently pull apart the two boards. Do
not twist the boards. Alternately pull up one side then the other until the boards pull apart:
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Pull up each side a small amount to avoid bending the pins.

Mount the KL25Z on the four nylon standoffs using 4-40 nylon screws:

Next, mount the TFC Shield on the KL25Z board. Be sure to align the pins correctly or you will damage the
pins:

- z_u,t;j, it M‘H'a",

When you tested the motors in Section IV.C you should have marked the wires and written down the
connections. If not, the correct wiring is shown on page 61. If you did not mark the wires and you cannot find
page 51, the correct wiring is shown below:

_— g

Remember that motor A is the right motor and motor B is the left motor. The two center wires are for the
battery.

Next, we need to mount the battery. Locate the two zip ties:

Copyright 2016. This document may not be reproduced without the express written consent of Marc E. Herniter or Rose-Hulman Institute of Technology.



124 Autonomous Vheicle Control, Modeling, and Design

Thread the two zip ties through the slot below the two battery mounts:

And, the other side:
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|

Next, connect the cable for the servo motor to TFC Shield:
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B. Testing
We will now test the two drive motors and servo motor. All of the models shown here were developed
previously. Remember, when you program the KL25Z, the battery switch should be turned off. There is a
bug in the TFC shield that causes the motors to spin at full speed during programming if the shield is
powered by the battery.

1. Servo Motor and Steering
We will now test and calibrate the servo motor and steering. Build the model shown below:
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' Shield LED D3
Pulse R KL257

h 4

Generator Shield LED D3
FRDM-TFC FRDM-TFC
Al & A
Gain
Potentiometer Servo Write

Note that the steering gain was set to 30. Since the potentiometer outputs a signal between -1 and +1, the

signal to the Servo Write block will be -30 to 30. Double-click on the Servo Write block and change the limits
to -30 and 30:

"4 Sink Black Parameters: Servo erten &J

Servo Write (mask) (link)

Drive the Servo motor to an angle specified in degrees.

The Minimum angle and Maximum angle parameters represent
the Servo motor rotation range.

The block input accepts values between Minimum angle and
Maximum angle. When the block input is outside of the
specified range (Minimum angle to Maximum angle), the block
saturates the values to the Minimum or Maximum angle.

Parameters

Servo:

o -

Minimum angle (degrees): -30

E Maximum angle (degrees): 30

[ 0K H Cancel H Help ‘ Apply

T - - =

Make sure that the battery power to the vehicle is turned off. Build and download the model. Turn on the
battery power to the vehicle. Verify:

1. That the steering changes as you change the position of Potentiometer A.

2. Make sure that as you hit the right and left limits of the steering motion, the servo motor does not
“buzz.” If it buzzes, then +30 or -30 is too large and you will need to change the limits in the Servo
Write block.

Next, open the model that zeroed the servo motor:
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[ ‘ ‘ Shield LED D3
Pulse KL25Z
Generator Shield LED D3
FRDM-TFC
O E—— .
Constant
Servo Write

Build and download this model. Verify:

¢ That the wheels point straight. This verifies that the vehicle drives (mostly) straight when the steering
angle is zero.

2. Right Drive Motor
Build and download the following. Make sure that when you build the model, battery power to the vehicle is off:

j—b Shield LED D3
] a KL25Z

Generator Shield LED D3

Motor A

‘ FRDM-TFC FRDM-TFC
Gain1 Gain
Polentigmeter DC Motor

]
L

Constant
Verify:

1. The right motor spins from 0 to maximum speed as potentiometer A is turned clockwise.
2. That motor A only spins in the direction that will move the vehicle forward.

3. Left Drive Motor
Build and download the following. Make sure that when you build the model, battery power to the vehicle is off:

Copyright 2016. This document may not be reproduced without the express written consent of Marc E. Herniter or Rose-Hulman Institute of Technology.



Lesson X: Mounting the KL25Z

129

k
FRDOM-TFC
Potentiometer

Pulse
Generator

Shield LED D3

KL25Z

]

Constant

Verify:

1. The left motor spins from 0 to maximum speed as potentiometer B is turned clockwise.

Shield LED D3

Motor B

FRDM-TFC

=

DC Motor

2. That motor B only spins in the direction that will move the vehicle forward.
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Camera

A. Assembling the Camera
The Freescale Cup Linescan Camera does not com preassembled, so we must put it together. Locate the
camera lens assembly, pc board, and screws:

Linescan camera
PC board.

Lens Assembly.

The lens assembly mounts on the back side of the Line Scan Camera PC board. The back side is shown
below:

Camera sensors.

The lens assembly goes on this side of the PC board:
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T

».  C-1BE189010 ET

Freescale Cup
("?y Linescan Camera /%
Iﬁ \1,3
E )

“tem V11.15.2011.EMHOES

C-1BE1890810 ET
0 o

Free;;ca!e Cup
Linescan Camera /%
y V11.15.2011.EMHES.S

Note which pin on the connector is the GND pin.

B. Assembling the Camera Mount
Locate the parts for the camera mount:
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The holes in the mount are not large enough for our hardware. Drill out the holes shown below so that they
pass a 4-40 screw:

Drill out this
hole.

Drill out these
two holes.

A #32 drill should be sufficient since we don’t want it to be completely loose.

Assemble the two pieces as shown. Make sure that the holes in the two pieces line up:

Use 4-40 hardware to secure the two pieces. Use a 1-inch 4-40 screw, two flat washers, a lock washer, and a
nut. The hardware is shown below:
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4-40 nut, lock
washer, and
flat washer.

4-40 screw and
flat washer.

Note which pin of the Linescan PC board is marked as ground (GND). Locate the camera cable:
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GND pin.

The camera assembly is now complete.

C. Mounting the Camera
We will now mount the camera on the vehicle. The orientation of the camera is important. If you mount it
upside down, the steering control system will turn the wrong direction. Locate the 3/8-inch dowel:

The length of the dowel is your choice. One of the design parameters of the vehicle is the height of the camera
above the track. The height is adjustable but limited by the size of your dowel. Note that you can always
change the dowel if needed. Cut the dowel to an appropriate size. Typically, a foot long works well, but you
can choose a different size. Slide the camera on to the dowel. This may take a bit of force. Rotate the camera

mount back and forth to slide it on. Be careful not to put any force on the camera or wires as this will damage
the camera:
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Next, mount the dowel on the vehicle. The dowel goes in the camera mount at the front of the vehicle:

Note that the camera wires should be on the bottom. If this is not the case, the vehicle will steer in the wrong
direction:

Wire connection on
the bottom.

Wire connection on
the bottom.

Finally, connect the other end of the camera cable to the camera receptacle on the TFC Shield. Note that the
ground wire (black) of the camera cable is next to the ground (black) wire of the servo motor:
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Black wire. Black wire. "B Black wire.

Black wire.

The assembly of the vehicle is complete!

D. Camera Testing
We are now ready to test the camera. Create the following model:

FRDM-TFC FRDM-KL25Z
0 > e e (oanje
o~

Constant
/L Line Scan Camera Serial Transmit

Set this number between 1 and 9. Do
this for all future models.

The new parts are located in the following libraries:

e Line Scan Camera: Embedded Coder Support Package for Freescale FRDM-KL25Z Board /
FRDM-TFC Shield:

Fa -

HS Simulink Library Browser =HEl X

. Enter search term v Ry ~| [~ = = (2
-4 =ha &/

Embedded Coder Support Package for Freescale FRDM-KL257 Board /FRDM-TFC Shield

> Simulink " FROM.TFC FROM-TFC FROM-TFC FROWTRC
> MAerospace Blockset |IIII]

- .
Autonomous Vehicle Competition ] :

Communications System Toolbox Battery Indicator ~ Battery Read DC Mator Dip Switch
Communications System Toolbox HDL Support

.. FROM-TFC FROM-TFC FROM-TFC FROM-TFC
Computer Vision System Toolbox -
Control System Toolbox

\,g; .!'J L ] L3
DSP System Toolbox

DSP System Toolbox HDL Support Line Scan Camera Momentary Switch Potentiometer Servo Write
Embedded Coder

Embedded Coder Support Package for ARM Cortex-M Processors

4 Embedded Coder Support Package for Freescale FRDM-KL25Z Board
FRDM-KL25Z

o

o

o

1

o

W

W

FRDM-TFC Shield

o

Fuzzy Logic Toolbox

HDL Coder

Image Acquisition Toolbox
Instrument Control Toolbox Line Scan Camera.

Model Predictive Control Toolbox Line Scan Camera is in this
MNeural Network Toolbox

RHIT Arduino Library library.
RHIT KL25Z Library

o

W

W

W
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e Serial Transmit: Embedded Coder Support Package for Freescale FRDM-KL25Z Board / FRDM-

KL25Z:
& simulink Library Browser @M
{,;3 Enter search term - &k - ':?u-' [ = 3

Embedded Coder Support Package for Freescale FRDM-KL25Z Board/FRDM-KL257

= Simulink - FROM-HL25Z FROM-RLZSZ FROM-KL25Z FROM-KL25Z
> Aerospace Blockset i Fava 5 AN Mnn Mmn
Autonomous Vehicle Competition
> Commun!cat!ons System Toolbox Analog Input  Analog Output Digital Input Digital Qutput
> Cnmmunlcathns System Toolbox HDL Support 5 e T —
> Computer Vision System Toolbox J—-ry
Control System Toolbox = :;’ Lo =z =g
> DSP System Toolbox 0
> DSP System Toolbox HDL Support RGE LED Serial Receive  Serial Transmit
> Embedded Coder
Embedded Coder Support Package for ARM Cortex-M Processors
4 Embedded Coder Support Package for Freescale FRDM-KL25Z Board

FRDM-TFC Shield
> Fuzzy Logic Toolbox
> HDL Coder
Image Acquisition Toolbox

Instrument Control Toolbox . L. .
Model Predictive Control Toolbox Serial Transmit is in this ) -
> Neural Network Toolbox library. Serial Transmit.
> RHIT Arduino Library
> RHIT KL25Z Library gy |
= u T J

We need to set up the Line Scan Camera block and the Serial Transmit block. Double-click on the Line
Scan Camera block:

FRDM-TFC FRDM-KL25Z

o | (9 M @&

[
—_—
Consfant \'\‘ Double-click here.
Line Scan Camera

Set this number between 1 and 9. Do
this for all future models.

Change the parameters as shown below:
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" Function Block Parameters: Line Scan Camera &J

Line Scan Camera (mask) (link)
Read the line scan camera value in pixels.
The block input accepts the exposure time of the camera

between 0-150ms. The block dlips any value outside of this
range.

The block output emits a [1x128] array of uintl6 values, which
correspond to the 128 pixels of the line scan camera.

NOTE: Setting an exposure time greater than the sample time
of this block can cause non-deterministic behaviour.

\ Parameters
Camera:
0 1) |

Sample time: -1

[ OK H Cancel ” Help ] Apply

Note that we are using Camera 0 and that there are two cameras available. If you decide that you want to use
a second camera in the future, one is available. (The camera takes a lot of processing time, so if you decide to
use a second camera, you will need to design a very efficient algorithm.) The Sample time is set to -1. This
means that the camera will take a “picture” every time the model runs. Later in this part, we will set the model
to run with a fixed time step of 0.25 seconds meaning that we will take a picture every 0.25 seconds, or four
times per second. In the vehicle model that controls the car, we will take a picture every 0.02 seconds. Click
the OK button to accept the changes.

Next, double-click on the Serial Transmit block:

FRDM-TFC FRDM-KL25Z
IR
Constant Double-click
Line Scan Camera Serial Transmit here.

Set the parameters as shown:

*& Sink Block Parameters: Serial Transmit &J
Serial Transmit (mask) (link)
Send an [MxN] array of data to the UART.

Do not select the UARTO when you use External mode.

To transmit an array of uint8 data, set the Send mode parameter to
putc.

To transmit an array of any data type to terminal, set the Send mode
parameter to printf. Use this option for debugging.

UARTs use the following Tx and Rx digital pins:
- UARTO: Tx:USBTX Rx:USBRX

- UART1: Tx:PTC4 Rx:PTC3

- UART2: Tx:PTD5 Rx:PTD4

Parameters

UART: [UARTO -]

Send mode: lprintf ']

l l OK H Cancel H Help Apply
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The KL25Z has three serial ports available. However, the way the TFC-Shield is wired, we can only use

UARTO as the pins for UART1 and UART2 are used for different functions in the vehicle. Note that UARTO is
connected to the SDA port. This allows us to view the camera data by connecting the SDA port to a USB port
on our computers. (This is the same port that we program the KL25Z with.) Click the OK button to accept the

changes.

Next, select Simulation and then Model Configuration Parameters from the Simulink menus
as shown below:

File Edit View Display Diagram Analysis Code Tools Help

- B @l & Update Diagram Ctrl+D n D) | B
EJJ = | @ Medel Configuration Parameters Ctrl+E — o —
?amara_Test — * R —
= Data Display 4
& Stateflow Animation
" Enable Fast Restart
IZ‘ Step back (uninitialized)
= ® Run Ctrl+T
=] B> Step Forward
. Stop Cirl+Shift+T M TFC
- upn - VI= FRDM-KL25Z
& Stepping Options 3
Debug 4
0 N~ > [e e
. Constant
» -
Ready 332% FixedStepDiscrete

First, select Solver, expand the Additional options, and then specify the Fixed-step size as 0.25 seconds:
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nfiguration Parameters: Camera_Test/Freescale_FRDM-KL25Z_Configset (Active) == ﬁ
Category List =
Select: Simulation time
Solver Start time: 0.0 Stop time: 10.0
Data Import/Export
> Opj|mization Solver options
> Dig |nostics
ware Implementation Type: |Fixed-step '] Solver: [discrete (no continuous states) ™

Solver selected.

J.

¥ Additional options

Fix p size (fundamental sample time):

Tasking
Periodic

mple time options
\(ne constraint:
ic sample times:
ate transition for data transfer

tes higher task priority

0.25

m

IUnconstrained \ ']
lAuto \ M ]

Additional options expanded.

Fixed-step size set
to 0.25.
l OK l l Cancel l l Help Apply

After setting these options. Click the Apply button. Do not close this window.

Next, select Hardware Implementation, UARTO and set the Baud rate to 115200:
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&4 Configuration Parameters: Edge_Line_To_Center_Line_Control_0/Configuration (Active) l = =] &
Category List =
Select: Hardware board: |Freescale FRDM-KL25Z -
Solver
Data Import/Export Code Generation system target file: ert.tlc
> Optimization . . o . . -
> Diagnostics Device vendor: | ARM Compatible Device type: ARM Cortex
Hardware Implementation
Model Referencing » Device details —n
> Simulatio]| Target Tl
> Code Ger| \ration Hardware board settings I
Target Hardware Resources
Groups Baud rate (in bits/sec): 115200 N
Build options
Clocking
UART1
UART2
PIL
External
Hardware Baud rate set to
Implementation 115200.
selected.
UARTO selected.
A 11 3
D I oK ] I Cancel ] I Help ] Apply

The Baud rate sets the communication speed of the serial port we are using. Since the camera sends a lot of
data to our laptop computers, we need to specify a high communication speed. (High for serial ports.) Click the
Apply button and then click the OK button. Build and download this model to your vehicle.

At the MATLAB command prompt, type the command Test_Camera_Zero:

4\ MATLAB R2015b - academic use -
@ New Shortcut |#| FRDM-KL25Z |2 mbed | LabX |2 Ard Lab X | FC Model
| " Organize Shortcuts | A| KL25Z Library Dir |#| PLay Labs |A|LlibTest |A| MBSD1-Water |A) FC Script |#| meh
@ Quick Access & Open KL25Z Library | A MW_FRDM | A FCDir | A MW CC |2 FMF
MANAGE GEMERAL
L Save & FMF | &| meh a Freescale Cup Companion

SR M » C: » Users » hemiter » Documents » MATLAB » meh »

Current Folder

BaE Type B VTS >> Test Camera Zero
Accelerometerl_ert_rtw Folder 12/26/2015 10:15PM fx o N ~—
AccelerometerZ_ert_rtw Folder 12/26/2015 10:42 PM i Enter the command
Accelerometer3_ert_rtw Folder 12/26/2015 10:51 PM |= here

Press the Enter key to run the command. After a few moments, a window will open and display a plot of the

camera data:
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T #gure 1t Uinestar Camera Uata - Close Figare 1o eminane
File £dit View It Tools Desicop Wincow Help
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Move the camera around to see how the image changes. You might also test the camera on your track to see
how the camera views the track and the edge lines. To terminate the plot, close the figure. (The above camera

plot was take with the car on a straight portion of the track.)

Congratulations! You have now successfully tested the complete vehicle!
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Lesson XII: Processing Data from the Linescan
Camera

Now that we have all of the hardware working, we will try to understand the basic operations of the control
system that makes this an autonomous vehicle. There are three basic systems: steering, propulsion, and
vehicle enabling and safety. In this section, we will look at the first component of the steering system which is
obtaining data from the camera and processing that data.

A. Camera Data
The camera returns an array of data. If you recall, a scalar value is a single value. An example of a scalar is
the number 5. If variable x is a scalar, then x=-3 is an example of a scalar value. An array has multiple values.
An example of an array is [5 8 3 9 7]. This a 1-dimensional array with 5 values. This type of array is also called
a row vector. The camera returns a row vector of 128 values. If you draw a line across the track as shown
below:

The camera will return
brightness values along
this line.

the values returned by the camera are the brightness values along this line. If we use the function
Test_Camera_Zero, we can see an example of the brightness values. (On the car, you should still have the
model from Section XI.D. If the model is not on your car, build and download that model onto you
vehicle.) Type the command Test_Camera_Zero at the MATLAB command prompt:

Command Window

>> Test Camera Zero

Jx

After a few moments, a plot window will open:
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(4] Figure 1: Linescan Camera Data - Close Figure to Terminate o =) ol
File Edit View [nsert Tools Deiktop Window Help -
NTdde kA0 4- G 08 =D
x10?
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center of the track. the track.
s - 4
Edge of the track.

_——  Dark edge of the

track.
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There are 128 elements in the array and each element can have a value from 0 to 65535. On a well-lit white
track, white space usually has values close to the maximum. The edges of the track have values close to
10,000.

The screen capture above is from a car in the center of the track. It is a great example of what
the camera sees. The white space in the center of the track is easily identifiable and basically flat with
brightness values close to the maximum value:

e —
| \\ H|

+ | White space at the |
| center of the track. ‘f “'\

There is a large drop off between the high values at the center and the lower values at the edges of the track:
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F I Ie4-3 008 =0

4 | |

1 _i(. I'| ! Edge of the track.
Edge of the track. L l ]

In this example, it is pretty easy to differentiate between the center of the track and the edges. However, as in
all data we will receive from the camera, there is some data that we need to ignore:

| | {1 | What do we do
| L) — about this?
| / \

It is our job as engineers, given the data above, to determine where the center of the track is. The above is a
great example of what the camera sees. The center and edges are identifiable and there is some data that
needs to be neglected as it should not be used to find the center of the track.

The screen capture above is actually quite ideal. The car was in the center of a straight piece of
track, the camera was pointed appropriately, and the lighting was good. Some things that we need to consider:

1) What if the car is not in the center of the track?

2) What if the track is not well [it?

3) What if lighting is not uniform? Every ceiling has multiple lights. These lights cast shadows.

4) What if there is something casting a shadow near the track or dark space near the track. (Like you
stand close to the track while racing your car. Or the track is laid over a floor that has dark and light
colors.)

5) What if the vehicle is going through a curve? (A vehicle that goes straight only is not too useful.)

These are all possibilities that you much consider when you think about how to improve the center finding
algorithm of your camera.

B. Processing the Camera Data
The high school model comes with a very simple algorithm for finding the center of the track. This algorithm is
good enough to get your car around the track, but has room for a lot of improvement. Understanding and
improving this will greatly increase the speed of your vehicle.
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Change to directory, “Lesson 12 Files” Open model “Vehicle_Camera_Read_0.sIx.” (Use this
model as the starting point for all future models.)This model contains the blocks to properly read the
camera data.

This block assumes that youare

[1x128] . .
’ using the wide angle lens

Steering Servo

and the edge-line track. FRDM-TFC
Tran ! @
Index between 1 and 128 o Servo Write
P-4 single D1
> A ¥, P Linescan_Data ﬂ canterkix
- [1x128]
B —= ' : Centerldx Terminatar FRDM-TFC
Line Scan Camera ) 0 : » ;
The Sample time of Detect Path and Emit Index — -
this block is Motor A
Right Motor
Flash LED D3 to indicate board is alive!
FRDM.-TFC
- - -
dauble D1 All motors set to
H” Shield LED D3 Constant
. 252 Board alive LED. 2O Motor B
Generator Shield LED D3 Left Motor

There are a few features of this model irrelevant to the camera at the moment. First, LED D3 blinks at a 1 Hz
rate to indicate that the model is running correctly and that the board is alive. Second, the servo and drive
motors are set to zero. This prevents them from doing anything unintended. (If we do not set them to zero, then
the input signals to those devices may be undefined. When we power the board, the motors could do
something unexpected. Examples could be full power to a drive motor causing your vehicle to fly off the table
or a large signal to the servo motor causing it to rail against the side of the vehicle, thus damaging the servo
motor.) To prevent this possibility, it is far easier to just set the unused outputs to zero.

The remainder of the model is for the reading the camera data:

[1x126] This block assumes that you are
In1 fug using the wide angle lens
and the edge-line track.

Transmit Camera Data On UARTO
Once a Second

FRDM-TFC Index between 1 and 128

uint16 [1x128] D1 single D1
@ P|Linescan_Data ‘ centerldx »—
—=

[1x128]
Expo N Centerldx Terminator
g Line Scan Camera
Read camera every
0.02 seconds.

Detect Path and Emit Index

Set this number
between 1 and 9.

This portion of the model does three things. Data is read from the camera every 0.02 seconds. (The sample
time of this block is 0.02.) This fast rate is necessary in order for the vehicle to navigate the track quickly.
Reading the camera every 0.02 seconds will allow us to change the steering every 0.02 seconds. The faster
the car moves, the more often we have to adjust the steering. We can't adjust the steering until we read new
data from the camera. Thus, we need to read the camera frequently. Reading the camera every 0.02 seconds
is as fast as we can read the data.
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An important diagnostic (something we humans want to know about the vehicle) is what the
camera data looks like. In order to view the camera data, we need to send it to our laptop computer and plot
the data. The data is sent through the serial port to our computer using the block shown below:

[1x12€] This block assumes that you are
In1 using the wide angle lens
and the edge-line track.

T —
Transmit Camera Data On UARTO
Once a Second Transmit camera data
FRDM-TFC over the serial port. Index between 1 and 128
do uint18 [1x128] single D1
0 @ - P Linescan_Data ‘ centerldx P E
= [1x128]
Exposure Centerldx Terminator

p &2

[t

tim Line Scan Camera
h Detect Path and Emit Index

Set this number between 1 and 9. Do
this for all future models.

This block sends data once every second to the serial port. We will then plot the data using a MATLAB script
so that we can view the data. Since the camera outputs a lot of data and it takes a lot of time to transmit that
data, we only send data once a second. We only need to send the data once a second because humans will
be looking at the data. The data transmitted over the serial port will not be used to adjust the vehicle steering
because once a second is far too slow to adjust the steering of a fast moving vehicle. Instead, the data will be
viewed by humans to understand what the data looks like. When we look at this data, we must remember that
we only see changes once every second. Thus, when we view this data, the vehicle must be moving very
slowly or not at all. (Imagine that you are navigating your way through a maze and are walking very slowly. If
you open your eyes once every second, you might be able to make your way through the maze without
bumping into any obstructions. However, if you attempt to run quickly through the maze while opening your
eyes once every second, you will probably smash into the first obstruction (that you fail to see) and become
disabled.)

The third block of this model processes the camera data and determines the center of the track:

[1x12€] This block assumes that you are
In1 g using the wide angle lens
and the edge-line track.

Transmit Camera Data On UARTO
Once a Second

FRDM-TFC Index between 1 and 128

uint16 [1x128] D1 single D1
@ P|Linescan_Data ‘ centerldx »—
=

1x128
[1x128] Centerldx

- . |
Line Scan Camer| Determine the center of
the track. Detect Path and Emit Index

Set this number
between 1 and 9.

Terminator

Remember that the camera returns 128 values representing the brightness going across the track. We will
define the center of the track as the index 64:
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128 over here
somewhere.

Index 64 is here in
the middle

1 over here
somewhere.

Note that we are using a wide angle lens and that the position of the camera makes a big difference. Indices 1
and 128 may be the edges of the track or past the edges of the track. (We don't really care.) However, index
64 is defined as the center of the track. The block labeled Detect Path and Emit Index finds where we think
the center of the track is relative to the vehicle position. If the block emits 64, then the car is in the center of the
track. If the block emits a different value, say 68 or 60, then the car is off-center. If the block emits 255, then
the vehicle is lost and we better send out a search party. (Or, ignore the value and hope the next value is
better — 255 indicates that the center finding algorithm did not find the center.)

Before opening the block, we will look at our “ideal” plot of data and discuss a simple algorithm
for finding the center. First, find an average value of the “top” portion of the data:

_c_"-figurv.-I:umsmtma_bnluvaouriqurem'le-minm - . |‘:_Eﬂm
File Edit View Insent Tooks Desktop Window Help ¥

Jdde kA8 09E4- 2 08 =D

x10°

Determine the average
(mean) of these values.

0 20 40 60 80 100 120 140

We will take the mean of the values for indices 40 to 80, because these are the roughly the middle forty data
values returned by the camera. The camera returns 128 values. The data from indices 1 to 10 and the data
from indices 118 to 128 will probably be junk outside the track. Thus, indices 40 to 80- roughly represent the
center of the track.
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Next, we will recognize an “edge” as when the brightness is down to 75% of the mean value:

(] Fagure 1: Linescan Carmera Data - Close Figure to Terminate - [ |
File Edit View s Took Desktop Window Help -

Jdde | A0 4-G 08 =D

x10°

7 T T T T T T
a
6 - —
5 - -
S
4 .
First edge. Second edge.
S 71 100%
75%

2 - —
1 .
0 | ] | | | ] y 4

0 20 40 60 a0 100 120 140

The location of the edges is the indices of where the brightness values are down to 75% of the average
brightness value of the center:
(] Figure 1: Linescan Carmera Data - Close Figure to Terminate - [ |

File Edit View lnsen Tools Deskop Window Help -

Ndda AR O09LL- R 0E a0

x10?
£ T T T T T T
6 - —
5 - -
4+ -
3 — —
First edge
2 i . -
index. Second edge index.
. "
0 | s | | | | |
0 20 40 60 80 100 120 140

The center of the track is calculated as the first edge index plus the second edge index divide by 2, (First +
Second)/2:
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(4] Figure 1: Linescan Camera Data - Close Figure to Terminate - E=Sol™ x|
File Edit View Insent Tools Desktop Window Help -
NTdde kA0 4- G 08 =D
x10°
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: Center index :
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0 20 40 60 80 100 120 140

Now that we have a simple algorithm, we will realize it using MATLAB code. MATLAB code can
be placed inside a Simulink model using a MATLAB Function block. In our model, block Detect Path and Emit
Index is a MATLAB function block that contains MATLAB code to implement our center finding algorithm.
Double-click on the block to open it and view the code:

_ This block assumes thatyou are
zoH | [1x128] . .

In1 using the wide angle lens

and the edge-lin track.

Transmit Camera Data On UARTO

Once a Second
FRDM-TFC Index between 1 and 128
do uint16 [1x128] D1 single D1
0 B (5\ p|Linescan_Data ‘ centerldx » EI
Iﬁ [1%128]
Centerldx . Terminator
Exposyre _,J Double-click here.
Line Scan Camera

Detect Path and Emit Index

Set this number between 1 and 9. Do
this for all future models.

The MATLAB editor will open and display the code contained within this block:
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' Editor - Block: Vehicle_Camera_Read_0/Detect Path and Emit Index 1 ———

|:I_|: Ll_i H uFlﬂd Files = 3 IHSEI'T léd ﬁ @ - w — L-tt) 2 Go To Diagram \.._;)) Simulation Target \D
__ Compare v | GoTo v Comment S 42 7J
Mew Open Save . _ - Breakpoints Run Stop  Build Model -4 Edit Data Ly View Report Help
- - w* | Print + | Find « Indent || w3 i - Model Model = -
FILE NAVIGATE EDIT BREAKPOINTS RUN SIMULINK
ESave C@ \&| FMF |&] meh aFreeaca\e Cup Companion |#] AVC Lib
Detect Path and Emit Index +

1 function centerIdx = Centerldx(Linescan_Data)

2 % function ¢lenterldx = Centfrldx(Linescan Wgta)

3 % This fung/|ion finds the rrent position ANNthe track's

4 % center

5

6 g 7 = Input data. f|—-—————————"""""""""—
7 5 T| Return low 3 Function e file "Full | _ _ldel 0 View Camera.m"

8 5T value. will amera data and also the edges and center of

e & . | name. e . . . Do s

9 %t ing t rithm the wvehicle uses. If you modify the
10 % lines below, you must also modify the same lines in file
11 % "Full High School Model 0 View Camera.m".
12 %
13
14 - First Edge=single (1):
15|= Second Edge=single (128);
16
17 - Mean Value=3*mean (Linescan Data(40:80))/4;
18 %Find the First Edge
13)|= for i=64:-1:1
20 - if Linescan Data(i)<Mean Value;
21 - First Edge=single(i);:
22 - break;
23 end
24 end

The line function centerldx = Centerldx(Linescan_Data) defines the name of the function as
Center_Idx. The input to the function is contained in variable Linescan_Data. This is the camera data passed
to the block from the Line Scan Camera block. Thus, the input to this function is the 128 element array of
brightness values from the camera. The output of the block is the index representing where we think the center
of the track is. We will now look at the algorithm in parts.

Note that you will see many commands that look like single(1) or single(1). This means
that values are saved as single-precision real numbers on the microcontroller. This specifies the data type we
are using. For the moment you can just ignore the word “single” and can think of single(1) as 1 and
single(1) as |, or for that matter single(anything) as anything.

The first thing we do is initialize the first and second edges to the maximum and minimum possible indices. If
values are found for the two edges, these values will be changed.

First Edge=single(1);
Second_Edge=single(128);

Next, we calculate the threshold as 75% of the mean value of the Linescan camera data;

% Calculate the threshold as 75% of the mean value of the bright section of
% the track.
Threshold=0.75*mean(Linescan_Data(40:80));

Recall that the command 40:80 generates the values from 40 to 80 incremented by 1. That is, 40, 41, 42, 43,

..., 79, 80. Thus, Linescan_Data(40:80) is the middle portion of the linescan data and
mean(Linescan_Data(40:80)) finds the average value of the middle portion. Finally.
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0.75*mean(Linescan_Data(40:80)) takes 75% of the mean of the middle portion. We call this value the
Threshold because we will be looking for when the Linescan Camera data falls below this value.

Next, we will try to find the first edge. We will start in the middle and work backwards looking for
when the Linescan data falls below the threshold. Remember that the command 64 :-1:2 starts at 64 and

counts down by 1 until it reaches 2:

%Find the First Edge
for 1=64:-1:2
if Linescan_Data(i)<Threshold;
First_Edge=single(i);
break;
end
end

We are using a for loop:

for 1=64:-1:2
(Lines inside)
end
This command sets i to 64 and then evaluates the lines inside. Then it sets i to 63 and evaluates the lines
inside. Then it sets i to 62, and so on. i will continue counting down until § equals 2 or we hit the break

command, at which point the for loop stops.
Inside the For loop, we have the lines

if Linescan Data(i)<Threshold;
First _Edge=single(i);
break;

end

We check each value of the linescan data. Once we find a value less than the threshold, we save the index
and break the for loop. Thus, we look at the linescan camera data starting at the middle and we search
backwards looking for when the value is less than the threshold. When we find a value less than the threshold,
we save the index of that value as our first edge. Important note: If we do find an edge, the first edge will
be set to something other than 1. Thus, if the first edge is equal to one, we never actually found the
first edge.

The code for finding the second edge is similar to the first edge except that we start looking at
the middle of the data and search forward. When we find a value less than the threshold, we save the index of
that value as our second edge:

% Find the Second Edge
for 1=64:1:127
it Linescan_Data(i)<Threshold;
Second_Edge=single(i);
break;
end
end
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Important note: If we do find an edge, the second edge will be set to something other than 128. Thus, if
the first edge is equal to 128, we never actually found the second edge.

Finally, if we did find two edges, the center is calculated as the average of the two edges:

% If the edge indices are valid, then calculate the
% center as the average of the two edge indices.
if First Edge>1 && Second Edge<128
centerldx=(Second_Edge+First_Edge)/2;
else
centerldx=single(255);
end

Note that if the centerldx is set to 255 when we do not find two edges. This is the code we use to indicate
that our algorithm could not find the center of the track.

At the moment, do not modify this code. (In the future you may improve this algorithm,
but not now.) Build and download this model to your vehicle.

C. Plotting the Camera Data
We have created a script that you can use to view the camera data, the calculated edges, and the center
index. This script is located in file Full_High_School Model 0 _View_Camera.m. Open this file. If you

scroll down to lines 111 to 140, you will notice that the code in this m-file is the same as in our vehicle model:
110

111 - First Edge=single(1):

112 - Second Edge=single(128);

113

114 % Calculate the threshold as 75% of the mean wvalue of the bright section of
115 % the track.

116 - Threshold=0.75*mean (Linescan Data(40:80));
117

118 %Find the First Edge

119 - for i=64:-1:2

120 - if Linescan Data(i)<Threshcld;

121 - First Edge=single(i):

122 - break:;

123 - end

124 - end

125

126 % Find the Second Edge

127 - for i=64:1:127

128 - if Linescan Data(i)<Threshold:

129 - Second Edge=single (i):

130 - break:;

131 - end

132 - end

133

134 % If the edge indices are valid, then calculate the

135 % center as the average of the two edge indices.
136 - if First Edge>1l && Second Edge<l123

137 - centerIdx=(Second Edge+First Edge)/2;

138 - else

139 - centerIdx=single (255);

140 - end
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This is because we want this script to use the same algorithm as our vehicle, but we want to plot the
information so we can visualize the data and our algorithm. If you modify the center finding algorithm in your
vehicle model, then you should also make the same changes here so that the generated plot matches the
algorithm in your vehicle. Close the file as we will not make any changes.

We now want to view the camera data and see how our center finding algorithm works:

1) Build and download model Vehicle_Camera_Read_0 to your vehicle. (You should have already done
this in the previous section.)

2) Place your vehicle in a straight section of the track midway between the two edge lines.

3) Connect your vehicle to your laptop using the SDA port on the KL25Z and a USB port on your laptop.

4) Run the script file Full_High_School_Model_0_View_Camera.m.

Depending on lighting, you should see a plot similar to the one below:

& Figure 1: Linescan Camera Dt - COWTIGURe |

File Edi iew  Insert Tools Dedktop Window Help -

Jdde | k| AR N9EL- 3 08 D

10

b 4

Center Index = 66.

- b

Tide Index = 28,

1
0 20 40 60 80 100 120 140

Note that the plot displays where we calculate the two edges and the center index. If we move the vehicle
toward one side of the track, the plot and displayed indices will change:
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File Edit View [nsert Tools Deiktop Window Help
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Next, move the vehicle near the other side of the track:

File Edit View [nsert Tools Deiktop Window Help

Ndde N0 L- G 0E ad

x10°

X

Center Index = 80.

X

4 Side Index = 46.

ide Index = 114. -

0 20 40 60 80 100 120 140

In these screen captures, we display the side indices only to show us how well our algorithm is working. That
information is not used by our vehicle (at the present moment — maybe you will use this information). The
vehicle uses the center index. This value is compared to 64 and will determine if we turn the wheels right or
left, and by how much (in the next lesson).
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Note that the data you display and the accuracy of the algorithm will depend on the lighting, camera angle, and
shape of the track. In the next section, we will observe the camera data and algorithm for various conditions
and decide if we need to modify our algorithm.

D.

Characterizing the Linescan Camera Data

Now that we have the tools to observe what the linescan camera is seeing, we would like to make a lot
of measurements so that we become familiar with what the camera sees and how it changes under various
conditions. Our goals in the endeavor are many:

No ok wNpRE

Obtain a basic understanding of what the camera sees.

How do the plots and indices change under different lighting conditions?

How is a curve different than a straight section?

How does the plot change with camera angle?

How does the plot change with camera height?

How does the plot change with camera focus?

In a straight section, how does the plot change if we are closer to one side of the track than the
other.

In a curved section, how does the plot change if we are closer to one side of the track than the
other.

After we choose a camera angle, height, and focus, is there a way to detect that we have set these
correct in the future? (The camera can move with use and handling. We will always need to readjust

it.)

We will now define the camera height and angle. The picture below defines the camera angle:

Camera angle.

You should be able to measure or calculate this camera angle. The height of the camera is defined below.
Note that the height is the distance from the top of the lower mount to the pivot screw in the camera mount:
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Camera height.

The camera focus can be adjusted by rotating the camera lens clockwise or counter-clockwise:

This lens can be rotated to
adjust the focus.

1. Effect of Camera Focus
We will now see how the camera focus affects the various image properties. Place the car in the center of a
straight portion of the track. Rotate the focusing ring clockwise as much as you can without being too forceful.
Measure the indices and note anything important about the plot. Then rotate the focusing ring two full turns
counter-clockwise (CCW) and repeat the measurements. Repeat again for four and six full turns counter
clockwise. While collecting this data, you might want to take screen captures of the images for future
reference. If you do, note the name of the file where you save the screen capture. In Windows 7, you can make
screen captures using a program called the Snipping Tool. In the last row of the table, note which focus setting
you think is best. For these measurements, set the camera height to 22 centimeters and the camera angle to
45 degrees.
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Title: Camera Focus
Constant Properties
Camera Height 22 | Camera Angle 45 Straight Track Centered Vehicle
cm Degrees

Measured Properties
Focus (Turns CCW) | Sjde Index 1 Center Index Side Index 2 Screen Capture #
Max - Clockwise
2

4

6

Which Is Best?

Repeat the above measurements for a curved section of track. Place the vehicle at the beginning of the curved
section of track where the vehicle would first enter the curve. Make sure that the vehicle is centered between
the edge lines. Fill in the following table:

Title: Camera Focus

Constant Properties
Camera Height 22 | Camera Angle 45 Curved Track Centered Vehicle
cm Degrees

Measured Properties
Focus (Turns CCW) | Sjde Index 1 Center Index Side Index 2 Screen Capture #
Max - Clockwise
2

4

6

Which Is Best?

From these two measurements, determine what you think is the best focus setting. Use this setting for the
remainder of the measurements. Note that you can add more measurements if you do not think these two
tables are sufficient to determine what the best focus is.

2. Camera Angle
With the focus set to what you have determined as the best focus, we now wish to see the effect of camera
angle. We will keep the camera height at 22 cm. Due do the camera wires, the minimum camera angle is about
45 degrees. Do not try an angle less than 45 degrees or you may damage the camera. Perform this
measurement on both straight and curved sections of track:
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Title: Camera Angle

Constant Properties

Camera Height 22
cm

Camera Focus —
User Determined
Best

Straight Track

Centered Vehicle

Camera Angle
(Degrees)

Measured

Properties

Side Index 1

Center Index

Side Index 2

Screen Capture #

45

50

55

60

65

Which Is Best?

Title: Camera Angle

Constant Properties

Camera Height 22
cm

Camera Focus —
User Determined
Best

Curved Track

Centered Vehicle

Camera Angle
(Degrees)

Measured

Properties

Side Index 1

Center Index

Side Index 2

Screen Capture #

45

50

55

60

65

Which Is Best?

From these two measurements, determine what you think is the best camera angle. Use this setting for the
remainder of the measurements. Note that you can add more measurements if you do not think these two
tables are sufficient to determine the best camera angle.

3. Camera Height
With the focus and camera angle set to what you have determined as the best of each, we now wish to see the
effect of camera height. Perform this measurement on both straight and curved sections of track:

Title: Camera Height
Constant Properties

Camera Height —
User Determined
Best

Camera Focus —
User Determined
Best

Straight Track

Centered Vehicle

Camera Height
(cm)

Measured

Properties

Side Index 1

Center Index

Side Index 2

Screen Capture #

22

19

16

13

10

Which Is Best?
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Title: Camera Height

Constant Properties

Camera Height —
User Determined
Best

Camera Focus —
User Determined
Best

Curved Track

Centered Vehicle

Camera Height
(cm)

Measured

Properties

Side Index 1

Center Index

Side Index 2

Screen Capture #

22

19

16

13

10

Which Is Best?

4

It turns out that camera heigh

The Best of All Settings
t, angle, and focus are not all mutually exclusive. Changing one does affect the

others. However, after making these measurements we have a better sense of how the individual settings
affect the camera vision and our center finding algorithm. At the moment, set the angle, height, and focus to
what you determine as the best. Note that these values will change in the future based on vehicle speed and
how you want to anticipate curves. Thus, the settings we choose are only the initial settings. However, we have
learned how to make measurements to get a qualitative feel of how the vision system works.

5.

Index versus Vehicle Position
As a last exercise, we want to measure how the indices change based on the position of the vehicle in the
track. We will use a straight track. Start with the left two wheels of the vehicle on the left black line:

Measure the indices. Then move the vehicle over one inch:
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LGPy

Measure the indices. Fill in the table below:
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Title: Indices versus Vehicle Position
Constant Properties
Camera Height — Camera Focus — Camera Angle — Straight Track
User Determined User Determined User Determined
Best Best Best
Distance from Measured Properties
Left Black Line Side Index 1 Center Index Side Index 2

(in)

OO (N[OOI~ |WINF|IO

Next, we wish to plot this data. For example, suppose the data looked as shown (abridged):

Distance from Measured Properties
Left Black Line Side Index 1 Center Index Side Index 2
(in)

0 46 81 117

1 44 81 119

2 46 80 114

3 42 77 113

4 37 73 110

To plot this data, we would use the following MATLAB commands:

%Steering angle versus vehicle position script
Position = [0, 1, 2, 3, 4];
Side_Index_1 = [46, 44, 46, 42, 37];
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Center_Index
Side_Index_2
plot(Position, Side_Index_1,
Side_Index_2, "b");

grid on

title("Indices versus Vehicle Position®);

xlabel ("Position from Left Black Line (in)");
ylabel (" Index™);

legend("Side Index 17, "Center Index", "Side Index 2%);

[81, 81, 80, 77, 73];
[117, 119, 114, 113, 110];
r

For the data given, this script generates the plot below:

Indices versus Vehicle Position
ooy el el Tontet

Insdex

15 2 28
Position from Left Black Line (in}

, Position, Center_Index, "g-",Position,

This script is saved as file Steering_Angle_Versus_Vehicle_Position.m in the high school vehicle model

directory, if you wish to use it. A slightly different way to view the data is the script below:

%Steering angle versus vehicle position script
Position = [0, 1, 2, 3, 4];

Side_Index_1 [46, 44, 46, 42, 37];
Center_Index [81, 81, 80, 77, 73];
Side_Index_2 [117, 119, 114, 113, 110];

%

subplot(3,1,1)

plot(Position, Side_Index 1);

grid on

xlabel ("Position from Left Black Line (in)");
ylabel("Side Index 1%);

subplot(3,1,2)

plot( Position, Center_Index);

grid on

xlabel ("Position from Left Black Line (in)");
ylabel ("Center Index®);

subplot(3,1,3)

plot(Position, Side_Index 2);

grid on

xlabel ("Position from Left Black Line (in)*");
ylabel("Side Index 2%);

This script generates the plot below:
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This script is saved as file Steering_Angle_Versus_Vehicle_Position2.m in the vehicle model directory, if you
wish to use it.
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Now that we have a signal from the Linescan Camera that determines where it thinks the center of the track is,
we can create a system that adjusts the steering to automatically center the vehicle. Here, we will learn how to
turn the wheels to center the vehicle based on the index determined by center finding algorithm.

A. Turning the Wheels Automatically
In '.esson XII we learned that block Detect Path and Emit Index analyzes the data from the Linescan camera
and emits an index between 1 and 128. This index, which we will now refer to as the Vehicle Index represents
where the vehicle thinks the center of the track is relative to where the vehicle is on the track. We will define
the center o1 the track as the index 64. The difference between 64 and the Vehicle Index is the Error Signal.
We can calculaw2 this error using the model below. (Do not build this model from scratch. Start with model
“Vehicle_Camera_Read_ 0.sIx” which is located in directory “Lesson 12 Files.” Modify this model as
shown below. Do not start from scratch.)

This block assumes that you are Sum block
In1 et using the wide angle lens :
and the edge-line track.

Transmit Camera Data On UARTO
Once a Second Steering Servo

FRDM-TFC Index between 1 and 128 FRDM-TFC

-
L o } . P Linescan_D. ‘ centerldx - "/‘—\ - > @
s Vehicle Index st Error Signal
— Cen =rldx
Exposul
time Line Scan Camera 64 Servo Write

Center Index

it In.'=
Detect Path and Emit In."=x Constant3

Set this number between 1 and 9. Do
this for all future models.

We need to change the sum *  block to a subtraction block ; . If y~u double-click on the Sum block,
you will see the following:

\"& Function Block Parameters: Sum %
i Sum

Add or subtract inputs. Specify one of the following:

@) string containing + or - for @ach input part, | for spacer between
ports (e.g. ++]-|++)

b) scalar, >= 1, specifies the number of input ports to be summed.

‘When there is only one input port, add or subtract elements over all
dimensions or one specified dimension

Maln | Signal Attributes 1
Icon shape: |round
List of signs:

4+

In the sum block,
this is |++

9 ] [ 0K - Cancel Help

When you place the Sum block, the default List of signs is |[++. The | means no sign at the top of the circle.
The ++ means that the left input is a + and the bottom input is a +. To change the block function to subtraction,
change the List of signs to |+-:
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\"& Function Block Parameters: Sum b-t"&-i
Sum

Add or subtract inputs. Specify one of the following:

@) string containing + or - for @ach input part, | for spacer between
ports (e.g. ++]-|++)

b) scalar, >= 1, specifies the number of input ports to be summed.

When there is only one input port, add or subtract elements over all
dimensions or one specified dimension

Maln | Signal Attributes |
Icon shape: |round X
List of signs:

Changed to |+-

J ;‘ OK i Cancel Help

The block should now show the bottom input being subtracted from the left input:

This block assumes that you are
In1 |« using the wide angle lens This block now

and the edge-line track. subtracts
Transmit Camera Data On UARTO
Once a Second Steering Servo
_ TRDM-TFC Index between 1 and 128 FROM-TFC
(® i
0 » I‘-"J P Linescan_Data ‘ centerldx Vehicle Index Error Signal > @
— Centerdx

Expo
time ine Scan Camera Servo Write
Detect Path and Emit Ind cemerinaex
etect Path and Emit Index ComBnta

Set this number between 1 and 9. Do
this for all future models.

Note that the Error Signal above goes directly to the Steering Servo motor and controls vehicle steering. We
have defined the center of the track as index 64. If the Vehicle Index is 64, then the Error Signal is zero. A zero
signal to the servo motor causes the steering to go straight. Thus if the vehicle index is 64, the vehicle drives
straight. If the Vehicle Index is greater than 64, the Error Signal is positive and the steering will turn the wheels,
which way, we do not know. If the Vehicle Index is less than 64, the Error Signal is negative and the steering
will turn the wheels the other way. This is the basic operation of the vehicle steering.

We have to answer two questions for good steering.

1) The steering should turn the vehicle such that it keeps the vehicle in the center of the track. Do the
wheels turn the correct way to do this? A positive signal to the servo motors turns the wheels one way,
and a negative signal turns the wheels the other way. The question is, do they turn the wheels the
correct way to center the vehicle.

2) Assuming that the steering turns the vehicle in the correct direction, do the wheels turn the vehicle
enough?

We will answer the first question now. The complete model is shown below:
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[1x128] This block assumes that you are
Int f——— using the wide angle lens
and the edge-line track.

Transmit Camera Data On UARTO
Once a Second Steering Servo

FROM-TFC Index between 1 and 128
’-l uint 16 [1x128) D1 single D1 -, double D1 FROM-TFC

L \ 6" P Linescan_Data ‘ centeridx " | #@ c »> w double D1
' in [1x128] fehicle Index rror Signal
J — ' ! Centerldx ! X N bl @

Product

Line Scan Camera

- Servo Write
Detect Path and Emit Index

Flash LED D3 to indicate board is alive! [ FRDM-TFC . ' e '_,

) .
FRDM-TFC E"‘i E i I e ;-:|
Shield LED D3 \ — | - :
Pulse KL25Z o Motor A o \

Generator Shield LED D3 Right Motor

FROM-TFC Dip Switch 4

> ; enables steering.

Motor B
Left Motor

We notice two changes to the model. First, the drive motors are set to zero. We do not want the vehicle to
move under its own power until we have the steering working well. Second, we are using the Dip Switch block
to enable the steering. When Dip Switch 4 is zero, the signal to the servo motor is zero and the wheels will
point straight. When we transport the vehicle and do not want the steering to bounce all over the place, we set
Dip Switch 4 to zero. When Dip Switch 4 is a 1, the signal to the Servo Motor is equal to the Error Signal, and
the Error Signal will control the steering. Thus, Dip Switch 4 is used to enable the steering. B

We can now test the steering. Build and download this model. Place the vehicle on a straight
portion of the track, turn on the battery power. Adjust your camera to the best position as determined in Lesson
XIl. Verify the following operations.

Demo XIllI-1: With the Dip Switch 4 set to zero, verify that the front wheels do not move as the vehicle is moved
from one side of the track to the other. The steering wheels should always point straight.

Demo XIllII-2: With the Dip Switch 4 set to one, verify that the front wheels turn as the vehicle is moved from
one side of the track to the other.

Demo XIII-3: With the Dip Switch 4 set to one, verify that the front wheels turn slightly to the right when the
vehicle is close to the left edge of the track. Notice that the wheels turn away from the edge to which they are
closest.

Wheels turned away from
the edge.

Copyright 2016. This document may not be reproduced without the express written consent of Marc E. Herniter or Rose-Hulman Institute of Technology.



168 Autonomous Vheicle Control, Modeling, and Design

Demo XIlI-4: With the Dip Switch 4 set to one, verify that the front wheels turn slightly to the left when the
vehicle is close to the right edge of the track. Notice that the wheels turn away from the edge to which they are
closest.

Wheels turned away from
the edge.

Disable the vehicle steering by setting Dip Switch 4 to zero.

If your wheels turn the correct way, go on to the next section. If your wheels turn the wrong way,
we need to add the Gain block shown below to correct the steering:

This block assumes that you are
using the wide angle lens
and the edge-line track.

Only add this block if the
wheels turn the wrong way.

Steering Servo
Index between 1 and 128
single D1 double D1 double D1 FRDM-TFC
—P Linescan_Data.‘ centerldx o - double D1
[1x128] Vehicle Index Error Signal X >
Centerdx » gl
Gain
Product
- Servo Write
Detect Path and Emit Index -
Constant3 N

If you added the Gain block above, repeat Demo XllI-1 through Demo XllI-4 above to verify the steering.

B. Fixed Gain Steering Amplifier
In the previous section, we were able to make the front wheels turn in the correct direction to move the vehicle
toward the center of the track. What you probably noticed is that the wheels do turn, but not enough. We can
fix this by adding gain to the system to make the Error Signal larger. This is shown below:

This block assumes that you are
using the wide angle lens
and the edge-line track.

Gain block added.

Steering Servo

Index between 1and 128
D1 ~ D1 J D1 FRDM-TFC
Linescan_Data.‘ centerldx Vende g >+ = S I 712/ S g S ‘ P X D1
‘ehicle Index - rror Signal eering Signa
Centerldx ? S @
Gain
[ Inf Product
64 |
S Servo Write
Detect Path and Emit Index Center Index

Copyright 2016. This document may not be reproduced without the express written consent of Marc E. Herniter or Rose-Hulman Institute of Technology.



Lesson XllI: Autonomous Steering 169

We see that we multiply the Error Signal by 2. Thus the signal passed to the Servo motor is now twice what is
was before. This means for the same error, the front wheels turn twice as much. (Note that if your wheels
turned the wrong way in the previous section, this gain should be -2.) The rest of the model is the same:

This block assumes that you are
In1 et using the wide angle lens
and the edge-line track.

Transmil Camera Data On UARTO

Once a Second Steering Servo
FROMTFC| Index between 1and 128 FRONTEE
I,'g'-, m ) o1 e m _J\\"‘-. m X M-Tre
> \@ ) > Lmu>r.<m__'4'.a‘ centerds T s e ,[.‘?/ S re— oo
- o ndiex ror Signal S NG 0N
— Centerds N T/ 5 > @
ain ! -
Ling Scan Cameara Product
P Seno Wit
.t Detect Path and Emit Index evo e
-
Flas h LED D3 to indicate board is alive! FROM-TFC | . J )
FROM-TFG HH E H o [ » =
ﬂ_ﬂ > Shield LED D3 [ tex bie
Pulse K252 Motor A

Genarator Shield LED D3 Right Motor

FRDM-TFC

Molor B

Left Molor

Repeat the previous testing we did on a straight track with the updated model. The testing is repeated below.

Build and download this updated model. Place the vehicle on a straight portion of the track,
turn on the battery power. Adjust your camera to the best position as determined in Lesson XII. Verify the
following operations.

Demo XIII-5: With the Dip Switch 4 set to zero, verify that the front wheels do not move as the vehicle is moved
from one side of the track to the other. The steering wheels should always point straight.

Demo XIlII-6: With the Dip Switch 4 set to one, verify that the front wheels turn as the vehicle is moved from
one side of the track to the other. Note that they move more than in the previous set of tests.

Demo XIllII-7: With the Dip Switch 4 set to one, verify that the front wheels turn to the right when the vehicle is
close to the left edge of the track. Notice that the wheels turn away from the edge to which they are closest,
and they turn a lot more than in the previous set of tests.

Wheels turned away from
the edge. They are turned
much more than in the
previous set of tests.

Demo XI11-8: With the Dip Switch 4 set to one, verify that the front wheels turn to the left when the vehicle is
close to the right edge of the track. Notice that the wheels turn away from the edge to which they are closest.
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Wheels turned away from
the edge. They are turned
much more than in the
previous set of tests.

Disable the vehicle steering by setting Dip Switch 4 to zero.

Repeat the same set of tests with the steering gain set to 4:

This block assumes that you are
using the wide angle lens
and the edge-line track.

Steering gain set to 4.

Steering Servo
[I)r11dex between 1and /1}2{ o1 J m/ S TTTET
——p Linescan_Data centerldx >+ > 4 P D1
- “ Vehicle Index "N=/ Eor Signal ‘ Steering Signal "l ox »
Centerldx P
Gain
Inf Product
L —— Sewvo Write
Detect Path and Emit Index Center Index
Constant3 1

For straight sections, this gain may seem a little high. However, we may need this high gain for high vehicle
speeds and sharp turns. Repeat the previous testing for the steering gain of 4.

C. Adjustable Gain Steering Amplifier

As we have seen from the previous section, the steering gain determines how sharply the front wheels
turn for a given error. The error being how far away we are from the center of the track. Although you may
think that you have a good idea of how to set the gain, it turns out that we will need to change it frequently
because the steering performance of the vehicle will depend on vehicle speed, camera height, camera angle,
and steering gain. We studied the effect of each of these parameters individually and with a stationary vehicle.
We may choose to change these parameters once the vehicle starts moving. It turns out that the steering
performance will be based on vehicle speed and our choices of camera angle, camera height, and steering
gain. This is why we studied these parameters individually. It is much easier to study each parameter
separately and see its effect. Once the vehicle starts moving, all of these parameters may need to be
adjusted. Our previous experience gives us a small idea of how to adjust them.

Because the steering gain has such a large effect on the steering performance, we would like to be able
to easily change it. Instead of changing the value of the gain block and then rebuilding the model, we will use
potentiometer B to change the gain. The set of blocks below output a signal from 0 to 4 as Potentiometer B is
rotated clockwise:
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FRDM-TFC

Potentiometer

B

Constant2

Oto 4

Steering Gain

We studied a similar set of blocks in Section 111.B on page 41. We will use this set of blocks instead of the fixed gain
block of the previous section. This signal is multiplied by the error signal using a Product block:

This block assumes that you are
using the wide angle lens
and the edge-line track.

—»

Linescan_Data ‘

This is now a product block. It used to be a

gain block with a fixed value.

Index between 1 and 128

centerldx
Centerldx

Detect Path and Emit Index

FRDM-TFC

-t

Motor A

Vehicle Index

64

Center Index

Constant3

FRDM-TFC

Patentiometer

B

|+
=/ Error Signal

Gain1

Constant2

\/ Steering Servo
» FRDM-TFC
X »
Steering Signa ® L @
Product1 g
Product
Servo Write

Oto4

Steering Gain

The complete model is shown below. (The remainder of the model is unchanged.)

Int g

Transmit Camera Data On LARTO

Exposure
me

Once a Second

This block assumes that you are

using the wide angle lens
and the edge-line track.

FROM-TFC
-
@) pllmescan Data o centerts
=3 Centerdx

Line Scan Camera

Fash LED D3 to indicate board is aliva!

Pulse
Generalor

Shield LED D3
R KLZ5Z

Shield LED D3

-]

Constant

Constant1

Index between 1 and 128

Steering Servo

Detect Path and Emit Index

FROM-TFC

Motar A
Right Motor

FROM-TFC

N

Moloe B
Left Motor

o ) -
Vehicle Index '\“J Error Sugnal FROM-TFC
Steerng Sxgral @
Product1
Froduct
Center Index —

Consgantl
FROM-TFC Oto 4
© O e
Gain Gain1
Polentiometer
B
Constant?
FROM-TFC
_ Terminator 1
a.)n H H Terminator2
Steenng Enable
Dip Switch "

We now need to test our changes. Build and download this updated model. Place the vehicle on
a straight portion of the track, turn on the battery power. Adjust your camera to the best position as
determined in Lesson XII. Verify the following operations.
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Demo XIII-9: With the Dip Switch 4 set to zero, verify that the front wheels do not move as the vehicle is moved
from one side of the track to the other. The steering wheels should always point straight.

Demo XIII-10: With the Dip Switch 4 set to one and potentiometer B turned all the way counter clockwise,
verify that the front wheels do not turn as the vehicle is moved from one side of the track to the other.

Demo XIII-11: With the Dip Switch 4 set to one and potentiometer B turned 25% clockwise, verify that the front
wheels turn as the vehicle is moved from one side of the track to the other.

Demo XIII-12: With the Dip Switch 4 set to one and potentiometer B turned 50% clockwise, verify that the front
wheels turn as the vehicle is moved from one side of the track to the other. Note that they move more than in
the previous test.

Demo XIllII-13: With the Dip Switch 4 set to one and potentiometer B turned fully clockwise, verify that the front
wheels turn as the vehicle is moved from one side of the track to the other. Note that they move more than in
the previous test.

D. Subsystems
The model we have built is starting to get rather large and complex. To make the system more readable, we
can group blocks that implement a specific function into a subsystem. This will make the system easier to
understand and also group blocks together that perform a specific function. To illustrate this, we will place all of
the blocks used for steering into a subsystem. First, move the blocks around so that we have a little more
space around the bocks used for the steering. This is done to make it easier to select the steering blocks:

Click and hold the left
This block assumes that you are
It fat ! using the wide angle lens mouse button hel’e.

and the edge-line track.

Transmit Camera Data On UARTO
Once a Second Index between 1 and 128 _
FROMTFC Steering Servo
-t D1 o o
> @) +—plLinescan Data ff  certerids ...C_) o1 FROM-TFC
= . Vehcle ndex = Error Sgral ® o1
Centerdx 3 " Steerng Saral . @
Line Scan Camera | Productt Froa=s

Dietect Path and Emit Index Servo Wiite

FROM-TFC | Otod
Aash LED D3 to indicate board Is alive!
FRDM-TFC ’ y ol

[an o1 >l

H Shiekd LED D3

- R 8

Puse KL2SZ Motor A

Generalor Shueld LED D3 Right Mator
[ FRDM-TFC
+
" = [ |
»>

Mator B

il Molor FROM-TFG =5 Q

: o

Next, click and hold the left mouse button as shown above. As you move the mouse, a highlighting rectangle
will appear. Drag the rectangle so that it highlights all of the blocks in our steering system as shown:
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File Edit View Display Diagram Simulation Anatysis Code Tools Help
| — 1l
- E @-2-0

Vehicle_Camera_Steeningd_0

173

g~ Bemal ORI

.l This block assumes that you are
using the wide angle lens

a and the edge-line track.
(4]
= Index between 1 and 128
= Steering Servo
oo S Lo i o - FROM-TFC
= Lnexan Do b ¢ Vericle inder e S0 B =
Canteddx —» Seenng Sgns | x ) #
B e | Produet 1 T ¥
| | Product
Detect Path and Emil Index 3 Servo Wrie
"
FROM-TFC =
' N
L2, Molor A
Right Maotor
FROM-TFC
L
Muotor B
Left Motor
-
[-E}
» |y i »
Ready 129% FixedStepDiscrete
When you release the mouse button, the highlighted blocks will be selected:
This block assumes that you are
using the wide angle lens
and the edge-line track.
Indexbetween 1 and 128 i
Steering Servo
D1 D1
W Linescan_Data ‘ centerldx C\ » D1 FRDM-TFC
Vehicle Index N=S Error Signal X » D1
Centerldx o T > Steering Signal S @
64 " Product1 o
Center Index Product
Detect Path and Emit Index Constant3 Servo Write
r =
FRDM-TFC 0 to d
D2
| **
FRDM-TEC Steering Gain
Inf * Gain Gain1
Y > Patentiometer
Constant B
Motor A uanstant2

Type CTRL-G to group the selected blocks into a subsystem:

Blocks selected.
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This block assumes that you are
using the wide angle lens
and the edge-line track.

Indexbetween 1 and 128
Steering Servo

—» L\nescan_Data* centerldx Vehide Ind FRDM-TFC
Centerldx ehicke Incex ™ D1 @
Product
Detect Path and Emit Index Servo Write
In1 Out1
. +ﬁz’|_ﬂ:c Subsystem
0 »
Constant
Motor A
Right Motor
FRDM-TFC
’ ‘nf +:=
0 >
Constant1
D2 Terminator
Molor B FRDMTFC
Left Motor - D2 Terminator1
fEfE
T ;7 ¢ D2 Terminator2

- Steering Enable
Dip Switch

Rename the subsystem as Steering, resize the block, and then rearrange your block diagram to look nice:

Double-click here to see
the blocks inside.

This block assumes that you are
using the wide angle lens O\
and the edge-line track.

In1 f———

Transmit Camera Data On UARTD

Once a Second Steering Servo
ERDM-TEG Index between 1 and 128
- o1 FROM-TFC
(@ ) s pflnescan_Data ok centertdx int outt o1
=~ cantoridx Veticle Index X ﬁ
Line Scan Camera Steering Product
S Writ
Detect Path and Emt Index eno e
Fash LED D3 to indicate board is alive!
FROM-TFC ,@
o 0 ‘ » Terminator  —w{—]
I | Shield LED D3 L FROM-TFC | )
Constant — e arminatort I p—
Constant =
Pulse - KL25Z Motor 4 g H u E Terminator2
Generator Shield LED D3 Right Motor 2
| __FROWTFC Dip Switch
" :
Motor B
Left Motor

Double-click on the Steering subsystem to see the blocks inside. It should look very familiar:
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D1 D1
D D trors > x| (D
\E/ Error Signal X (1

In1 > Steering Signal
nf QOut1
64 Product1
Center Index
Constant3
FRDM-TFC 0to 4
D2 (>~ D2 e D2 |™~.__ D2
@ > ) =
. Steering Gain
Gain Gain1

Potentiometer Inf
1
B

Constant2

Notice that we have an In1 port and an Outl port. We can rename these to be more meaningful. Rename the
In1 port to Vehicle Index and rename the Outl port to Steering Angle:

D1 D1
1) +_ - > D1
’Q Error Signal > X

Vehicle Index Steering Signal

Inf i
64 " Product1 Steering Angle
Center Index

Constant3
FRDM-TFC Oto 4
D2 D2 - D2 D2
© O
+ Steering Gain
Gain Gain1
Potentiometer Inf
1
B

Constant?2

Click on the up arrow @ as shown below to see the top level model:

‘ehicle.
File Edit View Display Diagram Simulation Analysis Code Tools Help
B-oB<e 2 EO-E-0 0 9w B -] @~ -
Steering \
@
cY .
Click here.
& D1 D1
= 1) + : )
&= ) —< Error Signal
- Vehicle Index —
Inf
64
Center Index
Constant3

l ERNM-TFEC |
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The top level model is now much cleaner. You can change the size of the Steering subsystem so that the port
labels can be easily seen:

In1 fet ) This block assumes that you are
using the wide angle lens
and the edge-line track.

Transmit Camera Data On UARTO
Once a Second Steering Servo
ERDM-TEC Index between 1 and 128

-

(@) o ‘ FRDM-TFC
> l-_ ; * ¥ Linescan_Data centerldx | Viehick: Index Stearing Anghe o
= Centenax Viehicke Index o % @
J Line Scan Camera Steering Product

Sernvo Write

Detect Path and Emit Index

FAash LED D3 to indicate board is alive!
FROM-TFC =

N
'| m >l :_ Terminator 3]
J 1l R Shieki LED D3 FROM-TFC |- P
_ — erminato N
.=.J|5é‘ ) — KL25Z Motor A H i H E : Terminator2
Generatol Shiekd LED D3 Right Motor —

FROM-TFC Din Switch

Motor B
Left Motor

Build and download this model to your vehicle. Preform the same testing as you did in the previous section to
verify that the model still works.

E. Push Testing of the Vehicle
We now have a vehicle where we can adjust the steering gain, but the vehicle does not move. This is ideal for
testing the basic operation of the steering. If the steering fails, the vehicle will not speed away out of control.
What we will do is place the vehicle on the oval track, enable the steering, adjust the steering gain, and push
the vehicle around the track. If the vehicle cannot steer as we push it, it will not steer when the vehicle motors
are enable. If the vehicle steers as we push it, we have confidence that the vehicle will steer when we use the
drive motors. Layout the oval track. Place your car on the track, turn on the power, enable the steering,
increase the steering gain and push the vehicle around the track.

Demo XIlI-14: Verify that the vehicle can navigate around the track clockwise as you push it. When adjusted
properly, the vehicle should steer by itself and you should not have to manually reposition the vehicle in order
for it to stay on the track. All you should need to do is push the vehicle. You will need to adjust the steering
gain in order for the vehicle to steer properly and stay on the track. You may also find that you need to change
the camera angle and camera height to make the steering perform properly.

Demo XIII-15: Verify that the vehicle can navigate around the track counter clockwise as you push it. When
adjusted properly, the vehicle should steer by itself and you should not have to manually reposition the vehicle
in order for it to stay on the track. All you should need to do is push the vehicle. You will need to adjust the
steering gain in order for the vehicle to steer properly and stay on the track. You may also find that you need to
change the camera angle and camera height to make the steering perform properly.

Demo XIlI-16: The track is 24 inches wide. Determine values for the steering gain, camera height, and camera
angle such that as you push the vehicle around the track, the vehicle never comes closer than 6 inches to
either edge of the oval track.
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Now that we have worked out basic steering and our vehicle can navigate the track when
pushed, it's time to take the leap and let the vehicle move under its own power. This will be a larger step that
you may think. We will find that the vehicle speed, camera angle, steering gain, and lighting will play a role in
how well your vehicle navigates the track. You might even find that your presence near the vehicle makes a
difference! (This is because if you stay too close to the track, your shadow might affect the lighting and cause
the camera to behave differently.) This complexity means that we need to come up with a systematic way of
testing our vehicle to determine the effect of all of these control parameters (speed, steering gain, camera
angle, etc...)

A. Constant Speed Motoring and Motor Enable
In order to make the speed of the vehicle a known parameter, we will set the motor control signal to a constant.
To change the speed, you will need to change the constant and then rebuild the vehicle. With this constant
speed, we can perform a number of tests to see the effects of various parameters such as the steering gain
and camera angle. As we did with the steering, we will use one of the Dip switches to enable the motors. Both
motors will receive the same motor signal. We will start with the model shown on page 176, which is repeated
below:

In1 This block assumes that you are
using the wide angle lens
and the edge-line track.

Transmit Camera Data On UARTO

Once a Second Steering Servo
FRDM-TFC Index between 1 and 128
o FRDM-TFC
I]—» (@) +—] Linescan_Data 4 el [ P Veticle Index Steerng Angle N
= Canterds ‘ehicle Index ) 4 @
Exposure Product
time Line Scan Camera Steering
Servo Write

Detect Path and Emit Index

Flash LED D3 to indicate board is alive!

FROM-TFC l,.
B—’ | _B
Shield LED D3 -: FRDM-TFC | Termiratert
Constant o 9”’“"“[
Puse KL2se Motor A E H u i Terminator2
Generator Shield LED D3 — -

Right Motor
FRDM-TFC Dip Swiich

| :
Metor B
Left Mator

Steering Enable

Constant1

Modify the motor section of the model as shown:
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Int This block assumes that you are

Transmit Camera Data On UARTO

Once a Second

using the wide angle lens
and the edge-ine track.

Indexbetween 1and 128

Steering Servo

FRDM-TFC
- FROM-TFC
I @) i Linescan Data 4 centerldx ) Vehick Index Steering Angle
[ Canterlds Vehicle Index 'Y ﬁ
Exposure - - -
time: Line Scan Camera Steering Product
- Servo Write
Detect Path and Emit Index
=
- R
Flash LED D3 to indicate board is alive! EROMTFC Temmalor Terminatart
FLE
. L Motor Enable
N Shield LED D3 |
Pulse KL 257 Dip Switch Sleering Enable
Generator Shield LED D3
FROM-TFC
y’ 1
;
Constant -
[ Productl
Maotar &
Right Mator
FROM-TFC
1
>
Mator B
Left Mator
Zooming in on the motor section that we modified, we have:

FRDM-TFC Terminator Terminator1
-1 —
—— —‘ Motor Enable :i Dip Switch 3 enables the motor.
Dip Switch Steering Enable
FRDM-TFC
0.2 P> . +
> P
Constant -
Product1
Motor A
Q Right Motor
FRDM-TFC
.
—>
Motor B
Left Motor

Dip Switch 3 is used to enable the motors in a similar manner to what we used to enable the servo motor.
When Dip Switch 3 is a zero, the signal to the motors is zero. When Dip Switch 3 is a 1, the signal to the
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motors is equal to the value of the constant, in this case 0.2. Note that the motors require a signal of -1 to +1.
Thus a constant signal of 0.2 represents using the motors at 20% full power in the forward direction.

The above wiring is a bit messy with the enable signals running all over the place. To fix this, we
can use blocks called Goto and From tags. These blocks are located in the Simulink / Signal Routing library.
The block diagram below is equivalent to the one we made earlier, just a bit cleaner. Note that Goto and From
blocks with the same label are connected together:

This block assumes that you are
using the wide angle lens
and the edgedine frack.

Steering Servo
Index between 1 and 128
FRDM-TFC
P Linescan_Data -‘ centerldx Vehicle Index P Vehicle Index Steering Angle > N
Centerldx
Product
Steering -
Servo Write

[Steering_Enable]

Detect Path and Emit Index

FROM-TFC J:r&tor

_ erminator1
T

ER Motor Enable Goto

—‘ Steering Enable
Dip Switch ¢ p<__ [Steering_Enable]
ip Switcl

Goto1

From

FRDM-TFC

o X

Constant

Product1
[Motor_Enable] Mator A

From1 Right Motor
FRDM-TFC

I;
Motor B
Left Motor

h 4

Note that the labels for the Goto and From blocks are referred to as tags. Tags cannot have spaces. Thus, we
use underscores in the tag names, “Steering_Enable” and “Motor_Enable”

Now that we have the tags, we can rearrange the model so it looks a little more organized:
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In1 This block assumes that you are
using the wide angle lens
and the edge-line track.

Transmit Camera Data On UARTO

Once a Second Steering Servo
FRDM-TFC Index between 1 and 128

o FRDM-TFC
\I|—b QQ) #| Linescan_Data ‘ centerldx P Vehicle Index Steering Angle

ey - Vehicle Index

= Centerldx @
Exposure

time Line Scan Camera Steering
Servo Write

Detect Path and Emt Index

FRDM-TFC
+

Flash LED D3 to indicate board is alive!

Shield LED D3
R KL257

Puise .
Generator Shield LED D3 b

Motor A
Right Motor
FRDM-TFC

Motor B
Left Motor

FRDM-TFC

!

Terminator

il
Terminator1
[Motor_Enable]
1114

Goto

!

[Steering_Enable]

Gotot

Dip Switch

You do not need to use the Goto and From blocks, but for complex models, it does tend to make them more
readable.

We will now use the following procedure to build the model. In the next section, we will change
the constant for motor speed. Every time you change this constant and need to rebuild the model, follow this
procedure.

1) Set the Steering Enable Dip Switch to O.

2) Set the Motor Enable Dip Switch to 0.

3) Turn off battery power using the pushbutton power switch.

4) Build the model.
You must turn off battery power when you build a model. There is a bug in the TFC shield that powers
the motors full on while you program the KL25Z. Thus, if you do not turn off the battery power while
building a model, when the model is downloaded to the KL25Z, your vehicle will be fully powered and
speed away for a few seconds. Since you have the USB cable plugged in, this will may damage the
connector and destroy your KL25Z microcontroller.

B. Controller Tuning
With this basic self-powered vehicle, we now wish to do some testing. Our main goal is to tune the vehicle
parameters so that it stays on the track while moving as fast as possible. This is not as easy as it may sound
as both of these performance metrics (staying on the track and moving fast) are affected by the steering gain
and camera angle. We need to come up with a process that allows us to understand the effect of these
parameters and also not destroy our vehicle. Note that we can break these cars! Too much speed combined
with a vehicle going off course may result in braking parts of the vehicle. It is best to come up with a testing
process that allows to understand the effects of each parameter while reducing risk of damage to the vehicle.

We will use the following steps to start a test. We will assume that the battery power is off.
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1) Place the vehicle on the track. Always place it in the same starting point with the same orientation. The
starting position should be repeatable.

2) Adjust any parameters that you intend to vary, such as camera angle or steering gain.

3) Turn on battery power using the pushbutton power switch.

4) Set the Steering Enable Dip Switch to 1.

5) Set the Motor Enable Dip Switch to 1.

6) Release the vehicle and observe its performance.

1. Testing Procedure
Set the motor speed constant to 20%. (This was done the last time we built the model, so we should not have
to change anything.) Set the camera angle to 45 degrees. (This was the minimum camera angle when we did
our testing in Section XIII.E.) Using Potentiometer B, set the steering gain fully clockwise. This is maximum
steering gain. We will run the following tests on the oval track:

1) Does it navigate the track in the clockwise direction around the oval? (Yes or no.) If not, no other tests
are necessary. However, you should test this failure a few times.

2) During a turn while moving clockwise, how close to the inside of the turn did the vehicle come in
inches?

3) During a turn while moving clockwise, how close to the outside of the turn did the vehicle come in
inches?

4) During a straightaway, did the vehicle drive straight of weave back and forth. Weaving back and forth is
referred to as an oscillation.

5) Time to complete 10 laps clockwise around the oval. Use a stop watch to time your vehicle and
manually count the laps.

These same tests need to be performed while the vehicle is navigating the track in the counter-clockwise
direction as well.

2. Motor Speed Based on Camera Angle
For the first set of tests, we will keep the motor speed at 0.20 and the steering gain at maximum (100%
Clockwise) and vary the camera angle. The table has open rows for unspecified camera angles if you want to
do more measurements. Note that not all of these tests may be possible because the vehicle speed is too high.
If you find that the vehicle speed is too high and the vehicle cannot stay on the track, skip that set of tests! You
do not want to damage your vehicle.
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Model Tuning: Variable Camera Angle

Motor Speed: 0.20 Steering Gain 100% CW Vehicle Direction Around Oval: CW
Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Angle (%) | Track (Y/N) | Inside Rail Outside Rail | Straight Complete
(In) (In) Section (Y/N) | 10 Laps
(Seconds)
45
50
55

Model Tuning: Variable Camera Angle

Motor Speed: 0.20 Steering Gain 100% CW Vehicle Direction Around Oval: CCW
Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Angle (%) | Track (Y/N) | Inside Rall Outside Rail | Straight Complete
(In) (In) Section (Y/N) | 10 Laps
(Seconds)
45
50
55

Next, we will increase the vehicle speed and preform the same set of tests. Change the motor speed constant
from 0.2 to 0.22 as shown below:

Changed to 0.22.

> 0.22

Constant

[Motor_Enable]

From1

’ W
»
Product1

FRDM-TFC

=

Motor A
Right Motor

FRDM-TFC

=

Mator B
Left Motor

We will perform the same set of tests at this faster vehicle speed. Build and download your model. (Make sure
you follow the steps given on page 180 when making changes and building the model. Fill in the tables below
with this higher motor speed.
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Model Tuning: Variable Camera Angle

Motor Speed: 0.22 Steering Gain 100% CW Vehicle Direction Around Oval: CW
Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Angle (%) | Track (Y/N) | Inside Rail Outside Rail | Straight Complete
(In) (In) Section (Y/N) | 10 Laps
(Seconds)
45
50
55

Model Tuning: Variable Camera Angle

Motor Speed: 0.22 Steering Gain 100% CW Vehicle Direction Around Oval: CCW
Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Angle (%) | Track (Y/N) | Inside Rail Outside Rail | Straight Complete
(In) (In) Section (Y/N) | 10 Laps
(Seconds)
45
50
55

Repeat the same set of tests for motor speeds of 0.24, 0.26, 0.28, and 0.30. Note that if the vehicle fails at a
lower speed, do not test it at a higher speed.

Model Tuning: Variable Camera Angle

Motor Speed: 0.24 Steering Gain 100% CW Vehicle Direction Around Oval: CW
Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Angle (%) | Track (Y/N) | Inside Rail Outside Rail | Straight Complete
(In) (In) Section (Y/N) | 10 Laps
(Seconds)
45
50
55

Model Tuning: Variable Camera Angle

Motor Speed: 0.24 Steering Gain 100% CW Vehicle Direction Around Oval: CCW
Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Angle (%) | Track (Y/N) | Inside Rail Outside Rail | Straight Complete
(In) (In) Section (Y/N) | 10 Laps
(Seconds)
45
50
55
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Model Tuning: Variable Camera Angle

Motor Speed: 0.26

Steering Gain 100% CW

Vehicle Direction Around Oval: CW

Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Angle (%) | Track (Y/N) | Inside Rail Outside Rail | Straight Complete
(In) (In) Section (Y/N) | 10 Laps
(Seconds)
45
50
55

Model Tuning: Variable Camera Angle

Motor Speed: 0.26

Steering Gain 100% CW

Vehicle Direction Around Oval: CCW

Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Angle (%) | Track (Y/N) | Inside Rall Outside Rail | Straight Complete
(In) (In) Section (Y/N) | 10 Laps
(Seconds)
45
50
55

Model Tuning: Variable Camera Angle

Motor Speed: 0.28

Steering Gain 100% CW

Vehicle Direction Around Oval: CW

Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Angle (%) | Track (Y/N) | Inside Rail Outside Rail | Straight Complete
(In) (In) Section (Y/N) | 10 Laps
(Seconds)
45
50
55

Model Tuning: Variable Camera Angle

Motor Speed: 0.28

Steering Gain 100% CW

Vehicle Direction Around Oval: CCW

Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Angle (%) | Track (Y/N) | Inside Rail Outside Rail | Straight Complete
(In) (In) Section (Y/N) | 10 Laps
(Seconds)
45
50

55
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Model Tuning: Variable Camera Angle
Motor Speed: 0.30 Steering Gain 100% CW Vehicle Direction Around Oval: CW
Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Angle (%) | Track (Y/N) | Inside Rail Outside Rail | Straight Complete
(In) (In) Section (Y/N) | 10 Laps
(Seconds)
45
50
55
Model Tuning: Variable Camera Angle
Motor Speed: 0.30 Steering Gain 100% CW Vehicle Direction Around Oval: CCW
Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Angle (%) | Track (Y/N) | Inside Rall Outside Rail | Straight Complete
(In) (In) Section (Y/N) | 10 Laps
(Seconds)
45
50
55

After making all of these measurements, we need to make a few observations which we shall pose as

guestions:

Question XIV-1: What is the tradeoff between vehicle speed and camera angle?

Question XIV-2: Does changing the camera angle change where the vehicle begins making a turn? Explain

your answer.

Question XIV-3: What happens when you make the camera angle too large and you get too close to the

outside of a turn?

Question XIV-4: Explain how you might adjust the vehicle speed so that the vehicle turns closer to the outside

edge of a turn.

Question XIV-5: Explain how you might adjust the vehicle speed so that the vehicle turns closer to the inside

edge of a turn.

Question XIV-6: Explain how you might adjust the camera angle so that the vehicle turns closer to the outside

edge of a turn.

Question XIV-7: Explain how you might adjust the camera angle so that the vehicle turns closer to the inside

edge of a turn.
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3. Motor Speed versus Steering Gain
We now have an idea of how the vehicle speed and camera angle effect the vehicle’s performance. We now
want to do the same with vehicle speed and steering gain. Based on your results from the previous section,
choose a camera angle that you think yields the best overall performance for all vehicle speeds tested. Use
this camera angle for all of these tests.

In this testing procedure, we will set a fixed vehicle speed, the optimal steering angle that we
choose, and then see the effects of changing the steering gain. We will then repeat the procedure at different
speeds. In this way, we will get a feel for how vehicle speed and steering gain interact. To change the steering
gain, we will use potentiometer B. We will use settings of full clockwise (100%CW), 75% of full clockwise (75%
CW), 50% of full clockwise, and 25% of full clockwise. As in the previous testing, we will test the vehicle around
the oval track in both directions. Make the measurements in the tables provided below:

Model Tuning: Variable Steering Gain

Motor Speed: 0.20 Camera Angle: (User Vehicle Direction Around Oval: CW
Optimal: )
Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Gain Track (Y/N) | Inside Rail Outside Rail | Straight Complete
(% CW) (In) (In) Section (Y/N) | 10 Laps
(Seconds)
100
75
50
25

Model Tuning: Variable Steering Gain

Motor Speed: 0.20 Camera Angle: (User Vehicle Direction Around Oval: CCW
Optimal: )
Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Gain Track (Y/N) | Inside Rail Outside Rail | Straight Complete
(% CW) (In) (In) Section (Y/N) | 10 Laps
(Seconds)
100
75
50
25
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Model Tuning: Variable Steering Gain
Motor Speed: 0.22 Camera Angle: (User Vehicle Direction Around Oval: CW
Optimal: )
Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Gain Track (Y/N) | Inside Rail Outside Rail | Straight Complete
(% CW) (In) (In) Section (Y/N) | 10 Laps
(Seconds)
100
75
50
25
Model Tuning: Variable Steering Gain
Motor Speed: 0.22 Camera Angle: (User Vehicle Direction Around Oval: CCW
Optimal: )
Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Gain Track (Y/N) | Inside Rail Outside Rail | Straight Complete
(% CW) (In) (In) Section (Y/N) | 10 Laps
(Seconds)
100
75
50
25
Model Tuning: Variable Steering Gain
Motor Speed: 0.24 Camera Angle: (User Vehicle Direction Around Oval: CW
Optimal: )
Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Gain Track (Y/N) | Inside Rail Outside Rail | Straight Complete
(% CW) (In) (In) Section (Y/N) | 10 Laps
(Seconds)
100
75
50
25
Model Tuning: Variable Steering Gain
Motor Speed: 0.24 Camera Angle: (User Vehicle Direction Around Oval: CCW
Optimal: )
Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Gain Track (Y/N) | Inside Rail Outside Rail | Straight Complete
(% CW) (In) (In) Section (Y/N) | 10 Laps
(Seconds)
100
75
50

25
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Model Tuning: Variable Steering Gain

Motor Speed: 0.26 Camera Angle: (User Vehicle Direction Around Oval: CW
Optimal: )
Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Gain Track (Y/N) | Inside Rail Outside Rail | Straight Complete
(% CW) (In) (In) Section (Y/N) | 10 Laps
(Seconds)
100
75
50
25

Model Tuning: Variable Steering Gain

Motor Speed: 0.26 Camera Angle: (User Vehicle Direction Around Oval: CCW
Optimal: )
Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Gain Track (Y/N) | Inside Rail Outside Rail | Straight Complete
(% CW) (In) (In) Section (Y/N) | 10 Laps
(Seconds)
100
75
50
25

Model Tuning: Variable Steering Gain

Motor Speed: 0.28 Camera Angle: (User Vehicle Direction Around Oval: CW
Optimal: )
Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Gain Track (Y/N) | Inside Rail Outside Rail | Straight Complete
(% CW) (In) (In) Section (Y/N) | 10 Laps
(Seconds)
100
75
50
25

Model Tuning: Variable Steering Gain

Motor Speed: 0.28 Camera Angle: (User Vehicle Direction Around Oval: CCW
Optimal: )
Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Gain Track (Y/N) | Inside Rail Outside Rail | Straight Complete
(% CW) (In) (In) Section (Y/N) | 10 Laps
(Seconds)
100
75
50
25
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Model Tuning: Variable Steering Gain
Motor Speed: 0.30 Camera Angle: (User Vehicle Direction Around Oval: CW
Optimal: )
Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Gain Track (Y/N) | Inside Rail Outside Rail | Straight Complete
(% CW) (In) (In) Section (Y/N) | 10 Laps
(Seconds)
100
75
50
25
Model Tuning: Variable Steering Gain
Motor Speed: 0.30 Camera Angle: (User Vehicle Direction Around Oval: CCW
Optimal: )
Steering Navigate Distance to | Distance to | Oscillations in | Time to Comments
Gain Track (Y/N) | Inside Rail Outside Rail | Straight Complete
(% CW) (In) (In) Section (Y/N) | 10 Laps
(Seconds)
100
75
50
25

Again, we need to make a few observations:

Question XIV-8: What is the tradeoff between vehicle speed and steering gain?

Question XIV-9: Does changing the steering gain change where the vehicle begins making a turn? Explain

your answer.

Question XIV-10: What happens when you make the steering gain too small and you get too close to the
outside of a turn?

Question XIV-11: At a constant speed, what does changing the steering gain affect?

C.

Adjustable Speed Motoring
Now that we have done a lot of fixed speed testing, we have gained an appreciation of how sensitive the
vehicle is to changing the speed. A small change can make the vehicle uncontrollable. Also, we have
gained some discipline and we won't test the vehicle a full power because we know it won't work, and we
know that we could damage the vehicle. We have also learned that we do need to try different vehicle
speeds and that changing a constant and building the model takes a lot of time. To reduce this time, we will
make the speed variable by using potentiometer A. To limit the speed, we will limit the signal to be 0 to 0.5
because we know that higher speeds will probably cause the car to crash. The model below adds blocks to
make the vehicle speed variable with potentiometer A:
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Vehicle Speed Adjust

FRDM-TFC

Potentiometer

A

b o 0.25

Gain

1

Constant2

Signal range: 0 to 0.5

/

Gain1

[Motor_Enable]

From1

X

FRDM-TFC

Product1

-

Motor A
Right Motor

FRDM-TFC

-

Motor B
Left Motor

Remember that the potentiometer outputs a signal between -1 and +1 as the knob is rotated. The gain of -1
changes the direction of rotation so that rotating the knob for Pot A clockwise increases the signal. Adding 1 to
the signal makes the output of the sum block go from 0 to 2 as the knob is rotated clockwise. Multiplying by a
gain of 0.25 changes the signal range from 0 to 2 to a range of 0 to 0.5. These modifications allow us to set the
speed of the vehicle by potentiometer A. Note that fully clockwise sets the speed to 0.5, which is higher than
we tested before. Be conservative when setting the speed. Speed kills. In this case, you could break your car if
you push it too much!

D.

Optimizing Vehicle Speed with Steering Gain and Camera Angle

Now that we have a feel for the interaction of vehicle speed, camera angle, and steering gain, we will attempt
to optimize vehicle speed. That is, see who can get their car around the track fastest and stay on the track. We
do not really have a procedure for this as speed, camera angle, and steering gain are all co-dependent.
However, we have experience of how they interact in pairs. Thus, we will use our intuition to make changes
and attempt to obtain the fastest vehicle. As you make changes, you might come up with a systematic method
for optimizing the vehicle speed. If you do this, document your procedure and share it with others. Fill in the
table below to record your results.

Vehicle Speed Optimization

Vehicle Direction: Clockwise Around The Oval

Vehicle Steering Camera Distance to | Oscillations in | Time to Comments
Speed Gain Angle Outside Rail | Straight Complete

Pot A Pot B (Degrees) (In) Section (Y/N) | 10 Laps

(% CW) (% CW) (Seconds)
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Vehicle Speed Optimization
Vehicle Direction: Counter-Clockwise Around The Oval
Vehicle Steering Camera Distance to | Oscillations in | Time to Comments
Speed Gain Angle Outside Rail | Straight Complete
Pot A Pot B (Degrees) (In) Section (Y/N) | 10 Laps
(% CW) (% CW) (Seconds)

E. Steering Based Speed Control
One thing you may have noticed is that our speed is limited by the turns. On straightaways, we can drive very
fast, but to make a turn, we have to go much more slowly. With a constant speed, we need to set the speed at
a low level in order to make the turns. However, this slow speed seems quite slow when the car is on a
straightaway. On a track with long straightaways, this slow speed will seem like a crawl. One simple solution is
to make the speed based on steering angle. When the steering angle is small (like on a straightaway) we can
have a high speed. When the steering angle is large, we can reduce the speed.

Fortunately, we have a signal for the steering angle, which has a range of -30 to +30. Let's
make the following steering angle based control. For angles between -10 and +10, the speed should be at a
maximum and specified by potentiometer A. If the speed is between +10 and +30, or between -10 and -30, the
speed should be reduced linearly from the maximum down to 50% of the maximum.

First, create a Goto tag for the Steering angle:

/J Goto tag added.
— 1

Goto2

Steering Servo

FRDM-TFC

Jo

Product

Q

— Vehicle Index

Steering Angle

Steering

[Steering_Enable]

From

Servo Write

Next, we notice that the speed is reduced by the same amount whether the steering angle is positive or
negative. This means that our angle based speed control is the same whether we take a right turn or a left turn.
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Thus, we can take the absolute value of the Steering angle. Note that the Abs block is located in the Simulink
/ Math Operations library:

[Steering_Angle] u P

From2 Abs

Vehicle Speed Adjust

FRDM-TFC
‘ x L
Potentiometer Product1
1
A

Constant2

[Motor_Enable]

From1

Next, we need to implement our mathematical function:

¢ If the absolute value of the steering angle is between 0 and 10, the speed should be 100%.

e If the absolute value of the steering angle is between 10 and 30, the speed should be reduced linearly
from 100% down to 50%.

Linear means a straight line. One way to implement this functionality would be an IF statement and the
equation of a straight line. An equation that implements the line is:

(x —10)

y=1—0.5—(30_10)

When X is 10, y is 1 (or 100%). When X is 30, y is 0.5 (or 50%). We can implement this functionality with a
MATLAB function block:

M Editor - Block: Vehicle_Motoring3_0/MATLAB Function*

':\_1:' - hr,_,li uFmd Files < Insert [= fx @ -
___ Compare w ) GoTo »  Comment %o 4z 44
New Open Save - E
- - v [Pt 4 Find Indent |=| &f| |ig
FILE NAVIGATE EDIT B
H Save (& <@ (&l FMF [A] meh B Freescale Cup Companion |A]| AVC Lil
MATLAB Function® +
1 function y = Speed_Based Steering(x)
2= if = < 10
= y=1;
4 else
5- y = 1-0.5.%(x-10) ./ (30-10) ;
6 end|

We will not do it this way. (Also note that this function is incorrect if x is greater than 30!) Instead, we will use a
lookup table. Lookup tables are basically algebra in a picture. We create a plot of what we want the function to
look like and them Simulink creates the math to implement that function. Place a part called 1-D Lookup Table
in your model. This part is located in the Simulink / Lookup Tables library:
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1D T(u)
-
e s Double-click h
Vehicle Speed Adjust 1_DT;E|[;kUp ouble-clie ere.
FRDM-TFC

Potentiometer

A

Product1

Double-click on the 1-D Lookup Table block to open it. Change the Breakpoints to the vector [0 10 30]:

*& Function Block Parameters: 1-D Lookup Table

Lookup Table (n-D)

Perform n-dimensional interpolated table lookup including index searches. The table ic
representation of a function in N variables. Breakpoint sets relate the input values to |
first dimension corresponds to the top (or left) input port.

Table and Breakpoints | Algorithm | Data Types ‘

Number of table dimensions: 1

Table data: tanh([-5:5])

Breakpoints specification: [Explicit values ']

Breakpoints 1 (010301 ﬁ Break points specified as [0 10 30]
’Edit table and breakpoints...l

The Breakpoints are values of the input where the function changes. Thus, the points specify a steering angle
of 0, 10, and 30. Next, specify the Table data as [1 1 0.5]

"4 Function Block Parameters: 1-D Lookup Table o
Lookup Table (n-D)

Perform n-dimensional interpolated table lookup including index searches. The
function in N variables. Breakpoint sets relate the input values to positions in tl

the top (or left) input port.

Table and Breakpoints ‘ Algorithm | Data Types |

Number of table dimensions: 1 -

Table data: 1105 e
avle data [1105] Table values specified as [1 1 0.5]
Breakpoints specification: IEpricit values |

Breakpoints 1: [0 10 30]

[Edit table and breakpoints...]

The Table data are the output values of the block. What we have specified is the following. Remember that the
absolute value of the steering angle is the input to the block. For steering angles of 0 to 10, the output of the
block is 1. For steering angles of 10 to 30, the output of the block will vary linearly from 1 down to 0. 5, or 100%
down to 50%. To see our data, click the Edit table and breakpoints button:
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" Function Block Parameters: 1-D Lookup Table .

Lookup Table (n-D)

Perform n-dimensional interpolated table lookup including index searches. The
function in N variables. Breakpoint sets relate the input values to positions in tl
the top (or left) input port.

Table and Breakpoints | Algorithm | Data Types

Number of table dimensions: 1

Table data: [110.5]
Breakpoints specification: [Explicit values ']
Breakpoints 1: [0 10 30]

IEdit table and breakpoints...}—<i Click here

A spreadsheet view of the table data will be shown:

Lookup Table Editor: Vehicle_Motoring3_0/1-D Lookup Table

File Edit Plot Help

#m o e xEEln - I{\_f‘@

h Viewing "n-D Lookup Table” block data [T(]]:

Models: _ "
_Vehicle_Motor... ¥ | & | Breakpoints Column (1)
Table blocks: Row --

(1) 0

(2) 10

(3) 30 0.5

If you want to modify the table, you could do it here. To see a plot of the table we are creating, click the Linear

Plot button &£

Lookup Table Editor: Vehicle_Motoring3_0/1-D Lookup Table

File Edit Plot Help
oS E & N\L@

_Models: _ \
_Vehicle_Motor... v = | g

Viewing "n-D Lookup Table” block data [T()]:

oints  Column (1)

Table blocks: -
aN __»n
(2| Click here.
3 [ 30 ] 0.5

A plot of the lookup table we are implementing will be shown:
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?T Data for block: Vehicle_Motering3_0/1-D Lookup Table l =ric éj
File Edit View Insert Tools Desktop Window Help -~
DEHde | RALNNDLEL- S| 0E D
Table and breakpoints data for block: Vehicle_Motoring3_0/1-D Lookup
Table
1r 2
=
é-
©
o
097 ko
c
£
' °
o
@
% 0.8 z
3 g
[} o
E w
© c
= o7 £
3
=}
c
2
06 |
05 I I . . I 1
0 5 10 15 20 25 30
Row breakpoints

This is a nice picture of the functionality we are implementing. From 0 to 10, the output is 1. From 10 to 30, the
output decreases linearly from 1 down to 0.5. Close the plot window and close the spreadsheet view:

4 Data for block: Vehicle,Motoring3.0/1-D Lookup Table '_:;_-__'E_'gti . .
[ Fite Edit View  Insen Tools Desktop Window Help b Click here to close. Click here to close.
DNads BRSOV LL- G 08 DO |
Table and breakpoints data for block: Vehicle_Motoring3_0/1-D Lookup
Table |
1 5 2l % Lockup Table Editor: Vehicle_Matoring3 0/1-D Lokup Table [ [
g_.. File Edit Plot Help
| gi EoRa R 40 HA AT
09t = Models: { Viewing “n-D Lookup Table" block data [TEIE
i El Cal Vehicle Motor.. = & | Breakpoints  Column (1)
Ej Table blocks: Row
% 0.8 g =1 Table {1 o 1
s 5| @) 10 1
% 3' 3 30 05
F o7 -j‘_!f‘ |
:
; 2
0.6 | %, Data Type: Row: double: = Columm: double ~ Table: double =
| Dimension Selector
' Dimension size 3
o5t . . . L ! s I | d | -
0 5 10 15 20 25 ) Tangow ity
Row breakpoints
— = & = - =

There is one more change that we need to make. Click the Algorithm tab as shown below:

"4 Function Block Parameters: 1-D Lookup Table
Lookup Table (n-D)

Perform n-dimensional interpolated table lookup including index searches. The
function in N variables. Breakpoint sets relate the input values to positions in tl
the top (or left) input port.

Table and Breakpoints | Algarithm ,LData Types ‘

Number of table dimensions: 1 -
Table data: [110.5]

Breakpoints specification: @ Select this tab.
Breakpoints 1: [010 30]

IEdit table and breakpc)ints...]

Change the Extrapolation method to Clip and select the option shown:
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"4 Function Block Parameters: 1-D Lookup Table &
Lookup Table (n-D)

Perform n-dimensional interpolated table lookup including index searches. The table is a sampled representation of a
function in N variables. Breakpoint sets relate the input values to positions in the table. The first dimension corresponds to
the top (or left) input part.

| Table and Breakpoints | Algorithm | Data Types |
Lookup method

Interpolation method: lLinear ']

Extrapolation method: lip '] Use last table value for inputs at or above last breakpoint
Index| Clip selected. lBinary search '] using previous index result
Diagnostic for out-of-range input: lNone '] Option selected.

These options mean that when the input is less than zero, the output of the table will be 1, and when the input
is greater than 30, the output will be 0.5. In other words, if the input is outside the domain specified by our
table, the endpoints of the table will be used. Click the OK button to select the values we have specified. The
block will display a plot of the function we have implemented:

1-D T(u)
[Steering_Angle] Jul » »
From2 Abs
Vehicle Speed Adjust 1_DT;E|ZKUD

As a final step, we need to modify the speed signal with the values output by the lookup table:

1-D T(u)

[Steering_Angle]

Y
=
A

Product block added.
From2 Abs Q

i . 1-D Lookup /
Vehicle Speed Adjust Table ]

FRDM-TFC *
FRDM-TFC
‘ Product2 +:==
x Ll

Product1

1 Motor A
Right Motor

Constant? FRDM-TFC
[Motor_Enable] +:==
From1 -

Motor B
Left Motor

Potentiometer

A

When the steering angle is between 0 and 10, the output of the lookup table is 1, so the signal going to the
motor is the speed determined by Pot A. When the steering angle is between 10 and 30, the output of the
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lookup table decreases linearly from 1 down to 0.5, reducing the value from the Pot accordingly, and therefore
reducing the vehicle speed around a turn. The complete model is shown below:

Lesson XIV: Motoring

I This block assumes that you are
using the wide angle lens [Steering_Angle]
and the edge-line track. GotoZ

Transmit Camera Data On UARTO

Once a Second

FROM-TFC

Indexbetween 1 and 128

Steering Servo

FRDM-TFC

-
( G) P Linescan_Data -‘ centerlcx P Vehicle Index Steering Angle

o~ Vehicle Index

Centerldx
Exposure
time Line Scan Camera Steering s Wit
ervo Write
Detect Path and Emit Index
From
Flash LED D3 to indicate board is alive!
1-D T(u)
R Shield LED D3 [Steering_Angle]
Pulse KL257 From2 Abs
Generator Shield LED D3
. . 1-D Lookup
Vehicle Speed Adjust
FRDM-TFC
‘ FRDM-TFC
FRDM-TFC v ~
Terminator Potentiometer Productt
Motor A
il A Right Motor
Temminatort Constant2 FROM-TFC
[Motor_Enable] +
[Motor_Enable] »
1 From1 -
1114 Goto
[Steering_Enable] Motor B
Gotol Left Motor
oto

Dip Switch

Build and download this model to your vehicle. Verify the following functionality in the demonstrations listed
below:

Demo XIV-1: Verify that the vehicle speed is reduced as the vehicle makes a turn to the right.
Demo XIV-2: Verify that the vehicle speed is reduced as the vehicle makes a turn to the left.

Demo XIV-3: Verify that Potentiometer A determines the maximum speed when the vehicle is moving straight.

F. Optimizing Vehicle Speed — Steering Angle Based Vehicle Speed
We now have a vehicle that we can increase the speed in the straightaways because we know it will slow
down in the turns. We will repeat the same optimization that we did in Section XIV.D with this added
functionality. We should be able to achieve overall faster vehicle speeds. After filling in these tables, compare
your results to the vehicle that did not have steering angle based vehicle speed. You will need to vary the
vehicle speed, camera angle, steering gain to achieve the fastest vehicle speed. If you are brave, you can
even modify the lookup table, although we recommend that you do this as a separate optimization.
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Vehicle Speed Optimization

Vehicle Direction: Clockwise Around The Oval

Vehicle Steering Camera Distance to | Oscillations in | Time to Comments
Speed Gain Angle Outside Rail | Straight Complete
Pot A Pot B (Degrees) (In) Section (Y/N) | 10 Laps
(% CW) (% CW) (Seconds)
Vehicle Speed Optimization
Vehicle Direction: Counter-Clockwise Around The Oval
Vehicle Steering Camera Distance to | Oscillations in | Time to Comments
Speed Gain Angle Outside Rail | Straight Complete
Pot A Pot B (Degrees) (In) Section (Y/N) | 10 Laps
(% CW) (% CW) (Seconds)
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Lesson XV: Vehicle Improvements

In this lesson we will suggest various improvements that you could make to the vehicle in an attempt to
increase its performance. We will not discuss in detail how to make those improvements. The implementation
is an assignment for the student. Hopefully you can use all of the knowledge you have gained in the previous
lessons to implement your own solution to the suggested improvement. Also note that this list is not
exhaustive. You may have your own ideas that you may want to attempt. It is never wrong to come up with an
idea. It is only wrong to not separate the good ideas from the bad ideas. Always think your ideas through
before testing them, and discuss them with your peers. There may be an obvious flaw that you or someone
else can identify. If the ideas still sound feasible, give it a try.

Note that this section could take several weeks as the process is to try ideas that may or may
not improve the vehicles performance. The amount of time depends on the number of ideas you want to test
and the amount of time left until the competition. You do not need to try all of the ideas in this section, and you
can come up with your own ideas. Not all of the ideas listed in this section will yield performance
improvements.

Before choosing a method to implement, you should read this entire chapter and decide which
methods you want to investigate. There is no specific order in which you should proceed. You can test as few
or as many as you wish. However, you should read this entire lesson to see which methods interest you.

A. Metrics, Testing, and Evaluation

In order to evaluate your ideas and their implementation, we need to come up with metrics to gauge our
performance. You will need to come up with a number of performance metrics, figure out how to test those
metrics, record the results, and then compare those results.

First we must come up with some performance metrics. Some examples are given below. You should come up
with additional metrics as well:

e Time for your vehicle to complete 10 laps around the oval.

¢ Minimum distance from the inside edge.

e Minimum distance from the outside edge.

o Does the vehicle drive straight?

o How deep into the corner does the vehicle travel before it starts a turn?
e What is the turning radius of your vehicle?

¢ What is the top speed of your vehicle in a straightaway?

¢ What is the minimum speed of your vehicle in a curve?

You will probably add metrics as you find that unwanted things and/or good things happen when you make
changes, and you decided that those things are important. The more you work with your vehicle, the more
things you will notice. If these things are important, you will come up with a metric for that thing and figure out
how to test and measure it.

In order to test our ideas, we need to benchmark our original vehicle. Create a set of
performance metrics, design a set of tests, and record those results for the vehicle that you completed at the
conclusion of the last lesson. This is our baseline. We can then compare this baseline to the ideas we try in
this section.
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Also note that we are suggesting several new methods in this section. In addition to testing and
varying these methods, you will also need to test the steering gain, vehicle speed, and camera angle in
conjunction with these new methods. Although the exercises may not mention this testing, many of these new
methods will affect how you set these parameters, and variations in the steering gain, vehicle speed, and
camera settings should be tested in conjunction with the new methods mentioned.

Exercise XV-1: Create a list of metrics that you wish to use to evaluate the Performance of your vehicle. This
should be a bulleted list. Specify how you would test and measure each metric.

Exercise XV-2: Create a table in which to record the performance metrics listed in Exercise XV-1.

Exercise XV-3: Measure the performance of your baseline vehicle. Record the information in your table. Keep
the table in a safe location such as a notebook or file folder. You will need to compare the baseline results to
all of the ideas you attempt in this section.

B. Basic Adjustments

In pervious lessons, we have discussed the steering gain, camera adjustments, and vehicle speed. The
team that understands these basic adjustments will achieve the greatest performance improvements without
making any additional changes when compared to a team that takes these items lightly and focuses only on
the improvements suggested in this lesson. Steering gain, camera adjustments, and vehicle speed are the
fundamentals of the vehicle operation. Finding the best combination of these items will yield the greatest
performance benefits.

Come up with a logical way to vary each item (steering gain, camera settings, and vehicle
speed) and then measure the performance. Note that they are interdependent, but if you vary one at a time
and carefully observe the vehicle’s operation, you can determine its affect. Vary these three, record the
performance, and attempt to achieve the best vehicle performance before attempting the items below.
Document and record all changes and results. (Fill out a lot of tables and make notes of what you have
changed.)

C. Cleaning the Tires
You may have noticed that as you use the vehicle, the track and the vehicle become covered with dust.
This layer of dust reduces the coefficient of static friction between the tires and the track, which can greatly
reduce how fast you can navigate a turn and how fast you can accelerate. The suggested method for cleaning
the tires is to use isopropyl alcohol and a paper shop towel. You might come up with another method.

Exercise XV-4: Measure the performance of your vehicle before you clean the tires.

Exercise XV-5: Come up with a procedure for cleaning your vehicle tires. Document this procedure so that it
will be repeated whenever the vehicle is used for testing or competition. Your procedure should include the
materials used, any special methods that you employ, and how often the tires should be cleaned.

Exercise XV-6: After cleaning the tires, measure the vehicle’s performance and compare to that measured in
Exercise XV-4.

D. Torsion Bar Adjustment
If you remove the battery, you will notice that there are two screws that you can use to adjust how much the
back wheels are allowed to twist:

Copyright 2016. This document may not be reproduced without the express written consent of Marc E. Herniter or Rose-Hulman Institute of Technology.



Lesson XV: Vehicle Improvements 201

These two screws can be tightened or loosened to make twisting the back end harder or easier. This type of
spring or bar is referred to as a torsion bar or torsion spring and adjusts how much something can twist or
resist twisting. In our case, the torsion bar adjusts how much the back end can twist relative to the front of the
vehicle. Tightening or loosening the screws adjusts the stiffness of the torsion bar. Also note that there are two
screws on the bottom of the vehicle that secure the bar to the vehicle. These two screws must be tight, and are
not for adjustment:
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Actually, all of the underside screws should be tight. Now is a good time to check off of the screws.

Adjust the two topside screws on the torsion bar. Grasp the front of the vehicle with your left hand and the
rear of the vehicle with your right hand. Twist the vehicle gently. Make an adjustment to the vehicle and notice
that the stiffness changes.

Exercise XV-7: Adjust the torsion bar to minimum stiffness. This means that you can twist it with very little
force. Measure your vehicle’s performance.

Exercise XV-8: Adjust the torsion bar to maximum stiffness. Measure your vehicle’s performance and
compare to Exercise XV-7.

Exercise XV-9: Adjust the torsion for maximum performance. This may take several adjustments and several
measurements. Make sure that you record a table of data for every adjustment that you make. Also make sure
that you have a way of knowing the position of the adjustment screws.

E. Compression Spring Adjustment
The compression spring and adjustment post are shown below:
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\

This spring adjusts how much the vehicle flexes in the center. (Flexes, not twists.) The compression can be
changed by rotating the post by 180 degrees or moving the post forwards or backwards. As shown above, the
spring is compressed the maximum amount. Yours will be set differently. The post is moved using the screw
on the bottom side of the vehicle:

Compression spring
adjustment screw.
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There are six positions you can use. The three holes that are lined up can be used to move the post forward or
backward. You can also rotate the post by 180 degrees to make further adjustments.

Exercise XV-10: Adjust the compression spring to minimum compression. (It will be completely uncompressed
with no hope of actually ever being compressed. Thus, it will do nothing.) Measure your vehicle’s performance.

Exercise XV-11: Adjust the compression spring to maximum compression. Measure your vehicle’'s
performance and compare to Exercise XV-10.

Exercise XV-12: Adjust the compression spring for maximum performance. This may take several adjustments
and several measurements. Make sure that you record a table of data for every adjustment that you make.
Also make sure that you have a way of knowing the position of the adjustment post.

F. Front-Rear Weight Distributions and Adjustment
Right now the weight on each tire is unknown and was not really a design concern. The camera was mounted
on the front and the hardware was mounted on the rear. It appears that we have placed more weight on the
rear of the vehicle. This might increase the traction on the rear wheels but also might decrease the traction of
the front wheels, and therefore affect the steering. You can change the weight distribution of the car by adding
steel weights at various locations in the vehicle in an attempt to increase or decrease the traction of specific
wheels. As always, document any changes you make and record performance changes in your standard table.

Exercise XV-13: Before adding weights, measure your vehicle’s performance to obtain a baseline.

Exercise XV-14: Add weights to specific locations on your vehicle. Document where you place the weights,
why you placed them in their specific locations, and what you expect to happen. Measure your vehicle’s
performance and compare to the baseline and any previous weight trials you may have made. It may take
several trials to see an effect or to achieve the desired result. Make separate trials and document each trial
separately so that you can compare all of the trials and have a history of all of the variations that you made.

G. Dead Spot Steering
You may have noticed that when you increase the steering gain to a high value, the vehicle might weave back
and forth down a straightaway even though it should travel straight. This is because our steering system only
outputs a zero steering sighal when the camera returns an index of 64. If the camera returns a 63 or 65, a non-
zero steering signal will occur causing the vehicle to move to the right or left. In control systems, this weaving
is referred to as an oscillation. If the oscillations get to big, the system can go out of control. Thus, for high
gain, our method might be too sensitive. Fix this, we will add a dead spot to the steering where the steering
signal will be zero unless the steering signal is greater than some threshold. We can easily implement this
dead spot with a lookup table.

An example is shown below. Note that before we make the changes, our steering signal was
originally limited to +/- 30. We will keep these same limits but add a dead spot to the steering. We will modify
the blocks inside the steering subsystem:
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Steering Angle

1-D T(u)
C1) ) .
- j/‘ Error Signal X >
Vehicle Index Ll Steering Signal
64 Product1
Center Index Y
-D Lookup
Constant3 Table
FRDM-TFC 0to 4 Added lookup table.
° » o P Steering Gain
Gain Gain1
Potentiometer
1
B
Constant2

Opening my lookup table, we see that it has a dead spot between -2 and +2:

[*& Function Block Parameters: 1-D Lookup Table
Lookup Table (n-D)

Perform n-dimensional interpolated table lookup including index searches. The table
function in N variables. Breakpoint sets relate the input values to positions in the tal

the top (or left) input port.

Table and Breakpoints | Algorithm | Data Types

Number of table dimensions: 1

Table data: [-30 0 0 30]
Breakpoints specification: [Explicit values ~
Breakpoints 1: [-30 -2 2 30]

’Edit table and breakpoints...]

Remember that the Breakpoints are the values of the input signal and the Table data are the values of the
output. For these settings, when the input is between -2 and +2, the output steering signal is zero. A more

detailed plot of this function is show below:

T e R B S

o & 5 P43 00 =0

Tl s rwabimsnts ot b b nbuie_Shearing Dove ol Sbieeriny') D Liwbu
Tabie.

You can choose a different width dead spot if you wish by changing the breakpoints. Also not that in the

Algorithm tab of the dialog box, you need to specify the options below:
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"l Function Block Parameters: 1-D Lockup Table [
Lookup Table {n-D)

m d table lookup including index searches. The table is a sampled representation of a
H ion in M variables. Breakpoint sets relate the input values to positions in the table. The first dimension corresponds
Algorithm tab selected. e e =
Tabde and Breakpoin

Algorithm | Data Types

Leokup method

Interpolation method: Linear

Extrapolation method: Clip v [ Use last table value for inputs at or above last breakpoint
Index search mel] Binary search = Beagin ch using previous index result

Dig of-range input: | None =

C“p Selected. b port for all input data Opt|0n SeleCted.

Remave protection against out-of-range input in generated code
Support tunable table size in code generation

Exercise XV-15: Before adding the dead spot lookup table, measure your vehicle’s performance to obtain a
baseline performance.

Exercise XV-16: Add the dead spot lookup table to your control model. Document your changes and what you
expect to happen. Measure your vehicle’s performance and compare to the baseline and any other trials that
you have made. It may take several trials with different variations in the dead spot to achieve the desired
effect. Make separate trials and document each trial separately so that you can compare all of the trials and
have a history of all of the variations that you made.

H. Steering Angle Based Speed Table Adjustment
In Section XIV.F we added a lookup table that made the vehicle speed a function of the steering angle. The
basic idea was that when the vehicle is turning hard, we should slow down. The plot and data for the lookup
table that we used is shown below:

- |"u Function Block Parameters: 1-D Lookup Table

Toim i bt ot o Motk VoMot H1.0 Linbu Lookup Table (n-D)

Perform n-dimensional interpolated table lookup including index searches. The table is
function in N variables. Breakpoint sets relate the input values to positions in the table
the top (or left) input port.

Table and Breakpoints | Algorithm | Data Types

i

'E MNumber of table dimensions: 1 -

i | Table data: [110.5]

' Breakpoints specification: [Explicit values ~
Breakpoints 1: [0 10 30]

lEdit table and breakpoints...l

Adding this feature greatly improved the performance of our vehicle. However, we can do better. As shown, the
table has no affect for the rather large steering signals of up to 10. Only after a steering signal of 10 is the
vehicle speed affected. This has the result that the vehicle goes deep into a curve before the speed is
modified. Then, once it is modified, the vehicle speed is drastically reduced. We can probably do better. It
would be good to slow down once we detect the slightest hint of a curve, and we probably want to go faster
while executing a continuous curve. The present method does not work well in a continuous curve or a curve
after a long straightaway where we have built up a lot of speed. Below are some suggestions, but feel free to
try your own.

The first method is the same as before, but the speed reduction starts at a steering angle of 2.
This will cause the speed reduction to start earlier in a curve:
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ok ared imsbipeiots s For bboh: Vaniite, Mtariog 610 Lowkinp
Tabla

L —

e o o

ﬁ Function Block Parameters: 1-D Lookup Table

Lookup Table (n-D)

Perform n-dimensional interpolated table lookup including index searches. The tabl
function in N variables. Breakpoint sets relate the input values to positions in the tz
the top (or left) input port.

Table and Breakpoints | Algorithm | Data Types

Number of table dimensions: 1 v
Table data: [110.5]
Breakpoints specification: IEpricit values ™
Breakpoints 1: [0 2 30]

[Edit table and breakpoints...]

Next, we will try reducing the speed gradually at the start, then sharper as the steering angle

increases:

ok ared imsbipeiots s For bboh: Vaniite, Mtariog 610 Lowkinp
Tabla

L —

e o o

ﬁ Function Block Parameters: 1-D Lookup Table

Lookup Table (n-D)

Perform n-dimensional interpolated table lookup including index searches. The tat
function in N variables. Breakpoint sets relate the input values to positions in the
the top (or left) input port.

Table and Breakpoints | Algorithm | Data Types

Number of table dimensions: 1 -
Table data: [10.90.5]

Breakpoints specification: IEpricit values ~
Breakpoints 1: [0 10 30]

[Edit table and breakpoints...l

Another possibility would be a two speed control with a sloped change:

ok ared imsbipeiots s For bboh: Vaniite, Mtariog 610 Lowkinp
Tabla

L —

e o o

- hl Function Block Parameters: 1-D LookuE Table ;

Lookup Table (n-D)

Perform n-dimensional interpolated table lookup including index searches. The
function in N variables. Breakpoint sets relate the input values to positions in {
the top (or left) input port.

Table and Breakpoints ‘ Algorithm | Data Types

Number of table dimensions: 1 -
Table data: [110.50.5]
Breakpoints specification: [Explicit values v
Breakpoints 1: [0 10 15 30]

IEdit table and breakpoints...l

A variation of the method above would be a two speed stepped control:
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e -~ - — - !3 Function Block Parameters: 1-D Lookup Table

lmﬂmmbﬂr‘;—mb_mwl_wﬁm L(){)kup Tab|e (nf[})
Perform n-dimensional interpolated table lookup including index searches. The
function in N variables. Breakpoint sets relate the input values to positions in 1
the top (or left) input port.

Table and Breakpoints | Algorithm | Data Types

Number of table dimensions: 1

Table data: [110.50.5]
Breakpoints specification: [Explicit values ~
Breakpoints 1: [0 10 10.1 30]

’Edit table and breakpoints...]

The above method seems a bit drastic. Maybe a 3-step speed control with a slope:

e -~ — B !‘_a., Function Block Parameters: 1-D Lookup Table

Valsw sl lrmss puints dats for ll‘n‘;.hﬂ-\i-_’h‘—'wl_t"ﬁm Lmkup Table (n_D)
Perform n-dimensional interpolated table lookup including index searches. The ta
function in N variables. Breakpoint sets relate the input values to positions in the
the top (or left) input port.

Table and Breakpoints | Algorithm | Data Types ‘

| |
i : Number of table dimensions: 1 A
; Table data: [110.750.75 0.5.5]
) Breakpoints specification: [Explicit values ~
Breakpoints 1: [0 10 11 20 21 30]
-' . < Edit table and breakpoints...|

The above examples are only suggestions. You may want to try some of them and then come
up with your own method. As always, propose ideas, document those ideas, and then record performance
results. For all of the lookup tables, make sure that the options on the Algorithm tab are selected as shown

below:
-

i Function Block Parameters: 1-D Leckup Table
Lookup Table {n-D)

rm n-dimensional interpolated table lockup indluding index searches. The table is a sampled representation of a
H ion in N variables. Breakpoint sets relate the input values to positions in the table. The first dimension corresponds §
Algorithm tab selected. e = =
abe and Breakpoin

Algorithm | Data Types
Loakup method
Interpolation method: Linear
| Extrapolation method: Clip | ¥ Use last table value for inputs at or above last breakpoint
Index search met] Binary search = Begin 1 ch using previous index result
Dia of-range Input: | None |
C||p Se|eCted. Itﬂ'nrtfnrall Input data Opt|on selected.

Remave protection against out-of-range input in generated code
Support tunable table size in code generation

Exercise XV-17: Before implementing the steering angle based vehicle speed lookup table, measure your
vehicle’s performance to obtain a baseline.

Exercise XV-18: Modify the steering angle-vehicle speed lookup table in your control model. Document your
changes and what you expect to happen. Measure your vehicle’s performance and compare to the baseline
and any other trials that you have made. It may take several trials with different variations in the table to
achieve the desired effect. Make separate trials and document each trial separately so that you can compare
all of the trials and have a history of all of the variations that you have made.
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l. Steering Offset
One thing that you may have noticed is that the front wheels don't quite point straight even though you zeroed
the servo motor before building the steering. Luckily this is a constant error and is the same every time you use
your vehicle. (Unless you have smashed the front end of your vehicle several times and damaged the servo
motor.) The result is that the vehicle doesn’t drive straight with zero steering angle and a right turn is not quite
the same as a left turn. We can correct this problem by adding a constant offset to the steering. Before you test
the offset, disable the steering and the motor with the DIP switches. Next, add a constant to the steering signal
as shown:

Steering Servo
FRDM-TFC
ORI -
Steering offset. Servo Write

= | ¢

Constant1

With the steering disabled, this offset is the only input to the servo motor. Build and download the model to
your vehicle. Make sure that the steering is disabled. When you turn on the power to your vehicle, the steering
will respond to the constant only. Find a value for the constant so that the wheels point straight when the
steering is disabled. Every time you change the constant, you will need to build and download the model to the
vehicle and test it again. The constant may need to be positive or negative, and is usually small. (Unless you
forgot to zero your servo before building the steering.)

Exercise XV-19: Determine the value of the steering offset constant necessary to make your wheels point
straight when the steering is disabled and the vehicle is powered.

J. Rear-Wheel Steering

One of the greatest improvements that we can make is rear-wheel steering control. If we apply the
same torque to each of the rear wheels, the vehicle will tend to drive straight. However, if we apply full torque
to the right rear wheel and no torque to the left rear tire, the vehicle will want to turn to the left. And, if we apply
full torque to the left rear wheel and no torque to the right rear tire, the vehicle will want to turn to the right. We
can use this property to help the vehicle turn with less steering angle and more control.

Right now the torque to each wheel is the same no matter what the vehicle is doing. We will modify the
control so that the torque to each wheel is based on the steering angle. When the vehicle is turning, we can
make the vehicle turn faster and with more control by applying more torque to the outside wheel or less torque
to the inside wheel. The implementation below removes torque from the inside wheel:
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Only the motor portion of the model is shown. The motors were directly connected to the output of the block
named Productl. The portion inside of the dashed red line was added. Looking inside Lookup Tablel we
see:

"4 Function Block Parameters: 1-D Lookup Tablel
Lookup Table (n-D)

Perform n-dimensional interpolated table lookup including index searches. The tabl
representation of a function in N variables. Breakpoint sets relate the input values
first dimension corresponds to the top (or left) input port.

Table and Breakpoints | Algorithm | Data Types |

MNumber of table dimensions: 1 -
Table data: [110.75]
Breakpoints specification: IEpricit values h
Breakpoints 1: [-10 0 10]

lEdit table and breakpoints...l

For negative steering angles the right motor gets full power. Hopefully a negative steering angle turns the
vehicle to the left. (We will need to verify this.) For positive steering angles, the torque for the right motor is
reduced, down to a minimum of 75% of full torque. Make sure that the options below on the Algorithm tab are
selected:

“ Function Block Parameters: 1-D Lookup Table [
Lookup Table {n-D)

rm n-dimensional interpolated table lockup indluding index searches. The table is a sampled representation of a
i ion in N variables. Breakpoint sets relate the input values to positions in the table. The first dimension corresponds §
Algorithm tab selected. s
Table and

Algorithm | Data Types
Loakup method
Interpolation method: Linear
| Extrapolation method: Clip. | ¥ Use last table value for inputs at or above last breakpoint
Index search mel Binary search - Begin 1 ch using previous index result
Dig of-range Input: | None ':
C“p Selected. IKﬂ'nrtfnrall Input data Opt|on SeleCted.

Remave protection against out-of-range input in generated code
Support tunable table size in code generation

Looking inside Lookup Table2 we see:
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\"& Function Block Parameters: 1-D Lookup Table2
Lookup Table (n-D)

Perform n-dimensional interpolated table lookup including index searches. The t
representation of a function in N variables. Breakpoint sets relate the input valu
first dimension corresponds to the top (or left) input port.

Table and Breakpoints ‘ Algorithm | Data Types |

Number of table dimensions: 1 v
Table data: [.7511]

Breakpoints specification: ‘Explicit values ~
Breakpoints 1: [-10 0 10]

|Edit table and breakpoints...‘

For positive steering angles the left motor gets full power. Hopefully a positive steering angle turns the vehicle
to the right. (We will need to verify this.) For negative steering angles, the torque for the right motor is reduced,
down to a minimum of 75% of full torque. Make sure that the options below on the Algorithm tab are selected:

“i Function Block Parameters: 1-D Lookup Table -
Lookup Table {n-D)

m d table lookup including index searches. The table is a sampled representation of a
H ion in M variables. Breakpoint sets relate the input values to positions in the table. The first dimension corresponds
Algorithm tab selected. e e =
Tabde and Breakpoin

Algarithm Data Types
Logkup method
Interpolation method: Linear
Extrapolation method: Clip v [ Use last table value for inputs at or above last breakpoint
Index search mel] Binary search - Beagin ch using previous index result
Dig of-range input: | None =
C||p Selected. Itn'nrtfnrall Input data Opt|on SeleCted.

Remave protection against out-of-range input in generated code
Support tunable table size in code generation

Exercise XV-20: Before implementing rear-wheel steering, measure your vehicle's performance to obtain a
baseline.

Demo XV-1: When you first test this method, hold the vehicle above a straight piece of track. Turn on and
enable your vehicle, both the steering and the motors. When you move the vehicle near the line on the right
side, the right tire should spin more than the left tire and the front wheels should turn to the left. When you
move the vehicle near the line on the left side, the left tire should spin more than the right tire and the front
wheels should turn to the right.

Exercise XV-21: Implement rear-wheel steering. Document your changes and what you expect to happen.
Measure your vehicle’s performance and compare to the baseline and any other trials that you have made. It
may take several trials with different variations in the tables to achieve the desired effect. Make separate trials
and document each trial separately so that you can compare all of the trials and have a history of all of the
variations that you have made.

K. Camera Index Memory

You may have noticed that even with rear-wheel steering and steering-based speed control, both of which help us
improve vehicle speed, we still have an upper speed limit after a long straight-away heading into a sharp curve. When we
gain a lot of speed in a straightaway, the car travels deep into the curve and comes close to the outside line. As you
increase the speed, the car comes closer to the outside line. If the car comes close enough to the outside line, the camera
loses the line and the resulting error causes the steering to go straight. This results in the vehicle driving straight rather
than follow the curve. (And, if you are using steering based speed control, the car accelerates to top speed as it is driving
straight.) The result can be some spectacular crashes.
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Luckily, we have a way of determining when this error occurs. When our system is working correctly and following
the lines, whether on a curve or on a straight-away, the Vehicle Index output by the block Detect Path and Emit Index is
near 64 and is fairly consistent. No matter how fast the car is moving, the values output by this block do not change much
from one reading to the next. (Remember, we get a new reading every 0.02 seconds.) So, the difference between two
readings is small when everything is working well. When the camera loses the line, we will have one valid value followed
by a value that is very different and is invalid. If this happens, we should ignore the invalid value and use the old value.
We will use the old value until a new valid value is obtained.

We can implement this algorithm with memory. We can save the last value of the Vehicle Index and compare it to
the present value. If the difference between these two values is small, then we will assume that the present value is valid
and use it for steering. However, if the difference between the present value and the last value is large, we will assume
that there is an error and we will ignore the present value and use the value saved in memory.

Imagine that we are travelling fast around a curve, the wheels are turned as much as possible so the vehicle is trying
to make the turn. However, the car is travelling too fast and comes so close to the outside line that the camera loses the
line. When the camera loses the line, the value of the signal Vehicle Index makes a big jump. The algorithm we are
implementing will ignore this erroneous value and use the last value. The result will be that the vehicle will continue to turn
until it reacquires the line, at which point the Steering Index will once again change slowly and produce valid values. The
car may come close or go over the outside line, but it will continue to turn and stay on the track.

We can implement this algorithm with a memory block. The output of a memory block is the input from the last time
step. Thus, the memory block can be used to remember the last valid value. The memory block is located in library
Simulink / Discrete. Create the system below:

using the wide angle lens
and the edge-line track.

Index between 1and 128 "Ci) >l P =10
T
P Linescan_Data ‘ centerdx| Absi Switch

Vehicle Ind
Centerldx Snicle ndex

This block assumes that you are \_’

Vehicle Index Steerir

@

D

Steering

Last valid value.

Detect Path and Emit Index

Present value of Vehicle Index.

The output of the memory block is the value of the last valid value of the signal Vehicle Index. Note that this value is fed
back to the difference block. Therefore, the output of the Abs block is the difference between the present value of the
Vehicle Index and the last valid value of the Vehicle Index:

This block assumes that yg 1
using the wide angle lens Last valid value. ! \_’

and the edge-line track.

Index betw een 1and 128 "(i) Pl »1>10
—o
P Linescan_Data ‘ centerldy| o Abs1 Switch Memory -
Centerldx Shicle Index Steering
[Sten

Detect Path and Emit Index .. .
This is how much the index changed.

Vehicle Index Steerir

0

Present value of Vehicle Index.

We see that the output of the Abs block measures how much the index changes between two consecutive samples. If the
index changes by more than10, we will say that the most recent index is invalid and we will keep the old value. If the
difference is less than or equal to 10, we will say that the most recent index is valid and pass it on to the memory block.
We will use this to control a switch.
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Looking at the switch, if the difference greater than 10, the output of the switch will be equal to the top

input. This is shown below. Read the call outs in order of (1), (2) and then (3):

(3) this input. L

1 ]
'\ (2) 2his output is equal to

lul »1 =10 » [
——0O
Switch Memory

(2) If this signal is greater than 10,

Another way to look at it, when the difference is greater than 10, the above system is equivalent to the one below:

| - P Vehicle Index Steering Angle F—

Memory

Steering

[Steering_Enable

From

The input of the memory block is equal to its output. This means that the Memory block just holds it value. In this case, it

holds the last value that it had. For us, this is the last valid value of the Vehicle Index signal.

Looking at the Switch again, if the difference less than or equal to 10, the output of the switch will be
equal to the bottom input. This is shown below. Read the call outs in order of (1), (2) and then (3):

(1) If this signal is less than or equal to 10, (2) this output is equal to

—~_ P

Jul ] =10 » D
Abs1

(3) this input.

Another way to look at it, when the difference is less than or equal to 10, the above system is equivalent to the one below:

This block assumes that you are
using the wide angle lens
and the edge-line track.

Index between 1and 128

— o Linescan_Data ‘ centerdx yE——— - D Vehicle Index Steering Angle F—
Centerldx
Memaory
Steering
Detect Path and Emit Index [Steering_Enable
From
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The input of the Memory block is now the Vehicle Index which means that the memory block stores the present value of
the index. Thus, when the difference between the last value of the index and the present value of the index is less than or
equal to 10, we consider it to be a valid value and that value is saved and passed along to our steering subsystem. In this
way, we can compare the last value of the index to the present value. If they are not that different then we use the present
value. If they are very different, we ignore the most recent value and use the one saved in memory. Note that our
definition of “very different” is 10. You can change this threshold if you wish.

The complete steering system is repeated below:

[Steering_Angle]

This block assumes that you are Totes

using the wide angle lens .

and the edge-line track. Steering Servo
FRDM-TFC

Index between 1 and 128 O u —|_>‘1)O\— Vehicle Index Steering Angle
’—’—u #
P Linescan_Data 4§k centertd Absi Switch
Vehicle Index

Steerini
Centerldx 9 Servo Write

[Steering_Enable]

Double-click here. From

Detect Path and Emit Index

One last thing we need to do is to set the initial condition. When the vehicle starts on a straight track, the Vehicle Index is
typically close to 64. By default, when we power up the vehicle, the initial value of the memory block is zero. Since 64-0 is
greater than 10, the above system will treat O as the last valid value of the index and remember that value forever. An
index of 0 will lock the steering maximum right or maximum left. To avoid this problem, we need to change the initial
condition of the memory block. Double-click on the memory block as shown above and then change the initial condition to
64:

"k Function Block Parameters: Memory @
Memory

Apply a one integration step delay. The output is the previous input
value.
Main State Attributes

Initial condition:

/ .
| 64 | Change this to 64.

Inherit sample time

Direct feedthrough of input during linearization

Treat as a unit delay when linearizing with discrete sample time

w) [ OK || Cancel H Help | Apply

To use this model, turn the car off, place the car on a straight section of track, and then turn on the power. You always

have to cycle the power because the memory block remembers the last “valid” value of the Vehicle Index. If you leave

the vehicle on and carry it around, you have no idea what the last “valid” value was. Thus, cycle the power to reinitialize
the memory block to 64.

Exercise XV-22: Before implementing camera index memory, measure your vehicle’s performance to obtain a
baseline.

Demo XV-2: When you first test this method, start at slow speed and make sure everything works. Then slowly
increase the speed and see how it does. You should be able to achieve much higher speeds around the
corners.

Exercise XV-23: Test this method for different values of the switch threshold. (We set it to 10 in the above
example.) Lowering the value means that it will throw out many more values of the index that would otherwise
be valid. Making it higher means that more signals that would otherwise be invalid are used. (Lowering the
threshold means that it holds more. Raising the threshold makes the system act more like it did before we
added the memory.)
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L. Crash Detection

The KL25Z has an on-board accelerometer. We can use this sensor to measure changes in
acceleration and detect a crash. When your vehicle crashes it will have a large negative acceleration. This is
easy to detect. One problem is that the accelerometer will measure large accelerations around a curve
(centrifugal forces) and when the vehicle bumps up and down on the track as it is moving.

The accelerometer measures acceleration in three dimensions. The z-axis is up and down and only
measures vibration in our case. The x- and y-axes are in the same plane as the vehicle’s motion. To verify this,
rerun the accelerometer model that we tested in Section I1.B starting on page 29. We are interested in large
decelerations in the x- and y-directions.

The outputs of the accelerometer is a signal between +/- 2 corresponding to +/- 2g of acceleration. If
the car was not moving, the output of the x- and y-signals would be zero. (The z output would either be +1 or -
1 depending on the orientation of the board.) When the vehicle crashes, the vehicle will decelerate rapidly.
Since we do not know the orientation of the crash nor the orientation of the accelerometer (we could figure it
out if we tried!), we do not know exactly what to expect from the accelerometer. However, we do know that we
will read a large negative signal or a large positive signal on the x-axis accelerometer signal and/or a large
negative signal or a large positive signal on the y-axis accelerometer signal. Since we don’t know which signal
will see the largest acceleration (we don’t know the direction of the crash) and we don’t know if the signal will
be positive or negative (we don’t know the orientation of the accelerometer), we will take the absolute value of
the signals and add them together:

X >y
Read MMA8451
Accelerometer Y Abs1
On-Board KL25Z
R KL25Z° gl
KL25Z Accelerometer L ] Abs2

Terminator2

The output of the sum block will be non-zero if we experience a large deceleration in x-y plane.

In the normal operation of the car, it bounces around a lot and we expect the x-axis and y-axis
signals to be non-zero just due to bumps on the track. To reduce the risk of a false trigger due to a bump on
the track, we will take the average of the last 10 values output by the accelerometer. This way we can say that
we have a crash if the last 10 values were high rather than a single value was high. A single value being high
could be an error. 10 values in a row being high is probably not an error.

The Memory block is a one-step memory. The output of the block is the value of the input from
the previous time step. Thus, the memory block remembers the last value of a signal. In the block diagram
below, we have 10 Memory blocks which remember the last 10 values of output signal of the sum block. If we
add these values up and divide by 10, we have a signal that is the average of the last 10 values:
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We will zoom in a little further for clarity:
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Next, we need to detect if the deceleration is above a threshold. If the output signal of the gain
block goes above a specific threshold, we want the vehicle to stop moving, and we want it to remain stopped
until we reset the vehicle. This requires us to detect that the signal is above a certain threshold and remember
that we went above that threshold. The Switch block below detects when the signal goes above a threshold of
15.

1

Constant1
.'—'J.\
.
—4 215 —
Gain2 Switch

0

Constant

When the output signal of the Gain block goes above a threshold of 1.5, the switch will output a 1, indicating a
crash. When the output signal is less than 1.5, the switch block will output a zero.

Note that the threshold in this example is 1.5. You can change the value of the threshold.

Copyright 2016. This document may not be reproduced without the express written consent of Marc E. Herniter or Rose-Hulman Institute of Technology.



Lesson XV: Vehicle Improvements 217

]
Constant1 This 1.5 is the value of the
crash threshold.
P
+b—b_{ >15 *:I

Gain2 Switch

o

Constant

If you make the value of the threshold larger than 1.5, a more severe crash is needed to trigger the crash
detection algorithm. If you make the threshold too small, the algorithm will erroneously trigger due to bumps
and vehicle turns, and the vehicle may stop when it should not. You will need to experiment with the threshold.

Next, once we detect a crash, we need to remember that a crash occurred. The vehicle should
stop and stay stopped. Thus we need a memory. We will do this with the memory block and feedback below:

[

Memory9

The output of a memory block is the input from the previous time step. When the input to the Sum block is a 1,
this set of blocks counts up. This is easiest to see with some numbers shown. Suppose the memory block
starts at zero (which it does because the default initial condition is 0) and the input to the Sum block is a 1. We
have the situation below:

The input to the Memory block will be a 1. So, after the next time step, the output of the memory block will be a
1:
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Now, the input to the memory block is a 2. After the next time step, the output of the memory block will be a 2:

[

Memory9

[EnY
N
w
N

Now, the input to the memory block is a 3. After the next time step, the output of the memory block will be a 3:

[

Memory9

[EnY
N
w
w

Thus, we see that if the input to the Sum block is a 1, this set of blocks counts up.

Next, suppose the memory block is at 3 and then the input to the Sum block changes to 0. We
have the situation below:

The input to the Memory block will be a 3. So, after the next time step, the output of the memory block remain
at 3:
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We see that when the input to the Sum block is zero, the count holds at its previous value.

Finally, suppose the memory block starts at zero (which it does when we cycle the power) and
the input to the Sum block is a 0. We have the situation below:

The input to the Memory block will be a 0. So, after the next time step, the output of the memory block remains
at zero:

So we see that if the input is a 0 and the Memory block output is zero, the counter holds at zero.

The input to the Sum block comes from switch that detects a crash. When we detect a crash,
the switch output is a 1. When there is no crash, the switch output is a zero:
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1
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Altogether, the blocks function as follows. After power up and when there is no crash, the memory output is O
indicating no crash. When a crash occurs, the counter counts up for as long as the crash takes to occur. When
the vehicle finally stops, the counter holds at the last value of the count. The memory holds this value until we
cycle the power. Thus, the counter indicates no crash when the count is zero. The memory indicates a crash
when the count is greater than or equal tol.

When we have a crash we want to do two things. (1) Light up an LED when a crash is detected
so that we know the vehicle is not moving due to a perceived crash. (2) We want the drive wheels to stop. In
the blocks below, LED D4 will illuminate when the count is greater than O:

—P Shield LED D4
R KL25Z

D Shield LED D4

Memory9 0

Constant3

>:g\—>< [Disable_Due_To_Crash]
» = Goto3
1 Switch1

Constant4

We have also used a switch to create a signal to disable the motors. When the count is zero (indicating no
crash) the output of the switch is 1 which will enable the motors. When the count is greater than 0, the switch
output will be 0 which will disable the drive motors. We used a Goto tag to rout the switch signal to the motors
as shown below:
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The entire crash detect logic is shown below, though it is hard to see:

BB B -@-@[@[@@—--—
v | wemot | wemena | wemena | Mo | demarys | demme | demay?| emne A

Demo XV-3: Test the crash detection system. First test it by shaking the vehicle. If you shake it violently
enough, LED D4 should turn on and the drive wheels should stop spinning. The vehicle will not start again until
you cycle the power.

Exercise XV-24: Determine an appropriate value for the crash detection threshold. It should not disable the
vehicle for bumps and high speed curves. It should stop the vehicle after it crashes into something.

M.  Battery Monitor
The set of blocks below is a battery monitor:

FROM-TFC
Gota3 1 > 4‘\—
Battery Read v
o Period = 15, Pulse Width = 50% Constant ™ mattery) v% > 096 > Shicid LED D5
c From3 R
Penod = 0.55, Pulse Width = 60% 1n o N K2
0 Shield LED D5
' e s H | -
g Batte: =04 - .
Generator1 ! :WJ - Swilch
- 1O
Puise ’ ol - -
a [ iBattery w085 a
Fromé =
Period = 015 Pulse Width = 60% I—. 0 Switchi
-I H Switch2
Pulse
Generator3

LED D4 is used to indicate the level of charge left in the battery. When near full charge, LED 4 is constantly
illuminated. As the battery discharges, LED D4 begins to flash. The more discharged the battery becomes, the
faster LED D4 flashes. Three thresholds are used to change the flashing rate.

Demo XV-4: Demo the operation of your battery monitor. Since the battery level does not change very much
and it will be hard to test at different levels of the battery state of charge, we will test it at full charge and no
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charge. Make sure your battery is fully charged. When you turn on the power to your vehicle, LED D4 should
be illuminated constantly. Next, turn off the power to your car and plug in your KL25Z to the USB port. With the
power off, the battery will appear to be fully discharged and LED D4 will flash at the fastest rate. We cannot
test the other blocks in the battery level indicator until we use the vehicle for a while. However, once LED D4
starts flashing, you know that you should charge the battery soon.

Exercise XV-25: Discuss with your teacher how this set of blocks works. Include the signal output of the
Battery Read block, the voltages this block reads, the thresholds of the switches, and the signal routing
provided by the switches. What is the frequency of each of the pulse generators? (Remember that frequency is
the reciprocal of the period.)
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