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Overview

This tutorial covers how to use Simulink to program a Zumo Robot powered by an Arduino
Uno to follow a line using the reflectance sensors present at the bottom of the Zumo Robot.
This guide will explain how the data from the reflectance sensors can be used to control the
Zumo Robot motors using a control logic known as PID control.

The specific steps to get there are

Install Simulink Support package (http://adafru.it/drt) for Arduino
Download the Zumo Robot Library (http://adafru.it/dru) in Simulink
Create a Simulink Model of a PID Controller for the Zumo Robot
Build and download the model to see the robot in action

AwnNHE

This guide is the third tutorial in a series on using Arduino with Simulink. For a quick
introduction to Simulink and Arduino, refer to the Set up and Blink - Simulink and Arduino
Tutorial (http://adafru.it/dsO). This tutorial builds on the concepts discussed in the previous
tutorial titled How to program a Zumo Robot with Simulink (http://adafru.it/dsP) and adds to
the model described in that section. It is highly recommended that you check the previous
tutorials before trying this one, if you are new to Simulink.

Even though this tutorial uses the Zumo robot, you can use the concepts discussed here to
program any line following robot using Simulink.

https://learn.adafruit.com/line-following-zumo-robot-programmed-with-
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Hardware

1) Assembled Zumo Robot Kit

The assembled Zumo Robot Kit serves as a
shield for the Arduino Uno R3 and also
includes the chassis for the Zumo Robot. To
use the Zumo, you can simply add a
programmed Arduino Uno and attach 4 AA

~ batteries and you are all set!

2) Arduino Uno R3

The Arduino Uno R3 serves as the “brains”
of the Zumo Robot and is not included as a
part of the assembled kit. In the tutorial, we
~ will program the Arduino Uno using Simulink
and then add it to the Zumo Robot.

3) USB Cable

The cable will be used to connect an Arduino
Uno to a computer running Simulink

4) 4 AA Batteries

https://learn.adafruit.com/line-following-zumo-robot-programmed-with-
simulink

© Adafruit Industries Page 4 of 19



https://learn.adafruit.com/line-following-zumo-robot-programmed-with-
simulink

© Adafruit Industries Page 5 of 19



Software

List of Software components:
1. MATLAB and Simulink (R2014a)

e Buy the Student version for $99 (http://adafru.it/dsQ)
e Buy a Home-use license for $194 (http://adafru.it/drx)
e See commercial and other licensing options (http://adafru.it/dry)

2. Simulink Support Package for Arduino (http://adafru.it/drz)

e Follow this tutorial for installation instructions: Set up and blink - Simulink with
Arduino (http://adafru.it/drv)

3. ZumoBot Simulink Library (http://adafru.it/dru)

e The Zumobot Simulink Library is a collection of blocks used to interface specifically
with different components of the Zumo Robot.

e How to program a Zumo Robot with Simulink (http://adafru.it/dsP) covered the
installation of the ZumoBot Simulink Library. However, the steps to install the ZumoBot
Library are repeated below:

e Download the library from MATLAB Central File Exchange

https://learn.adafruit.com/line-following-zumo-robot-programmed-with-
simulink

© Adafruit Industries Page 6 of 19


https://www.mathworks.com/academia/student_version/
http://www.mathworks.com/products/matlab-home/
https://www.mathworks.com/store/index.do
http://www.mathworks.com/matlabcentral/fileexchange/40312?download=true
http://learn.adafruit.com/how-to-use-simulink-with-arduino
http://www.mathworks.com/matlabcentral/fileexchange/45886-simulink-library-for-zumo-robot
https://learn.adafruit.com/zumo-robot-control-with-simulink

File Exchamge ANSWeErs Hewsgroup Link Exchange Blogs Trendy Cody Contest MathWorks.com

File Exchonge

Dowmiboad Submission

m‘ > Simulink Library for Zumo Robot Lo

Code covensd by the WathiWerksy Limied
By Chinkg Cugts b ¥

— 23 Dewnizads (asl 30 days) n
=3 4 License
# ! " 24 fpr 2014 Fie Sige; 512 K3
Fiie - S42888
A ierary of bocks 1o get staried wish e Zumg Robst " "
54 s 77 e Highlights from
— {3y Waich s Fie Simulink Library for Zumeo

Robot

_ﬁ: FR Tyl force
ANESHE W ARSI he Tufdbal
Description  This Smulnk Ligrary provides drver Blocks for all the sensors presest oa the Tumo Robol as wel as Borany
exAmpie models show ng ther usage ﬁ: b fosa rakacip
For mone information about Zume Robot for Arduino, please refer bo ATWMAKECFG m [R—
Tl ur ml

hibtp e w pololy. CONVpresascti2S06
ttp e ¥ scurce drectories to riw make fies
Required Products  Simulink ﬁ\’ prepaneCumentfolderforFumo

MATLAB Copées the YWine lbrary foider mte
P curment fokder

Fates irdarmation

MATLAB redease MATLABE I (RI014a)

‘ﬁt renc2opp{sinEme, nverned
Other requirements  Srdung Suppsr Paciage

rENC2ChDiBINEmE | g 8 8-
funclion nams §isame. € ioois for

Tags for This File L) Fiegne creste & communty profie to tag fies. J& runaferBuidnglibrany®
Convert particular wrapper C figs
ardung, robof, nsbotics amed Swragedr o in vakl CPP e

S setup_zumobotit
This funcion aliemps 1o recompss
all the § Function blociks

Mease create a communiy profis to add & commend o ratng ﬁ‘. sl cka
SLEUOCKE Defnes the biock lrary
Updates for ZumoBot
B BuzzeranafeshBution
5 Apr 2014 update i sbabke Megnetometer
& LineFoliowing
Rl Mapratomeser
R Moten
Corttte ut
B ZumoBeiLis

" View all Tbes

e Unzip the downloaded file to your working directory.
e Open MATLAB, and navigate to the current directory.
e Install the library by typing install_zumobotlib in the MATLAB command window
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To verify successful installation of the ZumoBot Simulink Library,

e Click on the Simulink Library lcon on the MATLAB Toolstrip to launch the Simulink Library

Browser
e Inthe Library Browser window, check if ZumoBotLib is included in the list on the left.
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Simulink Model

Now that the required environment has been set up, let us look at how we can create a
model for the line follower.

In the previous tutorial (http://adafru.it/dsR), we had discussed how to make the Zumo
Robot move along a curved trajectory using Simulink. The tutorial also discussed how we
can change the amount by which the Zumo Robot turns by controlling the angular velocity
and linear velocity which were inputs to the model used.

In this tutorial we will build on the model discussed in the previous guide, to make the Zumo
Robot follow lines. The idea here is that the center of the Zumo Robot should always be on a
black line on a track. If for some reason the Zumo Robot turns away from the line, we should
make the Zumo Robot turn appropriately for it to return to the line. The steps required to
perform this task are:

Acquire Sensor Input:

¢ |dentify the relative instantaneous position of the Zumo Robot with respect to the
black line.

e The amount by which the center of the Zumo Robot has deviated from the black line
which serves as reference is known as the error signal

e The errorsignal is computed using information from the reflectance sensors.

Process sensor data using Controller:

e Onthe basis of the error, compute amount of turn required to ensure the Zumo Robot
follows the line.

e The signal sent to the Zumo Robot motors to ensure that the Zumo Robot does not
deviate from the black line is called the control signal

e The control signal is computed using a control algorithm known as PID Control

Actuate Motors:

e Use the output from the PID controller to turn the Zumo Robot.
e This is done using the motor control model discussed in the previous
tutorial (http://adafru.it/dsR)

The above three stages are combined in an example model included with the ZumoBot
Simulink Library. To access this model, navigate to the 'examples' directory through
MATLAB, and type 'LineFollowing' in the MATLAB command window.

https://learn.adafruit.com/line-following-zumo-robot-programmed-with-

- Page 10 of 19
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The individual stages of the model are explained in the succeeding pages
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Acquire Sensor Input

The first step in programming any line follower is to get an idea about where the robot is
relative to the line it has to follow. For this purpose, infrared sensors or reflectance sensors
are used. These sensors detect the amount of light reflected off a surface. A black surface
reflects much lesser light compared to a white surface, and thus reflectance sensors can be
used to detect the presence of a black line on a white track.

The assembled Zumo Robot has an array of 6 reflectance sensors on the lower surface.
Using the output from the 6 sensors we can detect the relative position of the Zumo Robot
with respect to the black line. For any generic line follower, you would have to combine the
output ofall the reflectance sensors in a sensible way. Fortunately, the
'‘ZumoReflectanceSensor' block in the ZumoBot library does that for us and gives us
one single numeric value ranging from 0 - 5000. From the numeric value, we can get an idea
of where the black line is relative to the Zumo Robot. This is illustrated in the diagrams
below:

..
[ ) [ )
[ ) [ ]
B s oy I

o ()
® @

Sensor Value = 2500 ..

Sensor Value = 5000 Sensor Value =0

Since a numeric value of 2500 corresponds to the center of the Zumo Robot being above
the black line which in turn corresponds to moving forward without turning, we can use that
value as the reference.

If the numeric value exceeds 2500, then the robot is on one side of the black line, and if the
numeric value is below 2500, then the robot is on the other side of the black line.

To make things easier, we can subtract 2500 from the output of the
'‘ZumoReflectanceSensor' block in which case any positive difference implies that the
robot is on one side of the line, and a negative difference implies that the robot is on the
other side of the black line. This difference between the reference value and the actual
value is also known as the 'error' signal

The block diagrams responsible for these steps are shown below:

https://learn.adafruit.com/line-following-zumo-robot-programmed-with-
simulink
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In the above block diagram, the ZumoReflectanceSensor' block returns a numeric value
as output. We then subtract 2500 from the numeric value to obtain the error signal which is
then pushed further to the controller block. We will discuss the controller block on the next

page.
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Process sensor data using Controller

Once we have the error signal we can decide how to move the Zumo Robot so that it stays
on the black line. The signal sent to the motors to ensure that the Zumo Robot stays on the
black line is called the 'control' signal. The function or component which generates the
control signal is known as the controller.

—
o . -y 0
N S | s S S

Sensor Value = 2500 \
Move Forward
Sensor Value = 5000 Sensor Value = 0
Turn Right Turn Left

The simplest controller is illustrated in the figures above. The logic being: if the Zumo Robot
center is to the left of the black line, then turn right by a fixed amount so that it eventually
returns to the black line. Similarly, if the Zumo Robot center is to the right of the black line,
turn left so that it returns to the black line. This controller is known as the Bang Bang
Controller.

For this tutorial however, we will be using a more sophisticated controller known as a PID
Controller, specifically a PD controller. Let us look at what a PID Contoller is all about:

PID Controller

In the Bang Bang controller, we made the robot turn a fixed amount in a particular direction.
However if we extrapolate the logic used, then it makes sense that the amount by which the
robot turns should be proportional to the amount by which it has deviated from the black
line. The further the center of the robot is from the black line, greater should be the amount
by which the robot should turn to return its center on the black line.

Such a control logic is employed in a Proportional Controller, in which the control signal is
proportional to the error signal. The Proportional Controller corresponds to the 'P' part of the
PID Controller.

Depending upon the proportionality constant, the amount by which the robot turns for a
particular value of the error signal will vary. This constant of proportionality 'P' is a parameter
of the model which has to be tuned as per the application.

One limitation of the Proportional Controller is that the robot can continue oscillating about
the black line due to inertia. In this situation, the robot will continually oscillate about the black
line while moving forward and will not be able to accurately follow the black line.

https://learn.adafruit.com/line-following-zumo-robot-programmed-with-
simulink
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One way to dampen the oscillations so that the robot returns to the black line quickly is to
add a derivative component to the control signal. In this case we compute the instantaneous
derivative of the error signal which would serve to dampen the oscillations. A constant is
multiplied to this derivative and the product is added to the control signal. This constant is
known as the derivative gain and corresponds to the 'D' part of the PID Controller.

Response of the Robot with a Proportional Controller
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Response of the Robot with a PD Controller
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The 'I' part of the PID controlleris not used for this particular application. Thus specifically,

https://learn.adafruit.com/line-following-zumo-robot-programmed-with-
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this controller is known as a PD Controller.

In the model, the block labelled 'PID Controller' represents the controller described above.
You can view the values for 'P','l''D' by double clicking on the block.The example model
already has some default values for 'P' and 'D' while 'I' is equated to 0. For an alternate
explanation for the PID Controller, check out this blog post (http://adafru.it/dsS) which
provides a great analogy to explain the PID Controller using pendulums.
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Tuning the PD Controller

One method to tune the PD Controller without using a mathematical model of the robot is
listed below:

1. Adjust the proportional gain of the controller till you obtain a suitable response.

2. As a thumb rule, set the value of the derivative gain to be equal to 1/10th of the
proportional gain.

3. Now adjust the derivative gain and observe the change in the robot behavior, till a
suitable behavior is obtained.

4. Increasing the proportional gain will increase the amount by which the robot turns.

5. Increase the derivative gain will dampen the magnitude of oscillations by the robot.

https://learn.adafruit.com/line-following-zumo-robot-programmed-with-
simulink
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Try tuning the PD Controller shown in the model to see how the change in parameters
affects the behavior of the robot.

https://learn.adafruit.com/line-following-zumo-robot-programmed-with-
simulink
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Actuate Motors

The controller uses the information obtained from the reflectance sensor to decide the
amount by which the Zumo Robot has to be turned. This output is fed to the model we had
discussed in the previous tutorial (http://adafru.it/dsR) as the 'omega' parameter to control
the motors. For this model, we assume that the forward velocity of the Zumo Robot remains
constant.

Radius of curvature = v / omega p{ I:'I

Scope
50 L ok
\ v_Lv_R -
¥ } amega
(cmis)
mabor command
COTWEnsion

Thus with this workflow, at every time instant, we compute the position of the Zumo Robot
relative to the black line. From that computation, we decide the amount by which the Zumo
Robot should turn to continue staying on the line, and using that value we turn the Zumo
Robot at that instant.

This process allows the Zumo Robot to follow the black line. This process can repeated an
infinite number of times or till a stopping criteria is met, at which state, we can stop the
computation. To vary the time duration for which the program runs, you can modify the value
highlighted below to 'inf' for infinite time, or to any finite value (The unit for the number is
seconds).

File Edit Simulation Code

View Display Diagram Analysis Toels Help

-8 < Bme-E2-4® P &) ~| inf
LineFallowing
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Once you have tuned the PD Controller, to build and download this model on the ZumoBot,
click on the Build or Deploy on Hardware button in the right top corner of the model:

https://learn.adafruit.com/line-following-zumo-robot-programmed-with-
simulink
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Read the messages in the bottom status bar in the model window to confirm that the model
is successfully downloaded to the target.
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