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Introduction

We will create a basic Control System using Arduino

This Tutorial uses Arduino UNO, but other Arduino devices
may be used

We will implement a simple Pl Controller

We will implement a Mathematical Model which we will
simulate and control using the Pl Controller

We will also implement a Lowpass Filter

When the code is working properly, we will create an
Arduino Library

— Makes it easy to reuse your Code in different Applications
— Makes it easy to Distribute to others



Arduino Control System
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Arduino Control System

We will create an Arduino Control System in 3 steps:

Step 1: Create and make the Control System work
Step 2: Make Class and Improve Code Structure
Step 3: Making an Arduino Library

Step 1 was part of another Tutorial - Arduino Control
System

YouTube: https://youtu.be/Zvc 108hXxs

We will have a short repetition here before we move on
to Step 2 and Step 3



https://youtu.be/Zvc_I08hXxs
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Arduino

Arduino is an open-source electronics platform
based on easy-to-use hardware and software.

It's intended for anyone making interactive projects,
from kids to grown-ups.

You can connect different Sensors, like Temperature,
etc.

t is used a lots in Internet of Things projects
Homepage:
nttps://www.arduino.cc



https://www.arduino.cc/

Ard u i n O U N O Digital ports (2-13)
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External Power
Supply




Connect Arduino to your PC

// Arduino

—— USB cabIeTypeA-\B'
mo—mmmmrmmemmes |




Arduino Software

Upload Code to Arduino Board

Compile and Check
if Code is OK

Creates a New Code Window

The software can be
downloaded for free:

www.arduino.cc

Save

Open Serial Monitor

o

pen existing Code

In this window
you create your
Program

Error Messages
can be seen here



http://www.arduino.cc/

Arduino Programs

All Arduino programs must follow the following main structure:

// Initialization, define variables, etc.

vold setup ()
{

// Initialization

}

void loop ()
{

//Main Program



https://www.halvorsen.blog ‘

Pl Controller

Hans-Petter Halvorsen Table of Contents




PID Controller

-
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K, [t )
u(t) = Kye 4 Pl edt + K,Tqé
1 JO y

Where u is the controller output and e is the

control error:

r is the Reference Signal or Set-point

e(t) =r(t) —y(t)

y is the Process value, i.e., the Measured value

Tuning Parameters:

Ky

T; Integral Time [sec.]

Proportional Gain

Td Derivative Time [sec. ]



Pl Controller
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Where u is the controller output and e is the
control error:
e(t) =r(t) —y(t)

r is the Reference Signal or Set-point
y is the Process value, i.e., the Measured value

Tuning Parameters:

Ky

T;

Proportional Gain

Integral Time [sec. ]



Discrete Pl controller

We start with the continuous Pl Controller: ~ We derive both sides in order to remove
the Integral:

K t
u(t) =er+—pf edt K
T. — ., Bp
i Jo u—er+Te
i

We can use the Euler Backward Discretization method:

- x(k) —x(k —1) Where Ty is the Sampling Time

X
T
Then we get: Finally, we get: K
Up — Up—q e —ex—1 K _ p
= K, +-2e, Uk = Ug—1t Kp(ek —ex—1) + = Tseg
Ts Ts T; Ti

Where e, =1, — Vi



Pl Controller Code Example

voilid PiController ()

{ Note! This is a very basic example
u _prev = u;
e = r - Tout;
u = u prev + Kp*(e - e prev) + (Kp/Ti)*Ts*e;
1f (u < 0)
u = 0;
lfu(E ;.5) //Controller

float r = 24;
float Kp = 0.8;
float Ti = 20;

The variables are in this basic example set as global variables
vari | | ic examp g vari float u = 0;

on top in the Arduino program
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Air Heater System

Aim: Control the Temperature on the outlet (T, ;)

Teny
We can, e.g., use the following
values in the simulation:
K, o
"3 Control | 9, =22s
), Unit
- Tout Temperature Hd =28s
\ ﬁ. Sensor on the o
FanE T 1 _—J outlet K. = 3.5 C
h — 99 &y
i |4
Air In T Uy (T,u) lAir Out
Control Signal 1 -5V 20 — 50°C Tenv = 21.5°C

to the Heater

0—-5V



Discrete Air Heater

. 1
. o Tout = —{—Tour + [Knu(t — 64) + Tonyl}
We make a discrete version: out = g 1" out T Lfn a) T lenv

Tout (k + 1) Tout (k) 1
T P

{ ~Tout (k) + [Kpu(k — 64) + Tenyl}

This gives the following discrete system:
out(k + 1) — out(k) + { Tout(k) + [Khu(k Hd) + Tenv]}

The Time delay 6,; makes it a little complicated. We can simplify by setting 6; = 0

T (k4 1) = T () 452 (=T () + [Kpe(k) + Ty ]



Discrete Air Heater (Simplified)

Discrete version with Time delay 8; = 0
T
Tout(k + 1) = Tyt (k) + B_S{—Tout(k) + [Kpu(k) + Tenpl}
t

We can use the following values in the simulation:

Ht — 225

°C
Ky = 3.5~
oy = 21.5°C

We can set the Sampling Time T, = 0.1s



Process Model

void AirHeaterModel ()
{
Tout prev = Tout;
Tout = Tout prev + (Ts/theta t) * (-Tout prev + Kh*u + Tenv) ;

The variables are in this basic example set as global variables on top in the Arduino program

// Alr Heater Model
float Kh = 3.5;

float theta t = 22;
float theta d = 2;
float Tenv = 21.5;
float Tout = Tenv;
float Tout prev = Tenv;
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Discrete Lowpass Filter

Lowpass Filter:

yr(s)

H(s) =

using Inverse Laplace:
Teyr +yp =Yy

We use Euler Backward method: x =

Then we get:

yr(k) —yr(k — 1)

Ty

This gives:

TS

Yr (k) =

y(s)

+yr(k) = y(k)

T+T

CTrs+1
We can find the Differential Equation for this filter

Yr (k

x(k)—x(k-1)

. We define:

Ts
Ty + T

=a

Finally, we get the following discrete
version of the Lowpass Filter:

30 = (1= @yp(k = 1) +ay(k)

E This equation can easily be implemented using the
i Arduino software or another programming language

Golden rule for selecting proper T:

Ty
Ty << o Ty 2 5T



Lowpass Filter

void LowPassFilter ()
{
y = Tout;
yf = (1-a)*yf prev + a*y;
vf prev = yf;
Tout = vyf;

The variables are in this basic example set as
global variables on top in the Arduino program

Note! This is a very basic example

//Filter

float Tf = 5*Ts;
float a = Ts/ (Tf+Ts) ;
float y;

float yf;

float yf prev = Tout;
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Arduino Control System

Reference Value/

Setpoint Control Signal Measured Value
r e ] u y
@ Controller ] Process —
Vs Pl Controller Mathematical Model
Filter <

Lowpass Filter



// Initialization
Code

void setup()

{
Here you see an example of the L . .
main code structure of your // Initialization
application

}

The Code for the PI Controller,
the Process Model and

Lowpass Filter have been put {
into separate Functions

PiController () ;

ProcessModel () ;

LowPassFilter () ;
delay (wait)

void loop ()



Control System

@ air_heater_simulation | Arduino 1.8.13

File Edit Sketch Tools Help

air_heater_simulation §
//Filter
float Tf = 5*Ts;
float a = Ts/(Tf+Ts);
float y;

float yf;

float yf prev = Tout;

void setup()
{
Serial.begin (9600);

void loop()

{
PiController();
AirHeaterModel () ;
LowPassFilter();
SerialPlotter();
k =%k + 1;
delay (wait);

trai A DIiCAntErAllAr )

Serial Plotter

@ comé

30.0

27.0

24.0

21.0 7

Setpoint is 24°C in this case

t
27 127 227

9600 baud v

t t 1
327 427 827

Send No line ending



Summary

 We have made a simple Control System with
Arduino.

* The Code Examples are very simplified and lots

of improvements can be made, e.g., reduce the
use of global variables, etc.

* You should also structure the code into Classes
and make an Arduino Library for the general Pl
and Lowpass Functions.
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class Control

{
public:
O ‘ Control(..) //Constructor

{

}i

A CIaSS CEl”Ed Hcontrolﬂ has float AirHeaterModel (float u)

been made' féut = Tout prev + (Ts/theta t) * (-Tout prev + Kh*u + Tenv);
The Class now contains the | etumn fouts

different functions like the float PiController (float y)

“AirHeaterModel”, {

“PiController”, “LowassFilter”. 5 = u_prev + Kp*(e - o_prev) + (Kp/Ti)*TIs+e;

EtC. ééturn u;
}

float LowPassFilter (float vy)
{

yf = (1-a)*yf prev + a*y;

return yf;

}

void SerialPlotter (float vy)
{
Serial.println(y);
}
}i



// Simulation

float Ts = 0.1;
Code (2/2) e
float u = 0;

//Model;
. . . ] float y init = 21.5;
Main Application using the Class | float y = y _init;

Control control(y_init);

void setup ()

{
Serial.begin (9600) ;

//Simulation
control.Ts = Ts; //Sampling Time

//Controller
control.Kp = 0.8;
control.Ti = 20;
control.r = 24;

}

void loop ()
{

u = control.PiController(y) ;
y = control.AirHeaterModel (u) ;
y = control.LowPassFilter (y) ;

control.SerialPlotter (y);
delay (1000*Ts) ;



Control System

@ control_system | Arduino 1.8.13
File Edit Sketch Tools Help

public:
//Simulation Parameters
float Ts;

//Controller
Eloatt: Ty
float Kp:;
float Ti;
Flaadts:n
float e

//Model
fFloat Touts;

L/ ClLass Constructor

Control (float y_init)
{

Tout = y init;

float AirHeaterModel (float
{

//Model Parameters

9600 baud v No line ending
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Arduino Library

Libraries are a collection of code that makes it easy for
you to connect to a sensor, display, module, etc.

There are hundreds of additional libraries available on
the Internet for download.

You can also create your own Libraries from scratch —
That's what we will show her
Why create your own Libraries?

— Better Code structure

— Reuse your Code in different Applications

— Distribute to others
https://www.arduino.cc/en/Hacking/libraryTutorial



https://www.arduino.cc/en/Hacking/libraryTutorial

Arduino Library

You need at least two files for a library:

 Header file (.h) - The header file has definitions for the
library

e Source file (.cpp) — The Functions within the Class

Note the Library Name, Folder name, .h and .cpp files all
need to have the same name

Location:

 Windows: C:\Users\<User>\Documents\Arduino\libraries
* macOS: /Users/<User>/Documents/Arduino



Code (1/3)

Control.h

#ifndef Control h
#define Control h

#tinclude "Arduino.h"

class Control
{
public:

//Simulation
float Ts;
//Controller
float r;
float Kp;
float Ti;

//Constructor
Control(float y_init);

//Functions

float AirHeaterModel(float u);
float PiController(float y);
float LowPassFilter(float y);
void SerialPlotter(float y);

private:
float u;
float e;
float Tout;

}s

tendif



#include "Arduino.h"
#include "Control.h"

Control::Control(float y_init)
Tout = y_init;
¥

float Control::AirHeaterModel(float u)
{

//Model Parameters

float Kh = 3.5;

float theta_t = 22;

float theta_d = 2;

float Tenv = 21.5;

float Tout_prev;

Tout_prev = Tout;

-~

Tout = Tout_prev + (Ts/theta_t) * (-Tout_prev + Kh*u + Tenv);
return Tout;

float Control::PiController(float y)
{
float u_prev = u;
Control.cpp
e=r-y;
u = u_prev + Kp*(e - e_prev) + (Kp/Ti)*Ts*e;
if (u < 9)
u=0;
if (u > 5)
u=>5;

return u;

3
float Control::LowPassFilter(float y)
{

float Tf = 5*Ts;

float a = Ts/(Tf+Ts);

float yf;

float yf_prev = y;

yf = (1-a)*yf_prev + a*y;
yf_prev = yf;
return yf;



#tinclude <Control.h>

//Initialization
O e // Simulation
float Ts = 0.1;

//Controller
float u = 9;
//Model;

float y_init = 21.5;
float y = y_init;

//Constructor
Control control(y_init);

void setup()
Serial.begin(9600);

//Simulation

Example Code ControL T = 153 //Sanpting Tin

//Controller

control.Kp = 0.8;
control.Ti 20;

control.r = 24; //Setpoint

}

void loop()

{
u = control.PiController(y);
y = control.AirHeaterModel(u);
y = control.LowPassFilter(y);

control.SerialPlotter(y);
delay(1000*Ts);



(o0} sketch_sep07a | Arduino 1.8.13
File Edit Sketch Tools Help

New Ctrl+N
Open... Ctrl+O
Open Recent >
Sketchbook > a
Examples 3 Built-in Examples
Close Ctrl+W 01.Basics »| Tun once:
Save Ctrl+S 02.Digital >
Save As... Ctrl+Shift+S 03.Analog >
4 04.Communication >
Page Setup  Ctrl+Shift+P
2 05.Control >
Print Ctrl+P
06.Sensors 2
Preferences  Ctrl+Comma 07.Displa: >
S ,[run repeatedly:
Quit Ctrl+Q 08.5trings
09.USB >
} 10.StarterKit_BasicKit e | v, =
11.ArduinolSP >
Examples for any board Share View
Adafruit Circuit Playground >
Bridge > €« v A > ThisPC » OS(C:) » Users » hansha » Documents > Arduino > libraries > Control
Ethernet >
Firmata > o
S i Name Date modified
iquidCrystal <
. i s Quick access
examples
Selo i I Desktop :
Stepper > ¢ Control.cpp
Temboo > ¥ Downloads .
WIFiNINA > C Control.h
{lal .
RETIRED > @ OneDrive keywords.txt
Examples for Arduino Uno WiFi Rev2 air_heater_simulatic © readme.txt
EEPROM >
) control_system
SoftwareSerial >
SPI % control_system_ex
Wire >

Examples from Custom Libraries

Control b control_system_ex
DAC_MCP49xx

Fahrenheit

MCP_DAC

TestHPH
ThingSpeak

Arduino Uno WiFi Rev2, ATMEGA328 on COME



Using the Library

When t
been in
proper]
see you
“Sketch

Library’

@ sketch_sep07a | Arduino 1.8.13
File Edit |Sketch Tools Help

void loop()

stalled
y, you should

->|nclude

v

Verify/Compile Ctrl+R
Upload Ctrl+U
sketch Upload Using Programmer Ctrl+Shift+U
void Export compiled Binary  Ctrl+Alt+S
/0 SRR o Ctrl+K
Include Library
A

// put your main code

here. to

Manage Libraries...

Add ZIP Library...

Arduino libraries
Bridge

EEPROM
Esplora
Ethernet
Firmata

GSM

HID

Keyboard

h e Li b ra ry h a S LiquidCrystal

Mouse

Robot Control
Robot IR Remote
Robot Motor

SD
SPI
Servo

SoftwareSerial

r Library under s

Stepper
T
Temboo
Wii
WIFININA
Wire

Contributed libraries

Control
DAC_MCP49xx
Fahrenheit
MCP_DAC
TestHPH
ThingSpeak

R

nmen

run _once:

Ctrl+Shift+|

tedly:

Your Library
can be foun
File->Examples

New
Open...
Open Recent

Save

Save As...

Page Setup
Print

Preferences

Quit

Arduino Uno WiFi Rev2, ) 8

@ sketch_sep07a | Arduino 1.8.13
File Edit Sketch Tools Help

Ctrl+N
Ctrl+0

ChlaiV
Ctrl+S
Ctrl+Shift+S

Ctrl+Shift+P
Ctrl+P

Ctrl+Comma

Ctrl+Q

Examples
d under

Built-in Examples
01.Basics

02.Digital

03.Analog
04.Communication
05.Control
06.Sensors
07.Display

08.5trings

09.UsB
10.StarterKit_BasicKit
11.ArduinolSP

Examples for an

Adafruit Circuit Playground
Bridge
Ethernet
Firmata
LiquidCrystal
sD

Servo
Stepper
Temboo
WFININA
RETIRED

ino Uno WiFi Rev2

Examples fol
EEPROM
SoftwareSerial
SPI

Wire

Examples from Custom Libraries
Control

DAC_MCP49xx

Fahrenheit
MCP_DAC
TestHPH
ThingSpeak

run once:

i run repeatedly:

. control_system_ex

ATMEGA328 on COMB



Manage Learn More X

G Control.cpp X 120
C Controlh X

WO NGO VDB WNBR ~

@ Restricted Mode

Control > C Control.h

sha > Documents > Arduino

Control.h - Control Engineering Arduino Library
Created by Hans-Petter Halvorsen

5l

#ifndef Control_h

#define Control_h

#include "Arduino.h"

class Control
{

public:
//Simulation
float Ts;
//Controller
float r;
float Kp;
float Ti;

//Constructor
Control(float y_init);

//Functions

float AirHeaterModel(float u);
float PiController(float y);
float LowPassFilter(float y);
void SerialPlotter(float y);

private:
float u;
float e;
float Tout;

hH

#endif

®@oAo Ln17,Col 14 Spaces:2 UTF-8 CRLF C++

G+ Control.cpp ]

@ Restricted Mode

./*: sha

Arduino

Control.h - Control Engineering Arduino Library
Created by Hans-Petter Halvorsen

*/

#include "Arduino.h"
#include "Control.h"

Control: :Control(float y_init)

{
Tout = y_init;
}
float Control::AirHeaterModel(float u)
{
//Model Parameters
float Kh = 3.5;
float theta_t = 22;
float theta_d = 2;
float Tenv = 21.5;
float Tout_prev;
Tout_prev = Tout;
Tout = Tout_prev + (Ts/theta_t) * (-Tout_prev + Kh*u + Tenv);
return Tout;
b
float Control::PiController(float y)
{
float u_prev = u;
float e_prev = e;
e=r-y;
u = u_prev + Kp*(e - e_prev) + (Kp/Ti)*Ts*e;
if (u < 9)
u=0;
if (u.>5)
u=>5;
return u;
}

®0A0 In27,Col2 Spaces:2 UTF-8 CRLF

[

& 0



atures. Manage Learn More X

ments > ArdOMoO BYames 7 conuor 2 examples > control_system_ex > €+ co

#include <Control.h>

//Initialization

float Ts =10.1;

U

1

2

3

4

5 // Simulation

6

74

8 //Controller

9 float u = 0;

11 //Model;

12 floaty initi=i21.5;
3 float y =y init;

15 //Constructor
16  Control control(y_init);

17

18  void setup()

19 {

20 Serial.begin(9609);

21

22 //Simulation

23 control.Ts = Ts; //Sampling Time
24

25 //Controller

26 control.Kp = 0.8;

27 control.Ti = 20;

28 control.r = 24; //Setpoint
29}

30

31 void loop()

32 {

33 u = control.PiController(y);
34 y = control.AirHeaterModel(u);
35 y = control.LowPassFilter(y);
36 control.SerialPlotter(y);

37 delay(1000%Ts);

38}

@ Restricted Mode ®0A0 Ln1,Col1 Spacess2 UTF-8 CRLF C++ & Q



Control System

control_system_ex - O X

File Edit Sketch Tools Help

T#include <Control.h>
| 28.0
//Initialization
' // Simulation
| float Ts = 0.1;
\
//Controller
float u = 0;
24.0 7

//Model;
| float y init = 21.5;
' float y = y_init;
‘//Constructor
Control control(y init);
void setup() ~0.0 A
{

Serial.begin(9600) ;

//Simulation

control.Ts = Ts; //Sampling Time

9600 baud v No line ending
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Library Manager

Type Al w | Topic Al v e
Arduino Cloud Provider Examples
by Arduino
Examples of how to connect various Arduino boards to cloud providers
More info

Arduino Low Power

by Arduino

Power save primitives features for SAMD and nRF52 32bit boards With this library you can manage the low power states of
newer Arduino boards

More info

Arduino SigFox for MKRFox1200

by Arduino

Helper library for MKRFox1200 board and ATAB8520E Sigfox module This library allows some high level operations on Sigfox
module, to ease integration with existing projects

More info

Close

If you are really happy with your
Arduino Library and thing others
may have use for it, you may
distribute it to others via the
Library Manager.

For more information how you
can do that:
https://github.com/arduino/libra

ry-registry



https://github.com/arduino/library-registry
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