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Abstract

The main task of this practical work was an attetopsimplify and to optimize some
laboratory experiments students do during theidisgiof control theory. The work was
mainly concentrated on developing a laboratory kithich could provide basic
functionality in learning, and modelling of contrptocesses with necessary level of
integration to computing and modelling environméké MATLAB. As a result, the
laboratory kit should allow real-time data exchamggween MATLAB’s environment
and object occurs during laboratory experimentppsetting all necessary control and
data acquisition facilities.

The thesis is in English language and containsaffep of text, 8 chapters, 45 figures, 6

tables and 5 appendixes.



Annotatsioon

Selle praktilis-rakendusliku t66 peamiseks Ules&sdeli laboratoorse katsemaketi
valjaehitamine, mille abil saaks eksperemite kdhtteoorias. Makett peaks tagac
labori aja optimaalne kasutamine labi integrerenMATLAB/Simulink’i keskonnaga.
Lihtsustatusd eksperementide kéik ja maksiimallasukamine MATLABI/Simulink i
koheselt ekperimentide jooksul tagab tedengiteliel h@imalusi olla kontsentreeritud
nimelt kontrolli teooria uurimiseks, rohkem kui inittdo0 tegemiseks. Peamiselt, peab
olema tagadud objekti omaduste Oppimine ja anatiiiei ja kontrolli protsesse
modelleerimine vajalikul tasemel. Loputdd tulemusenn termilise objekti katsemaket
mis vbimaldab andmehdive ja andmevahetuse MATLABkkennaga reaalajas. T66
eeldab riistvara disain ja tarkvara arendaminenijanagu praktilise eksperimendi
l&biviimine.

LOputdd on kirjutatud inglise keeles ja sisaldab I@Bekilge teksti, 8 peatikki, 45
joonist, 6 tabelit ja 5 lisa.
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DLL

EEA

Glossary of abbreviations and terminology

degrees Celsius

Ampere

a device controlling the flow of material or power

Analog-to-Digital Converter

Application Programming Interface

Provide interface for communication software comgras in Windows
environment

Atmel Software Framework

Advanced Technology eXtended
a PC motherboard form factor specification

Digital-to-Analog Converter
Dynamic Link Library
Implementation of the shared library concept by iusoft

European Economic Area

embedded systemsingle-purpose small computer system dedicateddecific control

full speed
IC
IDE

IDP
MATLAB

Mbps

MCU
MIPS

MOSFET
PC

PCB
PSU

Pt

PWM

Real-time

functions
A term related to USB interface datagfar speeds not less 12 Mpbs

integrated circuit

Integrated Development Environment

Software environment for modelling and/or code eagring
integrated development platform

MATRIX LABORATORY
A software environment provides technical computing modelling for a
wide range of technical systems. The trademarkiathWorks, Inc.

Megabits per second

data transfer rate
MicroController Unit

million instructions per second

The metal—-oxide—semiconductor field-effect tramsist
Personal Computer

printed circuit board

Power supply unit

Platinum

Power Width Modulation

Circulated information about system is not outdditedime interval
restricted by system behaviour
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rpm
RS-232

RTD
sensor
Simulink
TTL

uUSB

=<

Reduced instruction set computing
Revolutions Per Minute
Binary data transfer protocol

Resistance Temperature Detectors
a devices used to detect a changerotags with in some range.
MATLAB tool for modelling and analyzing of dynamsystems.

Transistor-Transistor Logic

Universal Serial Bus
Communication protocol between personal computeasegectronic

devices
Volt

Watt
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1. INTRODUCTION

The studies, especially in technical disciplinegjuire student to spend significant part of
learning time in laboratory to confirm theoretiémlowledge by practical experiments. No
doubt, the effectiveness of his work depends orsqmal qualities. However, enough
equipped laboratory could essentially help studemtvoid some routine work and save his
time, allowing him to be more concentrated on nmtasks such as analyzing or process
modelling.

The experiments devoted to control theory suppaseesobject to be investigated, and
some control algorithms to be realized in connectidth its particular characteristics. The
students usually start learning control theory ehdviour of thermal processes. The object
for studying is a heating element embedded in adisisting of object itself, sensors and
(or) actuators to make controls over various stagesxperiment. An ideal laboratory kit
minimizes the scope of routine work and provides tisibility of all processes with
capability to change priority settings in real tinfdne kit must also enable real-time data
exchange for closed-loop control applications amrdirgy for further analysing and
evaluating. The MATLAB [1] is a default computingdamodelling environment used to
deal with numerical computation and for modelliriglgnamical systems in control theory
discipline. Hence, we need some level of integratm MATLAB with capability of data
exchange in real-time. The kit should provide s@egal interface to PC, or rather USB

interface as most accepted interface for persamapaters.
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The thesis begins with an overview of the kits carorally supplied to the market,
followed by a description of existing kit belonging chair’'s laboratory. Additionally, a
few others kits examined for design and capalslitee meet our demands. The theoretical
part describes the main conception of whole apiptinaA block diagram will illustrate the
structure of application. Data transmit protocotl dime limitations will be discussed as
well. The design chapter focused on kit's schematid hardware design. The special
section dedicates to IDE used for design, codirgytasting of application. The testing part
refers to practical application of the kit. Thoseqedures as object identification and
controller modelling conducted to confirm declaapabilities. The whole work will be

analyzed at the final part of the thesis.

2. OVERVIEW

2.1 Commercially available kits

2.1.1. Main features

The market of commercially available teaching k#sbig enough to cover all scholar
needs. The commercial kits provide extended sugpostudying and modelling of various
processes, but purchasing of commercial kits sonesti quite expensive and may be
limited by a budget. Furthermore, the commerci&d khnay sometimes require calibration
and maintenance service bringing additional experemed disturbances in laboratory
activity. A brief survey given here to inform abaducational capabilities of commercially

available kits.

2.1.2 Temperature Control System from Cytron Technologies

The kit supplied by Cytron Technologies Sdn. Thescdetion of circuit found on
company’'s web page [2]. This is microcontrollerdxhit equipped with temperature
sensor capable to measure ambient in range 0 *A@Ad send the value on LCD display.
The kit also includes two fans and may be purchdsedeasonable price around 40 US
dollars with no delivery included. The microconteolis PIC16F876A with 10-bit ADC
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supplied by Microchip Technology Inc [3]. The Usagfekit is limited due to small amount
of flash memory and supported interfaces. The Wiptied with open source code making
it more flexible in context of embedding to higlvd¢ systems. No actuating devices for

control attached on the board. The Figure 1 ilates the mentioned kit.

Figure 1. Temperarure control kit from Cytron Teclogges.

2.1.3 Serial Temperature Sensor Interface Kit VK011K from QKits

Serial Temperature Sensor Interface Kit VKO11K wHoserial interface between up to 4
temperature sensors and PC [4], The measured anteiperature range defined by
temperature sensor Dallas DS18S20 [5] between -56°€125°C with 9-bit resolution.
RS-232 interface serves to transmit data to PCsapgly the board. The sample rating
provided from 1 second to 99 minutes. The kit sigaplvith free software, but source code
is not included. It causes the problem of complatbwith customer’s specific needs.
Furthermore, additional RS232 to USB Converter [eJuired to support USB
connectivity, because usual PC has no serial porhgst cases. As in previous case, no

actuating circuits included. The Figure 2 illustisatemperature kit VKO11K.

Figure 2.Serial Temperature Sensor Interface KiOVKK.
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2.1.4 Temperature transducer and control Kit from Elettronica

The complex educational kit from Elettronica [7pproted as a powerful educational tool
supporting various experiments involved in tempegtprocesses control. The design
accomplished regarding the industrial standard® Kih consists of board G34/EV and
external unit TY34/EV. The board include 10 funofb blocks which outputs and inputs
are accessible for measurements with standard megasot tools. Experiments may
include analyzing of temperature transducers aladee conditioning circuits. The kit also
provides automatic control with PID controller inded. The blocks support interface to Pt-
100 industrial temperature sensors [8], NTC and Bp€ thermo resistance [9] and J-type
thermocouple [10]. The kit includes low-voltage hvitriac phase control for supply of
100W heating element and power amplifier to sugplyling fan.

Figure 3 illustrates the educational board G34/ENhwexternal unit TY34/EV from
Elettronica.

Figure 3.Educational board G34/EV with externakt On34/EV.

The kit needs external power supply unit PS1-PSUJEM, which should be purchased
separately. Figure 4 illustrates power supply B@tL-PSU/EV.

17



Figure 4.Power supply unit PS1-PSU/EV.

Elettronica optionally offers USB industrial intade module MFI-U/EV [11] performing
the data acquisition and exchange with PC. lieswsut 12-bit resolution ADC and

8-bit resolution DAC. The module also supportsi@itdl TTL inputs/outputs providing
great capability for experimental work. Figure w3 the interface module MFI-U/EV.

Figure 5.USB interface module MFI-U/EV.

The module accompanied with USB driver, microcdigrofirmware, DLL with API
components compatible with Lab View software fderface software development.
Although the cost is not listed on manufacturete,sive can courageously talk about, at

least, few thousands euro. Fine solution for gneatey.
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2.2 Custom designed educational kits

2.2.1 Main features

Custom designed educational kits, obviously, hawmes considerable advantages upon
commercial. Custom design meets the specific neédslucational institutes. It usually

low-cost and can be revised easily, adjusting @ specifications or demands for future
experiments. Further, the designer group obtaimaliable hand-on experience and may
even claim for patents in case of entirely new sleoi. Even some limited edition may be
produced for distribution between other educatiamats. However, related work must be
observed by qualified person and some tests magdpgred in compliance with existing

standards in particular area.

2.2.2 The existing kit

The existing kit is taken first for consideratiofhe Figure 6 illustrates the kit used for
base experiments in control theory on chair of Mmatic Control and Systems Analysis of
Tallinn University of Technology. It consists of diemmg element, cooling fan and a

thermocouple as a temperature sensor. The pow@itysupit plugged in separately and

shown on the left from Kkit.

Figure 6.Existing thermo object with supply unit faboratory work.
19



Many generations of students have used this kiexperiments and laboratory work during
their studies. Regardless its outmoded design belgrto last century the kit is still good
enough for many educational experiments and usezheixely by students. However, on
demand for more productive work focused on the sk the kit has some drawbacks. In
order to perform all necessary operations the siuldas to switch between few modes, to
fix some modes on oscilloscope and write down #mults for further computing and
calculations on personal computer with approprsatitvare (MATLAB) installed. Most of
the operations to be done manually. It causesinie wasting. Furthermore, a high voltage
in maximum of 220V AC is used to supply heatingnedat. It raises the risk of electric
shock during the experiments. Hence, in order 'erayme the most of manual work and
examine system behaviour on more visible way, a-loltage and easy manipulated

laboratory kit with extended capabilities becomesasonable decision.

2.2.3 Temperature control kit from Near East University.

The temperature control kit was created by D.lbraffiom Near East University [12]
placed in Lefkosa, Turkey. He described prereqgssdnd construction in his article in
International Journal of Electrical Engineering Ealiion [13] .The main motivation merely
was a building a low-cost educational kit causedabyeason of conducting intended
practical experiments for students. The kit's cangton in pretty simple. Some criticism
may be applied, but we'll not focus it. Anyway, thre assumption of released article, the
kit performs and supports all necessary laborad@periments for temperature control. The

block schematic of temperature control kit représeron Figure 7.
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Figure 7. Schematic of temperature control kit fiderar East University.

The main part includes a 12Volts/120W heater wagnihre water in a plastic container.
The temperature of ambient water measured by agempe sensor LM35DZ [14]. The
microcontroller PIC16F877 [15] from Microchip driv¢he MOSFET switch IRL1004 [16]
with PWM impulses dosing the portion of energy dieel to the heater. The circuit

diagram shown on Figure 8.

+12V
+5V
+5\V 11 2
Heater
””m VDD VDD
1 MCLR
LM35DZ Z 1 ANO a1
cept? | HMOSFET
J,— Temperature 16F877
Sensor
GND  ygg|31
oscz__-L =

Figure 8.Circuit diagram of temperature controlfkam Near East University.

The kit constructed on the stand like shown on E@u
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Figure 9. Temperature control kit from Near Eastvudrsity.

As seen from figures above no data transmissiovigied to PC. The price declared with in

200 US dollars is moderate or even high for thesglof systems.
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2.2.4 Education temperature control kit from Slovak University of Technology.

The advanced educational and trainer temperatarg plas built in Slovak University of
Technology in Bratislava [17]. More than 40 similkats are successfully used in labs of
several EU universities. We have no detailed schienpaovided, but can refer to few
articles [18] [19]. Figure 10 illustrates the thedreducational plant from Slovak University

of Technology. The kit equipped with 20W halogeliblas a heating element,
| |

A -
halogen bulb

plastic tube with sensor
and low-voltage fan

Figure 10.Thermal educational plant from Slovakuénsity of Technology.

temperature sensor Pt-100 and low-voltage fan dotrol and imitation of disturbances.
The 12-bit resolution converter provides precisless than 1%. Electronic subsystem
contains all necessary components to acquire data $ensors, control plant’s actuators
and communicate with PC through USB interface. @& include plant temperature,
ambient temperature, bulb light intensity, fan spémly informative) and fan current. The
plant can be controlled through either analog oBUSterface. USB connectivity is

provided by USB converter. Data can be transmittedMATLAB/Simulink where the

plant is represented as a single block. A simitdut®n is also available for open-source
environment Scilab/Scicos. The spaces of expersnarm@ extended through capabilities of
kit provided by more than a 20 year long of deveiept work. Probably, that is one of the

best educational kit. In case you want to purclitageu will pay nearly 5000 euro.
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3 HEATER LAB KIT PRELIMINARY DESIGN

3.1 Conceptual design

3.1.1 Object

Regarding the previous chapters, the temperatureaigrocesses are most preferable for
initial experiments in control theory. Studentsciet to use simple physical thermo objects
to observe initial conditions, object states andaigic behaviour of entire system. They
can realize clear control algorithms implementiagibg well known evaluating methods to
design a feedback control.

The object for temperature control may be eithes, ¢jguid or solid object. The gas and
liquid require additional design to isolate from kaemt. Some vessels or tubes must be
added to kit's construction to store them. Completaiey design complicates the scope of
work and increases the cost of the project. Intgadspects, vessel may occasionally be
damaged or ever broken during the laboratory erparis because of human mistakes.

It raises the risk of injuries. Thinking so, weveahe consideration of gas and liquid and
staying focused on solid objects.

The temperature control of a solid object perfornmesimpler way — no needs any vessels,
but only solid object itself and temperature memsudevice, attached to it. Usually, the
role of solid object plays a heating element. Tame conception of object is realized in
existing laboratory kit described in Section 2.2\®e will follow the same way and take a

heating element as an experiment object for impigimg in next generation Kkit.

3.1.2 Functionality: the formula of “four E”

The discuss about functionality of experimental twave already been touched earlier.
Here we can summarize the scope of functionalityeted to simplifying the workflow and
allowing an experimenter to implement necessarylyaimg and modelling tools with
minimum efforts applied. The derived formula of ¢tionality can be released in view of

“four E”: easy manipulation, easy analyzing, ea®deiling and easy modernization.
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» Easy manipulationrefers to shortening the time of switchover procedwith no
loss the quality of experiment workflow. In othewsrds, all main and auxiliary
controls to be performed on computer-based priaciphe-two mouse click with

minimum efforts and distraction from main proceggesvising.

» Easy analyzing refers to capabilities to use powerful and easy ipdated
analyzing and computing tools delivered by compbgesed platforms like
MATLAB, LabVIEW [20]etc.

» Easy system modellingand simulation overlaps with previous item and refers
more to powerful and easy configurable modellinglgpallowing the individual
approach to experiments. The system may be repessdike a synthesis of
physically real object with its natural behaviourdavarious virtual objects or

processes in connection with particular needs ahqeriment.

» Easy modernizationrefers to minimizing costs and efforts for futunedernization
through the easy integration of a required modalart existing design. The system
has to be able to serve updated controls and daais&ion with in some limits.
The developer has to compromise between the casteoproject and establishing

the design in perspective of future modernization.

With this formula, the design will span all exigiiand future demands within some scope
for years.

3.1.3 Safety compliance

One of most important aspects of engineering desigfollowing the human safety
requirements. If electrical equipment intended $e in EAA countries, the EU directives
relating to electrical equipment designed for ugthiw certain voltage limits must be
followed [21]. The mentioned directive based on THiectrical Equipment (Safety)
Regulations 1994 (S.1. 1994/3260) [22] classifyabgctrical equipment into two groups:
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I. Equipment intended to use voltage between 50 ari) Mdlts in the case of
alternating current
[I. Equipment intended to use voltage between 75 &00 Yolts in the case of direct

current

The directive prescribes the CE marking for alhtiened equipment, circulated in EAA
countries. It declares that only electrical equiptmahich does not endanger the safety of
people, domestic animals and property, shall besgl@n the market.

Besides the EU directives some international staisdiske IEC 60601-1 [23] prepared and
saved by International Electrotechnical Commis$&at) have to be taken into account.
Anyway, the common approach in electrical desigseldeon minimizing of electrical shock
hazard. Less voltage causes less current in mance{ engineering sight towards a low-
voltage solution is fully acquitted. Low voltage asrelative term. In our case, the upper
limits of voltage determined in context of elecititazard. Regarding the articles devoted
to electrical shock effects [25] [26], the maximuwnrent occurs upon a contact of any
electrical source with a human body part must moted so called "let go threshold” level
10-20 mA, when "cannot let go!" state occurs. Theistance of human body varies
from100 000 Ohm on dry skin to 1000 Ohm on wet.réf@e, using Ohm’s law, we can

calculate the maximum safe voltage

Equation 3-1
Unax = 15mA 100002 = 15V.

Hence, the level near 10-12 volts in the casereictlicurrent would be fully acceptable.
The maximum voltage in the case of alternate ctiisecut down due to property of human
skin, which acts as a capacitor making total rasist much lower.

All interested persons may be addressed to congraoissafety criteria given by

the American IEEE Std 80-2000 and European IEC 82005 Standards [27].

Anyway, the proper design should include the patteady have obtained at least CE

marking.
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3.2 Functional design

3.2.1 Main structure of computer-based experiment system

Computer-based experiments require a personal demauad a peripheral control system.
Personal computer offers great computing, analyaimd) modelling capabilities, supported
by MATLAB in our case, and peripheral control systperforms all routine operations in
experiment. Data exchange provides from each 8@ control driven by PC and local
control performed by a peripheral control systefme $tructure shown in Figure 11.

PC }

MATLAB/Simulink

e

T Data/Main contrc

|
7

PERIPHERAL I

Laboratory kit

CONTROL

Contro

; \

Data acquisition

Powe
OBJECTS ~—— ACTUATORS

% i i Peripheral devices ,

External impact Main supply

Figure 11.The typical structure of computer-basqmeament.

The amount of peripheral devices and controls saffem the type and scope of
experiments. Peripheral control usually is a miordller-based solution. Modern
microcontrollers due to extended capabilities offiexat opportunities for resolving custom
design, providing enough computing support and atp@ral speed to control systems in
real time. The ratio between cost and performanghgd microcontrollers widely used

beginning from toys and finishing the complex sgsten all technical spheres.
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3.2.2 Heater Lab Kit’s functional design in context of temperature control

No changes detected from PC side. We only neegbeoify peripheral devices to meet
particular requirements of experiment. The Figu2erdpresents the block diagram of the

kit with its specific design adapted to scope giexxments for temperature control.

PC connection

Peripheral side

1 sensor
element I_ sensor
v / )

MICROCONTROLLER

i Temperature
Heating | p {Transducer_J Fan rpm W

N 2 4
ACTUATOR | - => ACTUATOR Il

Heater Lab Kit 4]]}

Main power

Figure 12.Heater Lab Kit’s functional block diagram

Functional description of each element explaine@ahle 1.

Table 1.Functional units of computer-based tempesatontrol experiment.

Unit Amount Functional description
PC side
PC with MATLAB 1 Main control and data analyzing; data exchange
environment installed
Peripheral
side
Microcontroller 1 Local control; ADC conversion and data handling;

data exchange
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Heating element
Temperature sensor
Transducer
Auxiliary fan

Fan’s rpm sensor
Actuators

Power supply unit

Base object for experiment

Temperature measuring device
Temperature sensor's signal conditioning
Cooling and producing disturbances
Fan’s rpm measuring device

Power drive for fan and heating element

Low-voltage supply

Upon this functional description we can form a scop requirements or a list of essential

technical statements that span methods, processeservices that enable a system

functioning. The scope of requirements represemtedrm of technical specification for

each functional unit implemented in the design. cBmation gives real approach to

measure the conformance of any circuit or platform.

The specifications will be prepared abiding théskilesign conception elaborated in

Section 3.1 and functional design presented insécsion.

3.3 Design specification

System design specification

The system design proceeds from number of statesment

» Ensure a possible minimal effect to PC peripherg tb electrical isolation of

hardware component intended to use in design;

* Nominal voltage used in system must not exceedvtiiage rating derived in

Section 3.1.3 for human safety compliance;

» The access to electronic components or open caendiacing practical exploitation

to be minimized ;

» The possibility of visual observation for comporsetd be provided in educational

purposes;

= Components intended to use must comply the El&tilies or standards;

= To be compact with friendly design;
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Microcontroller

A microcontroller is a small integrated circuit ¢aming a processor core, data storage
memory, and peripheral interfaces. More powerfullM€n additionally include modules
for ADC and DAC conversions, USB interface, andN®\dbntrol.

Microcontroller device is a heart of our lab kit manages the power and data stream in

real-time. Hence, we need a MCU that:

» Supporting full-speed USB 2.0 interface with USB Cbrary support(will be
explained later in chapter dedicated to softwarelbgment) ;

= Supporting real-time performance with fast intetsupandling comparing with the
controlled process time stream;

» Include at least few ADC inputs to provide existargl future demands;

* Include a few PWM channels with different modesaftrol,

» Provides enough SRAM and flash memory for data@ogram storage for now
and in perspective of future modernizations;

» Having a good developed IDE platform with extentledd party developers;

Heating element
No special requirements derived for heating elemdRégarding the temperature range of
experiments provided by existing kit, we inspireddefine the same range. Hence, the
heating element:

= Allows temperature control experiments in rangenfi@ °C to 250 °C;

= Emits enough heat on low voltage supply to providquired temperature range;

» Has enough amount of working hours to serve exmarisfor years;

Temperature sensor
Temperature sensor specification:
» Provides robust measurements in required temperdtapason;
» Has a minimum possible non-linearity in charactesswith predictable behaviour;

» Compact and easy integrated;
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Transducer
Transducer’s specification depends on charactesisti temperature sensor. Anyway, the
transducer must be

=  Compact;

» Easy adopting to some range of input and outputasg

Auxiliary fan

Fan specification includes the next requirements
=  Compact;
= Low-voltage supply;
» Embedded rpm sensor;

Actuators
Actuators distribute power for supplying units inetsystem. In most of low-voltage
applications PWM control used to deliver portiofigoergy to consumer.
The control realized in easy way due to interfacinty PWM modules embedded to MCU.
Hence, actuators should:

=  Support PWM control from MCU controlled interface ;

= Ensure power output within operational voltage;

* Provide reduced power loses on switching;

* Provide heat dissipation on required current;

Power supply unit
Power supply unit converts main power AC voltagerdquired DC low-voltage in our
case. The requirements to PSU flow from variousict®ns applied to output voltage and
current. They are usually common and include:

» Rated voltage and power;

= short circuit protection;

= overload and overvoltage protection;

» over temperature protection;

» budget solution

= CE marking due to requirement for appliances witltage exceeded 50 Volts.
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3.4 Component selection

3.4.1 Microcontroller

Regarding the microcontroller’'s specification ir tBection 3.3, we need a general-purpose
MCU with embedded ADC converter, USB stack and PVebhtrol's capabilities.
AT90USB1286 microcontroller [28] of megaAVR famifyjom Atmel Corporation [29]
seems reasonable candidate for our purposes. Vides all necessary capabilities and
accompanied by IDE platform supplied by manufactused by third party of developers
like Source Forge team with their open developrseite WinAVR™ [30].

AT90USB1286 produced in TQFP64 or 64-lead QFN pgekawith quite tiny pin design
and a gap between pins only 0.3 — 0.5 mm. It carafgs soldering operations. For this
reason, thelfeensy++ USB Development Boaraf version 2.0 [31] with the already
embedded AT90USB1286 microcontroller became thal fsolution. It has a standard
pinout with gap of 2.54 mm preferable for prelimiypdardware design using breadboard

[32]. Figure 13 illustrates the Teensy++ top view.

et el

-, PAO PAT PA2 PA3 ,

o '[j" RESET

»O0D0®
PA&#A&?;&¢

Figure 13.Teensy ++ 2.0 USB Development board.

Teensy++ is a complete USB-based microcontrollevetbpment system with good
developed “how-to” tips. The new board suppliedhwiialfKay bootloader. HalfKay,

together with the Teensy Loader software, allowsveaient and fast way to reprogram the
microcontroller with only one press of Teensy++ BHESushbutton. The board powered

from USB. It gives a capability to connect a lowamy sensor without external supply.
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3.4.2 Heating element

Heating element that utilizes the main AC poweedsy accessible. However, for low-
voltage design we need a particular solution.

D.lbrahim in his construction [13] used a low-vokaheater that is not compact and
designed for water warming. We inspired to use rmdhmade heating element from the
beginning. The material intended to use was a Hgatlire Nickel-Chromium Alloy [33].
Although hand-made heater emitted enough heat,adenb way to attach a sensor to it. It
violated the conditions of experiment. We measwaréemperature of ambient instead of a
temperature of the heating element. We could rsat gliarantee enduring life cycle.
Another solution refers to powerful resistors witforking temperature range nearly
required diapason. Online catalogues offer a waoéttypes, but inspiring the lifetime of
existing laboratory kit we founded wirewound resistsatisfy our specification. Finally, a
axial wirewound resistor of model G206 and ratedrabteristics 2.2 Ohm/13W chosen

from Vishay Draloric [34]. The resistor’'s tempenawcurve depicted on Figure 14.

O 500
=
w G204
0 400 e
o
w
£ ]
':t 300
i /
o /
= 200 >
= /
100 /
0 /
(0] 4 g 12 16 20
POWER IN W

Temperature Rise
Figure 14. The curve of temperature rise for G2@@8lehresistors.
Resistor can work on temperatures nearly 300°Gsopdak dissipation power. We need to
calculate a supply voltage on peak power in ordegdét understanding about voltages
delivered to the kit. Manipulating a formula foetdissipated power as function of voltage
and resistance, we obtained the necessary value:
Equation 3-2
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and, transforming this Equitation 3-2, supply vgédounded
Equation 3-3

U= VP eR =+13W «2.2Q0 =~ 5.3V.

3.4.3 Temperature sensor

Due to requirement for minimal possible non-lingaronly Platinum RTD considered as
satisfied. They provide stable rise around 0&38& (Pt100 RTD) for temperatures above
0°C. The small non-linearity compensated by appadgrcalculations. Maximum detected
temperature limited by constructive features andemoeed 500°C.

Market offers a wide range of industrial and intggd RTD classified in accordance with

a typical resistance at 0 °C. Pt100 RTD has a &pwesistance 100 Ohm and Pt1000 has
1000 Ohm accordingly.

Integrated RTD offer compact design and embeddegpbilities. They consist of thin
ceramic film and platinum resistor. A similar Pt1énsor from JUMO [35] selected for

our design. Figure 15 illustrates the design antedsions of the sensor.

Covering layer
o

>

Bondlng pad

Structured
platinum layer

/,y

Connecting wires

Ceramic substrate

Figure 15.Pt100 temperature sensor from JUMO.

Measuring current passed through sensor is linfijed mA due to self-heating effect.
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3.4.4 Transducer

We did not suppose to use some single device. tndusansducers are expensive for our
project initially. A custom design implemented tbis unit as most suitable solution. All

transducer’s design aspects discussed in a sef#dinated to schematic development.

3.4.5 Actuators

MOSFET switches used as power drives in billiongmbliances. They are most suitable
devices for embedded systems with DC control. Miondroller manages the portions of
energy with PWM control not directly but over caritof MOSFET switches. Other types
of transistors may be used too, but MOSFET conttely has electrical isolation of
control side from power side. Moreover, they previdear switching characteristic.

A MOSFET switch controlled by a potential appliedthe Gate input, opening or closing
Drain-to-Source power stream. N-channel MOSFET dwi$ with Drain-to-Source
Voltage \bss nearly 30 Volts and Continuous Drain Curregt 3+10 A satisfy our
specification. The characteristics are standarghréypriate transistors supplied everywhere
across the world. Only the Drain-Source resistdRgeneeds checking for minimal value
During switch-on mode, this resistance contributei#onal heat.

We picked MOSFET switches IRFB31N20D [36] from hnt&tional Rectifier.

They provide high switching frequency up to 1MHawlresistance B and high Drain
current pb. Table 2 present Absolute Maximum Ratings for MESFRFB31N20D.

Table 2.Absolute Maximum Ratings for MOSFET IRFB20D.

Parameter Max. Units
Ip @ Tc=25°C /Tt = 100°C| Continuous Drain Current,dd @ 10V | 31/21 A
lom Pulsed Drain Current 124
Ves Gate-to-Source Voltage + 30 \%
Po @TA = 25°C Power Dissipation 3.1 W
Po @TA = 25°C Power Dissipation(with heatsink) 200
dv/dt Peak Diode Recovery 2.1 VIng

35



As seen from Table 2 all values fully comply withr specification. Even small-sized low-
voltage fan supply doesn’t require any heatsinkchked to transistor.
Figure 16 illustrates outside view and dimensiardRFB31N20D.

TR

LEAD ASSIGHMENTS

Figure 16.0utside view and dimensions for IRFB31N20

3.4.6 Cooling fan

We assumed to use usual a small-sized fan with eéddoerpm sensor. This class’s fans
utilize 12V DC with nominal current nearly 0.1 Aycha rotational speed around 5000 rpm.
EKL AG [37] delivers a wide range of cooling fana the market. The product line
includes small-sized fans for IT solutions. Seldctan [38] matches our specification.

Figure 17 illustrates fan’s outside view and Tabiaforms about fan’s characteristics.

Figure 17. Cooling fan for Heater Lab Kit.
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Table 3.Cooling fan general specification

Operating Voltage DC7.0v+DC13.2V

Rated Power Consumption / Rated Curre@di84 W/ 0.07 A

: +10%
Rotational Speed 5300 rpm °

3.4.7 Power supply unit

Power supply unit has to convert main power ACagdtto a low DC voltage. Sections
3.4.2 and 3.4.6 specify 5 VDC and 12 VDC as obtigat

The voltage of 12 Volts may be transformed to 5t¥alith some additional circuitry.
Therefore, only 12V DC required for functioning thie kit. Fortunately, there is some
class of Power Switches on the market honouredttcppate in our competition. IT area
offers a class of Power Switches intended to podex type motherboards. They deliver
voltages in range from 3.3 V to 12 V DC. Even oalinATX PSU has enough capability
to satisfy all our requirements. Above all, a PQWcpased in EU have already obtained
CE marking. We owned one with rated power 480WufedL8 illustrates ATX PSU.

Figure 18.ATX Power Switch.

Mentioned PSU intended to use with PC control olilyaises a problem of integrity to our
project. Regarding to the PSU’s specification, treen wire “POWER ON” to be
grounded for local control implementation. Doubtdepilluminated rocker switch installed

to PSU for manual switching.
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4 PRACTICAL HARDWARE IMPLEMENTATION

4.1 Circuit block diagram

Before start drawing schematic immediately we foumccircuit block diagram as a
convenient way to represent our schematic in vieWlack components. The circuit block
diagram based upon the Heater Lab Kit's functidslatk diagram shown in Figure 12.
Particular requirements addressed to system desi@ection 3.3 taken into account as

well. Figure 19 represents the lab kit's circuibdk diagram.

MAIN POWER
~230 VAC

A4
rpm
Temperature MOEFET
FAN [ +12Vv

v v sensor Switch

4 PSU

Transducer Opto-Isolator

HEATING MOEFET
]

ELEMENT Switch
_nt L
Opto-Isolator Opto-Isolator
y
PWM (OCOA) PWM(OCOB)
o I
B7 Do

PC

TEENSY++2.0

=
3.
@

E7 FQ
A A

Fan rpm sense (INT7

Temperature sense (ADC(

Figure 19.Circuit block diagram.

As seen from diagram above, additional opto-iso$af89] added to design to ensure the
PC and microcontroller’s health. In round braclsdftewn addressed inputs/outputs of core
microcontroller AT90USB1286 [28].
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4.2 AT90USB1286 MCU’s modules implementation

4.2.1 Main specification survey

Only general either dedicated to our design featusé AT90USB1286 highlighted.
Complete specification may be found in related stetat [28].

Teensy++2.0 USB development board includes a minmaaware design, thus inputs and
outputs of microcontroller addressed directly ttaterl inputs and outputs of the board.
Teensy++2.0 board’s schematic diagram attachegpeAdix 1.

AT90USB1286 is a low-power CMOS 8-bit microcontenlbased on the Atmel® AVR®
enhanced RISC architecture. The microcontrolleviples eight ports with eight pin each.
Most of the pins may be configured as either inputsutputs with addressed functionality.
In commonly, ports assigned from PA (PORT A) to (PERT F) and pins from Px0 to
Px7 with appropriate port’'s assignment letter. Simmess pins referred according their
functionality: pin PE7 referred as INT7, AIN.1 oMdon. The MCU clocked from either
external crystal or internal oscillator. Teensy+evdes external clocking 16 MHz.

In order to provide lower frequency an internal soade unit used to divide supplied
frequency in proportion to 2, creating divisionttars 2, 4, 6,....., and 256.

Ports on Teensy++2.0 board correspond directly Maids, only “P” letter removed.
Hereby, MCU port PF addressed to port F on thedhaard MCU'’s pin PE7 addressed to
pin E7 on the board.

In the next sections, we make a brief tour throaghinvolved modules: ADC module
temperature detection, 8-bit Timer/CounterO for PWwdtrol and Timer/Counterl module

for fan’s rpm sensing.

4.2.2 Analog-to-Digital Converter module

AT90USB1286 supports successive approximation AD® & 10-bit resolution. Eight
pins of port F connected over 8-channel multipléreADC allowing eight voltage inputs.
ADC supplied by a voltage applied to Ay which must not differ more than +0.3V

from Vcc where the main control voltage applied. In Teer&® board AVc and Vec
alreadyhave common and supplied both from USB. Additionatiternal voltage 2.56 V is

alternative to A\c. They used as reference voltage for ADC. The pmsfigured for
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either single-ended mode or differential mode.ihgle-ended mode input voltages refer to
OV (GND) and provide declared resolution. In def¢isd mode, PF1 (ADC1) pin is

common for other port F related pins and, so, thisde provides seven differential
channels with only 8-bit resolution. Some other pwdapplied. Please refer to
specification.

In our case, the addressed pin is ADCO (PFO) iglsianded mode. Internal voltage

2.56 V used as ADC reference voltage.

4.2.3 8-bit Timer/Counter0 with PWM

AT90USB1286 supports 16-bit Timer/Counterl and Ti@eunter with PWM, but

no needs to use precision PWM in our case. 8-bihefiCounter0 supports two
independent Output Compare Units providing Fast Psvid Phase Correct Modes.
Module equipped with a prescale unit and divisiactdrs 1, 8, 64, 256 and 1024 provided.
Generally, the Timer/Counter0O (TCNTO) counts impslantil matching occurs with the
value set in either OCROA or OCROB registers. Depenon modes, the voltage across
reserved pins set or cleared. Pins OCOA (PB7) a@dBXPDO) reserved for PWM control
and may act as either inverted or non-inverted wtstpHereby, four modes of PWM are
accessible. Please, refer for details to dedicsgetions in main specification.

In our case, the Phase Correct Mode with non-iedesutputs OCOA and OCOB chosen.

4.2.4 Timer/Counterl for fan’s rpm sensing

Timer/Counterl is a 16-bit timer/counter. The TiinéfCNT1) counts impulses aré®2=
65536. If maximum achieved, Timerl resets to zew starts counting again on the next
cycle. The value of Counterl updated if near thdr@ssed pin event occurs while Timerl
counting. Time interval between two events meabamed calculated by multiplying the
Timer 1 value and duration of one impulse. The ewaturs due to voltage detecting
proceed in various ways. Please, refer to dedicsgetion in main specification.

In our case, counting addressed to pin INT7 (PEd)\ltage detected upon rising edge of

input voltage.
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4.3 Transducer’s circuitry

Transducer’s circuitry proceeds from requiremenipdsed by temperature sensor Pt100
and ADC resolution. Temperature detected upon geltacross Pt100. As temperature
rises, the resistance of Pt100 raises almost Iyneacording to the equitation of M.S. Van
Dusen:

Equation 4-1
R=Rope(1+A4 o+ B eT?+ (T-100 °C) -C-T“?),

where:Ry is sensor’s resistance near 100°C;

T is temperature in °C;

A = 0.003908:
B=-5.775+« 10:
C=-4.18 + 10

For temperatures above 0°C the equitation simglifeethe formula:

Equation 4-2
R=Roe(1+AeT+BeT?.

The Heater lab Kit intended to use for temperatalesve 0°C. Hence, the simplified
formula of the equitation of M.S. Van Dusen useddibrelated calculations.

As seen from the formula, small non-linearity oscwith known behaviour. In order to
provide reliable temperature detection the voltagess sensor should rise in the same

manner as resistance. According the Ohm’s law:

Equation 4-3
Ur =1Ir *R.
Hence, voltage rises in the same manner as resgstarcase if the current passing through

sensor is constant. Passing current also limiteghaximum value at 7 mA. The passing

current also limited in minimum value by ADC cagabito sense minimal changes in
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measured voltage. The minimal sensed change iage\t,, referred to ADC quantum

level affected by ADC resolutioN and reference voltagéesand found as follows:

Equation 4-4

Vrer

one quantum = V-1 °

Taking into account thall = 10 andV,e = 2.56V, the calculated value for 1 quantum
equals to 2.54 mV, which is minimal sensed voltelggnge or, in other words,
Vmin = 0ne quantunx 2.54 mV. Following the Ohm’s law the minimal u#gd passing

current Iy calculated as follows:

Equation 4-5

Vinin
I min —

ARpt100”

where theAR pi100 COrresponds the minimal measured temperature changsmperature
resolution. Resolution 1 °C is enough for educstigurposes. The Table 4 displays

AR prioo calculated according to Equation 4-2 for eachruateof 100°C in range 0°C -
300°C.

Table 4.Pt100 resistance’s values nominated toiit&nge 0 - 300°C.

T,°C Ruoc | Range,’qQ  ARpigc Vimin, V| Imin, A

0| 100.00{0-100 0.38502% 0.006493
100| 138.50| 100-200 | 0.37347% 0.0025 0.006694
200| 175.85|200-300 | 0.361925 0.006908

300| 212.04

As seen from Table 4 the temperature interval betm@)0°C and 300°C dictates the value
for Imin that must be at least 7mA. Summarizing all argusjethe next requirements
designated for circuitry:

* Measuring current must be constant;

* Measuring current maximal value limited at 7 mA,

* Measuring current minimal value limited at 7 mA,
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In order to avoid some errors due to electricab@pthe measuring current should be more
than 7 mA acting as some kind of gain accordin@duitation 4-3. As current rises, the
self-heating problem arises. However, in case ofstant current, the self-heating
characterized by the linear relationship as follows

Equation 4-6
Tsh=CeReFE,

whereT ¢, is self-heating value in °C;

C= I’=constandl is a measuring current;

Ris a resistance of Pt100;

E is a self-heating coefficient in °C/mW;
Self-heating compensated with appropriate calcutatas follows:
Equation 4-7

=T, measured ~ 7-:9-11

E specified in sensor’s specification [35] in rangeni 0.02 to 0.2 in connection with
certain conditions are airflow or water. Isolatisgnsor from ambient keeps self-heating
coefficient within an evaluated value and self-iratompensated during calculations.
Self-heating coefficient can vary from system testeyn. In our case, the self-heating
coefficientE evaluated at valuge = 0.3 °C/mW during experiments.

The 3-Terminal Adjustable Current Sources LM334][#@plemented in schematic to
provide constant measuring current in range 7 — A. Mhe design arranged by
specification, and related schematic shown in Eq0. The schematic referred as “ZERO
TEMPERATURE COEFFICENT CURRENT SOURCE". Resistors &d R8 define the
current lge: flowing across Pt100. The relationship described specification and
represented within our schematic by next equitation

Equation 4-8

VLV_i_ Vre #Vp2

oy =
set = r7 R8

Vr7 = Vrg= 67.7 mV as defined in specification. The voltageoss diode D¥p, = 0.6 V.
If R7 = 18Q and R8 = 18@, then

43



Equation 4-9

67.7mV 67.7mV + 0.6V
]_s‘et = + == 7.4‘7mA .
181 180Q

+5V

@

o Us

LM 334

(to ADCO ) FO @I

|
N
L

;[:U
w0

Teensy++2.0

Figure 20.Transducer design based on LM334 adjlestaiorent source.

4.4 PWM control and fan’s rpm sense schematic

4.4.1 Heating element with PWM control schematic

The schematic based on standard solutions for Pita with MOSFET switches.
Figure 21 shows schematic solution for PWM contrdhis project.
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Figure 21.Schematic of heating element's PWM cdntro
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The optocoupler U3 (CNY17-2) isolates electricalhe MCU circuitry from external
supply. Resistor R2 limits current across the omipéer. According to the optocoupler’s
specification [41] recommended current is near 18 fhaking into account that MCU
supplied by USB voltage, R2 chosen to nominal¢33® order to limit flowing current at
15 mA. Maximum current across MCU’s pins must nate=d 40 mA. Thus, related
requirements arranged in this design. Capacitogi©2nds alternate currents imposed due
to PWM implementation. R1 provides voltage refeeefior MOSFET. 12 V applied to
Gate input then optocoupler passes the currentay®elacross MOSFET switdfps= 5V
and Drain-Source current

Ips= Vbs /Relement = 5V [ 2.92 = 1.72 A. Purchased wirewound resistor's measured
resistance waReiemen= 2.X.

4.4.2 Fan’s PWM control and rpm sensing schematic

Figure 21 shows fan’'s PWM control and rpm sensaigmatic.
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Figure 22.Fan’s PWM control and rpm sensing schiemat

As seen from figure above, the same solution foisf®WM control schematic realized as
for heating element. Only a few changes appliech &applied from 12 V supply line.
Diode D1 routes back motor inductive spikes, wh@fivPlow.
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Fan sensing provided by embedded sensor with opigctor. Current applied across the
sensor must not exceed 5mA. To comply this requergnthe resistor R5 = 3.3 kOhm
inserted in schematic, providing sensing curtente= 12V / 3.3K2 =~ 3.6 mA.

Optocoupler U4 used of other modification than WM control schematic. The

optocoupler 6N136 provides high performance anddudgut collector output [42], used
as a usual on/off switch to deliver fan’s sensquuiees to MCU'’s pin INT7. Optocoupler’s

output schematic includes R6 to limit current flagiithrough the pin.
4.5 Heater lab Kit's final design

At the final stage, the hardware design prototgsted on breadboard. Figure 23 illustrates

prototyped design on breadboard.

Figure 23.Heater lab Kit's prototyped design.

The prototyped design used during ADC calibratingrky software development and
debugging. The final schematic implemented auxiligin headers. Thél, J2, FANand
TA provided interface between Teensy++2.0 board,afeh temperature sensor and PCB.
The pin headeSUPPLYused for power supply interface between PSU an8.Phe
schematic redrawn to arrange necessary connecsiome components rerouted and
replaced. The final circuit diagram attached in &pgix 2. The Bill Of Materials attached
in Appendix 3. Then schematic is tested, the PGBUa prepared ready for fabrication.
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The PCB layout attached in Appendix 4. For PCB itation used some handmade
techniques [43]. The result illustrated in Figude 2

Figure 24. Fabricated PCB with already drilled paotes.

The Heater Lab Kit outside view without case iltagtd in figure 25.

Figure 25.The Heater Lab Kit outside view withoase .

47



Figure 25 illustrates kit's final design

Figure 26. Heater Lab Kit as made.

5 SOFTWARE DEVELOPMENT

5.1 Main notes

The work based on MCU AT90USB1286 [28] main speatfon and some examples of
code [45] from Teensy++2.0 supporting site. Paldicdetails regarding to MCU structure
observed enough in various section. For efficiesdirg AVRO035 [46] application note

from Atmel Corporation implemented.
5.2 Major milestones

At the beginning of code design, some simple cag@emented to lunch ADC routine and
check for inconsistency in hardware design. Newegtacreated in Atmel Studio version 5.
Stagel. Special macros created to simplify bit afp@ms. Macros placed in header file

“bit_operations.h “. The initial code included main routine programmiAd@C related

48



registers setting and USB messaging implementafmn initial data request with

HyperTerminal [44]. The Equitation 4-2 used to derithe formula of temperature in

dependence on sensor’s resistance which lookdlas/$o

Equation 5-1

)

Pt100

Ro

2B

—A +\/A2 _4p1 R

T(Rptmo)

where:T is temperature in °C;

Ry = 100Q;

A =0.003908;

-5.775 « 10;
Figure 27 illustrates debugging messages in Hypeminal’'s window
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Figure 27.Debugging messages in Hyper Terminalisiov.

Stage 2. ADC module needed calibration due ingiabrs. The calibration’s procedure

considered in Section 5.3. After calibration pemed, calibration table created to avoid

floating point calculations as recommended.
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Stage 3. PWM control programming started. Fan rpnsisig applied. This last required a
lot of efforts applied for code optimizing and dghing due to fan’s sensor particular
features in aspect of PWM control implemented tagrofan. The fan sensor designed as
outputs with open collector, and signal groundedsimme time interval. The interval be
measured by Timer/Counterl using interrupts. Tha gensor allows counting while
powered. However, when PWM control is low, fan © powered and revolutions not
sensed while turning around. The special methods#8tretching” implemented to count
impulses while fan’s power is off. The main ideaaspower fan for some small interval
only for necessary amount of pulses counted. FigeBeillustrates sensor’s output
waveform.

Output Vavetorm
Veo T L+|:ucl~:
o e i S L B oLy
I
1 Wod or VMa output is
: depending on the looked
| rotor position
1
i
oL Sl e e e R

.

r 2 pulses ! rotation

Figure 28.Fan sensor’s output waveform.

As seen from figure above only two pulses or thiakng either raising edges to be
detected to calculate rpm. For PWM duty cycle 509&mnear 3000 rpm. In order to count
rpm we needed to switch PWM to 100% for at leasetinterval 60sec/3000 = 20msec.
Even if this method doesn’t provide precision measients, we can evaluate rpm for
informative purposes.

Stage 5. USB-to-Serial particular interface devetbgor data exchange with PC. The
targeted environment Simulink includes the toollieal-Time Windows Target [47] that
supports real-time data exchange through seriabpots. Simulink modelling environment
together with specified hardware board forms hardvithe-loop simulation giving a
great benefit in learning how real system act. Modg environment may be configured
fast for particular needs of an experiment.

Stage 6. Practical experiment conducted to corfiti® functionality
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5.3 ADC calibration

ADC calibration’s procedure described in AVR120 Apgtion Note [48].

ADC calibration needed due to the total error & #ttual ADC contributed by either the
offset error or gain error. Offset error found wgiflowchart shown in Figure 6 of
mentioned application note. The main idea is ising of input voltage until first quantum
detected. Thus, offset error = real input voltagpiantum voltage. Variable resistor<10
Used by this part of calibration. In our case, @ffsrror = 4.54mV - 2.5 4mV = 2mV

Then offset error compensated and gain error fowexd. The procedure also described in
Figure 8 of the same application note. The idea dividing of voltages to get some ratio
and, thus, calculated measurements repaired uBiagdtio. The experiment conducted
near ADC voltage reference value. One voltage tidelby ADC and another is actually
measured value. The experiment required a varialsistor near 300 Ohm. The gain error
received is 1.004. Besides ADC calibration, thélseating coefficient evaluated as well.
At the end, final equitation for temperature détetlooks as follows

Equation 5-2

1,004 -0.00254 - Code, pr — 0.002
1007, )

—A+ \/Az —4B(1 —
T(°C) =

2B

This kind of calculations not recommended in réaktand look-up table created with pre-
calculated values as function T =Cd&deyspc). The look-up table resides in
adc_calibration.c source file All actual measurements made with theltimeter
DVMS890L.
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5.4 Program’s functional modules

Heater Lab Kit's each function realized in its opmogramming module where one header

file and one source file included. The Table démzimodules and their functional tasks.

Program files

Functionality

main.c, main.h

Main program input, main routine following ar
data flow control

nd

adc.c, adc.h

ADC initializing and ADC code delivering. A
functions called from main routine

adc_calibration.c, adc_calibration.h

Look-up table Kkeeper; temperature va
returned on request from main routine

ue

pulse_counter.c, ulse_counter.h

Related interrupts handling, pulse stretch
handling; rpm counted and calculated on req
from main routine.

ing
est

pwm.c, pwm.h

PWM control initialization and performing @
request from main routine

usb_serial.c, usb_serial.h

USB-to-Serial data transmit support. All functi
called from main routine. Free software rout
supplied by Teensy++ manufacturer

ne

prescale.h, bit_operations.h

Macroses included to simplify coding

The files’ printouts attached in Appendix 5.
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5.5 Program flowchart

Figures 29 — 32 refer to four program flowchart®weharts 1 and 2 depict mainly the
general routine, whereas Flowchart 3 refers torfan filtering and Flowchart 4 mainly
shows the routine of PWM duty cycles changing.

Flowchart 1

A

pwm_init()

Set CPU prescale 125 kHz Timerl initialization

|
<

A 4

( Delay 1 msec )

v
Set CPU prescale 16 MHZ

timerlcomp_init()

initialization fan rpm counting

A\ 4
USB initialization >

v
USB configurating 0

1

>
<
4

All variables in main routine
set to zerc

; v

Lanch LED blinking

( Waiting for 10 )

usb_configured(
)

Delay 1 sec

A 4

Set PORTD pin 6 as output f
LED

A 4
ADC initialization

Continued with Flowchart 2

A 4
PWM initialization

Figure 29.Program Flowchart 1. 53



Flowchart 2 Continued with

Flowchart 4

Started from Flowchart 1

usb_serial_availabl

e()

Returned from

Flowchart 4
y
Read binary packet
Loop Forever
1 le
v Matlab message
Read ADC code
\ 4
Get temperature Read PWM duty cycles
from ADC code for fan and heating
P elemen
4

v
Send rpm and temperature valy

to Matlab

0]

get_rpm()

\ 4
Flip PORT D pin 6

Read

fan rpm samp

v
Reset counter for data

A 4
Sum_of_sampling increased by transmit delay detection

fan rom samo

A 4

A 4 counter for data transmit
counter_of_sampling

delay detection incremented

incremented by one

by one

A

Continued with

counter_of_sampli

ng ==10 Flowchart 3

Returned from

Flowchart 3

Figure 30,Program Flowchart 2.



Flowchart 3 Started from Flowchart 2 Returned to Flowchart 2

ABS(fan_rpm - sum_of_sampling /10
) > 500

fan_rpm = sum_of_sampling /10

\ 4
Reset to zero sum_of_sampling , fan_rpm_sample and

counter_of_sampling

Figure 31.Program Flowchart 3.
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Flowchart 2

Started from Flowchart
2

Returned to Flowchart
2

\ 4

all actions stoped

transmit delay detected and

transmit_timeout <

51

duty_fan!=

4

A

cur_duty fan

cur_duty fan >=

50

New value for fan's PWM duty cycle

duty_fan = cur_duty_fan

PWM

with new value

lanched

A

y

A 4

pwm_run(heater,d

uty_heater)

<
<

New value for heat. PWM duty_heatg
= cur_duty_heater

duty_heater!=

cur_duty_heater

Delay 200msec

Fan's PWM duty cycle
reset to zero

Figure 32.Program Flowchart 4.
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6 PRACTICAL IMPLEMENTATION

6.1 Heater Lab Kit modelling in Simulink

Simulink provide Real-Time Windows Target toolbax gupport simulation in Simulink
environment with real physical objects as Heatdr Ka is. Experiments conducted in real-
time limited by maximal data acquisition frequerty20 KHz in external mode. However,
20 KHz is enough for most of experiments in conth@ory studies. In our experiment in
temperature control no needs to utilize all scdpeesformance. Thermal processes behave
in slow manner, and data acquisitioning two timesgecond brings enough information to
identify an object characteristic and control tHgeot’'s behaviour from Simulink with
implementation various blocks and tools. Packeutrgmd Packet Output block used to
receive and send unformatted binary data. Main eptien of data exchange between
Simulink and Heater Lab Kit proceed from sendinguest for data to the kit's control
system. Thus, a experimenter defines the data sitiquifrequency by himself. Requested
data sent and received in some format already etéfituring practical experiments. Each
packet consists of a number of bytes, which vanedependence on direction data sent.
Each packet consists of two main blocks: controckland data block. The size of each
control block is the same for both directions aqdads to one byte. Control blocks provide
identification if either Simulink or Lab kit sencath. Data blocks vary because of size of
data sent. Simulink sends only PWM duty cycles’ueal forming data packet of three
bytes. Data sent by Lab Kit include, besides th@robbyte, the temperature and fan’s rpm
values reserving five bytes. The Tables describeltita packets particular features.

Table 5.Data packet sent by Simulink

bytes 3 2 1
variable | PWM heater | PWM fan | MATLAB id
value 0...255 127...255 | OxAA

Table 6.Data packet sent by Lab Kit.

bytes 5 | a 3 2 1
variable temperature fan's rpm Lab Kit id
values 0.....65536 0.....65536 OxBB
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The model of Heater Lab Kit illustrated in Figurg. 3

Yy

matlab_id

Control system id

{ =0 i 1
—=o fan rpm
Switch1
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PRy 2ain Packet Packet

Qutput Input

Switch2

[u]

[5] &
£\

&

v,

L

Facket sending Facket receiving
Standard Devices Standard Dewices

Céenstant heatersupply Senial Port [1h] Serial Port [1h]

Figure 33. The Heater Lab Kit's model in Simulink

The experiment itself provided by modelled systéove in Figure 34

Step

LA&BKIT
100 22711 fan supply fan pm i I:'
setin %1 Slider P hiester supply temperatine lp
Gain
Scope
setin % Slider

Gaint

Figure 34. Modelled experiment system represemtatiGimulink.

For experiments with object identification, thepstdock implemented . After, the model
of the thermal plant identified and the PI congplluned using the FOMCON toolbox for
MATLAB [49] . Figure 35 shows addressed to objectwracteristics plot.
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Thermal process control
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Figure 35. The identified object’s characterisptst.
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7 DEVELOPMENT ENVIRONMENT

7.1 IDE in context of embedded design

Before starting of hardware installations, espécifdr embedded systems, an important
scope of work done on stage of schematic desigedbas virtual simulation and software
debugging in connection with already created corepbbase. Herewith some components
may be added or removed, and code created andipptinvhile system debugged and
tested. Hence, much of the low-level design workimized. A developer has a choice to
make a set of IDE according to system complexityplemented microcontroller’s family
and own preference in code developing work. Oufepred set consists of AtnfeStudio
IDP [39], and another great debugging and simuyagilatform Proteus VSM version 7.1
from Labcenter Electronics [40].

Atmel® Studio provides code engineering, debugging amllstion of various MCU
families supplied by Atmel Corporation. Atmel Stodncludes their own developed ASF
[41] library, simulator with a list for supporteevces and various tools for emulating of
LCD displays and touch screens. Additionally, Atrs¢lidio integrated with open-source
compilers.

Proteus VSM provides schematic design, supportedJM®nulation in connection with
component selection and program loaded in MCU. #adlly, it allows a PCB layout
design.

All main features of mentioned IDE/IDP in the negctions, and considered in context of

this work.

7.2 Proteus VSM

Proteus VSM is a great IDE with capabilities of sdxmode SPICE circuit simulation [42]
to control hardware design’s compatibility, and aoide debugging tools with extended
visibility and analyzing facilities. In others warda developer equipped with a good-level
virtual laboratory for hardware design. Proteuswhtegrated with schematic capture
ISIS software [43] and ARES layout software [44] RCB design. It includes a rich library

of built-in SPICE3 primitives for emulating of vatis passive and active electronic devices
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as resistors, capacitors, transistors, operatiamglifiers etc. Circuit printouts for PCB
design added. Moreover, the primitives of new discueleased on the market and
compatible with SPICE3 version may be importedh Itbrary for simulation. We would
recommend some starter kit of Proteus VSM to useducational laboratories engaged
with embedded design.
Proteus also includes an impressive library of Mi@sn various manufacturers providing
an universal development environment. Enough scopeAtmel’s microcontrollers
supported by Proteus VSM as well. Moreover, Prod8M simulator may be integrated
with Atmel® Studio 4 and used as an optional simoitatool.
The workflow of embedded design in Proteus VSM ttigsment environment proceeds as
follows:
1. Schematics created in ISIS environment. A suppoNEZU must be added if
necessary;
2. A program loaded to MCU in hexadecimal file format;
3. Some virtual measurement instruments, or signakcesumay be added;
4. Run near real-time simulation with source code dgmg, MCU'’s registers and
program variables observation;
5. Necessary changes to schematic or code insertedlagion started again;
6. Ready schematic exported to ARES environment fds BEsign,
7. Due to restrictions in PCB design some changeslmeadmplemented and imported
back to ISIS;
8. BOM list created on your choice;
9. PCB layout ready for fabrication;
Large-scale project may require high-performancekstations due to extensive CPU load
during simulation. Some screenshots added in s@uioss to illustrate the workflow in
this particular project. Only few options tested doope of this thesis. All interested
addressed to developer’s website [45] for comprgtmation and available quotes.

7.3 Atmel® Studio

Another fine tool, extensively used for MCU leamirand code programming and

debugging in this particular project, was Atmeldtuof versions 4 and 5.
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Atmel® Studio of version 4 supports AT90USB1286 microouligr either with default
simulator from Atmel or with integrated Proteus VSnulator. Additional benefit of
Proteus VSM simulator concludes in linkage seledt&tl) to concrete circuitry, allowing
code writing, compiling, and debugging and systemukation upon particular design from
one place. It was the main reason to use the vesidHowever, this version has poor
coding assistance and some compiler troubles alneadoved in the next versions.

Atmel® Studio of version 5 obtained all necessary codissjstance tools for fast code
developing and compiling, but options for emulatmfgATO0USB1286 and some other
MCU models excluded.

Thereby, Atmé? Studio of version 4 used for code debugging anzlitty simulation and
Atmel® Studio of version 5 implemented mainly for codgiaeering, final compiling and

debugging with USB support.
7.4 IDE implementation in current project

We continue with a few figures illustrating the mastages of IDE implementation in
Heater Lab Kit's development. Figure 19 illustrateseliminary Teensy++ schematic

copied from original [46] and realized in ISIS emmviment.

=8

Fie Vs Edi Took Deggn fGiach Seurne Delig Lieay Tenglhe  Spsieni bl
DA RS0 || EH + eRasn| oo/ yon TAER G0, BB Es 503
§
™
+
iF N P o =
= R
Rl i J__-_
i [i]
= |
=
el (1 - -
= |
il e e '
i ot s
§ = =
A [ mace 61 el

LW174 73T rean —
Ll e 1 om |n
1 L T
';. L33 O PALK AGE AT o
o e ¥

HHRES 220 gy *
o [Frm vl
! FT 1000 - WI
® i ps

BT

2 e s et 1A
& R = =
A R — v P |

[ T
= [ree T s e o "
+ P iy .|

= wenn
= iy
c +kn —
5 o = [I=3
B il P |- ¢ |
- ~ s
3 e ..T —
m = Tiemany'++

il | &

CELETRLRI® e [[Pawa T T
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On left from Teensy++ recognized USB socket. Tlsatoriginal product USBCONN
developed by Labcenter Electronics and intendesihrtalate USB connection between real
PC and emulated MCU. The tool accompanied with P&Bocol’s analyzing tools.

Next is Figure 20 illustrates one of the stagescbiematic development.
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Figure 37. Schematic developed for learning purpose

Figure 21 illustrates a simulation of input sigdalivered to MCU's input INT7 served for

fan impulses counting as discussed in dedicatedsaftware development sections.
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Figure 38.At90USB1286 input signal simulation.
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As seen from Figure 20, the Teensy++ schematiavedrcloser to original, but not fully
copied due to differences in behaviour of real txgsobject and simulated primitives.
Some devices recognized as a motor (animated), NEDSBwitch, optocoupler,
oscilloscope etc. Seen on Figure 21 oscilloscopealizes the signal delivered to INT7.

Figure 22 illustrates main workspace of Atmel StudiO with integrated Proteus VSM

simulator and automatically generated ISIS workspac|eft.
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Figure 39. Main workspace of Atmel Studio 4.0 ertegrated Proteus VSM simulator.

Figure 23 illustrates a simulation routine in theamg  workspace.
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If a developer intended to use Proteus VSM simuldte requested for related design file
with ISIS capture. File opened on left pane anchgka to schematic applied without any
affect to original file.

When development work is close to the end, thel fawions focused on PSB layout
design. A PCB layout design routine described hesth appropriate illustration
accompanied. At the beginning, ISIS schematic erporo ARES with one mouse click
and main ARES window appeared. A developer cugtesna PSB dimension and places
all components with Auto Placer or each componemtunally to PCB space. Auto Router
used to draw paths. If some conflicts detected ralaradirection or replacing required for
proper design. Figure 24 illustrates Heater labsKihal schematic adapted to PCB layout
design and ready to export.
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Figure 41.Heater lab Kit's final schematic adopt@dCB layout design.

Figure 25 illustrates already sized PCB layout witto header pin connectors placed
manually. PCB edges designated with yellow linege o restrictions to design, some
elements placed manually from the beginning. In oase, restrictions imposed by
predefined pinout for connectors Teensy++2.0 plddgge
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Figure 42. PCB layout with two header pin connesctor

The next, Figure 26 shows the Auto Placer placédahponents. Green lines designate

connections while yellow arrows directed to optiplcement of a single component.
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Figure 43. ARES's Auto Placer in action .
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Figure 27 illustrates preliminary PCB layout crebby Auto Router.
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Figure 44.Preliminary PCB layout created by Autaifo.
Not all restrictions applied here. The supply hegude placed too close to Teensy++ board
and replaced. The final PCB design looks like tbatesented in Figure 28.
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Figure 45.The final PCB layout in ARES workspace.
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8 CONCLUSIONS

Four months ago started project successfully fedshow and new-fashioned Heater Lab
Kit may be used in educational work. The main pagyachieved and new educational
facility presented. The scope of work done is gemsaseen from the list of used literature.
During the working with the theme of thesis serthriand invaluable experience in
hardware design, components selection and, of epaddtware development in context of
embedded systems. Bit arithmetic teached a ledsout &hinking in category of low-level
design forming the engineering mind. Hand-on exye® obtained from fabrication
excited and challenges for new projects implemeimeanbedded design. During scope of
theoretical work a lot of information filtered, neaspects in laboratory research work
found.

Realized laboratory kit operates regarding speatibn, but the questions about the
precision may arise. All measurements provided hynacost tester with its own errors in
related ranges. The area of electrical noise an@ Alizory still needs to be investigated
more in connection with implemented schematic agldcted components. Experienced,
that more attention required to theoretical aspeict®ntrol theory.

Inspiring aspects was the cost of components imghted in design. Nothing has been
told before about this aspect. Definitely, the aafstlesigned kit less than 200 dollars and
not exceed a 100 euro, but even less. Taking ictoumt our conception and realized kit's
performance the ratio of project cost and reseoahbilities for future modernization is
great. Only 3% of flash memory consumed and muds lef processor time due to
recommended software and design implementation. ddue accompanied with clear
comments and developed with a view of future maslatkded to the kit.

We have finished with the project, but new projact ideas already can utilize obtained

experience.
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APPENDIX 1.TEENSY++2.0 SCHEMATIC DIAGRAM.
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APPENDIX 2. HEATER LAB KIT CIRCUIT DIAGRAM
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APPENDIX 3.BILL OF MATERIALS

Bill Of Materials

Design: Heater Lab Kit
Revision: rev.0
Author: Jevgeni Finajev
Qry PART-REFS VALUE PACKAGE
Resistors
2 | R1,R3 2k
2 | R2,R4 330
2 | R5,R6 3K3
1| R7 18
1| R8 180
1|R9 1k
1| Pt100
Capacitors
1|1C1 100nF
2 |C2C3 100nF
Integrated Circuits
2 | U2,U3 CNY17-2 DIP-6
1|1U4 6N136 DIP-8
1| U5 LM 334 TO-92
McuU
1 | Teensy++2.0 | USB development board |
Transistors
2 [ a1,2 | IRFB31N20D | T0-220AB
Diodes
1|D1 1N4148 DO-41
1| D2 1N4148 DO-35
Pin Headers
1| FAN CONN-SIL3
1| HE 2R2
4 1J)1-)4 SIL-100-20
1 | SUPPLY TRANS 10 DIL
1|TA CONN-SIL2
Miscellaneous
1| Fan FD124010MS (1A5K) 40mm
1 | PowerSupply | 1y agow pa
Unit




APPENDIX 4 HEATER LAB KIT’S PCB LAYOUT
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APPENDIX 5. PROGRAM FILES
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