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1. vBon

Y oBoM pany hemo mpuKazaTd NpOjeKTOBaEkE M HM3Pagy MPOTOTUIIA CHUCTEMa 3a
ayTOMaTCKO JIEMJbCHE€ MHKPOTATacHUX Koya momohy Arduino pamHor OKpyxemwa u
KOMEpPIHjaIHO JOCTYITHUX KyXWICKUX Tmehauma. Mako oBakBH CHCTEMH TIOCTOje Ha
TPXKUIITY OYT'H HU3 TOJMHA, 300T CBOjUX IIABHUX KAPAKTEPUCTHKA, KA0 IITO Cy PEJIAaTHBHO
BHCOKA IIeHa M 4ecTa HeMOryhHOCT MpoMeHe TemIeparypHor npoduia, OJUIydeHO je aa
HCIIPOJEKTYjEMO M H3PaTUMO CHUCTEeM Koju he HajOoosbe Moryhe ocnmkaTd Haile TpEeHYTHE
notpede. OcuM Tora, OBaj MacTep paj MOKE MOCIYXHTH M Kao IMoJla3HAa OCHOBA 3a Pa3Boj
HEKOMEPIIMjaTHUX U KOMEpPLHjaTHUuX, (PUHAHCUJCKU MPHUCTYMAUYHUX M e(PUKACHUX CUCTeMa
ayTOMATCKOT JIEMJbCHha MUKPOTAIIACHUX, KA0 M OCTAJIMX IITAMIIAHHUX KOJIa 3a ymoTpely y
kyhHuM 1 1abopaTopujckuM ycinoBuMa. YuTaB cUCTeM, KOjU YKJbyuyje coTBEp U XapBep je
pa3BHjEH O] TIOYETKA M 3aMUIIJBCH j& Ka0 MOAYJIapaH, Tako JIa He 3aBUcH o] ehHuie koja je
kopumheHa y oBOM paay, Beh ra je moryhe mnpomuput W npuiaroautd Oyayhum
norpebama.

Pan je opranuzoBan Ha cienehu HaunH. HakoH yBOAHOr fena, y JpyroM IMOrJaBiby
hemo mnpukazaTu OJIOK AWjarpaM [ENOKymHOr cucreMa. llpukasahemMo apXWTeKTypy
perynaropa Koju je UMIJIEMEHTUPAH y OBOM CHCTEMY, HherOBE MPEIHOCTH U OTPaHUYEHA Kao
M HAuYMH IEroBe HUMIUIeMeHTaluje. Pasmorpuhemo ykpatko mra je Arduino pamgHo
OKpYXEHe, Kao M 3alliT0 CMO C€ OMpEeIeNuin 3a IeroBo kopuinheme. IlpencraBuhemo
XapJBEpCKy OJIOK mIeMy, Kao ¥ HaUMH UMIUIEMEHTAIIH]€ alTOPUTMa PeryaTopa.

VY tpehem mnornaBsby hemo mnpuka3aTh UMIUIEMEHTAIMjy Xap/Bepa OBOI CHCTEMa.
Pasmotrpuhemo onmabup Tri1aBHOT MHUKPOKOHTpOJepa, Kao M TepuepHUX KOMIOHEHTH,
peanu3zaiyjy Hamajamka CHUCTEMa W peryianujy rpejaya nehuuue cucrema. [Ipukazahemo
mieMy TIOBE3MBama rpejada nehHuile, OMacHOCTHM M H3a30Be, Ka0 W HMMIUIEMEHTAIU]y
n3onanyje nehuuue 3apan 6ospux nepdopmancu. PasmorpuhemMo M HauMH Ju3ajHHparba
JjeaHocTaBHOT KyhwuIilta cucrema.

YerBpro mnornasbe he ce 0GaBUTH aJrOpUTMOM YIpaB/barka CUCTEMA, H3a30BHMaA
MPUWINKOM MMIUIEMEHTAIM]je U HauMHE Ha KOjU Cy TH M3a30BU IpeBasulenu. Pazmorpuhemo
HAauMH Ha KOJU Ce CUCTEM YIpaBba U KOj€ Cy NPEAHOCTH TaKBOI HAYMHA YIpaBJbamba.
[Ipukazahemo uMIIIEMEHTAIIN]y CHCTEMA 3a MEpPEHE 0/13UBa TMehHHIle Ha JeIUHUYHY TTOOYTy
U 4yBambe KOPUCHUX TOJaTaka 3a KaCHUjy oOpany.

Y meroM mornaBjby hemMo ommcatd Ha4MH Ha KOJH Cy BpIIEHAa Mepema O/3HMBa
nehHue Ha jeauHWYHy mNOOyMy 3apaj MpopadyHa IapaMerapa KOju YIpaBibajy pajn
perynaropa. Om3uB nehnune hemo mpenctaBuTH Kao Mojen (QyHKIMje MpeHoca MoMohy
TEOpHjCKe aHalIM3e cucTeMa mpeHoca. Pasmorpuhemo kako ce momohy TuX pe3yarara MOry
TOONTH HEOIXOTHH TapaMeTpH 3a MOJEIOBame NMEehHUIe U YIIOPeIUTH pe3yaTaTe Mojena 1
peasHor 0/13MBa CUCTEMa 3a JIaTe IMapaMeTpe.

Pan 3akibydyjeMo y miecToM MorjaBiby rie hemo mpukazaTH pe3yirare Mepema U
npolieHy mMoryhHocTu mehHuIle a MCIpaTd 3a/aTd TeMIepaTypHU Mpodui 3a pa3induTe
BPEJHOCTH YJIa3HUX MapaMeTapa, Kao U pe3ysTare JeMJbema.



Ha xpajy oBor pana, y nonatky, he outu npmioxxkeH C/C++ Kol UMIUIEMEHTUPAHUX
aropuTaMa y CB0jOj LIEJIOCTH, CJIEKTPUYHE IIeMe CHUCTeMa Kao M KopumheHe ckpunre 3a
MIPOpavdyH HEONXOIHUX NTapamMeTapa HaKOH Mepera oA3uBa rnehHuie.



2 . TEOPUJCKHU JEO U OCHOBHU CKJIOIIOBH

bnok nujarpam cucrema 3a ayTOMaTCKO JIEMJbEHE je MmpHuKa3zaH Ha ciaunu 1. Kao mro
ce MOXX€ MPUMETHTH OJIOK JTUjarpaM Ce CacTOju W3 CaMO TPU OCHOBHE LIEIHMHE; MPEKHOT
Hamajama, perynaropa u nehaune. MpexxHo Hanajame je GUKCHO W, Y 3aBUCHOCTH O Jiesa
cBera, HanoH je edextuBHe BpeaHocTH 120 V u ydecranoctu 60 Hz, omHocHO edexTuBHE
Bpeanoct 230 V u yuectanoctu 50 Hz, a oBa nrdopmarmja je KpUTUIHA IPUITUKOM JTU3ajHA
perynaropa rpejada, mro hemMo pa3sMOTpUTH KacHHje y pamxy. Y pamy he ce KOPHUCTUTH
Hanajame o 230 V yuecranoctu 50 Hz, a yntaB nu3ajH ce pelnaTUBHO jeTHOCTABHO MOXE
NPUJIArOUTH W JApyraudjeM Hamajamy. llehHuia Moxke WMaTu eIeKTPUYHE, TacHE WIIH
uHbpaupsene rpejadye. ['acHe nehHuIle HUCY TOJIMKO 3aCTYIUbEHE HA TPXKHILTY, TOTOTOBO HE
y TadapuTHMa KOjU Cy HEOIXOJHHU 32 CUCTEM ONHCcaH y oBoM pany. MHppa-upeeHe nehuuie
OJUTHIKYj€ BPJIO Op30 3arpeBame, CTOra je OJ3WB OBAKBUX IMEhHMIIA JOCTa Op3, ajlu je BeJIMKa
MaHa OBakBHX IehHMIIAa Maja ynorpeO/bMBa pajgHa TOBPIIMHA W BEIUKH T'yOHIIN
Temreparype kpo3 kyhuire nehnuie, a HajBaKHHUje BUIIA [IeHAa. MU CMO ce y OBOM paay
OTIPENICIIAIIM 3a CIIEKTPUYHE MehHUIe jep Cy Haj3acTYIUbCHHU]jE Ha TPXKUIITY U OJUIMKYje MX
BpJIO TPUCTYNAauHa IIeHA, NMPHUKIAIHO BEIHMKA pajJHa IMOBPIIMHA M JIaka MoIu(UKaIuja.
Hajseha mMana enektpuunux nehHMIla je HEIITO CHOPHjH TEMIIEPATyPHH OJ3UB IPH XJIaTHOM
CTapTy, 0 ueMy he OWTH BUILIE peun KacHHje.

OuuTaBate
) TennepaTYpe MNehHuua 3a
Cuctemcku Tpujak
[ KoHTponu curHann—*| ayTOMAaTCKO
perynaTtop KOHTpOnepu
Kowrpona. neMmibéme
rpejasa
A
5V jenHocmepHo Hanajake, Pe rynatop
[HeTekunja Nponacka Kpo3 Hymy
Cuctemcko ’ MpexHo
’ < 230 V/50 H .
Hanajaw-e Hanajawe

Cauxa 1. Biok qujarpam cucreMa 3a ayTOMaTCKO JeMJbembe.

CucteMcku peryiarop Koju je MpukazaH Ha ciuiu 1 y ceOu caapku KOMIUIETaH
xapaBep M coTBEp KOJjU Cy HEONMXOTHU 3a (YHKIMOHUCAKE cucTema. [IpuHimmm paaa
peryinatopa je pelaTUBHO jeJIHOCTABaH; 3a JKEJbEHUW TeMIlepaTypHu mpodwmin nehnuie
moTpeOHO je ympaBJbaTH CHAroM Tpejaya Ha TakaB HA4YMH Ja TeMIiiepaTypa nehHuie mro je
Moryhe Oosbe mpaTtu 0OJHMK 3a7aTor TemnepaTypHor npoduia. [locroje paznuyuTu TUIOBU
perynaropa koje je Moryhe MMIUIEMEHTUPATH, ik HajjeIHOCTaBHHUJH M MPUIMYHO MOY3JaH
T je, Tako3anu, PID [1] (proportional-integral-derivative) perynatop.



2.1. PID peryaartop

bnok mujarpam PID perynatopa y cuctemy ca MOBpaTHOM CIPEroM je NMpHKa3aH Ha
ciuii 2. PID perynarop ¢yHKIMOHMIIIE HA OCHOBY TP OCHOBHE KOMIIOHEHTE JOOHMjeHE O]l
pasiMKe >KEJbCHOI M CTBApHOI O/3MBa: mporopuuoHaade (proportional), uuTerpamHe
(integral) u uzBoane (derivative) mo uemy je oBaj perynatop u 10010 cBoj Ha3uB. CBaka 0J
OBE TpPH KOMIIOHCHTE Ha crnenuduuaH HauyuH JeIyjy Ha TPEHYTHY TpEIIKy CHUCTeMa,
KOHKPETHHje Ha pa3iiuKy u3Mel)y skesbeHe BpeaHocTH S(t) 1 m3MepeHe BPeIHOCTH CHCTEMCKE
npomersbrBe Y() mITO je Ha CIuIM 2 IpeCcTaB/beHO Kao mpomeHsbrBa e(t) = s(t) — y(t), mpu

yemy t mpencraBiba Bpeme. CHCTEMCKa MPOMEHJbHBA Yy CHCTEMY MPEACTABJHEHOM Y OBOM
pany je Temrieparypa u3paxena y crernenuma meisujyca (°C).

P
> Koelt)
I + Y
s(t) + /—-\\ e(t) o + u(t) o . y(t)
@ o o ()
-1 + F
D
_ delt)

Hagenenu xoepummjentu PID perynaropa (K, K

h 4

dt

Camuka 2. Biok qujarpam PID peryinaropa y cucreMy ca NOBpaTHOM CIIPErom.

[Tponopimonanna kommnoHeHTa (P) renepuine w3na3z Koju je MpONOpLHUOHATAH
TPEHYTHO] pa3nuuu u3Mel)y KeijbeHe BPEOHOCTH W HM3MEPEHE BPEIHOCTHU
CHCTEMCKe nmpomensbuBe. IIporiopuronanuy usnas ce pauyne kao K -e(t), rae je

K, mpornopiuoHanHu KoepHLnjeHT.

WNuterpanna komnoneHTa (I) yrude Ha akymyjiHupaHy IpeliKy TOKOM BpeMeHa, a
yJora joj je Aa eIMMMHUIIE CTaJHy I'PEHIKy KOoja MOXe HacTaTh ako ce KOPHCTU
caMO NpONOpLUMOHAHA perynanuja. VHTerpaaHu wu3m1a3 ce padyHa Kao

t
K, '.[o e(t)-dt, rae je Ki uarterpaniu Koeuiujenr.

N3Bonna xommoHeHta (D) pearyje Ha Op3uHy HpoMeHe Tpelke, mpyxajyhu
npensuhame Oyayhux TpengoBa u Opxe pearyjyhu Ha Op3e mpomene. M3BonHu

de(t)

U3J1a3 ce payyHa Kao K - , Tie je Kq u3BoiHMA KoeHITHjeHT.

u K,) mopajy Outu He-

HeraTuBHM peasHu OpojeBu. Cyma cBe Tpu KOMIIOHEHTE j€ yIlpaBjbayka MPOMEHJbHBA

de(t)

t
cuctema, mpenctanbena kao U(t) =K -e(t) + K| 'J‘o e(r)-dr+K, T 0JI0K nujarpamy.

VYrpaBibayka MPOMEHJbHBA Y CUCTEMY OIKMCAHOM Yy OBOM paiy e CTEleH CHare rpejada y



OJTHOCY Ha MakcuUManHy Moryhy cHary rpejada u kpehe ce y rpanunama ox 0 go 100, roe 0
Ipe/CTaB/ba CTamkbe Kaja je rpejad uckibydeH, Aok 100 mpexacraBiba cTame Kajua je rpejad
YKJbYYEH y MOTIIYHOCTH U pa3BHja CBOjy MAaKCUMAJIHY NIPEIBUN)EHY CHAry.

Y cramgapaaom obmuky [1][2][3] jemmaumne 3a ympaBibaukKy MPOMEHJBUBY
xoeuuumjentn Ki u Ky cy uspaxenu kao K| /Ti u K -T, peCHeKTHBHO, rie BpeaHocT Ti

IpeJICTaBba BpEeMe MHTErpalyje I0K T4 MpeiCTaBba BpeMe IudepeHnnpama, MTo JOHEKIe
naje pU3NYKKA CMHCA0 TUM KOS(HIMjEHTHMA, a 33 JeTajbe 3aMHTEPECOBAHH YHMTAIALl MOXKE
koHcyaTtoBatu jpoxatHy nurepatypy [1][2][3][4][5]. Umajyhu oBo y Buny jemnaumny PID
peryiaropa MOXeMO [TPUKa3aTh U Kao:

u(t) = Kp~(e(t)+%Ie(r)~dr+ d%} (1)

2.1.1. Iodewasarse PID pecynamopa

[MonemaBame PID perymatopa, mo3Hatuje kao tuning, je mpomec oxapehuBama
ontumanHux Bpeanoctu PID xoedumnujenara 3a xesbeHU cucteM, moodyay u om3us. [locroju
HEKOJIMKO METOJa 3a nojeiaBame napamerapa PID perymnaropa 3acHOBaHMX Ha pa3iMuUTUM
popadyyHHUMa, ONTHMH3AlKjaMa U EKCIIEPUMEHTAIHOM TECTHUPama, a MOCTOje€ U METOoJe 3a
ayromarcko mnojemaBame PID perynaropa. IlpaBunmHo mojemaBame je KIJbYYHO 3a
MMOCTH3akE¢ CTAOMIIHOT U €PUKACHOT CUCTEMA, 0 YeMy he OUTH pedn KacHH]e.

Mertoze noaemaBama Koje cy KopuiiheHe y OBoM pajy cy:

1) 3urnep-Hukicosa merona.

2) Ywen, XpoHc u PecBuk merona.
3) Koen-Kyn metona.

4) MacPID metopna.

5) MoaudukoBana MacPID metona.

Bume peun o HaumHy mpopadyHa KoedulujeHaTa momMohy cBake OJf HaBEIEHUX
MeToaa he OWTH MpuUKa3aHO y KacHHjeM Ioriasiby. Kako oBO HMje IVIaBHA TeMa OBOI' paja
rckopuniheHe cy rotoBe GopMmyse U Mpenopyke, a 3aMHTEPEeCOBaHU YHTaall ce yrnyhyje Ha

nocrynny auteparypy [1]1[2][3]1[4][5].

2.1.2. CeanekmueHa ynompeo6a PID komnoHeHmu

Hako je PID perynatop caunter o Tpu komnonente (P, | u D), y HekuMm npumMeHama
je moryhe 1oOMTH *KeJbeHY peryiaiujy KopuihemeM caMo jeiHe Uik 18e KommnoHeHTe. OBo
ce TIOCTHKE TAaKO IITO c€ KOePHIMjeHT HeKOopHITheHe KOMIOHEHTE MTOMHOXH HYJIOM U TUME
ce nodujajy P, I, PI unmu PD perynatopu, nok ce D u ID perynaropu npaktudHo He cycpehy y
npakcu (perymnaropu koju Oum kopuctutu camo D, omHocHo I u D kommonenre). Koju
perynarop Tpeda KOPUCTUTH y CUCTEMY MOIYT CHUCTEMa OMUCAHOT y OBOM pajay 3aBUCH O]1
nehHuIe Koja ce KOPUCTH, a y HallleM ciIy4ajy KopucTu ce komiuierad PID perynatop.

2.2. Arduino pa3BojHO OKpYKeHe

Arduino je OecmaTHa, jaBHO JOCTYyIHa €JIEKTPOHCKAa IulaTgopma 3acHOBaHa Ha
NPUCTYIIAYHOM M CTaHIApAM30BaHOM XapaBepy u codrBepy. Arduin0 MHUKPOKOHTPOJIEPH,
KOjH CauMbaBajy XapJBEpPCKH JIe0, JIaKO ce yrpaBJbajy nmomohy Arduino mporpamMckor je3uka
KOJU UMa CHHTaKCy HaIHMK Ha C mporpaMcky je3uk y3 qonatHe yrpahene QyHKIIMOHATHOCTH.
Kama roBopumo o Arduino ypehajuma muciuMo Ha BEIHKH OpOj MHUKPOKOHTPOJEPCKHX



YUIOBAa KOjU Cy MOApPXKAHW OJ CTPaHE OBOI pPa3BOjHOT OKpykema, Mmehy kojuma cy
Hajronyaapuuju ynnosu Gupmu Atmel u Renesas.

Arduino ypehaju cy 3HATHO NPUCTYNAYHUJU Y OJJHOCY Ha IPYre MUKPOKOHTPOJIEPCKE
io4e, MTO WX YUHH MOIMyJapHUM Kako Mely xoOu enexkTpoHHuapuma, Tako ¥ Mehy
npodecuonanmuma. CodTeep 3a nporpamMupame U yrnpaBibabe MUKPOKOHTPOJIEPCKUX I1JI0Ya
0azupanux Ha Arduino ratdopmu je 1oCTyIaH Ha CBUM ONEPAIMOHUM CHCTeMHMa. Bemuku
Opoj MHTErpucaHuX OMOIMOTEKAa YHyTap caMor Pa3BOJHOT OKPYKEma, Kao  jour Behu 6poj
jaBHO JIOCTYIIHHX, OECIUIATHMX W TECTHpPaHHUX OmOmumorexka ox crpane Arduino 3ajemHuiie
omoryhaBa Op3 U Jilak pa3Boj BEIUKOT Opoja mpojeKarta.

Cse rope HaBeJEHO, Ka0 U OMNINTE MO3HABAWkE M MPETXO/HA UCKYCTBA Cy HAc HaBeja
na ce onpenennuMo 3a Arduin0 pa3BojHO OKpYKEHE 3a MHTETPalMjy CUCTEMa 32 ayTOMAaTCKO
nemJpebe. Kako He mocroje roToBa xapBepcKa peliema K0ja MOKEMO KOPHCTHTH Y CBpPXE
OBOI' pajia ONpEeNeIMIM CMO ce Ja KOMIUIeTaH XapaBep Ha 0Oasu Arduino mmardopme
pasBHjeMo o] Hyse, ITo he neTasbHO OUTH 00jalkeHo y cneaehem mornasby.



3.XAPIBEP

Kako 6ucmo 06e30eannn onTuMaliaH paJl CUCTeMa ca CTaHOBHILITAa NepdopMaHCH H
[IEHe, XapaBep CMO pas3Bwid oa Hyjde momohy codreepckor amara Altium Designer. Ha
cIuI| 3 je mpuKa3zaHa OJIOK IIeMa XapJBepa CHUCTEMa 3a ayToMaTcko Jemibere. Kao mro ce
MOXK€ TPUMETHTH OJIOK IIeMa je CayhibeHA W3 JICBET IENHWHA, MUKPOKOHTPOJIEP, HErOBO
Harajame ca JETEKTOPOM IpoJiacka Kpo3 HyIly, KOHTpOJIA rpejadya, TeMIepaTypHO-aHaJOTHH
kouBeprep, ISP (in-system-programmer) mporpamarop, KOHEKTOp 3a MICroSD kaptwiry,
mukpo USB (universal serial bus) xonekTop, TacTepu 3a KOHTPOJIy U €KpaH 3a npuka3. Ocum
Harajama CUCTeMa M KOHTPOJE Trpejaya CBe OCTale ILEIMHE CauydmbaBajy CUCTEMCKHU
perynatop. Y 0BOM IOTIaBiby heMo MpeacTaBuTH TIaBHE JieTalbe XapABepa CUCTeMa, O1adup
KOMIIOHEHTH, PYTHpame 3a ONTUMaIHE MepdopMaHCHE KAa0 M HEKE JeTajbe M3 JOMeHa
eHeprercke enekrponuke. OBO moriaB/be Hehe neTasbHO MpHKa3aTH ENEeKTPHYHE MHIeMe
nomMohy KOjuX je peaqu3oBaH cuUcTeM, Beh caMo OJOK IIeMe M CMEpPHHUIE KaKO je CHUCTEM
peann30BaH.

Hanajamse,
KoHTpona .
. OeTtekuuja nponacka
rpejada KpO3 Hymy
‘ AY
I [eTekumja nponacka i
KOHTPONHKW cUrHan KpO3 Hymy MpeXRHOr
po Hanajama Crabunuaatop
TemneparypHo- OMMTABAE l HanoHa
aHanorHu —TeMmnepatype
KoHBepTep SP l
> 3,3 V koje Hanaja
cBe ypehaje
ATmega328P-AU
ISP e Mporpamuparme ] MWUKPOKOHTpOep
nporpamaTop SPI
<«—USBUART— mirco USB
microSD OuuTasate 1 T
kapTuua | YTMCMBAREIOAATaET KomTponaepara  fipukas napamerapa
W NpoMeHa |QC
napameTtapa l
Tactepu OLED ekpaH

Canka 3. Biiok mema xapaBepa cucTeMa 3a ayTOMaTCKO JeMJberbe.

3.1. Cucremcku peryJaTop

CucteMckH perynaTop je TJIaBHO IITaMIIaHO KOJIO Koje yrpaBiba cucreMoM. Ha memy
Ce HaJla3e CBE HEOIXOJHE KOMIIOHEHTE 3a JIOTUYKY MHTETpalHjy CUCTeMa IUTO YKJby4yje



MHUKPOKOHTPOJIEP, TEMIIEPATYPHO-IUTUTATHU KOHBEPTEP, KOHEKTOP 3a MICroSD kaptuily u
octanie nepudepuje. LllTammano ko0 cucTeMcKor peryiaropa je pal)eHo Ha 4eTBOPOCIIOjHO]
IJI0YM YHUjH je pacropes] ciojeBa cineaehu:

e [OpmHU CJI0] — CUTHAIIM U Hallajame.
e [IpBu yHyTpammu ciioj — peepeHTHH CI0j.

e Jlpyru yHyTpauimu cjioj — peepeHTHH CJIO].
e JlomwH CII0j — CUTHAJIM U Hallajame.

O06a ynyTtpamma ped)epeHTHA clioja c€ Halla3e Ha MCTOM IMOTEHIMjaly M TOIYJIapHO
cy mvenoBana GND (ground). OsakaB pacmopen ciojeBa, 3ajeqHo ca GND Bujama y
HETNOCPEHOj OJIM3MHU CBAKOT NpeiacKka ca TOpmer Ha JomU ¢10j (1 00pHyTO), omMoryhasa
ONTUMAITHU TyT CTPYje Yy MOBPATKy Ka HCHOM H3BOPY, IITO CMamyje H3pauyeHE CMETHE
mraMmnaHor koja. Hamajame je pyTupaHo mrTo je Moryhe mupum JMHHjaMa U TMOJUTOHUMA
Kako OW ce cMamuiIa MOIy)KHa WHAYKTHBHOCT M OTIIOPHOCT HAIOHCKE JIMHU]E, IITO 3ajeTHO
ca pazasojuum (decoupling) koHaeH3aTOpHMa CMambyje Maja HaloOHA JIUHH]E HPUIMKOM
HarJjor yBehamwa notpoiime cTpyje cucrema. M3pahena miouniia npukasasa je Ha ciaunm 4 y3
nojpatHy monudukanmjy 3amene LE quone 3a mue3o 3yjanuiy.

ReflowController
HW. V n 3.0

Canka 4. ®ortorpaduja mraMnaHe IJIOYHIE CHCTEMCKOT peryJjaropa.

3.1.1. MukpokoHmposep

MukpokoHTpojiep Koju je KopumheH y oBoM cucremy je ATmega328P-AU
kommanuje Atmel, cama Microchip y TQFP (thin quad flad package) makoBamy. OBaj
MHUKpPOKOHTPOJIEP je HajmomynapHuju yHyTap Arduino pa3BojHOT OKpY)Xema jep ce Hajla3H Ha
IBUXOBUM Haj3acTylUbeHHjUM KoMeprnujasnuM tmiodaMa UNO u NANO. 3BaHuuHa
MIPOU3BO/IbA OBOT YMIIA j€ YKUHYTA, ajid 300T BEJNMKE MOIMYyJapHOCTH MPOU3BO/IHA HErOBUX
KOIHja j€ M3Y3€THO 3acCTyIlJbeHa, TOIMyJapHa U noy3nana. Komuje cy HUCKHUX IIeHa jeTHAKO
n00pux nepdopMaHCH Kao M OPUTMHAIHU MHKPOKOHTPOJIEPH, Na je 300T Tora y OBOM paay
kopuiheHa jeJiHa o] TAKBUX KOIIH]ja.
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Cuuka 5. Tlpukas nuHoBa ATmega328P-AU mukpokoHTposepa [6].

Ha cnunm 5 cy npuka3zaHu MAHOBH KOPUITNEHOT MHUKPOKOHTposiepa. YKpaTko hemo
ONUCaTH KOJjU Cy IHMHOBM MHUKpPOKOHTposiepa KopumtheHn a0k he JeTajbaH HauuH
UMIUIEMEHTalMje OUTH MpUKa3aH y MPUIOTY OBOT paja, TauyHUJ€ y E€JIEKTPUYHO)] IIeMU. Y
Tabenu 1 je nat KkpaTak onuc UCKOpUIINEHNUX MUHOBA.

Hamajame mukpokoHTposiepa je moxenieHo Ha 3,3 V 3aTo mTO Cy JIOTUYKH HUBOU
microSD kapTuile U TeMIiepaTypHO-AUTUTATIHOT KOHBepTepa 3,3 V Tako /a HUje HEOIXOHO
BpIIMTH TOMEpame JIOTMYKUX HHMBoa. llocienuua Hamajama cucrema ca 3,3 V je mama
noJip>kaHa (peKkBeHrja riaBHor Takta o 8 MHz, anu y oBakBoM cucteMy OpKu TakT HUje
HEOITXOJIaH.



Ta6ena 1. Onuc uckopumheHux NUHOBAa MUKPOKOHTPOJIEpA.

. Hasus .
Pennu 6poj nmuHa Haunn umrmiemenTanuje
IIMHa
1 PD3 Tactep 3a MeHH cHCTEM
2 PD4 [Mun 3a JIE nnomy
3 GND Maca
4 VCC Hanajame 3,3 V
5 GND Maca
6 VCC Hanajame 3,3 V
7 PB6 [IpBu muH kpuctagHOT Oocumiaropa og 8§ MHz
8 PB7 Jpyru nuH xKpucTtamHor ocumiaropa og 8§ MHz
9 PD5 Ynupasipame MPBUM IpejaueM
10 PD6 Ynpasieame JpyTUM rpejadyemM
11 PD7 SPI' CS? nuu 3a npBY TeMIepaTypHO-IUTHTAIIHH KOHBEPTED
12 PBO SPI CS nmH 3a npyru TeMIiepaTypHO-IUTHTAIHA KOHBEPTEP
13 PB1 SPI CS nun 3a microSD kaptuity
14 PB2 /
15 PB3 SPI MOSF®
16 PB4 SPI MISO*
17 PB5 SPI SCK®
18 AVCC Hanajame 3,3 V
19 ADC6 /
20 AREF Besan Ha Macy npeko KOHAEH3aTopa
21 GND Maca
22 ADC7 /
23 PCO /
24 PC1 /
25 PC2 Jpyru Tactep
26 PC3 IIpBu Tactep
27 PC4 12C° SDA’
28 PC5 12C sCL®
29 PC6 Pecer nyrme
30 PDO UART’ RX
31 PD1 UART TX
32 PD2 JleTeknuja mposiacka Kpo3 HyITy

3.1.2. TemnepamypHo-duzuma/Hu KOH8epmep

TemnepaTypHo-quruTaaHu KoHBepTep koju je kopuinheH je MAX31855KASA
kommanuje Maxim Integrated cama Analog Devices. MAX31855 je o3Haka camor 4mria, J0K
je KASA o3Haka koja ToBOpY O TOME KOjU TepMmoriap je Moryhe rmoBe3aTtu Ha YHI; y Hallem

1 SPI (serial peripheral interface) — cepujcku nHTepdEjC CAUMELEH O TPH WM YESTHPU TUCUTAIHE JTHHUjE.
Moryhe je Bumre nepucepuux ypehaja nosesaru Ha jenan SPI unrepoejc.
2 CS (chip select) — qurutanua muauja SPI unTepdejca Koja AUKTHPa ca KojuM ypehajeM KOMyHHIpa
MHKPOKOHTPOJIEP.
¥ MOSI (master out slave in) — muHHja npeKo Koje ce MOAIH IPEHOCE 0] MHKPOKOHTPOIIEPa 10 IepH(epHIX
Xpeljaja. .

MISO (master in slave out) — nuHMja PEKO KOje ce moaany npeHoce o nepudepHux ypehaja no
MHKPOKOHTpOJIEpa.
> SCK (serial clock) — nmuHnMja KOjOM ce MPEHOCH TAKT 0] MHKPOKOHTpOJIepa 10 nepudepHux ypehaja.
® 12C (inter-integrated circuit) — XBOKIYHH CEpHjCKH KOMYHHKAIHOHH POTOKOL.
" SDA (serial data line) — 6uaupexuoHanHa IHHAja MpeHoca MoaTaka n3Mel)y KoHTpolepa u nepudepuje.
8 SCL (serial clock line) — munuja mpesoca TakTa 01 MEUKPOKOHTpOepa 10 mepudepuja.
 UART (universal asynchronous receiver/transmitter) — nepudgepsu ypehaj 3a acuHxpomy cepujcky
KOMYHHKaIHjy KOJ Koje cy (popMmar mojaraka u Op3uHa NpeHoca MOISCHBH.
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ciyyajy je To K-tun. OBaj koHBepTep MMa pe3oaylujy o 14 6ura u komyHuuupa myrem SPI
nporokona y read only pexumy pana. M3rien camor ckjorna ImpuKasaH je Ha CIHUIH 0, I0K je
HAYMH MOBE3MBamka ca MUKPOKOHTPOJIEPOM IPUKA3aH Ha CIHLHU 7.

Cauxa 6. @ororpaduja kopumhenor Trepmonapa.

Vee

0.1uF
MAX31855

GND

T+

SO

SCK

MISO

SCK

MICROCONTROLLER

ﬂ ll
-
%
b7

Cauxa 7. Tunnyna mema nose3uBama MAX31855 remneparypHo-ANTUTATHOT KOHBEPTEpPa 1
MHKPOKOHTpOJepa [7].

3a oBaj uMI TOCTOje pasHe OuOIHMoTeKe 3a Arduin0 pa3BOjHO OKpYyXKere. 3a CBpXe
Haller TpojeKTa MH CcMO ce onpeaenwin 3a Oubmmorexy Adafruit_ MAX31855 36or
jenHocraBHe wuHTerpauuje. I[loctoje OubnuoTexke koje mnpyxkajy Behum Opoj omuuja u
HaNpeHUX MO/IeIaBamka, alld OHE 3ay3MMajy BHILE MEMOPHU]CKOT MPOCTOpa 0e3 OUII0 KaKBUX
MPEAHOCTH y OJIHOCY Ha OMOMMOTEKY 3a KOjy CMO C€ ONpeAeNIuin 3a MoTpede Harer
MPOjeKTa.

3.1.3. MicroSD kapmuya

Pasznor 3a mHTerpauujy microSD kaptuie y cucTeM je ABOjak; MPBO W HajOUTHH]E,
omoryhaBa HaMm Ja 3ajajeMo OWJIO KakaB TeMIIepaTypHHM NpoQuil, AOK je APYyrd pasjior
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MoryhHOCT JIoroBama, OYHTaBamba TPEHYTHE TEMIIEpaType 3a paJ ONTHMH3alHje TapaMeTapa
perynaropa u mopeheme pesyiaraTa cuUMyialpja ¥ Mepema. KapThia KOMyHHUIHMpa ca
MHUKpPOKOHTpoJepoM nyteM SPI mpoTokosa mTo HaM je oMoryhuiio Jlaky MHTErpanujy y cam
cucteM. KoHekTop koju cMo m3abpamu 3a MicroSD kapruily je xommanuje Molex u To
5031821852. N3rpen kapTuiie y TOM KOHEKTOpPY IIPUKA3aH je Ha Ciuiu 8.

Cumka 8. microSD kapruua y Molex xonekropy.

3.1.4. MeHu cucmem u OLED exkpaH

Kako je nHekana HeonxoHo npomenutu PID xoeduuujente cucrema o je omoryheHo
npeko yrpaheHor MeHM cucTema rie ce aupekTHo Memwajy Ky, Ti u Tgq Bpennoctu. Menu
cucreM ce npukasyje Ha SSD1306 OLED expany koju je ca MUKPOKOHTPOJIEPOM IOBE3aH
npeko 12C mportokona. Kako crammapmHe OuOnmoTeke 3a OBaj €KpaH 3ay3WMajy JI0CTa
MEMOPHjCKOT TPOCTOPa OMPEACTHIA CMO CE 38 YHCTO TeKCTyainHy oubaroreky sSd1306AsCii.
VYnpasbame MeHH cucTeMa je omoryheno momohy Tacrepa. Msrnen kopumthenor OLED
€KpaHa MpHUKa3aH je Ha cauiu 9.

Cauxa 9. M3rnen kopunrhesor OLED expana.

NmvmnemenTanmja u kKopuirheme MEHH CHUCTEMAa Cy OCMHUIIJBEHU Tako Ja Oyay IITo
JETHOCTAaBHUJU U J1a 3ay3UMajy IITO Mame pecypca. CBaku 0] TacTepa MpHUKa3aHUX Ha CIUIU
9 umajy jacHo neduHHCaHy (QYHKIIM]Y; IPBEHH TACTEP CIYXH 3a HaBHTAIllU]y KpO3 MEHU
CUCTEM, I[PHHU TacCTep CIYXH 32 MHKPEMEHTHPAmE CBHUX MapaMmerapa U IUIaBH TACTEp CIYKHU
3a yJla3aK y caM MEHHU chucTeM. [I[pUTHCKOM Ha TUIaBU TacTep Ce YJIa3h y MEHH CHCTEM CaMo
ako nehuuna we paagu. Kaga cMo y MeHu cucremy mokpehe ce maimmmHa crama Koja deka
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KOMaH/ie; MpBO hemMo BUAETU €KpaH JOOPOIONUIHIIEC U 3aTUM, IIPUTUCKOM Ha IPBEHU TacTep
MPOJIa3UMO Kpo3 clieniehe omnmuje:

e [logemaBame napamerpa K.
e [lopewrtaBame napamerpa Ti.
e JlonemaBame nmapamerpa Tg.

e [loxemaBame HHKPEMEHTa MapaMeTapa; HHKPEMEHTH npunaaajy ckyny [-100,
-10, -1,-0.1, 0.1, 1, 10, 100].

e 3aBplleTak MoJeniaBama.

[lonemaBame je UUKIMYHO, TaYHHj€ Kaga C€ CTHTHE O 3aBpIIETKa IMOCIIaBamba
cneneha craBka je mojemIaBame Mapamerapa YKOJMKO HHCY CBH IapaMeTpH MOJCUICHU.
M3nackoM M3 MEHHU cUCTeMa NIPUTUCKOM LIPHOT TacTepa KaJa CMO Ha CTaBIM 3a 3aBpIIETaK
nojelaBama Bpahamo ce Ha MOYEeTHU eKpaH KOojH MoKasyje /1a je nehHuia uckibydeHa.

3.1.5. Ipozcpamuparee MuKkpokoHmpo.iepa

[Iporpamupame MHKpOKOHTpojepa je omoryheHo mpexko ISP konektopa w
HpUKIagHoOr mporpamaropa. ISP komyHumupa ca MuKpokoHTposiepoMm mnomohy SPI
nporokona rae je ISP mporpamatop y T0j koHpurypanuju master 10k je MHKPOKOHTPOJIEp
slave ypehaj. 300or oBakBe KOH(HIrypalyje je HEONXOIHO Ja MPHIMKOM IMPOrpaMupama
MHUKpPOKOHTpoJiepa MiCroSD kaprtuiia He Oyje MPUCYTHA Y CBOM KOHEKTOPY jep Moxke johu
1o omtehema kapruiie.

Ilocroju wu gpyra MoryhHOCT mporpamupama Koja y OBOM paay HHje
umiiementupana. [Tomohy ISP mporpamaropa je moryhe cnycrutu Arduino bootloader na
caM MHKpPOKOHTpolep W 3aTtuM mpeko Mukpo USB KoHekTopa ce moBe3aTd Ha
MHKPOKOHTPOJIEp M TaKO BPUIATH MporpaMupame. MaHa OBe METOJE je IITO Ce CMamyje
MeMOpHja Ha MUKPOKOHTpoJepy 30or motpeba bootloader-a.

3.2. Hanmajame cuCTeMCKOT peryJjaropa

Hanmajame cucremMckor perynaropa je peaJn30BaHO IoMohy TpaHcdopmaTopa,
I'penioBor mcmpasibaya M cTaOMIM3aTOpa HANOHA INTO IPEACTaBJbA, TAKO3BAHO, JIMHEAPHO
Hanajame. biiok mema Hamajamba CUCTEMCKOT perysaropa je npukasana Ha ciaunu 10.

HeTekTop
> Mponacka Kpoa

Hyny

3awTnTa,
peuos

MpexHo
pe; TpaHcdopmaTtop > > Crabunuaarop
Hanajake ucnpaerbay .
Hanajarba

v Hwcko-HanoHckK
KOHEKTOp

A

Canka 10. Baok mema Hanajama CHCTEMCKOT peryJjaropa.

Kako je Hamajame NMpoOjeKTOBaHO Ja Ha HM3Ja3y Jaje HamoH oJ 5 V U MaKCUMalHy
ctpyjy mo 500 mA onx BenWMKOr 3Ha4yaja Cy NapaMeTpyd W3JIa3HOT HaloHa W CHare
TpaHncopmaropa. M3 Tor pasziora cMo ce onpeneauiu 3a TpaHchopMaTop H3JIa3HOT HAllOHA
9V u npusumHe cHare 10 VA, mto Ham omoryhasa ctpyjan kamamureT o 1111 mA. 36or
(GU3NYKNX KapaKTepUCTUKa TpaHcpopmaropa, HAalOH Ha HETOBOM H3Ja3zy je MOTpeOHO
cTaOWIN30BaTH, TNpeBacXoAHO mnomohy ['peroBor ucmpaBbadya KOjU OHUMOJIApHU CUTHAJ
IpeTBapa y YHUIIOJApHU, HAKOH Yera ce HallOH JI0JIaTHO cTa0min3yje momohy KoHeH3aTopa
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KOjU MMajy BEJUKY KalalluTUBHOCT M Majy €KBUBAJICHTHY CEpUjCKy oTnopHocT. Ha camom
Kpajy MpUMEBY]y C€ JBa CTA0WIM3aTOpa Halajakba Kako OM ce CMamWId TYOWIM YCIen
BHCOKOT T1aJja HallOHA Mpe M HAKOH cTadmiau3aTopa HamoHa. OBaKO pealin30BaHO Hamajame
OJUIHKYj€ jeIHOCTaBHA M3pajia ImoMohy Maior Opoja TMCKPETHUX KOMITOHEHTH U HU3aK HHBO
IrymMa, ajid Cy My JIB€ TJaBHE MaHe JoIla epUKAaCHOCT MpHU BehuM cTpyjama W BEIUKU
rabapuTH y OJIHOCY Ha MIPEKHIauKa Hallajama.

3.2.1. Jlemekyuja nposacka Kpo3 Hyay

JenmHa op raBHUX OJJIMKa OBOT CHUCTEMa je KOHTpoja rpejaya nehauie nomohy
JETEKTOpa MpoJlacka CUTHaJla MPEKHOI Hamajama Kpo3 HyIy, TaKO3BaHOT ZEero-crossing
JETeKTOpa KOju je IpuKazaH Ha cymiy 11. Pe3ynrar cumysnanuje Koya nmprKa3aHor Ha CIIHIN
11 y coprBepckom anary LTspice naje pesyarare Koju cy rpauuKky pUKa3aHu Ha ciuny 12,
Ha oBom rpaduky je 3emeHoM 00joM IpeACTaB/bEH HANOH Ha M3/1a3y U3 TpaHchopmaropa,
1aBoM 00joM HamoH HakOH ['peroBor ucmparsbaya, IPBEHOM HAIIOH HAKOH KOHJEH3aTOpa
KOJU ce KacHHUje BOAM Ha ylia3 UCIpaBJbaua Halajamba U OpaoH 00jOM je MpUKa3aH CUTHAJ
KOjU IpeCTaBJba KpaTak MMILIYC Kaja je HalmoH IpoIIao Kpo3 HyJdy KOjU ce JOBOJIM Ha yia3
MUKpOKOHTpoJiepa. Kaja Han3MeHWYHU HAroH Ha u3ia3y ['peroBor ucnpaBibavya JTOCTUTHE
BpenHOCT Behy oa MHMHMMalHE BPEOHOCTH HamoHa u3Mmel)y 0ase m emuTepa 3a Kojy ce
TPaH3UCTOP YKJbYYH, CUTHAI KOjU ce npociel)yje MUKPOKOHTPOJIEPY ce CITyCTH Ha HYJy jep
je TpaH3WCTOp aKTMBAaH M TMOTEHIMjaJl Ha KOJIEKTOPY je MCTH Kao M Ha emurepy. Hynra
BPEIHOCT Tpaje JIOK HAIOH Ha W3Ja3y ['peloBor McnpaBjbavya HE MaJHE HCIOJ BPEIHOCTU
MUHUMAJTHOT HaroHa u3Mmelhy 0asze u emurtepa 3a KOjU je TpaH3HCTOp akThBaH. OBaj CUTHAI
ce KopHucTH Kao Interrupt 3a mpaheme Opoja mposiacka Kpo3 Hyly INTO HaM omoryhaBa
Mpeun3Hy KOHTPOITy Tpejada u npaheme MpoTeKIor BpeMeHa.

Nula_Prolaz

Transformator _ Grec
D1 D2
C vi 1N4148 1N4148 E Izlaz
T SINE(0 12.35 50) > 3 1N4148 &1
1N4148 1N4148 1000y

.tran 0 100m O

Camnka 11. OcHOBHA HIeMa 1eTEeKTOpPa MPOJacKa KPo3 HyJIy 3a Mpe:KHA Hanajama.
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Caunka 12. Pe3yarat cuMmyJianuje Koja mpuKa3anor Ha canom 11.

OBakaB THIT JETEKTOpa C€ YECTO KOPHCTH KOJ IMOTpOIada KOjU Cy IMOBE3aHU Ha
MPE)KHO Harajambe Kako OU ce TOTPOIay YK/bYUHO WIH UCKIBYUHO Y TPEHYTKY Kajia je HalloH
y cucreMy jemHak 0 V W camMuM TUM HE IOCTOjU CTpyja Koja Tede Kpo3 IOTpolnad, 3a
[oTpolaye KOju MMajy Majid (PakTop peakTHBHOCTH, IITO OArOBapa HAIIeM CiIyyajy.
WmrieMeHTanjoM OBOT JIETEKTOpa Yy CHCTEMCKH pEryJaTop CMamyjeMO CTpec Ha
MOJIYIPOBOIHHYKE KOMIIOHEHTE, KOje Cy y HallleM Ciydajy TpHjalli KOju KOHTPOJIHUIILY
rpejaye, Tako HITO CMambyjeMO HArid MOPacT CTpyje Kpo3 MOIymnpoBOIHHMK. Takohe ce
CMambyje CTpeC Ha KOHJICH3aTOpe YHYTap CHCTEMa jep Ce He 3aXTeBa HHUXOBO OP30 MymbEebe,
OJTHOCHO MPAXKEbCIHE.

3.3. YnpaB/pbaum rpejaya cucremMa

Kao mro ce Moxe BHmeTH Ha OJIOK IIeMH ca CIMKE 3 MHUKPOKOHTPOJEp IIajbe
KOHTPOJIHM CHUTHaJl yIpaB/bauyMMa Ipejaya OBOI CHUCTEMa M THUME YKJbydyje, OJHOCHO
UCKJbYYYj€ TpHjaKe, OJIHOCHO Ipejaye Kako OM ce BpIIMia KOHTpOJa TEMIIEpaType CUcTema.
Kako ca cTpaHe MHKpPOKOHTpojepa MMaMO HHU3aK jeHOCMEpHU HamoH oxa 3,3 V, 1ok Ha
CTpaHu TpHUjaKa IMamMoO Hau3MEHUYHO Hamajamwe o1 230 V ¢ppexsenuuje 50 Hz, neonxoaHo je
HEKaKo NMPEHETH KOHTPOJIHU CUTHAI JI0 TpUjaka Ha 6e30eaH HauMH TaKo Jja c€ Hau3MEHUYHO
Harajame HE TpeHece [0 HHUCKOHAIOHCKOT MHKpPOKOHTposiepa. JemaH jeqHOCTaBaH W
eJIeraHTaH Ha4yMH Jla c€ OBO ypaau je KopuiihemeM ONToKaiuiepa KOjU HaM yIlpaBibay
raJIBAHCKU pa3JiBaja Ha JIBE LieNIMHE U oMoryhaBa 6e30e/1Hy KOHTPOJy TpHjaKa.

Kao mTo cMo paHmje HaBenw, IPUIMKOM peanu3allje yrnpaBjbaua rpejada cucTeMa
3HAYajHO j€ KOja j€ BPEIHOCT HarmoHa U GPEKBEHIIN]e MPEXXHOT Harajama. Kako y oBoM panay
HeheMo 3ala3uTu y JeTajbe MpojeKTOBamka Kojla ca TpUjaluMa, Kako MacTep paja He Ou uMao
MPEBHIIIE CTpaHa, HaBemheMo Heke O] KJbyJYHHX Tadaka KOje MOTY CIYXHTH Kao OCHOBa
JaJber pa3Boja.

e CTpyjHH KanmalnuTeT TpUjaka yBek TpeOa Outu Behu oj cTpyje moTpoiiadya Koju
KOHTPOJTHIIIE.
e Tpujak Tpeba KOHTPOJIKMCATH UCKIbYYUBO UHTETPUCAHUM KOJIOM 32 TY HAMEHY.

e BpenHoct oTnopHHKa Ha ynasy rejta Tpujaka Tpeba 6utu okBupHO oko 180 Q 3a
115 VAC, oxgnocuo 360 Q 3a 240 VAC.
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e 3a MHIYKTHBHE MOTpOIIaye MOTPEOHO je Ha W3ja3y TpHjaka Be3aTH aJIeKBaTHO
KOJIO 32 Cy30Hjame OCIHIIaIM]a.

3.4. Moaudurkanuja nehuuue

Jla 6ucmo Mornu aa KoHTponuiemo nehauiy nomohy au3ajHupaHor xapasepa Omio
j€ HEeOomXOJHO Ja Ce W3BplIe oAroBapajyhe moaudukaiuje Koje ce OJHOCE Ha OXKUYCHE
nehHuIe W WHEeHy TepMalHy H30Jaldjy. Y OBOM IIOIJIaBJby NeMO MPHUIIOKHTH HEKOJIHKO
CITMKA U TPEICTABUTH KAKO je M3BPLICHO OXKHUYCHEe MehHUIEe, 0 YeMy je HEOIXOIHO BOJUTH
padyHa IPUIMKOM MOTEHIUjaHuX Oynyhux mMomudukaimja u Kako je ClipoBeACH TepMoIap
yuyrap nehnuie. Takohe hemo criomeHyTH M Heke Of MOTelUIKOha MPUIUKOM CIIPOBOhema
TepMasiHe m3oianuje nehHuie, kako cy npeBasuleHe W Martepujaie Koju cy KopuinheHu 3a
U30J1a1Hujy.

3.4.1. Tepmaaua uzoaayuja nehHuye

Komeprujanne nehnuie nomnyt oBe koja je kopuiiheHa y OBOM pajy YecTo HeMmajy
TeMIIepaTypy H30Jalnjy MTO UM 3HAYajHO cMamyje ePUKACHOCT 3a/ipikaBama Toriore. Kako
[IOCTOjU MIPa3aH NpOCTOp U3Mel)y CroJballber JUMa U TpU CTpaHe NehHule oaayduiIn cMo J1a
MOIMYHUMO Taj MPOCTOp KepaMHYKoM ByHOM. Kepamuuka ByHa je TEepMOM30JIALMOHU
MaTepHjall Koju Moxe TpreTd temneparype ao 1250 °C, komepuujaiHo je JOCTyNaH U 3a
pa3NMKy O]l CTakJIeHE ByHE HHUje MaTepHjajl KOju Ce pacuna M KpPyHH, Ma je CaMHUM THM
0e30eaHMjU U JIaKIIM 3a paa. MehyTum, oBaj MaTepujall caip>ku TparoBe azoecta u CcTporo je
MPEMOPYYIHMBO HOIICHE 3aIITUTHE MaCKe U PyKaBHIA MPUIMKOM pyKoBama. Ha ciukama 13
u 14 cy npuka3aHe Tpu cTpaHe nehHulle Koje cy U30J10BaHe KEPAMUYKOM BYHOM. MexaHMKa
nehHuIe je TakBa Ja OCTajy TpU CTpaHe Koje HHje Moryhe M3050BaTH KEPaMUYKOM BYHOM;
3a/iha, 10ba U Ipeamba.

Cauxka 13. U3os1anuja necHe u ropme crpane nehnnme.

16



Ciinka 14, M3oaanuja jieBe ¥ ropmwe crpade nehnune.

W3onamuja kepaMUIKOM BYHOM, MAKO 3Ha4ajHa y CIIpedyaBamy ryOUTKa TOIIOTE KPO3
MeTajHe cTpaHule nehHulle, HUje MPUMEHJbMBA Ha CIpeyaBame I'yOUTKa TOIUIOTE KpO3
npemy, CTakiIeHy crpanuny nehauie. Kpo3 HEeKoInKo ekcrepuMeHara 3ak/bydiiid CMO J1a
ce BeJMKa TOIUIOTa €HEpruje pacuia Kpo3 CTakJIeHa BpaTa, BEpOBaTHO y OOJMKY HH(pa-
I[PBEHOT 3payverba, a 1a C€ TO MOKE BPJIO €(PUKACHO CIIPEUYUTH 00JIaramkeM CTaKJIEHE TOBPIIN
BpaTa allyMMHH]yMCKOM (osujoM. 300T Tora cMO CTakJIeHy MOBpIL Bpara nehHuie npekpuin
ATYyMHUHUjyMCKOM (DOJIMjOM Ca YHYTpallkhe CTpaHe KOjy CMO MPUYBPCTHIIN KEITOH TPaKOM
Koja Moske nojaHeT temmneparype 10 300°C. Hakon oBe Moaudukanuje u3ries yHyTpaimbhe
CTpaHe CTaKJICHe TTOBPIITN BpaTa NMpHUKa3aH je Ha ciumm 15.

Cauxa 15. M3osanuja BpaTa nehHuue atyMuHujyMcKoM ¢oJIMjoM U KEeNTOH TPaKoM.
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3.4.2. Ooicuuerve nehHuye

[Ipe Hero mITo OMUIIEMO M3BPILICHO OXHUYCH-E NehHUIle BaKHO je HAIOMEHYTH Ja je
OUJI0 KaKaB paj ca MPEXHHUM HalajameM OIacaH I10 )KUBOT M CaBETYjeMO BUCOKY OIPE3HOCT
U CTPYYHO PYKOBAIbE.

Kako je nmehnuna ¢abpuuku Beh yBe3aHa Tako Ja ce MOXKE KOHTPOJHCATH MOMONyY
MPEKJIONHUKA Ha MpeImkeM MaHeny o HajBeher 3Hauaja je OUlo yTBpIUTH Kako Cy Ipejauu
MelycoOHO moBe3aHH. 3aKJby4WJIM CMO Jia TiehHHIa ©UMa YeTHPH Tpejada, TauHUje JBa mapa
rpejaya KOju Cy BE3aHM Ha pell ca CYNpoTHE cTpaHe nehHuie, mMTO je MPUKa3aHO Ha
cimii 14, I'pejaun cy aupexktHo Bezanu u3mely dase u Hyne 0e3 Ouino KakBe CTpyjHE
3alTUTe, MITO je TUMHYHO 3a jedTuHe KoMepuujanHe nehuune. Mmajyhu oBo y Buay, cBo
nocrojehe oxuueme je U3BYy4eHO M3 NehHUIEe U HOBO OKMYEH-E j€ CHPOBENEHO Kao IITO je
npukaszano Ha ciuiy 16. Kopunihen je netoxwinu kadn nmonpeyHor mpeceka 1,5 mm? rae cy
XKUIIE I[pHE U OpaoH 00je moBe3aHe Ha yIpaBJbadye KOju YKJbYUY]y U UCKIbYUY]Y a3y, AOK Cy
KHLE TUIaBe M CHBE 0Oje MOBe3aHe Ha HYyJIy MPEKHOI Hamajama. JKyTo-3eleHa xuma je
MoBe3aHa Ha Imacujy rehHWIe, youeHOo je Ja Kaja [achja HHje y3eMJbeHa miehHuia ce
MOHAIla Kao aHTE€Ha W CaMUM THM C€ YTHYe€ Ha TEpPMOINap, LITO BOAM Ka IOTPEIIHHM
OYHTaBambUMAa.

Cimnka 16. Oxundeme nehHume 3a ayromarcko Jemibeme. Tepmonap yiia3u y yHyTpammocT nehuuue ca
rop-€ CTpaHe.

Ha Bpxy mnehHuue ce Hama3u OTBOp Kpo3 KOjU j€ CIPOBEICH TepMomap Yy
VHyTpammocT nehauie, mro ce Moxe BujaeTH Ha ciaumy 16. [To3umuja Tepmonapa je Takohe
jeIHa o] 3HaYajHUX MapaMeTpa y OBOM CHUCTEMY; aKO je TepMoIiap MO3UIMOHUPAH NpEBUIIe
BHCOKO y TIEhHUIIM OHJIA je pa3iuKa n3Mel)y ounTaHe TeMIepaType U TeMIeparype Koja je y
HEMOCPEHOj OKOJMHM ILITaMIIaHOT KOJIa MPEBHILIE BEJIWKAa U JTOBOAM 0 JIOUIMX pe3yiraTa.
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Mu cMO TO3UIIMOHUPATU TEPMOIIap TAaKO Ja C€ Halla3W Ha MOJIOBUHU BUCHHE mehHule, mro
je mpuKa3aHo Ha ciunu 17.

Cauka 17. Ilo3unuja TepMonapa ynyrap nehamnune.

3.5. Kyhumre cucrema

Kako Ou xapaBep cucrema OMo MHTETPHUCAH Y jeIHY ICIMHY IU3ajHUPAHO je Kyhuire
nomohy codrBepckor anata FreeCAD koje je 3atum oxmramnano nomohy 3D mtammayva.
CAD wmopnen kyhumra je mpuka3ad Ha ciukama 18 u 19. V mogaHOXjy KyTHje Cy OCTaBJbeHE
MOHTa)XHE pyIle Koje Ccy MpOjeKTOBaHe Ha OCHOBY 3D Mojena mTaMinaHuX Koja CUCTEMCKOT
perynaropa, Harajamka CUCTEM U KOHTpoJIepa rpejaya cucreMa.

Camnka 18. IIpuxa3 CAD monena kyTuje 3a pery;iarop 0e3 mokjionuna.
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Camnka 19. Ilpuxa3z CAD monesia KyTHje 3a peryJiaTop ca noKkJIoMIeM.

Ha 3unoBuma kytuje cy octaBibeHH oTBOpH 3a C13 CTpyjHHM KOHEKTOp, MPEKUAady H
YBOJHUK KOJU CIY)XE 3a JaKky U 0e30eHy HHTErpalujy ca MpPEeKHUM HamajambeM Te
KOPHUCHUK HHKaJa HUje TUPEKTHO M3JI0KEH MPEKHHUM BOAOBHMA. VHTerpaiuja mramianux
KoJa y KyTHUju je mpukaszaHa Ha ciuuu 20, 1ok je Ha cnuiu 21 npukaszaH peryjiatop noBe3aH
ca nehaumom.

Canka 20. llTamnane miiounie ynyrap kyhumra.
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Cauxa 21. M3raen kommieTHor cucrema. Peryaarop je moBe3an ca nehuunom nomohy jexnor
METOKUJTHOT TMPOBOTHHKA M IPOBOIHUKA 32 TepMonap.
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4. Onmuc CO®TBEPA CUCTEMA

OcuM xapjaBepa KOjU je ONMHUCAaH y MPETXOJHOM TIIOTJIaBJby, JApyra LENHWHA Koja
cauMmaBa oOBaj cucteM je codTBep. 3apaJ HHTErpanyje M TeCTHpama OBOI CHUCTEMa
UMIUIEMEHTHPAHH Cy aITOPUTMH 32 MEPEHhe 0J13UBa MehHUIIE U YIIpaBJbamkbe CaMOT CHCTEMA.
VY oBoM nornasiby hemo onucaty NpUHIMIIE paja 00a alropuT™Ma M AaTy OMIITH MCey10-KO
3a nporpamupame PID perynatopa. CBu anroputmu koje hemo onucate y OBOM IMOTJIaBIbY
HMMajy CBOj€ aJIcKBaTHE KOJOBE KOjHU CYy MPHIJIOKEHU Ha Kpajy OBOT pajia.

4.1. AaropuraMm Mepema o13uBa nehnmuue

3apan npopauyna PID koedunujenata 6uio je HEOMXOTHO U3MEPUTH OJ3UB NehHHUIIe
3a pa3jIMyYUTe BPEAHOCTH TPOLEHTA YKJBYYEHOCTH Tpejadya, TauyHUje OA3UB IehHuie Ha
nobyny obnuka XeBucajaoBe (GyHKIHMje, TpU YeMy BpPEIHOCT XeBHCajAoBe (GYHKIHU]E
MpeJCTaBJba MPOIEHAT CHAare rpejada y OJAHOCY Ha MaKCHMajiHy Moryhy BpemIHOCT cHare
rpejaya. Ha mpumep, y jeaHom ciydajy nehHuia je UCKJbydyeHa U Ha COOHO] TemIepaTypH,
HaKOH dYera ce mehHWIa MepMaHEHTHO YyKJbydyje ca, penumo, 10 % makcumanHe cHare,
npyru myT ca 20 % makcumanHe cHare M Tako jaajbe. Kako O6u mehnumna pamuna mro je
moryhe epukacHuje UMIUIEMEHTHPAH je Zero Crossing JAeTeKTop KOju yKJbydyje rpejade TeK
KaJla CHHYCOMITHU CUTHAJI MPEXHOT Hamajama npole Kpo3 HyJITy BPeJHOCT, a XapAEBPCKY
UMILUICMEHTAIM]y Zero Crossing leTekropa MpUKa3ald CMO y HPETXOTHOM IOTNIaBiby. Y
Tabenu 1 cMO HaBenu JAa ce NUH 32 MHUKPOKOHTpojepa KOPHCTHM Kao YJa3HM HHUH 3a
JETEeKIN]y KaJa CUTHAJ TPOoJIa3u Kpo3 HYJy; CBaKH IyT KaJla Ce jaBH MMITYJIC HA OBOM ITHHY
MHKpEeMEHTHpa ce Opojad JeTeklrje Koju Moxke uMaT BpenHoctd usmehy 0 u 99. I'panune
3a 0Baj] Opojau m3abpaHe Cy Tako Ja MoMohy BHX MOXKE Jla C€ PEeryJuiie MpoIeHaT
YKJbYYEHOCTH Ipejada ca pe3osIyliMjoM O] jeAHOr mpoleHTa. Kako je ydecTaHOCT MpEeXHOT
Hanajama 50 Hz, mepuox je 20 ms u curHan y TOKy jeJHE MEepHoJIe IBa MyTa MpoJia3u Kpo3
HYJy, I1a IpeMa TOMe TIepHO/T MTPOTacka MPEKHOT HanmoHa Kpo3 Hyiy je 10 mS. Kana ce tux
10 mS nomuoxu ca 100 (mwTo mpencTaB/ba OICET BPEIHOCTH MOcCMaTpaHor Opojada),
3aKJbYdyjeMO Ja je BPEMEHCKHM HMHTEpBaJl Ca KOJUM MOXXEMO KOHTPOJIMCATH IPOIEHAT
YKJbY4EHOCTH Tpejaya 1S, mTo je 3amoBosbaBajyhe Op30 3a HaMmeHe Koje IUIaHUpPaMo,
MOTOTOBY y3uMajyhu y 003up ,, TpoMOCT* 0/131MBa caMe TiehHuIle.

Nmajyhu cBe HaBeIeHO Y BUY MOXKEMO (PUKCHpaTH CTENeH YKJbYYeHOCTH Ipejayda Ha,
npumepa paan 20 % u ApkaTH rpejade yKJbydeHe 3a BpeMe NMPBUX JBAJECET ACTEKIHja, a
OCTaTaK BpEMEHa UCKJby4YeHe, TauHHUje Tpejayd cy y oBoM mpumepy ykbydeHu 200 ms u
uckspydenn 800 ms. Kako mehnuma, kama ce moOyau moOymoM o00irKa XeBHCajI0BOT
UMITyJIcCa TEOpHjCKM HHKajga Hehe mocrtuhm steady state Beh he TemmepaTypa KOHCTaHTHO
pactu mnpuOIMkaBajyhu ce XOpPU30HTAIHO] AaCUMIITOTH, HEONXOJHO J€ HUMaTH YCIOB
UCKJbyUYeHa NehHuie, 0JHOCHO MakCUMajHO BpeMe y koMe hemo mocmarpatu oja3uB. Mu
CMO CTaBWJIH JBOjaK yCJOB; Ja MEpEmkEe HE MOXKE TpajaTH TyXe o1 25 MHHYTa U Jla MEpPEHe
npectaje ako nehuuna gocturne 240°C. Ha taj HaunH Mepeme Hehe TpajaTu npeBuIle JIyro,
HUTH TEMIIEpaTypa MOXKe MPEBHIIE MOPACTH, IITO OM MOTJIO JIa OMITETH KOMIIOHEHTE CaMorT
cucrema.
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4.2. Anropuram 3a ynpap/balbe CHCTEMOM

AnroputaM 3a yrpaBibame cuUcTeMa je Moaudukanuja Beh mnpencraBibeHOr (Y
MPETXOJHOM TOTIOTJIABJbY) AQITOpUTMa 3a Mepeme OJ3uBa IMehHuma. YMecTo IITO
(dbuKcupamMo CTeneH YKJ/bYYEHOCTH Trpejaya jgo3BojbaBamo PID perymaropy, koju je
UMIUIEMEHTHPAH YHYTap MHUKPOKOHTpOJepa, Ja Mema OBaj IapaMerap y CKiIaay ca
norpebamMa cucTeMa Kako OM Ce JOCTUTao J>KeJbeHH TemuepaTypHu mnpodwi. JKeibeHu
TemreparypHu npodui 3aaajemo nyrem CSV (comma-separated values) nokymenra y kojem
Cy YIHCAaHU MOJalld BpEMEHAa M TEeMIlepaType TJe TpBa KOJOHA IPEICTaBjba BpEeME Y
CeKyHJaMa JIOK Jpyra KOJOHa IMpe/acTaB/ba TEMIEpaTypy Yy CTEIEHHMa IeN3Hjyca, IITO je
rpadu4Ky MprUKa3aHo Ha CIUIM 22.

[Zf C:\Users\marko\Desktop\OVEN_QUTPUTS\INPUT.CSY - Notepadh+
File Edit Search View Encoding Language Settings Tools Macre Run  Plugins Window 7

51 Ioo&aloq'ﬁ:l | | #h By | & % | =1~ EEERa|=| ]
1 90,150
2 180,180
3 210,230
4 250,230
5 300,100

Caunka 22. leo CSV ¢ajna y kome ce 3aaaje :KeJbeHH TeMIepaTypHH Mpodui.

Kako ce opaOupame BpIIM CBake CEKyHAE, Ha OCHOBY pasjiora OIHUCAHHUX Y
IIPETXOAHOM IOTIOTJIaB/bY, 3a MPOpauyH yIpaBjbaukKe MPOMEHJbUBE CHCTEMa IOCTOjE JIBE
MOTyhHOCTH HWMIUIEMEHTallMje; TpBa je Ja ce MOoJall YHYyTap Y/Ia3HOT JOKyMEHTa
JUCKPeTH3yjy ca MEepUOJOM O] jelHe CEeKyH/e KaJa HaKOH CBakoI oJabupama BPIIUMO
y4HTaBamke HOBE BPEAHOCTH, a JApyra je na ce momohy mpopauyHa Haruba kpuse uzmelhy nase
Tayke M00HMje IUCKpEeTHa BPEAHOCT TeMIepaType KOjy KOPUCTHMO 3a HHKpPEMEHTAIUjy
KeJbeHe BPEIHOCTH HAKOH CBaKOI Iepuojaa ojabupama. MU cMO ce y OBOM paay
ONpeNleNIuIN 3a Jpyry OIHUjy, ajld jeAHOCTaBHOM Moaudukamujom kojxa je wmoryhe
UMIUIEMEHTHPATH U NpBY onuujy. OBUM cMO OMOTYhHIIU jacHY KOHTPOJYy CHCTEMA I/I€ CBAaKe
CeKyHJe oadupaMo TeMIlepaTypy, BPIIUMO MPOpauyH YIpaBJbayke MPOMEHJbUBE CUCTEMA U
Moau(puKyjeMo KeJbeHy BpeqHocT. Kako Ou ce yTBpAMIIO /1a JIM Halll CUCTEM MPaTH JKEJbEHU
TeMIepaTypHu Npoduia oMOryhuiau cMO M HauMH JIOTOBalka TPEHYTHOI BpEMEHa, OUYUTaHe
BPEIIHOCTH TEMIIEpaType, TPEHYTHE JKeJbeHEe BPEJAHOCTH TEMIIepaType M TPEHYTHH CTETCH
YKJbYYEHOCTH Tpejaya.

Iceynokon 3a mmiutementanujy PID perynaropa je mat y HacraBky [8]. Jemna of
KJbYYHUX CTBAapM KOja HHUje OIMCAaHa ICEYAOKOJOM Cy TpaHHYHU YCJIOBU 3a M3JIA3HY
BpeaHoct U(t) koja Mopa OWMTH y TpaHHMIlaMa YIpaB/bauke MPOMEHJBHBE CHCTEMa, IITO Y
HallleM ciyd4ajy 3Hauu jna mopa 6utu Beha wimum jennaka ox 0 m mama ox 100. I'pannynu
YCIIOBU Cy HEONXOJHM Kako Ou ce omoryhumo mnoy3gan paja cucrema; ako cy PID
KOC(UIMJEHTH JIOUIe MOJCIIEHH CHUCTEM MOXe IOCTaTH HecTaOWiIaH M BPEIHOCTH BaH
TPaHUYHUX YCJIIOBA MOT'Y Y3POKOBAaTH HENPEABUAWBHAM IIOCIEOUIIAMA HAa CHCTEM IOTOTOBO
aKo He MOCTOjU UMITJIEMEHTUPAH HEKH BUJI 3aILTHTE.
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lastError = 0;
integral = 0;
loop:
e=r -y
proportional = e
integral += error * sampleTime
derivative = (error - lastError) / sampleTime
u = Kp * proportional + Kp / Ti * integral + Kp * Td *
derivative
lastError = e
delay(sampleTime)
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5. MEPEBE U NOJEIABAKE PID PEI'YJIATOPA

Y oBoM moriassey hemo onucaTu mpoiec Mepema QyHKIIM]e mpeHoca nmehHuIe u Kako
nomohy nmobujenux pesynarara npopauyHatd PID koedunmjente cucrema. [IpencraBuhemo
0JI3UB cucTeMa momMohy Tpancdep GpyHKIM]je 1 KOPUCTUTH HeHe napaMmeTpe 3a npopauys PID
KoeuIMjeHaTa 3a CBaKy OJlI METoJa HaBEICHUX Yy JPYroM IOIaBiby. Ymopeanhemo
pe3yaTare MaTeMaTUYKOT MOJIENIa U PEATHOT MEpema Kako OMCMO MOTBPIMIA MCIPABHOCT
KopuniheHor Mojena, a ouaa ¢unaaHo u PID koeduiujenara Hamer cucrema.

5.1. Oa3uB Ha jeIMHUYHY OJACKOYHY GYHKUMjY U MOJIeJI CCTeMAa

VY 4eTBpPTOM MOrJIaBJby CMO OMHCANIU alTOPUTAM 32 MEPEH-EC 0/13MBa MehHUIIE 32 HEKY
(UKCHY BPEIHOCT CTEICHAa YKJBYYCHOCTH Tpejada. [I[puMeHoM oOBOr airoputMma A00HjamMo
TeMIleparypy yHyTap nehHuile 3a cTeneH ykibydeHocTH of 20% uuju je rpaguk nmpuKazaH Ha
caunu 23.

Mepere oa3mBa nehHuue 3a cteneH ykibyyeHoctu 20%
150 T T T T T T T

Temnepatypa [ C]
S
o

[$))
o
T

1

0 1 | 1 | 1 | |
0 200 400 600 800 1000 1200 1400 1600

Bpeme [cek.]
Camnka 23. Pe3ynrat Mmepema 01CKOYHOT 013uBa nehHuie 3a crenen yk/bydeHoctn ox 20%.

OBakaB OJ3MB CHCTeMa je Moryhe MaTeMaTHYKH MOJIeJI0BaTH Kao Tako3Banu FOPDT
(first order plus dead time) cucrem Koju ¥Ma QYHKIH]Y MPEHOCA Y KOMITJICKCHOM JIOMEHY:
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VY BpeMeHCKOM paoMeHy oBa ¢yHknuja uma obmuk g(t)=k.-(1-e T ) rme

npomensbrBe K¢, L 1 T mpeacraipajy npouecHo mojavyame CUCTeMa, BpeMe CTarHUuparmba Koje
ce momynapHo HasuBa dead time m BpeMeHCKy KOHCTaHTy cuctema, pecrektuHo [9][10].
Kako Ou ce ajiekBaTHO MPOLCHWIM OBH MapaMETpPH 3a JIaTH CUCTEM HEOIXOJHO j€ ,,yKIOHUTH
DC xOMIOHEHTY cHcTeMa jeJHOCTABHHM YMamEHEM CBUX TEMIIEPATYpPHUX BPETHOCTH 32
BPEIHOCT TIPBOI OJOMpKA, IITO Yy HPUHIMIY TPEICTaB/ba COOHY Temmeparypy. Hakon
npopadyHa OBHX Iapamerapa M mpopadyHa OJI3MBa CHCTEMa Ha OCHOBY TpaHchep dyHKIH]je
cucrema, y GMHAITHOM OJI3UBY MOTPEOHO j€ BPaTUTH paHH]j€ YKIOHCHY aJIMTUBHY KOHCTAHTY.
[TocToje pa3IUUUTH HAYMHU 33 MPOPAYyH MPOMEHIBHBUX K;, L 1 T y OBakBOM cHCTEMYy, alld
MU cMO ce ompenenuian 3a kopumihewse MATLAB ¢yukuuje fit mro Ham naje cienche
BPEIIHOCTH:

k, =7,62
L =24,613
T = 450,27 3)

Ha cnounm 24 je ynmopenHo mpukazaHa u3MepeHa temieparypa nehnuie u GyHKImje
g(t) 3a mapamerpe u3 (3). Kao mro ce Moxe BUACTH OBaKaB MaTeMaTHUKH MOJC] (QYHKITH]E
npenoca nehxuie Bpiio 100po onucyje CTBApHO MOHAIIame ehHuIle.

MopeRhewe namepe u npopavyHarte pyHkKLMje npeHoca
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Ciuka 24. Tlopeljeme u3mMepene u npopayyHare GpyHKuuje npesoca nehiHuie 3a creneH yK/by4eHOCTH
20%.
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5.2. lIpopauyn PID napamerapa u umMniieMeHTalMja y Mojesy cucTeMa

Kao mro cmo Beh HaBenu y Apyrom noriaBiby, MeToie ToMohy kojux hemo oapenuTu

PID xoedunujente cuctema cy [11]:
1) 3urnep-Hukicosa merona,
2) Ywmen, Xponc u PecBuk Merosa,
3) Koen-Kyn merona,
4) MacPID metona,

5) MoaudukoBana MacPID merona.
dopmyiie 3a CBaKy 07 OBUX METO/Ia Cy Jiare y cienehum tabenama.

Tabena 2. [Ipopauyn PID napamerapa 3uriaep-HukiacoBom Metomom.

[Tapamerap dopmyia Bpennoct
T
12 ——
P k.-L 2,881
T
0,6-
| N 0,0585
T
D 0,6- © 35,454
K P 2,881
P
T; T 49,25
D
Ty — 12,306
P

Tab6ena 3. [Ipopauyn PID napamerapa Yuen, Xponc u

PecBuk MmeToa0oM.

[TapameTap dopmyna Bpennoct
T
06-——
P L 1,44
| 08 0,0032
k,-L !
T
D 03-— 17,73
kC
K P 1,44
P
Tq b 12,3125
P
Tabena 4. [Ipopauyn PID napamerapa Koen-Kyn metomom.
[TapameTap dopmyna Bpennoct
P K 2,44
| LS 0,0412
T ’
D K-T, 21,62
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K T 1+ Ll 2,44
k.-L 3-T ’
2+6-L/T
'|'i L- w 59’215
13+8-L/T
T 11+2-L/T ’
Tab6ena 5. [Ipopauyn PID napamerapa MacPID meToaom.
[TapameTap dopmyna Bpennoct
P K 1,8375
I LS 0,00371
T, '
D K-Tq 16,66
L
A — 8,2043
3
L2
Ti T+———— 459,5
2-(A+L)
K S 1,8375
k.-(A+L) ’
L’ L
T — 3= 9,065
‘ 6-(L+L) { T }

Ta6ena 6. [Ipopauyn PID napamerapa momuguxoanom MacPID metomzom.

[Tapamerap dopmyina Bpennoct
P K 1,538
K
I — 0,0034
Ti
D K-T, 11,71
A 0,0008-L-T -0,0021-T +0.2679-L—0.0523 14,462
2
Ti T +; 458,022
2-(A+L)
K - 1,538
k. -(L+L) ’
L’ L
Tq ——|3-— 7,613
6-(A+1L) T,

Kako OucMo penaTMBHO jeTHOCTaBHO, MpE CaMUX MeEpEema, MOIIM Ja MPOBEPUMO
TOHAIIamke KOMIUIETHOT cucTema 3a PID mapameTpe mpopauyHate y MpeTxoJaHUM Tabenama,
y nporpamy Simulink je xonctpymcan monen PID perynaropa, kao ImTO je MpHKa3aHO Ha

cmnm 25. OBaj codrepeku maket Hynu Beh yrpahenn PID perynartop, anm 3a Hamie motpede

j€ OH NpEeBHUIIE CIOXKEH M HHje JIako NMpUMeHJbMB. Kao IITO cMO CHOMEHYIM MpU Kpajy
MOTJIaBJba YETUPH MTOCTABJHEHU CY IPAaHUYHH YCIIOBH 33 BPEJHOCT YIPaBJbauke MPOMEHIbUBE
cucrema o7 0 1o 100 kako 61 CUMYNaMOHU MOJIeNT OO OJIMKU pEaTHOCTH.
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Ciuka 25. Ilpukas umniaementanuje PID peryaaropa y nporpamy Simulink.

Kemenu TemneparypHu npodui je npukazan Ha ciaunu 26. OONIHUK KpUBE MpeIcTaBiba
HHIYCTPUjCKH CTaHIApA TeMIepaTypHOr mpoduia 3a ayTOMATCKO JIEMJbEEHHE IITaMIIAHUX
KOJa W TOACJBCH j€ Yy YEeTUPH jacHO NePUHHUCAHE 30HE KOje 3ajeIHO, Y MPOCEKY Tpajy
HajMarbe MeT MHUHYTA.

1)

2)

3)

4)

30Ha 3arpeBama — Tpaje MAKCHUMAJIHO YETHPH MHHYTa M IWJb je AocThhu
temneparypy usmehy 140 °C u 160 °C xaga mouumme na ce akTHBHpa (iaykc

YHyTap Kanaja.

Soaking 30Ha — Tpaje MaKCHMMAJIHO J[Ba MUHYTA U IHJb je AOCTHNH TeMIeparypy
mmehy 160 °C u 200 °C. ¥V o0BOj 30HH je (IIYyKC YBEIMKO aKTUBHPaH, IITO
oMoryhaBa Jlemsbere 1 300r MaJIOT TEMIEepaTypHOI pacTa TOKOM IYror mepuoja
omoryhaBa yHU(OPMHO 3arpeBame Ioue.

Reflow 30na — Tpaje MakcMMajiHO MHHYT W Y OBOj 30HH C€ BPIIU JEMJbCHC
KOMIIOHEHTH KaJla Kajaj Mpeia3sd M3 YBPCTOr y TEYHO cTame. MakcumaliHa
&KeJbeHa Temrieparypa y oBoj 30HM je usmehy 210 °C u 220 °C. Lusb je Bpao 6p30
noctuhy Temmeparypy Ha KO0joj ce€ KajaJl TOOM M OCTaTH Ha TOj TeMIepaTypu
JIOBOJBHO JIyrO Kako OU ce cBe KOMIOHeHTe 3anemuiie. OBO je Hajpu3U4YHMja 30HA
jep OMII0 KOjU MPECKOK y MaKCHMAIHO] TeMIIepaTypu WIH MPEAyro 3aApiKaBambe
Ha MCTOj MO’KE OLITETUTH KOMIIOHEHTE KOje Ce JIeMe.

3oHa xjaljema — HEMa OTpaHUYEHO BpEME Tpajama, ajld je MPEHopyueHO Bpeme
xyahema aeuHUCAHO TaKo Jla ce TeMIieparypa cmamyje ca oko 1 °C 1o cexyHau.
Kako namra mehnuiia Hema BEHTWJIAIM]Y KOjy je Moryhe ykJbyuuTH na Ou ce
[IOCTUIJIa OBa TeMIlepaTypHa KpHBa YBEAEH j€ HauuH CHUTHAIM3aLuje TI71e
KOPHCHHUK MOpa Jia OTBOpH Bparta nehuuiie mocie oapeheHor BpemeHa.
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XKerbeHn TemnepaTypHu npodun
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Cauxa 26. I'paduk ke/beHOT TeMIlepaTypHOr npoguiia.

Hakon cumynanuje PID perymaropa 3a cBe Bpeanoctu P, | u D u3 mperxomnux
Tabela, U UCIPTaBamka pe3yliTaTa 3a TEMIIEPATypHH MPOQIIT MPUKa3aH Ha ¢y 26 100ujajy
ce pe3yJITaTu MpUKa3aHu Ha CIUIy 27.
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(F)’esynTaTM cumynauuja 3a pasnuunte BpeaHoctu PID napameTtapa
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Camnka 27. Pe3ynaraTu cumyaanuje 3a pazanuute Bpeanoctu PID napamerapa 3a KeJbeHM TeMIepaTypHHU

npogu.
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Kao mTo Moxkemo mpumeTuTd, 300T jako IYyror BpeMeHa CTarHupama HE MOXKEMO
rpaduK )KeJbEHOT TeMIEPaTypPHOT PO uIa JUPEKTHO TIOPESITUTH ca TOOUjEHUM pe3yiTaTuMa,
IITO je oYeKuBaHO. M3 Tor pasznora cMo KeJbeHH TeMIEpaTypHU POl JOMYHIIN HylaMma
Kako OMCMO MOrjiaM jJa onapeaumo koje BpeaHoctu PID koedurumjenara najy HajOooJbe
pe3yiTare 3a Hall CUCTEM.

W3 cumynanuja MoxkeMO BUAETU Aa Cy mapamerpu noodujenu 3uriep-HukiacoBom u
Koen-KyH MeTo0M mpeBuIlie arpeCHBHHU 32 HAIl CUCTEM U PE3yATY]y BEIHUKUM MPECKOINMA,
Tako Ja BbUX HeheMo KOpUCTUTH, TOK Cy pe3yiaTaTtu 1o0ujeHd rmomohy ocrtaie TpH METOJe
3HAYajHO MUTOMHJH U BPJIO OJIMCKO MpaTe KEJbEHU TeMIepaTypHH MPOQUII, IMITO je 3a Halle
MIPUMEHE CAacBHM JI0BOJbHO. Jlomie mokiamame y 30HU xyahema mocienuia cy Tora IITO
MoJieNT TIehHHUIEe KOju CMO KOPHCTWIIM y ce0M HE CaapKu MexaHusaM (opcupaHor xjiahema
koju hemMo y mpakcu o00e30equTu oTBapameMm Bpara nehnume. OBu pe3ynratu Takohe
MOKa3zyjy Ja CIIO)KEHH TeMIepaTypHu mnpoduian HE MOry Outh mnpeuusHo mupaheHu
jemunctBeHuM PID mapamerpuma, Beh je HeonxoaHo kopuctutH agantuBHu PID perymnarop
KOJU UMa JIOCTa CIOXKEHH]y UMIUIEMEHTalrjy u Hehe OUTH omrcaH y OBOM pajy.

5.3. Bepuduxanuja mepema remneparype

Kako GucMo MOTBpIMIM BAJIUAHOCT TEMIIEpAType KOjy MEPHUMO TEPMOIIAPOMOM KOjU
je cactaBHHM €0 Hamier cuctema, kopuctuid cmo u PeakTech 5135 mururamau tepmocTar
koju kopuctu Tepmomap K Tuma. Pesynrarm oBor ekcrmepuMeHTa Cy TOKa3aid Ja ce
Temreparypa y nehHuIu u3MepeHa Ha OBa JiBa HAUMHA y MPOCEKY HE Pa3JIMKYyje 3a BHIIU O]
2°C, mro je 3a Hame moTpede W BUIIE HEro JOBOJHHO 1100po. OBHM jeAHOCTaBHUM
EKCIICPUMEHTOM CMO YCIIEIH Jla YTBPAMMO Jia Hallla Mepema uMmajy (GHU3MUKor cMuciia u
Moryhe uX je KOPUCTHTH y JajbeM pady 3a pealli3allijy CHCTeMa 332 ayTOMAaTCKO JIEMJbCHE,
OJTHOCHO JIa CEH30p MEperha TeMIIepaType UMa J0BOJHHO J00PY TAUHOCT.
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6 . PE3YJITATH MEPEIHA

VY mperTxoHOM TMOTJIaBJbYy CMO MPHUKA3ald pe3yiTaTe cUMyanuja 3a pasnugaure PID
napameTpe, MehyTUM CHMyIIallMOHH MOJIEN HE y3uMa y 0O3Mp pealiHe yCJIOBE y KOjuMa ce
BpILIE MEpema MITO Mpe/cTaB/ba MOTyhu M3BOp rpelaka NpuIMKOM HMIUIeMeHTanuje. Kako
He OrcMo Mopaimu aa moaudukyjemo PID mapamerpe 3a cBaky MeTOy 3aC€0OHO ONpPEICITHIN
CMO ce Ja MOIU(HUKYjeMO OOJUK JKeJbEHOT TeMIepaTypHOr npoduia Tako mrto hemo OGmaro
noBehaBaTh JKeJbEHY BPEIHOCT TEMIIEpaType y JUCKPETHUM Taukama, Tako Ja (uHaHa
Mepema MTO 00Jbe OMHUCY]y OPUTHHAIHO JKEJbeHH TemmnepaTypHu npodmi. Ilpukas HoBor
TeMIeparypHor npoduia y nopehemy ca keJbeHUM je MpHKa3aH Ha ciauiu 28. Y HacTaBKy
hemo mpukazaTu pesynrate Mepema 3a cBe Merojae oapehuBama PID mapamerapa koje cy
HaBEJICHE paHHje y pauy.

Mopehewe HOBOr U XXerbeHor TeMnepaTypHor npoduna

250 r
— XXerbeHu TemnepatypHu npocun
HoBu TemnepatypHu npocun

200
3

‘g‘ 150
Q
>
[
©
o
=

s 100
o
|_

50

0 1 1 | | | |
0 50 100 150 200 250 300
Bpewme [cek.]

Canka 28. Ilopel)em-e HOBOT M KeJbeHOT TeMIepaTypHOT npoduia.

6.1. Pe3yaratu Mepema 3a PID mapamerpe nodujene 3uriep-HukiacoBom
MeTOo0M

Kao mro cmo Beh mpukazanm cumynanyjoM y TPETXOJHOM TOTJIaBJby 3UTIIEp-
HuxkincoBa meroma naje mpesuiie arpecuBHe PID mapamerpe crora je Monudukaiuja
XKEJbEHOI TeMIIepaTypHOTr Mpoduiia HEraTUBHO yTHIlAJla Ha pe3yJiTaTe Mepema, LITO je U
6uno ouekuBaHo. Ha cmuim 29 je mnpukasaHo mnopeheme Mepema 32 MOIUGPUKOBAHU
TeMIIepaTypHH PO U cCUMyJalrje 3a )KeJbeHH TeMnepatypHu npodwmi kopumhemem PID
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napamerapa gooujeHum 3uriep-HukiacoBoM metogoM. OBUM CMO 3aKJbYYHIIU J1a TApaMeTPU
n00HMjeH! OBOM METOJIOM HE 3a/10BOJbABAjy IMOTPEOE HAIIET CUCTEMA.

Mopehewe pesyntaTta u mepewa - 3urnep-Huknc metopa
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Cauka 29. ITopeheme pe3yirata Mmepema u cumyJianuje kopunrhemem PID napamerapa no6ujennx
3uruep-HukJic Mmerogom.

Ha cmunm 30 je mpukazano mopeheme yKJbY4eHOCTH Tpejada MPUIMKOM Mepema H
NPWINKOM cuMyJandje. Pe3ynratd cy O4YMTO BpJIO Pa3iIMyUTH, IITO jeé BPJIO BEPOBATHO
nocieauiia HectabuinHoctu cuctema ca opuM PID mapamerpuma.

1(I)1oopef]erbe npoLeHTa YKIby4eHoCTHU rpejaya - 3urnep-Huknc metoaa

40 |

30 |

Pesyntat mepema - 3H
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Canka 30. [Topeleme npouenTa yk/by4eHOCTH rpejada NPUJINKOM Meperba i cCUMYyJanuje kopuurhemem
PID napamerapa nooujennx 3uriaep-Hukic meronom.
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6.2. Pesyaratu mepewma 3a PID mapamerpe noomjene Yuen, XpoHc u
PecBuxk Mmetoaom

[Topehewe pesynrara mepema U cumynanmje Kopuiihemem PID mapamerapa
nobujenum Ywmen, Xponc u PecBuk meromom je mpukasano Ha ciunm 31. Pesynraru
no0HjeHr KOpUIINEHEM OBHUX IapaMerapa Mako Hau3riea Jo0pu Cy HEJOBOJBHHU Y APYIoj
30HM TJIe je TeMmIepaTypa HiKa Wid OJau3y MHHHMAHE MOTpeOHE Temreparype; Takohe
BpeMe 3ajp)kaBama y Tpehoj 30HM Ha 3aXTEBaHO] TeMIlepaTypu je cyBuie KpaTko. OBe
npobneme je moryhe pemmtun moaudukanujom PID mapamerapa wim MoauuKaiyjoMm
KEJbEHOI' TeMIIepaTypHOr Npoduia, Kao HITO CMO IPBOOUTHO ypaauiu; y oba ciydaja
OINITUMAJTHE BPEAHOCTHU Ce JJ0OH]jajy eKCIIEPUMEHTAITHOM METOOM.

0I'IopeF]eH:.e pesynTtaTta n mepema - HueH, XpoHc u PecBuk metoaa
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Cauka 31. ITopeheme pe3yiarara mepema u cumyianuje kopumrhemsem PID napamerapa no6ujennx
Yuen, Xponc u Peceuk merogom.

Ha cnumm 32 je mpukaszaHo nopeheme cTerneHa yKJbYYEHOCTH Ipejadya MPHIUKOM
Mepewma U cuMmynanuje. MoxxeMo MPUMETUTH /1a j€é MEpeme MHOIo OJIMkKe CUMyJaluju ca
napameTpumMa Koju cy 1001MjeHH 0BOM MeToJioM Hero 3uriep-Hukic meronom. [Ipumehyje ce
7a y mpena3y u3 apyre y Tpehy 30Hy CTENeH YKJbYy4EeHOCT Ipejadya MPHINKOM Mepermha MHOTO
BUIIM HEro y CHMYyJalMju LITO je 3alpaBo IMOXKEJbHUJU pe3yaTara jep je moryhe Opike
noctuhu xeJbeHy TeMneparypy y Tpehoj 30Hu.

MoxeMo 3akJbyuyuTH Ja y3 Omare MoauduKanuje M J0JAaTHO €KCHEpUMEHTHCAH-E
napamMeTpu J0OMjeHH OBOM METOJIOM MOTY C€ Ca BEJTMKHUM CTEIIEHOM CHUTYPHOCTH KOPUCTHTH
3a noTpebe Hamer cuctema. Kako ekciepuMeHTH Tpajy A0CTa Ayro 3a OMIIM KaKBY IPOMEHY
nmapamMeTapa TOXKeJbHHJe J€ KOPUCTUTH JeJaH OJf MeToJa KOju Yy TIOUeTKy Jaajy
3aJj0BOJbaBajyhe pesynrare.
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I'qugg]erbe npoLeHTa YKIby4eHOCTU rpejaya - YneH, XpoHc n PecBuk metoaa

MpoueHaT ykrbyyeHocTn rpejaya [%]
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Canka 32. [lopel)eme npouenTa yK/by4eHOCTH rpejaya NPUJIHKOM Meperba U CHMYJianuje Kopuuihemem
PID napamerapa no6ujenux UYnen, Xponc u PecBuk meroaom.

6.3. Pe3yaraTtu mepema 3a PID napamerpe nooujene Koen-Kyn metogom

Ha cnukama 33 u 34 cy mpeacraBibeHH pe3yiaTaTd Mepema M cuMynanuje momohy
napamerapa aooujenux Koen-Kyn meromom. MoxkeMo Ja 3akJby4MMO Jia OBa METOJla MMa
MO/jeJHAKO arpecuBHE MapaMmeTpe kao 3uriep-Hukic Meroga u JOBOIW 10 HECTAOMIIHOCTH,
ITO HE OJIrOBapa HalleM CUCTEMY.

Mopehewe pesyntaTta n mepema - KoeH-KyH meTtopa
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Cauka 33. ITopeheme pe3yiaraTra Mmepema u cumyJianuje kopunrhemem PID napamMerapa nooujennx
Koen-Kyn merogom.
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Mopehere npoueHTa yKiby4eHoCTHU rpejaya - KoeH-KyH meTona
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Cauxa 34. [Topeheme MponeHTa YK/bYYEHOCTH I'Pejadya MPUJIHKOM Mepemha H cuMyJianuje kopumhemem
PID napamerapa no6ujenux Koen-Kyn meronom.

6.4. Pe3ynaraTu mepema 3a PID napamerpe nooujene MacPID meTogom

MopeRewe pesynTtata n mepewa - MacPID meTtoaa
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Cauka 35. ITopeheme pesyirara Mmepema u cumyJianuje kopumrhemem PID napamMerapa no6ujennx
MacPID metoaom.

Ha cnunu 35 je mpukasano nopeheme pesynrata Mepema U cumyianuje Kopuurhemem
napametapa nooumjenux MacPID metomom. I[lpumehyje ce ma pesynaraTu mepema BpIIo
OJUCKO Mpare KPUBY KEJHEHOI TeMIIepaTypHOr Ipoduiia ceM y mpenasy usMely apyre u
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tpehe Qase, rae TemmnepaTypa HCyBHUILIE Op30 pacTe W MpeMallyje KeJbeHY TeMIepaTypy
Tpehe ¢aze. Mehyrum, makcumanHa temreparypa He npenasu 220 °C mTo Hac JOBOIU 110
3aKJbY4YKa J1a pe3yJITaTH JOOUjeHH OBOM METOAOM MOry 6e3 Omio KakBe MoauduKaIyje 1a ce
KOPHCTE 32 Halll CUCTEM.

Ha cmumm 36 je mpukazano nopeheme mpoieHTa yKJbYYEHOCTH Ipejadya MPUINKOM
Mepema U CUMYJIAIHje OJaKie MOXEMO BHJICTH J1a je y mpena3y usmehy npyre u tpehe daze
YKJbYYEHOCT Tpejadya MPUWIMKOM Mepema MHOro Beha Hero mpuiukoMm cumynanuje. OBo
JOBOJIA IO TIOCJIEIHIIE KOjeé CMO NMPUMETHIIM Ha ciuiu 35 e temmneparypa Opke pacre u
JIOBOJIM JIO TIPEMAIINBamba KeJbEHE BPEAHOCTH.

Mopeherwe npoLeHTa yKrbyyeHocTU rpejaya - MacPID meTtona
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Cauxa 36. [Topeheme mponeHTa yK/bY4€HOCTH I'Pejadya NPUJIHKOM Mepermha H cuMyJianuje kopumhemem
PID napamerapa nooujennx MacPID merogom.

6.5. Pesyaratu mepema 3a PID napamerpe nooujeHe moampukoBaHoOM
MacPID meroaom

Ha ciumm 37 je mpukaszano nopeheme pesyiraTa Mepema U CUMYJIaliije KOpHIhemeM
PID napamerapa nobujenux moaupukoBanom MacPID menorom. Pesynratu nobujenn oBom
METOZIOM ce Hajasze u3Mmely pesynrara nqobujeHux kmacuunoM MacPID meromom u Yuew,
XpoHc u PecBuk MeTonom, mTo pemasa HegoctaTke YneH, XpoHc u PecBuk meroze y 1pyroj
¢da3u oK MCTOBPEMEHO cMamyje Mpedp3 pacT Temreparype Ha Ipena3y U3 apyre y Tpehy
dbazy.

Cnuxa 38 mpencraBiba mnopeheme cTeneHa YKJbYYEHOCTH TIpejaya  Mepema |
cumynanuje. Mako mocroje ojacTynama, Kao M KOJ MPETXOIHUX MEpema, paziuka u3Mmely
CYCeIHUX Tayaka jeé MHOTO Mama HEero KoJ MPEeTXOJHHX METO/a, IITO MMa 3a MOCIETUILY
JUHEapHU]y TeMIIepaTypHy KpHUBYy 0e3 Hariux OperoBa u yBana. Mimajyhu cBe pesynrare 1o
cala y BHUAYy 3a Jajby EKCIIEPHUMEHTAlM]y, Kao W IOYeTHEe NapaMeTpe Haller cucrema
onabpanm cMo apametpe nooujeHe moauduroBanom MacPID metomom.
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Cauka 37. Ilopeheme pe3yirata Mmepema u cumyJianuje kopunrhemem PID napamerapa no6ujennx
moauduxosanom MacPID metrogom.

I'Iop%hoerbe npoLeHTa yKIby4yeHocTu rpejaya - MoaudmkosaHa MacPID meTtopa
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Cauxa 38. ITopeheme NponeHTa YK/bYYEHOCTH IPejaya NPUJIHKOM Mepermha H cuMyJianuje kopumhemem
PID napamerapa nooujennx moguduxosanom MacPID meronom.

6.6. Pe3yararu Jiem/bema

VY oBoM mornaBiby hemo mpukasaté pesynraTe Jemiberma Hekoiauko SMD (surface
mount deviCe) KOMIOHEHTH Ha Tpa3HUM MmTaMmraHuMm Iiodniiama. O6jacauhemo Koje cy
nortemkohe pyyHOr HaHOIEHa Kanaja W Kako ux mpeBazuhu. Takohe hemo mpemnoxutu
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HCKOJIMKO CaBCTa MPUINKOM I[H3ajHI/Ipa}Ba mTaMIlaHUuX KOJia 3a JICMJbCHEC Y OBAKBUM
CHUCTECMHMA.

Ha cnukama 39 u 40 cy npuka3zane KOMIOHEHTE KOje Cy TIOCTaBJbeHE Ha Iiouama Ipe
nemJberba. Kao mro ce Moxke mpumeTuTd Ha ciaunu 39 Ha menaoBe otmopHuka R23 u R24
UCYBHUIIIE TEYHOI Kajaja je HaHeTo JOK je Ha menoBe otmopHuka R29 u R30 kanaj
HepaBHOMepHO HaHeT. Mako konaensarop C10 Ha ciunum 40 ¥Ma HaHENICH Kayaj mpeko 00a
nega, 300r paBHOMEpHO pacrnopeheHe weranuzandje W (PU3MYKMX KapaKTePUCTHKA
KOHJICH3aTOpa, TauyHHWje BEIUKE MOBPIIMHE TEPMUHAJIA Ha KyhHIITY KOHAEH3aTopa OBO HE
MpeJICTaBJba TAaKO BEIMKH MPOOJIEM Kao KO OTIOPHUKA.

Cuanka 40. McnipaBHO HaHOLIEH-€ KaJ1aja 1 KOMIIOHEHTH Ha HITAMIIAHO KOJIO.

Ha cnunu 41 je npukaszana nmo3uiyja nonymEeHOT MTaMIIaHOT Kojla yHyTap nehnure.
[Htammano koio je numensuje oko 30 mm? mmro je TpUOIIKHO METHAECT MyTa Mame O]l
yrnotpebsprBe ToBpimMHe came nehnune. Ha crmukama 42 m 43 cy mpukasaHu pe3ylTaTH
nemsbewa. Kao mTo ce mMoxe mpumerutd Ha ciauiu 42 otnopuuuu R23 m R24 cy ce
CJeIMHUIIN Y JeHY TauKy U JAPYTrd TepMHUHAJ oTnopHuka R23 yommrte HHje 3aeMJbeH, 0K
cy ornopuauid R29 u R30 3anemsbeHN Ha BUXOBE MEJI0BE, ajlk Cy Takole CIOjeHu Ha jeIHO]
CTpaHH.

Ha cnunum 43 ce mMory BHIETH pe3ylTaTd JeMJbermha TAe Cy Kandaj U KOMIIOHEHTE
WCIIPAaBHO HaHETe. Y 00€ cuTyalje JieM je CjajaH M YHCT, IIITO HaM yKa3yje Ja je OCTBapeHa
noysJiaHa Be3a, Mel)yTuM pydHO HaHOIICHE TEYHOT Kajaja je 3aXTeBaH M0cao 3a BEIHKHU Opoj
KOMITOHEHTH, Ka0 ¥ TI0CA0 KOJH j€ CKJIOH TpelIKkaMa Koje Ce TEIIKO OTKIIamajy.
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Cauka 43. Pe3y.11TaT JeMJ/b€ba UCIIPABHO HAHCIICHUX KOMITIOHEHTH U Ra.ﬂaja.
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Kako 6u moy3maHoct Jiemibema Ouia mro Beha mpemopydyje ce Aa ce TeYyHH Kajaj
yyBa Ha COOHO] TEMIIepaTypy WJIM HEKOM XJaJHH]jeM MecTy. Mako je y Ha3HuBy, TCUHH KaJiaj
je 3ampaBo CKyN MHUKPOCKOIICKHMX KYIJMIIa Kajaja 4Mja Be3a ce HapyllaBa ca IMOpPacTOM
TEeMIpaType, CTora J10J1a3u JIo MPEKOMEPHOT Iyperma MTO je mpukazano Ha ciuim 39. Takohe
je MOKeJbHO J1a Ce KaJlaj HaHOCH MoMoNy Tako3BaHor Stencil-a; TaHak Komaj JuMa KOju MMa
n30MjeHe OTBOpE Ha IMO3WIMjaMa TJe Cy IeI0BU Koju ce seme. [lpwimkom nu3ajHupama
[ITAaMOAHOT KOJIA, MOXKEJBHO j€ PaBHOMEPHO pACIOpPEUVIMTH TEpMallHE Mace Ha IeJ0Be
KOMIIOHEHTH TaKo Jia He OM JIOILIO 10 HEPAaBHOMEPHOT JIeMa HJIU MOJIU3amkha KOMIIOHEHTH ca
wioye. MukpoTaiacHa KoJia UMajy CBOj€ M3a30BE MPUIIMKOM JIEMJbEHA, KA0 IITO CYy MEKaHU
JMETICKTPUI KOjU C€ KOPUCTE WMJIM HEJOCTaTak Jiaka Ha rwioud. lllTammana koia koja ce
MIPOU3BOJIC HA MEKAHUM JHCIEKTPUIIMMA, Kao MTO je Te(JIOH je MOKEJbHO YKPYTUTH Ha OJI0K
AlyMHUHUjyMa WIN CIMYHO Ipe JeMJbeha Kako He Ou jouwio ao nedopmanmja. Hemocrarak
JaKka Ha IUIOYM KOjH HE JI03BOJbaBa Kajajy Ja Tede ca IeJ0Ba Ha BOJOBE HIIM OCTaIly
MeTanu3alujy je Moryhe HaJOMEeCTUTH TaHKUM CErMEHTHMa KenToH Tpake. OBe CMEpHHIIE
MOTY CIY)KUTH Kao IoJla3Ha TaykKa 3a YCIENIHO ayTOMAaTCKO JIEMJbEHe, alld YBeK Tpeda
UMaTH YBHJ Yy KOHCTPYKIM]y IITaMIAHOT KOJja, KOMIIOHEHTH KOjeé C€ KOpPUCTE H
METOAOJIOTH]y HaHOIIema Kajaja. (PHHAIHO, NPHIMKOM ayTOMaTrcKor jemibema SMD
KOMIIOHEHTH y WHIYCTPHjCKOM JIEMJbEHY, T€ KOMIIOHCHTE Ce OOMYHO 3ajiere 3a IITaMIIaHy
TUTOYHILY TIPE CaMOT JIEMJbEHba.
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Peanuzanuja cuctemMa ayToOMaTCKOT JIEMJbEHA j€ 3aXTEBalIa jaKy TEOPHjCKYy OCHOBY Y
IM3ajHy ITaMIIaHUX KOJa 32 HUCKE ¥ BUCOKE HAIlOHE, OCHOBHE NMPUHIIMIIEC Paja Pa3InduTHX
PID wmeroma, kao W MMIUIEMEHTalMja MaTeMaTHYKMX airopurama Ha embedded
wiatpopmama. IlpakTyHO 3Hama y AoMeHy Kopuimhema MepHE OIpeMe, JIEeMIbeHa,
nporpamupama ¥ paja ca BHCOKMM HAllOHMMa je Ouiia HEOonmXoJHa Kako OM ce CHUCTEM
peann3oBao ycremHo u 6e30e1Ho.

Jl3ajH mTaMIaHUX KOJIa 3a HHCKE HANOHE je MPEACTaB/ha0 HM3a30B y IOMEHY
MHTErpUTETa CHUTHANa 300T BENIUKOr Opoja KOMIIOHEHTH KOje JieJieé MCTe KOMYHHKAlMOHE
nuauje. [IpuMeHOM 3Hama M3 EJIEKTPOMAarHeTCKEe KOMITOATHOMIIHOCTH OBaj MpoOiieM je
npeBasul)eH M yCHoOCTaBJbEHA je IOy3/laHa KOMYHHMKaluja u3Melly MUKpPOKOHTpoiiepa W
nepupepHux KOMIOHEHTH. MelyTum, aM3ajH ImTaMmaHuX Kojia 3a BHCOKE HAIOHE je
3aXTEBA0 3HAKBE M3 JOMEHA CHEPreTCKe eJIEKTPOHHKE, IOTOTOBO HAYMH YBE3UBamka OBHX
MITAMITAHUX KOJia 3ajenHo Ha Oe30emaH HaunH. KomMOWHAIMjoM OBHX 3Hama CMO YCIICIIHO
JIN3ajHUpANId jaKy XapJIBEPCKy OCHOBY 3a CHUCTEMCKHU peryjaTop Kojy je moryhe y masbem
yCaBpIIaBamky CUCTEMa ayTOMATCKOT JIEMJbCHha YHAIIPETUTH.

Kako je caka mehHmIa Kkoja ce KOPUCTH Yy CHUCTEMHMa ayTOMAaTCKOI JIEMJbEHa
pa3nuynTa HEONMXOJHO je Owio CHUMHTH Oa3uB KopumitheHe mnehHume u anexkBaTHO
IIPUIIAroIUTH perynarop pesyiararuma. Crora je OUI0 HEONXOIHO UMIIJIEMEHTUPATH CUCTEM
koju he 3a (QUKCHY BpPEIHOCT YKJbYYEHOCTH Ipejaya CHUMATH OJ3MB IehHMIlE U KacHUje
oOpagutu goOUjeHe pe3yaTaTe Ha TakaB HauMH Ja ce 1o0ujy agekBatHu PID nmapamerpu 3a
pa3auuMTe METO/E MpopadyHa KOj€ CMO CHMYJIHpadu Ja AOOMjeMO YBHJ Y OYEKHBaHE
pe3yiaTare NpUIKKOM Mepema.

Hakon mto cmMo nobunu paznuuute PID napamerpe Ouio je HEONXOAHO MPOIIUPUTH
aJITOPUTaM TaKo Ja MOXKEMO PEryialijoM YKJbYYEHOCTHU rpejada nehHuie npaTutu xKebeHn
TeMrepatypau npodui. MeMopujcku MpocTOop MUKPOKOHTPOJIEpa j€ MpeCcTaB/hao HajBehu
U3a30B jep je Moryhe CkIagumITUTH KOHAYHO MHOTO TojaTaka Ha meroBy flash memopujy.
OBaj mpoOieM cMO MPEeBa3ULUIMA TaKO IITO CMO IOAATKE O KEJBEHOM TeMIlepaTypHOM
npoduITy CKIaUIITAIN Ha MICrOSD kapTHily, Kao ¥ UMIUIEMEHTAIMja CHCTeMa U3MEHE CBa
tpu PID napamerpa kana nehuuna Huje y QyHKUIUjH.

[TpunukoM cHUMama pe3ysiTaTa CBUX METOJIa KOje Cy HaBeJIeHe y pajay U nopehema ca
CUMYJIAlIAjOM JTOOWIHM cMO Jo0pa mpekianama MTo yKa3yje Ha YCIeNHe MPopavyyHe TOKOM
NPBOOUTHUX Mepema, Kao U ycnemHy umivieMentanujy PID anroputma Ha nu3ajHUpaHOM
xapaBepy. MelhyTuM, yodeHo je /a je CUMYJIAIMOHU MOJIeT TIPEBUIIE WICATM30BaH, CAMUM
THUM je moTpeOHo kopuroatu Heke ox PID mapamerpa uiaM KOpUroBaTH KPHUBY KEJbEHOT
TeMIIEpaTypHOT mnpoduia Kako Ou ce a00uiIuM NpuxBaT/bUBU pe3yaTaTH. Ha ocHoOBy
pesyaTara (pUHATHHUX MeEpema, MOXE C€ 3aKJbYUMTH Jla je YCIEIIHO PEaJr30BaH CHUCTEM
ayTOMAaTCKOT JIEMJbEHa, ca Beoma 100poMm moryhHomrhy npahema kesjbeHe TeMIiepaTypHe
KpHBE.
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CIIMCAK CKPAREHHUIIA

PID Proportioanl-Integral-Derivative
ISP In-System-Programmer

USB Universal Serial Bus

GND Ground

TQFP Thin Quad Flat Package

CSV Comma-Separated Values
FOPDT First Order Plus Dead Time
SMD Surface Mount Device

SPI Serial Peripheral Interface

CS Chip Select

MOSI Master-Out Slave-In

MISO Master-In Slave-Out

SCK Serial Clock

12C Inter-Integrated Circuit

SDA Serial Data Line

SCL Serial Clock Line

UART Universal Asynchronous Receiver/Transmitter
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B. EJIEKTPUYHA HIEMA CUCTEMCKOI PETYJIATOPA —
ALTIUM DESIGNER
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D.ITPOrPAMCKH KOJ1 3A MEPEIHLE OJ3UBA NMERHULIE —

ARDUINO

/] #**** INCLUDES ***** J/
#include <SPI.h>

#include <Adafruit. MAX31855.h>
#include <SD.h>

I %% TYPE DEFINITIONS ***¥ //
typedef enum OVEN_STATUS]
STATUS_OFF
STATUS_ON
} ovenStatus_ t ;

typedef  enum BUTTON({
BUTTON_NONE
BUTTON_STOP
BUTTON_START

} button_t ;

[ ***x% PIN ASSIGNMENT ***** /[

const uint8_t buttonStop = PIN_PC2;
const uint8_t buttonStart = PIN_PC3;
const uint8_t  zeroCrossing = PIN_PDZ2;
const uint8 t  thermocoupleCS = PIN_PBO;
const uint8_t sdCS = PIN_PB1;

const uint8_t  firstHeater = PIN_PDS5;
const uint8_ t  secondHeater = PIN_PDG6;

/[ ***** SR VARIABLES ***** [/
volatile uint8_t zeroCrossCounter = 0;

[ ***xx \JARIABLES ***** [/

double currentTemperature ;
unsigned long currentTime ;
ovenStatus_t ovenStatus ;
button_t button ;

const uint8_t percentageOn = ;

[ *¥*xx EILE SYSTEM ***** [/
File outputFile ;

[ ***** THERMOCOUPLE CONSTRUCTOR ***** [/

Adafruit. MAX31855 thermocouple (thermocoupleCS );

// *kkkk SETUP *kkkk //
void setup () {
Serial . begin ( );

/I pinMode definitions
pinMode ( thermocoupleCS , OUTPUT;,
digitalWrite (thermocoupleCS , HIGH);
pinMode (sdCS, OUTPUT;
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digitalWrite (sdCS, HIGH);

pinMode ( firstHeater , OUTPUT,
digitalWrite (firstHeater , LOW,
pinMode ( secondHeater , OUTPUT;
digitalWrite (secondHeater , LOW

pinMode ( zeroCrossing , INPUT);
attachinterrupt (digitalPinTolnterrupt (zeroCrossing ), countZC ,
pinMode ( buttonStop , INPUT);
pinMode ( buttonStart , INPUT);
if (! SD begin (sdCS)) {
Serial . printin  ( F( "Error with the SD card!" );
return ;
}
if (! thermocouple . begin ()) {
Serial . printin  (F("Error with the thermocouple!" ));
return
}

Serial . printin (F("Setup completed!” ));

void loop () {

if (ovenStatus == STATUS_ON {
if  (zeroCrossCounter > ) {
zeroCrossCounter = 0;

readCurrentTemperature 0;
currentTime  ++;

Serial . print (currentTime );
Serial . print (F("" ));
Serial . printin  ( currentTemperature );

outputFile . print (currentTime );
outputFile .print (F("" ),
outputFile . printin  (currentTemperature );
}
if  (zeroCrossCounter < percentageOn ) {
digitalWrite (firstHeater , HIGH);
digitalWrite (secondHeater , HIGH);
}
else {
digitalWrite (firstHeater , LOW,
digitalWrite ( secondHeater , LOW
}
if  (currentTime > [| currentTemperature >= ) {
stopOven ();
}
else {
digitalWrite (firstHeater , LOW,
digitalWrite (secondHeater , LOW
}

readButton ();

switch (button ) {
case BUTTON_NONE
break ;

case BUTTON_STOP

RISING);
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if (ovenStatus == STATUS_ON {
stopOven ();

break ;

case BUTTON_START
readCurrentTemperature 0;

if (ovenStatus == STATUS_OFF&& currentTemperature >= ) {
Serial . print (F("Oven temperature is " );
Serial . print (currentTemperature );
Serial . printin  (F(". Too hot!" );
ovenStatus = STATUS_OFF

}

else if (ovenStatus == STATUS_OFF&& currentTemperature < 30) {
Serial . printin  ( F("Oven started!" );
outputFile = SD open("OUTPUT.CSV", FILE_WRITE);

currentTime = 1;

Serial . print (F("Percentage  on:" ));
Serial . printin  ( percentageOn );

Serial . printin  (F("Time, Temperature" );
Serial . print (currentTime );

Serial . print (F("" ));

Serial . printin  ( currentTemperature );

outputFile . print (F("Percentage on: " ));
outputFile . printin  ( percentageOn );
outputFile . printin  ( F("Time, Temperature” );
outputFile . print (currentTime );
outputFile . print (F("" ));
outputFile . printin  ( currentTemperature );
ovenStatus = STATUS_ON
zeroCrossCounter = 0

}

else {
break ;

}

break ;

}
}

void countZC () {
zeroCrossCounter  ++;

}

void readCurrentTemperature 0 |

currentTemperature = thermocouple . readCelsius ();

if (isnan (currentTemperature ) {

Serial . printin  ( F("Thermocouple fault(s) detected!" );

uint8_t  errorMessage = thermocouple . readError ();

if (errorMessage & MAX31855 FAULT_OPEN Serial . printin  (F("FAULT:
Thermocouple is open!" );

if (errorMessage & MAX31855 FAULT_SHORT_GNDSerial . printin  ( F("FAUTL:

Thermocouple is shorted to GND" );
if (errorMessage & MAX31855 FAULT_SHORT_VQC Serial . printin ( F("FAULT:
Thermocouple is shorted to VCC" );
}
}
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void stopOven () {
Serial . printin  (F("Oven stopped!" ));
ovenStatus = STATUS_OFF
if (outputFile ) {
outputFile . close ();
}
}
void readButton () {
button_t buttonValue = BUTTON_NONE
unsigned long lastDebounceTime ;
if (digitalRead (buttonStop )) buttonValue
if (digitalRead (buttonStart )) buttonValue
if (buttonValue I= BUTTON_NONE {
lastDebounceTime = millis  ();
while  (( millis () - lastDebounceTime ) <
if  (buttonValue I= button ) {
button = buttonValue ;
}
}

)

BUTTON_STOP
BUTTON_START

{}
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E. CKPUIITA 3A TIPOPAYYH ITAPAMETAPA
NERHULEE - MATLAB

clear all
close all
clc

% Read measurement values

filename = 'OUTPUT 20.CSV';

input = csvread (filename , 1, 0);

time = input (:, 1);

temperature = input (:, 2);

temperatureOffset = temperature (1, 1);
temperature = temperature - temperature (1, 1);

% Curve fitting
ft = fittype (20*°K*(1 -exp(( -x+L)/T)" ..
‘dependent’  { 'y }, 'independent' A% )

‘coefficients' G R O
f = fit (time ,temperature ,ft , 'Startpoint’ I 7, , D;
K = f.Kp;
L =f.L;
T=1.T;
g = * K* (1 - exp(( -time + L) T));
% Transfer function based on the curve fitting
G=tf (K [T 1], 'InputDelay' , L)
% Data plotting
figure (1)
hold all

plot (time , temperature );
plot (time , Q);

step (20 * G);
legend ('Measured' , ‘'Calculated’ , 'Step response’ )
xlabel ('Time [s] );
ylabel ('Temperature [*{ \circ}C]'"  );
xlim ([ )
grid on

OJI3UBA
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F. IIPOTPAMCKH KOJ CHUCTEMCKOTI
ARDUINO

/] ***** INCLUDES ***** [/
#include <SPI.h>

#include <Wire.h>

#include <Adafruit. MAX31855.h>
#include <SD.h>

#include <SSD1306Ascii.h>
#include <SSD1306AsciiAvri2c.h>

/I #**** TYPE DEFINITIONS ***** [[
/I Oven status that defines if the oven is off or on.
typedef enum OVEN_STATUS]
STATUS_OFF
STATUS_ON
} ovenStatus t ;
/I Button definition to differentiate which of the
/I three buttons is pressed.
typedef enum BUTTON({
BUTTON_NONE
BUTTON_SCROLL
BUTTON_ENTR
} button_t ;

[ ***xx PIN ASSIGNMENT #***xx /]

PEI'YJIATOPA

const uint8_t  buttonScroll = PIN_PC2; /I Scroll button.

const uint8 t  buttonEnter = PIN_PC3; /I Enter button.

const uint8_t buttonMenu = PIN_PDS; /[l Menu button.

const uint8_t zeroCrossing = PIN_PDZ2; /I Pin that detects zero - crossing
events.

const uint8_t  buzzerPin = PIN_PD4; /l Pin used for the buzzer or
LED.

const uint8_t  thermocoupleCS = PIN_PBO; /I Chip select for the used
thermocouple.

const uint8_t sdCS = PIN_PB1,; /I Chip select for the microSD

card.

const uint8_t  firstHeater = PIN_PDS5; /I Control pin for the first

heater.

const uint8_ t  secondHeater = PIN_PDG6; /I Control pin for the second

heater.

/[ ¥***%* ISR VARIABLES ***** /|

volatile uint8_t zeroCrossCounter = 0; /I Counts the number of zero -
crossing events from 0 to 99.

volatile bool menuButtonPressed = false ; // Enablesthe menu system if

true.

/[ ¥**** TYPE VARIABLES ***** ||
ovenStatus_t ovenStatus ;
button_t button ;

[[ *¥*xx EILE SYSTEM ***** [/
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File inputFile ; /I The input file with the temperature profile.
File outputFile ; /I The output file with results.

/[ ***** PARAMETER SET VARIABLES ***** [/

/l These parameters are used in the menu system.
int8 t row = -1;

const uint8_t maxRows = 4;

[l #**** OLED VARIABLES ***** //

const uint8 t  i2c_address = 0x3C;
const int8_t  rst_pin = -1;
SSD1306AsciiAvrl2c oled ;

[[ ***** PID VARIABLES ***** ||

double Kp = 1.54;

double Ti = 458;

double Td = 7.6 ;

double integral = 0; I Integral error.

double lastError = 0; /I Last recorded erorr.

long currentTime ; /I Current time - calculated at 100
zero - crossing moments for 50 Hz mains power.

double currentTemperature ; /I Current temperature reading.

long targetTime ; /I Target time for the oven to reach
targette = mperature.

double targetTemperature ; /I Target temperature to be reached.
double setpoint ; /I Temperature to be reached between
the current temperature and the target temperature.

double initialTemperature ; /I Starting temperature.

long initialTime ; /I Starting time.

long setpointCounter = 0; /I Used to go to the next setpoint on
the ramp from current temperature to target temperature.

double deltaTemperature ; /I Temp erature increment to the next
setpoint.

int32_t  percentageOn = 0; /I Percentage of heater activation

for every 100 zero - crossing events.

const int32_t pidOutputLimit = 100; /I Maximum percentage of heater
activation.

/[ ¥ THERMOCOUPLE  VARIABLES ***** /|
Adafruit_ MAX31855 thermocouple (thermocoupleCS );

// *kkkk SETUP *kkkhk //
/I All of the serial commands are commented to take up less memory space.
/I For debugging purposes they should be uncommended and the code
recompiled and uploaded.
void setup () {

/I Serial begin

/I Serial.begin(9600);

/I pinMode definitions

pinMode ( thermocoupleCS , OUTPUT;,
digitalWrite (thermocoupleCS , HIGH);
pinMode (sdCS, OUTPUT;

digitalWrite (sdCS, HIGH);
pinMode ( firstHeater , OUTPUT;
digitalWrite (firstHeater , LOW,
pinMode ( secondHeater , OUTPUT;
digitalWrite (secondHeater , LOW
pinMode ( buzzerPin , OUTPUT;,
digitalWrite (buzzerPin , LOW,
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/I Enable the interrupt service routine.

pinMode ( zeroCrossing , INPUT);

attachinterrupt (digitalPinTolnterrupt ( zeroCrossing
RISING);

pinMode ( buttonScroll , INPUT);

pinMode ( buttonEnter , INPUT);

pinMode ( buttonMenu , INPUT);

attachinterrupt (digitalPinTolnterrupt (' buttonMenu ),

/I Initialize the oled
#if rst_pin>=0

oled . begin (& Adafruitl28x64 , i2c_address , rst_pin
#else

oled . begin (& Adafruit128x64 , i2c_address );
#endif

oled . setFont ( Adafruitsx7 );
oled . set2X ();

oled . setCursor (30, 1);

oled . print ( F("Reflow" ));
oled . setCursor (5, 3);

oled . print ( F("Controller" );
oled . setCursor (40, 5);

oled . print (F("2024" ));

delay ( );

oled . clear ();

oled . setCursor (0, 0);
oled . print (F("OVEN:OFF"));

/I Initialize the SD card

if (! SD begin (sdCS)) {
/I Serial.printin(F("Error with the SD card"));
return

}

/I Initialize the thermocouple

if (! thermocouple . begin () {
/I Serial.printin(F("Error with the thermocouple™));
return

}

digitalWrite (buzzerPin , HIGH);
delay ( );
digitalWrite (buzzerPin , LOW
/I Serial.printin(F("Setup finished"));
/I Serial.printin();

}

void loop ()
/I Set the PID parameters
if  ( menuButtonPressed

if (ovenStatus == STATUS_OFF {
mainMenu ();
else {
menuButtonPressed = false ;
}
}
/I Reflow process
if (ovenStatus == STATUS_ON {

if  (zeroCrossCounter > ) {

),

countZeroCrossing

openMenu,

HIGH);
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zeroCrossCounter = 0;
currentTime  ++;
readCurrentTemperature 0;
pidCompute ();
setpointCounter ++;

setpoint = initialTemperature + setpointCounter * deltaTemperature
if  (currentTime >= targetTime ) {
setpointCounter = 0;
initialTemperature = targetTemperature ;
initialTime = targetTime ;
if (! readTargetValues (&targetTime , &targetTemperature ) {
targetTime = initialTime ;
targetTemperature = initialTemperature ;
deltaTemperature = ;
} else {
deltaTemperature = (targetTemperature - initialTemperature )/
(targetTime - currentTime );
}
}
/*

Serial.print(currentTime);
Serial.print(F(","));
Serial.print(currentTemperature);
Serial.print(F(","));
Serial.print(setpoint);
Serial.print(F(","));
Serial.printin(percentageOn);

*/

outputFile . print (currentTime );
outputFile . print (F("" ));

outputFile . print ( currentTemperature );

outputFile . print (F(",)" ));
outputFile . print ( percentageOn );
outputFile . print (F("," ));
outputFile . printin  ( setpoint );

oled . clear (35, » 3, 7)
oled . setCursor (45, 3);
oled . print ( currentTemperature );

if (( currentTime - targetTime ) >= 0) {
stopOven ();

}
}

if  (zeroCrossCounter < percentageOn ) {
digitalWrite (firstHeater , HIGH);
digitalWrite (secondHeater , HIGH);

} else {
digitalWrite (firstHeater , LOW,
digitalWrite (secondHeater , LOW
}
if (currentTemperature >= ) {

stopOven ();

} else {
digitalWrite (firstHeater , LOW.
digitalWrite (secondHeater , LOW



readButton ();
switch  (button ) {
case BUTTON_NONE
break ;

case BUTTON_SCROLL
break ;

case BUTTON_ENTR
if (ovenStatus == STATUS_ON {
/I Serial.printin(F("Oven stopped!™));
stopOven ();
break ;

if (ovenStatus == STATUS_OFF&& currentTemperature >= ) {
/I Serial.printin(F("Oven too hot!"));
oled . clear ();

oled . setCursor (0, 0);
oled . print (F("TOO HOT!" ));
delay ( );

stopOven ();

break ;

/I Serial.printin(F("Oven started!"));

ovenStatus = STATUS_ON
oled . clear ();

oled . setCursor (0O, 0);
oled . print (F("OVEN:ON"));
oled . setCursor (0, 3);
oled . print (F("TMP:"));
oled . setCursor (45, 3);

oled . print ( currentTemperature );

inputFile = SD open("INPUT.CSV" , FILE_READ);
if (! readTargetValues (&targetTime , &targetTemperature ) |
stopOven ();

break ;
}
outputFile = SD open("OUTPUT.CSV", FILE_WRITE | O_TRUNE
outputFile . printin  ( F("Time,Input,HeaterOn,Setpoint” );
integral = ;
lastError = ;

currentTime = 0;
readCurrentTemperature 0;

deltaTemperature = (targetTemperature - currentTemperature )/
(targetTime - currentTime );

setpointCounter = 0;

initialTemperature = currentTemperature ;

setpoint = initialTemperature + deltaTemperatu re;

pidCompute ();

zeroCrossCounter = 0;
break ;
}
}

/I ISR functions
/I If the menu button is pressed open the menu.
void openMenu() {



menuButtonPressed = true ;

}

/I Increment the counter if zero - Crossing even occurs.
void countZeroCrossing () {
zeroCrossCounter  ++;

}

/I Thermocouple functions
void readCurrentTemperature 0 |
currentTemperature = thermocouple .readCelsius ();
if (isnan (currentTemperature ) |
/*
Serial.printin(F("Thermocouple fault(s) detected!"));
uint8_t errorMessage = thermocouple.readError();
if (errorMessage & MAX31855 FAULT_OPEN) Serial.printin(F("FAULT:
Thermocouple is open!™));

if (errorMessage & MAX31855 FAULT_SHORT_GND) Serial.printin(F("FAUTL:

Thermocouple is shorted to GND")) ;

if (errorMessage & MAX31855 FAULT_SHORT_VCC) Serial.printin(F("FAULT:

Thermocouple is shorted to VCC"));
*/
}
}

/I Oven functions
/I Stop the oven and close both files.
void stopOven () {
ovenStatus = STATUS_OFF
oled . clear ();
oled . setCursor (0O, 0);
oled . print (F("OVEN:OFF"));
if (inputFile ) {
inputFile . close ();
}
if (outputFile ) {
outputFile . close ();

}
digitalWrite (buzzerPin , LOW

}

/I File system function
/I Read file system line by line.
bool readLine (File & f, char * line , size.t maxLen) {
for (size .t n = 0; n <= maxLen; n++) {
int ¢ = f.read ();
if (c <0 & & n == 0) return false ; //EOF
if (¢ <0 c¢c=="\n) {
line [n] = O;
return  true ;

}

line [n] = c;

return false ;

}

/I Read target values from the input file.

bool readTargetValues (long * targetTime , double * targetTemperature
char line [40], *ptr , *str ;
if (! readLine (inputFile , line , sizeof (line ))) {

return false ; // EOF ortoo long

) |
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}

* targetTime = strtol (line , &ptr , );
if (ptr == line ) return false ; //bad number if equal
while  (* ptr ) {
if (*ptr ++ == "' ) break ;
}
* targetTemperature = strtod (ptr , &str );
return str = ptr ;

}

/I Button functions

void readButton () {
button_t buttonValue = BUTTON_NONE
unsigned long lastDebounceTime

if (digitalRead ( buttonScroll )) buttonValue = BUTTON_SCROLL
if (digitalRead ( buttonEnter )) buttonValue = BUTTON_ENTR
if (buttonValue I=  BUTTON_NONE {
lastDebounceTime = millis ();
while  (( millis () - lastDebounceTime ) < ) {}
if (buttonValue I= button ) {
button = buttonValue ;
}

}

/I Menu functions

void mainMenu() {
oled . clear ();
oled . set2X ();

oled . setCursor (50, 1);
oled . print (F("SET"));
oled . setCursor (30, 3);

oled . print ( F("PARAMS");

float  valueChange [8] = { - , -10, -1, - , , 1, ,
int8 t  valueChangeCounter = 0;

while  ( menuButtonPressed == true ) {
readButton ();

switch  (button ) {
case BUTTON_SCROLL
oled . clear ();
if (++row > maxRowsg ({

row =
}

if (row == 0) {

oled
oled
oled
oled
} else
oled
oled
oled
oled
} else
oled

. setCursor (

O

. print  (F("KP"));

. setCursor (

. print  (Kp);
if (row ==

. setCursor (

. print  (F("TI"

. setCursor (

.print  (Ti);
if (row ==

. setCursor (

) {
, 1)
)
, 4)

) |
, 1)
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oled . print (F("Td"));

oled . setCursor (0, 4);
oled . print (Td);
} else if (row == 3) {
oled . setCursor (0, 1);
oled . print (F(' INCREI\/IENT );
oled . setCursor (0,
oled . print (valueChange [ valueChangeCounter
} else {
oled . setCursor (0, 1);
oled . print (F("DONE?"));
}
break ;

case BUTTON_ENTR

if

}

(row == 0) {
oled . clear (0O, , 3, 7))
oled . setCursor (0, 4);
Kp += valueChange [ valueChangeCounter |,
it (Kp <0) {
Kp = 0;

}
oled . print (Kp);

else if (row == 1) {

}

oled . clear (O, , 3, )

oled . setCursor (0, 4);

Ti += valueChange [ valueChangeCounter ;
if (Ti < 0) {

Ti = 0;

}

if (Ti > ) {

Ti = ;

}
oled . print (Ti);

else if (row == 2) {

}

oled . clear (0O, . 3, 7))
oled . setCursor (0, 4);
Td += valueChange [ valueChangeCounter J;
if (Td < 0) {
Td = 0;
}
if (Td > ) {
Td = ;

}
oled . print (Td);

else if (row == 3) {

oled . clear (0O, , 3, 7))

oled . setCursor (0, 4);

if  (++ valueChangeCounter > 7) {
valueChangeCounter = 0;

}

)&
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oled . print (valueChange [ valueChangeCounter 1]);

}
else {
row = -1;
menuButtonPressed = false ;
break ;
}
}
}
oled . clear ();
oled . setCursor (0, 0);
oled . print (F("OVEN:OFF"));
}
/I PID functions
void pidCompute () {
double error = setpoint - currentTemperature ;
if (error <= -50) {
digitalWrite (buzzerPin , HIGH);
}
else {
digitalWrite (buzzerPin , LOW:
}
double proportional = error ;
integral += error ;
double derivative = error - lastError ;
lastError = error ;
percentageOn = Kp * proportional + Kp / Ti * integral
derivative ;

if (percentageOn > pidOutputLimit ) {

percentageOn = pidOutputLimit ;
}
else if (percentageO < 0) {
percentageOn = 0;
}

}

+Kp*Td*
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