MUHWUCTEPCTBO HAYKHU W BBICLUEI'O OBPA3OBAHHSI POCCUMCKOMN ®EIEPALIUU
cpenepanbuoe rocygapCcTBEHHOEC aBTOHOMHOE oGpasoaaTeanoe YUPCKIACHHUE BBICILETO o6pa303aﬂml
«CAHKT-TIETEPBYPI'CKUM I'OCY IAPCTBEHHBI YHUBEPCUTET
ADPOKOCMMHYECKOI'O [MTPUBOPOCTPOEHMU SI»

JIOITYCTHTD K 3ALLIMTE
3aBenytowni kageapoi Ne23

JIOKTOP TeX. HayK., pod. —~ [6.96.,2¢r A. P. bectryrun

JOJDKHOCTD, Y4, CTCNCHDb, 3BAHHE 10/UTHCB, JaTa WHHULIHAJIBI, CbaMHIlHJI

MATMCTEPCKAS IUCCEPTALIMA

natemy  PaspabGoTka mojenn mukpokoHTposiepa B MATLAB a5 oTiaaku u TeCTHpoBaHus

NnporpamMMbl yIipaBJICHUA yCTpOFlCTBOM [IJIAaBHOT'O IMyCKa ABUTaTEeJIsd

BBIMOJHEHA PasBaniseBbiM AnekceeM Bukroposuiem
d)amwmx, MM, OTHECTBO CTY/ICHTA B TBOPHUTEIIBHOM ITAJCKE

110 HaNpaBJIEHUIO MOArOTOBKU 11.04.04 DJEeKTPOHUKA U HAHODJIEKTPOHHKA
Koa HaMMECHOBAHWUE HANpaBJICHUA

HAaUMEHOBAHHWE HAlpaBJICHUA

HarnpaBJIEHHOCTH 01 Cucrembl cOopa, 06paboTiu
KO HAaNnMCHOBAHWUE HAITPABJICHHOCTH

n oToOpaKeHust HHPOPMaLMK

HAaWUMEHOBAHHUE HAIPABJICHHOCTH

CryneHT rpynnbl Ne 2337M 4/ 76062 f A. B. Pazpanses
MOAITHUCH, JaTa

MHHLMATBI, aMuus

PykoBoauresp

aou. kad. 23, A.T.H., AOL.
JOJIKHOCTD, y4. CTEICHD, 3BAHUE

A. J1. JIamenko
MHULMATBI, (pamMuus

Cankr-TletepOypr 2025



MHWHUCTEPCTBO HAYKH W BBICLLIETO OBPA30OBAHHSI POCCUICKOM ®EEPALIMU
¢e;1epam,noe rocy1apCcTtB€HHOC aBTOHOMHOE 06pa303aTeanoe YUPpECIKAECHUE BBICLLIETO 06pa30|3amm
«CAHKT-TIETEPBYPI'CKUM 'OCYJAPCTBEHHbIN YHUBEPCUTET
ADPOKOCMHYECKOI'O ITPUBOPOCTPOEHMU SI»

YTBEPX/IAIO
3aBeayrowmit kadeapoit Ne23
JIOKTOp TeX. HayK., npod. — 2. 0%, 225 A.P.becryrun
. HHULHAITBI, PaMmins

JAOJIKHOCTD, Y4. CTCIICHL, 3BaHNe 10/IHMCL, JlaTa

3AJIAHHUE HA BBIITOJIHEHUE MATUCTEPCKOM JIMCCEPTALIMU

CTYACHTY rpyniisi Ne 2337M PassanseBy Anekcero Bukroposuuy
(pamwsius, Mms, OTHECTBO)

Ha TeMY PaspaGotka moaenu mukpokontpostsiepa B MATLAB juis otfiaiku U TECTUPOBAHUS
MpOrpamMMbl YIIPaBJIeHHs yCTPORCTBOM MJIABHOTO MyCKa [ABUraTe s

N 77 -365/25

YTBepXACHHYI0 Npukasom ['VAITor 24 oy . 2_(

HccnenoBatne BO3MOXKHOCTH OTIA/IKM MHKPOKOHTPOJUIEPHBIX MIPOrPaMm

Lleab uccneioBaHus:
cpeacteamin MATLAB/Simulink u no pesysbraram ucciieaoBatus pa3paGoTka

MO/IE/IM MUKPOKOHTpOJLIIEpa

3a1a4M HCClIEOBaHHUS: O6ecneunts nuTerpanmio C-koaa MukpokonTposuiepa 8 MATLAB,
MccnenoBate aaeKBaTHOCTE paGOTBI MOJE/H MUKPOKOHTpOJIIEpa, OLIEHUTh OrpaHuyeHNs 1

YCJIOBHS TIPUMEHUMOCTH CUMYJIALHUA TSl OTJIaJAKH BCTPOCHHBLIX IPOrpaMm

ACHHXPOHHBIC JABUTATCIIH,

Coneprxanune auccepralny (OCHOBHBIE pa3jesibl):
Paspaborka moaenn MUKpokoHTposiepa B MATLAB, Pa3paGoTka MUKPOKOHTPOJIIEPHBIX

npunoxenui B MATLAB, MozenupoBanye ycTpoHCTBa NJABHOTO MyCcKa

UWHAN 202

Cpox cpauu auccepTauuu « 7 »
/

PykoBoautenn
aou. kag. 23, A.T.H., 0L, A. J1. Jlawenko
JIOJIZKHOCTD, Y4, CTEIIEHB, 3BAHHC HHHUMATBL, ibaMHIll'lﬂ
3aaaHue NpUHAJ K UCTIOJTHEHHIO |
CTYJEHT rpynibl Ne 2337M 2).01. 29 A. B. PazBanses
MOAINCh, JaTa WHWLMaTBL, GaMmwins



PE®EPAT

Otuer 79 c., 35 puc., 1 Tabi., 7 UICTOYH., 3 TIPUIL.

VIIIT — YCTPOUCTBO IIJIABHOT'O IIYCKA, MATLAB, MK -
MHNKPOKOHTPOJIIEPBI, OTJIAJKA NCXO/JHOI'O KOJA, SIMULINK

OOBEKTOM HCCIEIOBaHUS SIBISIETCS MHUKPOKOHTPOJUIEpHAs IporpaMmma
YCTPOMCTBAMH IJTABHOT'O ITyCKa aCUHXPOHHBIX 3JEKTPOIBUIaTENEH.

[ensb paboThI - UCCIIEIOBaHUE BO3MOKHOCTH OTJIa/IKU
MUKPOKOHTPOJUIEpHBIX mporpamm cpeactBamu MATLAB/Simulink.

B xonme paboTel ObUTM MpOaHAIM3UPOBAHBI OCOOEHHOCTH MPOTPAMMHOMN
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OTJIaAKHU U TCCTUPOBAHUA YIIPABJIAIOIIUX IIPOT'PAMM.
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BBEJIEHUE

CoBpeMEHHbIE CHUCTEMbl YIPABJICHHS AJIEKTPONPUBOAAMHU BCE dalle
0a3upyI0TCsl Ha MUKPOKOHTPOJUIEPAX, KOTOPHIE PEATU3YIOT CI0XHBIE alTOPUTMBbI
peryaupoBaHus U TJIABHOTO IMycKa. Takue airopuTMbl OCOOCHHO aKTyaJbHBI JJIs
ACHMHXPOHHBIX DJJIEKTPOABHUTATENIC — Haumbosiee pacIpOCTPaHEHHOTO THUIIA
ANEKTPUUYECKUX MAIUH, MPUMEHSIEMOTO B MPOMBIIUICHHOCTH, JHEPreTUKE U
OBITOBOM cekTope. HecMOTps Ha CBOM NMpEUMYINECTBA, TaKUE KaK HAJIEKHOCTD,
MPOCTOTA KOHCTPYKIIMU U HU3Kasi CTOUMOCTh, ACUHXPOHHbIC JBUTATEIN B MOMEHT
3alyCKa XapaKTEPU3YIOTCS 3HAYUTEIbHBIMU MEPEXOJHBIMU TpolieccaMu. Peskue
CKAQUKU TOKOB M KPYTSIIEr0 MOMEHTA MPUBOIAT K MEPErpy3KaM B JIEKTPOCETH,
COKpAIIEHUIO CPOKa CIY>KObl 000PY/IOBaHMS U CHUKEHHIO OOIIEH yCTOMYMBOCTH
CUCTEMBL.

JIns  cCHWXKEHUSI OTpULATENbHBIX J(P(EKTOB MEPEXOJHBIX PEKUMOB
MPUMEHSIIOTCSI YCTPOMCTBA IUIABHOTO MycKa W TpeoOpaszoBaTeiau 4acToThl. OHU
MO3BOJISIOT (OPMUPOBATH HAMPSDKEHUE U YACTOTY, U3MEHSIOIIMECS 10 3aJaHHOMY
3aKOHY, 00ecreunBasi KOHTPOJIUPYEMBIIN pa3roH U TOpMOKeHUEe ABUraTesisa. OaHako
(G (HEKTUBHOCTh ATUX CPENICTB HAMPAMYIO 3aBUCHT OT TOYHOCTU PEATH3yEMBIX
QITOPUTMOB yMpaBJieHUsS U OTHaAku TnapamerpoB. CoBpeMeHHasi MpaKTHUKa
MPOEKTUPOBAHUS TPEOYET HE TOJIBKO MOJICTUPOBAHUS DJIEKTPUUECKON YacTh, HO U
MOJIHON CUMYJISIIIAN YIIPABJISIONIETO IPOrPaMMHOTO 00ecTieueHusl. ITO MO3BOJISET
MPOBOAUTH TECTUPOBAHUE U HACTPONKY aITOPUTMOB JI0 BHEAPEHUS UX HA PEAJIbHOE
YCTPOMCTBO, YTO OCOOEHHO BaXHO TMPHU pPa3pabOTKE BCTPOEHHBIX CHUCTEM
yIIpaBJICHHUSI.

Tem He MeHee, cranaapTHbie cpeacTtBa moxaenupoBanuss B MATLAB u
Simulink mpemocTaBISIOT OrpaHMYCHHBIC BO3MOXKHOCTH IS MHTETPAlMHM KOJA,
HAMKUCAHHOTO I MUKPOKOHTPOJIIEpOB. OTiajika TAKUX aITOPUTMOB TPATULIMOHHO
OCYUIECTBIISIETCS YK€ Ha YPOBHE ‘“Kele3a”, 4To TpeOyeT Halnuusi 000py0BaHUs,

3aMCAJIICT LHKII p33pa6OTKI/I U YCIOXHACT BOCIIPOHU3BOANMOCTL PC3YJIbTATOB.
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KpomMe Toro, oraenbHO€ MOJIEIMPOBAHHME MPOrPAMMHOM M AallllapaTHOW 4YacTu
CUCTEMBI MOXKET IPUBOAUTH K PACX0XKACHUSAM MEXKYy CUMYIUPYEMBIM U PEAJIbHBIM
IrOpUTMaMHU.

B nmannoii pabGoTe paccMarpuBaeTCs pelieHHe STOH MpoOJeMbl IMyTEM
pa3pabOTKH MPOTPAMMHOM MO MUKPOKOHTpoJuiepa STM32, nmpenHa3HaueHHON
JUISL UCIIOJHEHUs mnojib3oBaTenabckoro C-xoma B cpene MATLAB. Moaenb
MO3BOJIIET PEAIM30BATh CBSA3KY MEXKIY KOJOM, HCIIOIb3YEMBIM B pPEalbHbIX
MUKPOKOHTPOJUIEpax, U cpenoit MmoaenupoBanus Simulink, 4To 1aéT BO3MOKHOCTh
3almycKkaTh, TECTHUPOBAaTh W OTJIAXKUBATH YIPABISIONMIME MPOTpaMMbl  Oe3
UCITIOJIb30BaHUsI (PU3HUUECKOTO MUKPOKOHTpoJuiepa. [lpu aTom Moaenupyercst Kak
Joruka paboThl KOJa, TaK U B3aUMOJCHCTBUE C BHEIIHHUMHU KOMIIOHEHTAMH —
HaIpUMED, IMEKTPUUECKON YaCThIO CUCTEMBI ITyCKa, peain3oBaHHOM B Simulink.

PazpaboTka Takoil Mozenu pemaer cpazy HECKOJIbKO MHKEHEPHBIX 3ajad:
COKpallleHHe BpPEMEHU OTJIAJIKH, TOBBIINICHUE BOCIPOU3ZBOJAUMOCTH TECTOB,
BO3MOXKHOCTh paboThI 0€3 11e1eBOro 000py10BaHus, a TAK)KE 00ECIieueHne TOYHOTO
COOTBETCTBUSI CUMYJHMPYEMOW JIOTUKHM pPEAJbHOMY MPOTPaMMHOMY  KOJY.
[Ipennaraempiii MOAX07] OOECHIEYMBAET HEMPEPHIBHOCTH MEXKIY MPOTPAMMHOMN
peanu3anverd U €€ MPOBEPKOM B KOHTEKCTE MOAECIUPYEMOM CHCTEMBI. Takum
00pa3oM, OH MOXKET OBITh MOJIE3€H KaK MPHU UCCIEAOBAHUM CIOKHBIX MEPEXOIHbBIX
MpOIIECCOB, TaK ¥ TPU pa3pabOTKE BCTPOEHHBIX CHUCTEM YIpaBICHUSA
AIEKTPONPUBOAAMU U JPYTUX 3a/1a4 aBTOMATU3ALNH.

[lenpto Hactosiel pabOThI SIBISETCS pa3paboTka MPOrpaMMHON MOJENH
MukpokoHTposiepa STM32 B MATLAB, npenHasHaueHHOW i1 MOIIArOBOM
OTJIaJIKU BCTPOCHHOTO KOJa YIIPABJICHUS U €r0 UHTETPAllUd B MOJIENb YIIPABIISIEMOM
cuctemMbl B cpene Simulink. Pa3paGotanHas Mopaenb MO3BOJSET 3HAYUTEIHHO
YIOPOCTUTh TECTUPOBAHMUE YIPABIISIIONIUX aAJITOPUTMOB, BBISIBISATH JIOTHUYECKHE

OLIMOKH U HEKOPPEKTHYI0 paboTy mnepudepun eni€é Ha dTane CUMYJISIUH, 0e3



HEOOXOAUMOCTH B (pu3M4yecKoM OOOpYyIOBaHUHM, 4YTO JIEJAET  IPOLEecC
IPOEKTUPOBAHUA 00Jiee TMOKUM, OBICTPBIM U HAAEKHBIM.

B Hacrosmei pabote BoepBble NPEAJIOKEH U peaTu30BaH HHTETPUPOBAHHBII
IOAXO0J K MOACIMPOBAHUIO YCTPOMCTB, BKJIIFOYAOIINI COBMECTHOE IIPEICTABIICHNE
AIIEKTPUYECKON YaCTH U MPOTPaMMHOTO 00ECIICUeHUs MUKPOKOHTPOJIIEPA B Cpeie
MATLAB. PazpaGotanHass  mporpaMMHas — MOJEIb  MHKPOKOHTpOJUIEpa
o0ecreunBaeT BO3MOXHOCTD JIETAIBHOIO TECTUPOBAHUS U OTJIAJKU YIIPABIISAIOIINX
QITOPUTMOB B YCIIOBUSIX, MAaKCHMajdbHO NPUOIMIKEHHBIX K peajbHbIM, 0€3
HEOOXOJMMOCTH HCHOJIb30BaHUs (pu3ndyeckoro obopynoBanusa. Mcmonb3oBaHue
JaHHOIO  MHCTPYMEHTa  MmpeAnojaraeT  0a3oBoe  BIAJCHHE  Cpeaou
MATLAB/Simulink, noHumaHue TPUHIUIOB pabOThl MHUKPOKOHTPOJUIECPOB,
3HaHUE s3blka mnporpammupoBaHuss C M oOllee NpeaCcTaBICHUE O CTPYKType
IIPOTPaMM.

HoBu3Ha wuccnenoBaHus — 3aKIIOYAeTCd B CO3JaHUM  KOMIUIEKCHOU
CUMYJISIUOHHOM TM1aT(oOpMbl, KOTOpas TMO3BOJISET OOBEAMHUTH (PUIUUYECKYIO
MOJENb TMEPEXOAHBIX IPOLECCOB ACUHXPOHHOIO JIBUTATENsI C MOZEISIMU
YIPABJICHMS], PEAIN30BAaHHBIMU Ha YPOBHE MUKPOKOHTPOJUIEPHOTO MPOTPAMMHOI0
Koja. Takol moaxoJx pacCIIMpsieT BO3MOKHOCTH aHAJIN3a CUCTEM ILJIABHOTO ITyCKa,
IIO3BOJISASL HE TOJBKO HCCIIENOBATh TWUHAMUKY JJIEKTPONPUBOAA, HO U MPOBOAUTH
BCECTOPOHHIOKO OLIEHKY pa0OThI MPOTPAMMHBIX aJITOPUTMOB YIIPABICHHUS.

B xone uccnenoBanust OyAeT NPOAEMOHCTPUPOBAH MPOLECC Pa3padOTKU
QITOpPUTMA B BHJIE NTPOrPaMMHOIO KOJa JJII MUKPOKOHTpOJUIEpa JUIsl YCTPOMCTBA
mwiaBHoro mycka (YIIIT). byayt paccmorpensl npuniunbl noctpoenust YIIII u
0COOEHHOCTH MX B3aUMOJICHCTBUS C ACHHXPOHHBIMHU JIBUTATEIISIMU, & TAKKE CO3/IaHa
dyHkuoHnanpHas Mozaens yerpoiictBa B MATLAB. KommiiekcHoe MoaenupoBanue
KaKk OObEeKTa YNOpaBICHMS, TaK M YNPABIAIOMIEH CHUCTEMbl OOECIeYynuBaeT

BCECTOPOHHUM aHAJIN3 TTOBEJICHUS BCEH CUCTEMBI.



MeTonoI0THYECKYI0 ~ OCHOBY  pabOThl  COCTaBJII€T  MPUMEHEHHE
MaTe€MaTH4YECKOro MojenupoBanus u cpeactB MATLAB nns  onucanud
MEPEXOIHBIX MPOIECCOB, TOCTPOCHUS CXEM YIPaBJICHUS U OLIEHKH 3()(HEKTUBHOCTH
paboter YIIII. brnaronmapsi BCTpOCHHBIM MHCTPYMEHTAM CUMYJISIIUM U OTJAIKU
nporpamM, MATLAB npenocrapnsier y100HyI0 BO3MOXXHOCTh PONTH BECh MYTh
pa3paboTKu — OT CO3JaHUsl MOJENU A0 MPOBEPKU pPAOOTHI YINpaBISIONICH
IIPOrpaMMBbl — B OJHOU Cpelie.

IlepBas rnaBa IOCBsAIEHA AaHAIW3Y METOJOB IIyCKa ACHUHXPOHHBIX
JBUTaTeJIeH, BKIIIOYask TPAJULIMOHHBIN NIPSMOU IIYCK, CXEMbI CHUJKEHUS Iy CKOBOTO
TOKa. B rmaBe paccMaTpuBaroTCsi 0COOEHHOCTH MEPEXOAHBIX MPOLIECCOB U BIUSIHUE
pPa3IUYHBIX CXEM Ha 3JIEKTPOMEXAHUYECKUE XapaKTEpUCTHKHU JBurarens. Ocoboe
BHUMaHUE YJI€JI€HO MpPUHLUMIIAM pabOThl YCTPONCTB IUIABHOIO IIyCKa C
MHKPOKOHTPOJUJIEPHBIM YIIPABICHHEM, YTO CO3JAET OCHOBY IS IOCIEMYIOIIETO
M3y4YE€HUs AITOPUTMOB YIIPABICHUS U UX MoaenupoBanus B cpene MATLAB.

Bropas rnaBa mocBsieHa CO3JaHUI0 MOZEIM MHUKPOKOHTpOJUIEpA B Cpele
MATLAB, xoropass CIyXKUT HWHCTPYMEHTOM JUI1 CUMYJSILHUM M OTJIAAKU
BCTPOEHHBIX IporpaMMm. B 1aHHOM I1aBe paccMaTpUBAIOTCSA OCHOBHBIE ITPUHLINIIBI
YOPABJICHMS BBIIOJHEHUEM ITPOrPAMMHOTO KOoAa MUKpOKOHTposuiepa B Simulink, a
TaK)K€ METObI MOCIIMPOBAHUS IEPUPEPUITHBIX YCTPOMCTB.

B  Tperbeit  rmaBe = MPOJEMOHCTPUPOBAH  MpOIECC  pa3paboTKu
MHKPOKOHTPOJUIEPHBIX npwioxkeHnid B cpeae MATLAB ¢ wucnons3oBanuem
npemnoxkenHor  momenun MK. Ocoboe BHUMaHuE yAENSETCS HWHTErpaluu
IIPOTPAMMHOI0 KOJa C MOJEIBbI0 M JTanaM OTJIAAKH C UCIOJIb30BaHUEM
Bo3MokHOcTel MATLAB.

B d4erBeprol rnaBe IMpPEACTAaBICHO MOJICIMPOBAHUE IIpollecca IIyCKa
ACHHXPOHHOTO JBUTATENS C UCIOJBb30BaHUEM YCTpoiicTBa miiaBHoro mycka (YIIII).

CHavaja mpoaHaJM3UPOBAH PEXKUM TPSAMOTO MycKa, Jaliee paccMOTpeHa padoTta



nsurarens npu nycke depes YIIII. Takxke Ob110 Mpon3BeIeHO CpaBHEHUE PAOOThI

peATBHOTO MUKPOKOHTpoOJUIepa u ero mojaenu B MATLAB.



1 ACUHXPOHHBIE JIBUT'ATEJIN

ACUHXPOHHBIE 3JIEKTPOABUTATEIN SBISIOTCS OJAHUM W3 HauOosee LIMPOKO
UCIIOJIB3YEMBIX ~ THUIIOB  JJIEGKTPUYECKHX MAllMH B  MPOMBIIIEHHOCTH U
KOMMYHAJIbHOM XO35MCTBE Oy1arofaps CBoe HaJ€KHOCTH, IPOCTOTE KOHCTPYKLUU
U JOCTYNHOHM CTOMMOCTH. (OCHOBHBIMM KOHCTPYKTHUBHBIMU  3J€MEHTaMU
ACUHXPOHHOT'O JBUTATEJS SABIISIOTCS CTATOP M POTOP, KAXKIABIA U3 KOTOPBIX UTPAET
KJIIOYEBYI0 pPOJb B Ipolecce NpeoOpa3oBaHUsl 3IEKTPUUYECKON HHEPruM B
MEXaHUYECKYI0. Y CTPOMCTBO aCHHXPOHHOTO JABUTATENsl CXEMAaTHYHO M300pakeHO

Ha pucyHke 1 [1].

Pucynok 1 — KoHCTpyKIusi aCHHXPOHHOTO JBUTATENS
l-cranuHa; 2-cepeuHUK cTaTopa; 3-00MOTKa cTaTopa; 4-KjIeMMHas

KOpoOKa; 5-cepIeuHrK poTOpa; 6-CTepKHU OOMOTKU POTOpa

Cratop npexacrtapisieT co00il HEMOJBUKHYIO YacTh MAIIMHbI U COCTOUT U3
MarHuTONpoOBOJa C pa3MelEHHbIMA B HEM oOMoTkamu. K oOMmoTkam craropa
HoJKIouaeTcsl TpéxdazHoe NepeMEHHOe HampsbKeHHe, B pe3ysibTaTe 4Yero
CO3/1a€TCsl BpalllaloIleecss MarHUTHOE ToJIe. DTO MoJIe MHIYLUPYET TOKU B POTOPE —

BpAILIAIOIICICS YaCTH ABUTATEIN s, HAXOIAIIEHCS BHYTpU cTatopa. B3aumonernicteue
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WHIYIIMPOBAHHBIX TOKOB C MArHUTHBIM TIOJ€M TMPUBOJUT K TMOSBICHUIO
AIIEKTPOMArHUTHOTO MOMEHTA, B pe3yJIbTaTe Yero pOTOpP HAUMHAET BPAIATHCA.

OCOOEHHOCTBIO ACHMHXPOHHOTO JIBUTATENsl SABJISIETCA TO, 4YTO CKOPOCTh
BpalleHUs] pOTOpa BCErJa HEMHOI'O OTCTAaET OT CKOPOCTH BpallleHHs] MarHUTHOTO
MoJII CTaropa — OTO SBJICHHE HA3bIBACTCS CKONBKCHHEM H  OOBSICHSCT
MPOUCXOKJCHUE TePMHUHA “@CUHXPOHHBIN . Eciu poTop Bpamaercs ¢ CKOpOCThIO
MarHUTHOTO TOJISI CTaTOpa — TOKU B POTOPE HE UHIYIUPYIOTCS, U, KaK CJIEJICTBUE,
JIBUTATENTh HE PA3BUBACT MOMEHT M 3aMeJISICTCS.

CymiecTByIOT JIBa OCHOBHBIX THIIAa AaCHUHXPOHHBIX jBurateneit. C
KOPOTKO3aMKHYTBIM POTOPOM, TJI€ POTOPHBIE MPOBOIHUKHU 3aMKHYTHI MEXKITY COO0M
IpU TIOMOIIM KOHTAaKTHBIX KOJiell, o0pa3ysi CBOEro pojaa “Oenuube KoOjeco”
(manbonee pacnpoctpaHéHHblid THI). C (a3sHBIM POTOPOM, B KOTOPOM POTOPHBIE
OOMOTKH TOJKJIIOUYEHBI K BHEIIHUM JJIEMEHTAM YIpaBleHUs (PE3UCTOpaM WIIH
THPUCTOPHBIM MOAYJISIM ), UTO ITO3BOJICT PETYIUPOBATH ITyCKOBBIC U TUHAMUYCCKUC
XapaKTEPUCTUKU JIBUTATEIIS.

PaGoTa acWMHXpPOHHOTO JBHTATEIS COMPOBOXKIACTCS JUHAMHUYCCKUMH
mpoiieccam, OCOOCHHO HamboJsiee BBIPAKEHHBIMU TPU H3MEHEHUH PEKHUMOB
paboTel. Takue mpoIecchl HA3BIBAIOT MEPEXOAHBIMA — OHH TPEACTABIISIIOT COOOM
MPOIIECCHI, TMPOUCXOASAIINE BO BPEMEHU MPU TIEPEXOAEC CHUCTEMBI W3 OJHOTO
YCTAaHOBUBIIETOCS COCTOSIHUSI B JAPYroe, HampuMmep, IpH IyCKe, OCTAHOBKE WITU
pPE3KOM M3MEHEHWHW Harpy3kw. B 3TOT MOMEHT B cHUCTeMe HaOJIIOIAar0TCs pe3Kue
W3MEHEHHUS] TOKa, HAIPSOHKEHUS, CKOPOCTHM BpAIICHUS M DJICKTPOMATHUTHOTO
MOMEHTA.

[IpyuvHEI  BO3HUKHOBEHHSI  IMEPEXOJIHBIX  IPOIECCOB  MOTYT  OBIThH
Pa3TUYHBIMH:

- YIpaBJSAIOMIME BO3JACHCTBUS, TaKWe KaK BKIIOYCHHE WJIA OTKIIOUYCHUE

JABHUIaTClIA, a TAKXKC U3MCHCHHUC BajlaHHOﬁ CKOPOCTH BpallCHUA,
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- BO3MYIIAIOLINE BO3ICHCTBHS, HAIPUMED, BHE3AITHOE N3MEHEHUE Harpy3KU Ha

BaJly, YTO BBI3BIBACT HAPYIICHUE YCTAHOBUBIIETOCA PEXUMA.

[lepexonupie  mporecchl  OOYCIOBIGHBI ~ KaK  3JIEKTPOMarHUTHON
MHEPLUOHHOCTBIO (B MEPBYIO OYEpENb — HAJIMUYUEM HHIYKTUBHOCTEW OOMOTOK,
OrpaHUYMBAIOLIUX CKOPOCTh U3MEHEHHSI TOKOB), TaK U MEXAHMYECKOW MHEpPLHEH
NOJIBM)KHBIX MAacC, COCIMHEHHBIX C BajoM jasuratens. [lpu 3amycke nBurarens
IIPOUCXOJHNT IIEPEXO] OT COCTOSIHUS IIOKOS K BPAILEHUIO, B PE3YJIBTATE YErO TOKU U
AIIEKTPOMArHUTHBIE MOMEHTBI MOTYT KPaTKOBPEMEHHO 3HAUWUTEIBHO MPEBBIIIATH
CBOM HOMHMHAJIBHBIE 3HAYCHUS.

B uactHOCTH, mycKOBOH TOK B OOMOTKax cCTaTropa MOXET MPEBBIILIAThH
HOMUHAJIBHBIA B 5—7 pa3, a 3JIEKTPOMarHUTHBIA MOMEHT — OBbITh B 2—3 pa3a BBIILIE
ycraHoBuBLierocsa. Ilpu peBepcupoBaHny JBHTATENs (M3MEHEHUU HAIIpaBICHUS
BpAaIlleHMs1) 3TU BEJIMYMHBI MOTYT BO3pacTaTh €€ CUIIbHEE — BILUIOTH A0 12—18 pas.
bonee Toro, nepexoaHble MOMEHTHI MOTYT IPUHUMATh OTPHUIIATENIbHBIE 3HAYEHUS,
BBI3bIBAsi TOPMOKEHHE POTOPA U CO3/1aBasi 3HAYUTENbHBIC JUHAMUYECKUE HAarpy3KU
Ha MEXaHUYECKYIO 4acTh MPUBOJA.

JIOTIOJIHUTENBHBIM ~ (PAKTOPOM, YCHJIMBAIOIIUM TEPEXOJHBbIE IPOLECCHI,
ABJIIETCSI OCTaTOYHOE MArHUTHOE II0J€, COXpaHAIoIIeecss B MarHUTONPOBOJIE
JIBUTATENSI TOCJIE€ €ro OTKIIOYEHHsS. DTO OCTATOYHOE HAMAarHWUYMBAHUE MOKET
IPUBECTU K YCWJICHHUIO WHAYKIMH TOKOB B MOMEHT CJIEIYIOUIErO BKJIIOYEHUS,
yBEIUYMBasi MUKOBBIE 3HAYEHHUS TOKA MU MOMEHTA, YTO KPUTUYHO MPHU YaCTHIX
LMKJIaX IIyCKa U OCTaHOBA.

Takum o6pazom, minst dpdexTuBHON U Oe30MacHON PabOThl ACUHXPOHHBIX
AIEKTPOJBUTATENEH, OCOOEHHO B YCJIOBHUSIX MEPEMEHHBIX HArpy30K, HEOOXOAUM
THIATENIbHBIA aHAU3 TEPEXOAHBIX MPOLECCOB. ITO TpedyeT MNpUMEHEHHUs
pPa3IMYHBIX METOJIOB YMPABJICHUS] IMyCKOM W TOPMOXXEHHEM, B TOM YHCJE TeX,
KOTOpPbIE OCHOBAaHbl Ha AQJTOPUTMUYECKH CIIOKHBIX CXEMax peryJMpoBaHUs U

IMO3BOJIAIOT CMATYATh JUHAMHWYCCKUC IIPOABJICHHUA IICPCXOAHBIX COCTOSIHUH.
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1.1 METO/Ibl TYCKA ACUHXPOHHBIX JIBUT'ATEJIEN

[Ipsimoii myck (WM MYCK € IOJIHBIM HamlpsKEHUEM) MPEACTaBIsieT coO0i
HanboJee MPOCTON U MIMPOKO PACHPOCTPaHEHHBIN CIIOCO0 3amycka aCHHXPOHHOTO
nsurarens. 1Ipy TakoM Nmoaxoie Ha CTaTop ABUIATENs Cpasy MOJAETCS ITOIHOE
HaIPSHKEHUE CETH, YTO MPUBOAMT K PE3KOMY BO3PACTAHMIO TOKA /10 BEJIUYHH, B 5—8
pa3 MpeBHIIAIOIIUX HOMHUHAIbHBIE 3HAUEHHS. DJIEKTPOMArHUTHBIA MOMEHT INpU
3TOM TaKXe JOCTUIAaeT MAaKCMMyMa, HO M3-3a BBICOKOM MHEPLMM MEXaHUYECKOU
4acTH OH HE yCIEBaeT 00eCleyuTh OBICTPYIO PAaCKPyTKy POTOpa, YTO YIJIMHSET
BpeMs IyCKa U YBEJIMYUBAET TEIJIOBYIO HArpy3Ky Ha OOMOTKH.

OcHoOBHOM TPOOJIEMOM TPaJMLMOHHOTO HPSIMOIO BKIJIIOUEHUS JABUTATENs B
CETh SBJSIETCA BBICOKMH ITyCKOBOW TOK, KOTOPBIM MOXET B HECKOJIBKO pa3
IIPEBBIIIATH HOMUHAJIBHBINA. DTO IPUBOJNUT K IEpErpy3KaM MUTAIOIIEH CETH, U3HOCY
KOMMYTAllMOHHOW anmaparypbl U COKpALIEHUIO CPOKa CIyxObl auratens. s
CHW)KEHHMS! HEraTuBHBIX 3(P(EKTOB pa3pabOTaHO MHOXKECTBO METOJOB IyCKa,
KQK/IbI U3 KOTOPBIX I0-CBOEMY BIIMSET HAa XapaKTep MEPEXOIHbBIX npoueccoB. Mx
NpaBUIbHBIA BBIOOpP TMO3BOJIAET aJAlTUPOBATh JIEKTPONPHUBOJ IOJ, KOHKPETHBIE
YCJIOBHSI DKCIUTyaTalliy U TpeOOBaHUS K HAAEKHOCTH U DHEProd(PPEeKTUBHOCTH.

XapakTepHOU YepTol MPSMOTro MycKa SBISIETCS €r0 BbICOKas 3P PEKTUBHOCTD
B IJIaHE OBICTPOrO BBIXOJA JBUTATENS Ha padOunidl peXrM, OJHAKO OH MPUEMIIEM
JUILIb B YCIOBMSX, KOTJIa CETh 00JIaZjaeT BHICOKOM MOLIHOCTBIO, a JBUTATENb HE
UCIIBITHIBAET OOJBIIMX MEXAaHUYECKUX HArPy30K B MOMEHT 3amycka. B mpoTuBHOM
Clly4a€ BO3HUKAIOT KPaTKOBPEMEHHBIE Ma/JICHNS HAINPSIKEHUS U BO3MOKHBI CPBIBBI
nycka. Taxxke H3-3a pE3KOro HapacTaHUsl TOKA BO3HUKAaeT CHJIBHOE
AIIEKTPOMArHUTHOE  B3aUMOJCIHCTBUME  MEXAY IPOBOJHUKAMH, CIIOCOOHOE
MOBPEINUTH JIEMEHTHI PACIIPENEIUTENBHON CUCTEMBI.

JUist cMsIryeHusi TEepexXOAHbIX MPOIECCOB, BO3HUKAIOIIMX TMPHU 3aIlyCKe,
MPUMEHSIOTCS Pa3IMYHbIE CXEMBI ITyCKa, MO3BOJIAIONINE OTPAHUYUTh ITyCKOBOM TOK,

YMEHBIITUTh MEXaHUUYECKHE yAaphbl U MPOJUIUTHh CPOK CITYKObI 000pynoBaHUs. ITH

14



METOJIbI OTJIMYAIOTCS KaK M0 TEXHUUYECKOHN peann3alliu, TaK U 10 CTETICHH BIUSHUS
Ha XapaKTEPUCTUKU JBUTATENS B TIEPEXOTHOM pekume [2].

Ilyck ¢ nonudxcennvim Hanpsaxcenuem (4epe3 aBTOTpaHcHOpMaTop WM
peoctat). CHU)KEHHE HaNpsDKEHMs, MOJaBaeMOT0 Ha CTAaTOp JABUTATelNs Ha JTare
IIyCKa, MO3BOJISIET CYIIECTBEHHO OIPaHUYUTh MYCKOBOW TOK. OOMH M3 CrOCOOOB
peanu3alnuyd — HCIONb30BaHUE aBTOTpaHcopmaropa. [Ipum 3TomM Ha nBUTaTENbH
nonaércss 4yacth (pazHoro HampspkeHus (o0pruHO 50-80 %), yTO MO3BOJISAET
YMEHBIIUThH MMYCKOBON TOK MPOMOPLUMOHAIBFHO KBaJAPaTy MOJAHHOTO HAIMPSHKEHUS.
OnHAaKO OJHOBPEMEHHO C TOKOM CHHXAeTCs U 3JEKTPOMArHUTHBIII MOMEHT, YTO
MOKET MPUBECTH K HEYCTOMYUBOMY MYCKY, OCOOCHHO MPH HAIMYWUK HArpy3Kd Ha
Bay.

ANbTEpHATUBHBIM METOJIOM SBJISIETCSI BKIIFOUEHHE COINPOTHUBIICHHS B IIETH
cTatopa wid poTtopa. B cimydae ¢gazHoOro poropa 3TO OCYIIECTBISETCSA JOBOJBHO
MPOCTO: Yepe3 KOHTAKTHBIC KOJIbLIA BKIIOYAIOTCS JTOTIOJHUTEIBHBIE PE3UCTOPHI,
KOTOpBIE€ MOCTENEHHO IIYHTUPYIOTCS 110 MEPE pa3roHa JBUraTens. TO MO3BOJIAET
o0ecrneunTh TUTABHOE HapacTaHUE TOKa U MOMEHTA, YJIy4IlIMB CTAOMIBHOCTD ITyCKa.

[TonoOHbIl crmoco0 IUIABHOTO Iycka MMEET OYEeBUIHBbIE HEJAOCTaTKU
npo0JIEeMaTUYHOCTh aBTOMATHU3allMK, paboTa KOHTAKTOPOB HE TMPUBSA3BIBACTCSA K
pealbHOMY 3HAUEHWI0 TOKa, OHMU JHOO TEPeKIIOYaloTCs BPYUYHYIO, JIMOO
nepeOuparoTCs ¢ MOMOLIBIO pejie BpEMEHH aBTOMATHUECKU. TakkKe YCIO0XKHEH IyCK
MOJl Harpy3kod, TaKk KaK KpYTANIMHA MOMEHT aCHHXPOHHOTO JBUTATENs
MPOTIOPIIMOHANIEH KBAJpaTy HAMpPSDKEHUS MHTAHUS, CHUKCHUE HAIPSKEHUS B
MOMEHT TyCKa B JIBa pa3a MPUBEAET K CHIDKCHUIO KPYTSIIET0O MOMEHTA B YEThIPE
paza.

Ilyck no cxeme ‘38e30-mpeyeonvHux”. (Cxema ‘‘3Be3/1a—TPEyTrOJbHUK
OCHOBaHa Ha U3MEHEHHNHU CTI0c00a COeAMHEHNSI 0OMOTOK CTaTOpa B MPOIIECCE MyCKa.
OcHOBHast uaesl MCIOJB30BaHUS TAKOTO CIocoba Mycka COCTOMT B TOM, YTO B

HaYaJIbHBIA MOMEHT pa3roHa JBUTATEINsI, €r0 OOMOTKHM COSIMHEHBI “3BE3I0i’, YTO
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oOecrieynBaeT MOHWKEHHbIM TOK. [lo HcTeueHUM OIpenesIeHHOrO0 BpPEMEHH
NOJAKIIOYEHUE MEHSIETCSl Ha ““TPeYroJIbHUK, 4YTO OOECHEeYUT TOJHBIA TOK U
KpyTAIMi MOMEHT. [Ipu MoAKIr0OUeHn Mo cXeMe “TpeyroJibHUK HaIpsSKEHUE Ha
KaKJI0M 0OMOTKE ABUTATEIIS COOTBETCTBYET HAMPSXKEHUIO B CETH.

Ortor cnoco® o0co0eHHO TMOMmyNsApeH Onarogaps CBOEH MPOCTOTE H
sbdextuBHOCTH. OH HE TPEOYET MOPOTOCTOSIINX KOMIIOHEHTOB W O0ECIeYMBACT
npuemMiIeMblid OalaHC MEXJy TOKOBBIMH M MOMEHTHBIMH XapaKTEPUCTUKAMHU.
[IpeumyiiecTBOM ITyCKa TakKKe SBISETCA, TO, YTO HEKOTOpble Tpex(as3Hbie
JIBUTATENIM HA HU3KOE HAIPSDKEHHE ¢ MOIIHOCTBIO BbIIIE 5 KBT paccunThIBarOT Ha
Hanpspkenue 400 B npu BritoueHuu no cxeme “rpeyrosnbHUK” (A) win Ha 690 B
npu BkiaroueHun 1o cxeme ‘3Be3ga”’ (Y). Takas cxema BKIIOYEHHUS J1a€T
BO3MOYKHOCTbh NPOU3BOJUTH ITyCK ABUIaTeNld NPU MEHbLIEM HampspkeHuu. [lpum
IIyCKE JBUraTeIsl IO CXEME ‘“3BE31a-TPEYTOJIbHUK YAAETCS YMEHBIIUTD IIyCKOBOU
TOK, 10 1/3 oT Toka npsiMoro mycka ot cetd. [lyck o cxeme “3Be3na-TpeyrojbHUK”
OCOOCHHO MOAXOAUT AJII MEXaHWU3MOB C OOJBIIMMU MaxOBBIMM MaccaMu, Korja
Harpy3ka HaOpachIBaeTCsl YK€ IIOCJI€ pa3roHa JABUTaTeNs J0 HOMHUHAJIBHON
CKOPOCTH.

Henocratkom mycka acMHXpPOHHOTO JIBUTaTeNsl MEPEKIIOYEHHEM ‘‘3Be3[a-
TPEYTOJIbHUK ™ SABJISIETCSI TO, YTO NP MyCKE JBUTraTeNsl MEPEKI0YEeHuEM ‘‘3Be3za-
TPEYTOJIBHUK~ ~ NPOUCXOOUT  TAKXKE  CHWKEHHE  IIyCKOBOTO  MOMEHTA,
npubnu3utebHo Ha 33%. JlaHHBI METOJ MOXKHO HCIOJIL30BaTh TOJIBKO JIJIst
Tpex(da3HbIX AaCHUHXPOHHBIX JIBUraTelied, KOTOpblE MMEIT BO3MOXHOCTb
MOAKITFOUEHHUS 110 CXEME “TPEYroIbHUK . B TakOM BapuaHTe CyIIeCTBYET OACHOCTh
MEPEKIIIOUYCHUA Ha “TPEYTOJIbHUK TPHU CIUIIKOM HU3KOW YacTOTE BPALICHUS, YTO
BBI30BET POCT TOKA IO TAKOT'O K€ YPOBHS, UTO M TOK IPU MPSIMOM Iycke. Bo Bpems
NEPEeKIIOYEHUs CO 3BE3/Ibl Ha TPEYroJIbHUK ACHHXPOHHBINA 3JEKTPOJIBUTaTEh
MOET OBICTPO CHU3UTH CKOPOCTh BpAILCHHUS, IJIs YBEJIWYEHHUS KOTOPOM TakKke

noTpeOyeTcs pe3K0oe YBEIIMUEHUE TOKA.

16



Yacmommuwiti nyck. Hanbonee cCOBpeMEHHBIM M THOKHM CIIOCOOOM ITycKa
SBJISIETCS UCTOJb30BaHUE TMpeodpazoBarenerd yactoTel (ITH). ITY — TexHuueckoe
YCTPOMCTBO, NMPEIHA3HAUYEHHOE IJIsi NpeoO0pa3oBaHUsl CETEBBIX NapamMeTpoOB Ha
BXOJIE B BBIXOJHBIE APYroil yactoTel. IIpon3Boaurenu mpemyiaraloT yCTpPOWMCTBa
HIMPOKOTO YaCTOTHOTO Juarna3oHa. [IpeoOpa3zoBaTenn 4acTOThl IPUMEHSIIOTCS TIPU
VIOPaBICHUM ACUHXPOHHBIMH  DJEKTPOJBUTATEIISIMU, PErYJUpPysS  CKOPOCTh
BpanieHusi potopa. IIpeoOpazoBaTenb aKTUBHO MCHOJB3YIOTCS B CHCTEMax
IJIABHOTO MYCKa U YIPaBJIEHUS ACUHXPOHHBIX JJICKTPOABUTATEICH

[IpuHiun  AEWCTBUST  4YAaCTOTHOTO  MpeoOpas3oBaTesis  OCHOBaH  Ha
MPEABAPUTEILHOM  BBIIPSAMIICHUM BXOJHOTO TMEPEMEHHOIO HAMNPSHKEHUs C
nocieaywmnel ero GpuiabTpanyed U npeoOpa3oBaHUEM B MOCTOSTHHOE. 3aT€M 3TO
HaIpsHKEHUE C MOMOIIBI0 MHBEPTOPA U IIMPOTHO-UMITYJIBCHOW MOJYJISIIUA BHOBb
npeodpaszyeTcsi B IEPEMEHHOE, HO YK€ C 3aJaHHBIMU YacTOTON U aMIiuTyaou. Ha
JTane Mycka mpeoOpa3oBaTeidb 3aJa€T HU3KOE HANPSIKCHUE C TMOHUKEHHOU
4acTOTOM, YTO TO3BOJISIET TUIABHO Pa30rHATh JBUTATENb OT HYJS J0 TpebyeMoi
CKOPOCTH, HE BbI3bIBasi CKAYKOB TOKA U MEXaHUYECKUX Meperpy3ok. Tako moaxon
CYIIIECTBEHHO CHUXAET U3HOC O0OPYAOBaHUS U YBEIIMYUBAET CPOK €T0 CITYKOBI.

OCHOBHBIM MPEUMYIIIECTBOM YaCTOTHOTO IyCKa SIBJIIETCS BHICOKAsI CTEICHB
yrpasisieMocTd. [lonp30BaTesr MOXKET 3a/aTh TPOPUIL pa3roHa U TOPMOKEHHUS B
COOTBETCTBHM C XapaKTEPUCTUKAMU KOHKPETHOTO MEXaHHM3Ma, BIUIOTh [I0
HEJIMHEWHBIX  3aBUCUMOCTEHM, HampuMep JKCIOHEHIIMAILHOTO  HapacTaHUs
CKOPOCTU. JTO OCOOCHHO Ba)XKHO MpPH ITyCKE IOJ] HArpy3KOH, Korjga Tpedyercs
KOHTPOJIMPYEMOE HapacTaHWe KpYTSIIero MoMeHTa. [Ipm 3TOM MmycKOBOM TOK
MOXET OBITh OrpaHWYEH Ha YpOBHE, OJM3KOM K HOMHMHAJIBHOMY 3HAY€HUIO
JIBUTATEJIsl, YTO MHUHUMU3UPYET BIUSHUE MYCKAa HA JJIEKTPOCETh W MCKIIOYAET
HEO0OXOJIMMOCTh B JIOTIOJHUTEIBHBIX YCTPOUCTBAX 3aIUTHI.

Kpome TOro, mpumMeHeHHE dYaCTOTHBIX MpeoOpa3oBaTesiei OTKPHIBACT

BO3MOXKHOCTh 11 Oojiee MIMPOKOTO  yOpPaBJICHHS pabOuyuM  TPOIECCOM
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AIEKTPONPUBOAA: U3MEHEHHUS HANIPABJIEHUS BPAILCHUS, YIECPKAHUSA CKOPOCTH MPHU
KOJICOAHMSIX HArpy3KH, peaju3alii TOPMOKEHHUS C PeKylepaleil SHepTUu U T. I
[3]. Takum 0Opa3oM, 4aCTOTHBIN MYCK BBIXOJHUT 32 paMKH IIPOCTO Criocoba 3amycka
JBUTATEJI U CTAHOBUTCS YaCThIO MHTEIJUIEKTYaJIbHOM CUCTEMBI YIIPABIICHUS.

Tem He MeHee, MaHHBIN CHIOCOO MycKa HE JUIIEH HEJAOCTATKOB. I JTaBHBIM
OTpaHUYCHHEM SIBIISICTCS BBICOKAsi cTomMocTh [TY 1o cpaBHEHUIO ¢ 6051€€ IPOCTHIMU
CPEACTBAMH YIPABJICHUS, TAaKUMU KaK CXEMbl ‘‘3B€31a—TPEYTOJbHUK  WJIU
aBTOTpaHcpopMaTopHble Mmyckarend. Kpome Toro, WHBEPTOpHAs MpHUPOIA
npeoOpa3oBatTessi BHOCUT B TOKOBBIE CUTHAJIBI BBICIIIME TAPMOHUKH, KOTOPHIE MOTYT
BBI3BIBATH JIOMOJIHUTENbHBI HarpeB OOMOTOK JBUTATElNsl, aKyCTUUYECKUU IIyM,
MOBBIIIIEHHBIE TIOTEPU U DJICKTPOMATHUTHBIE TTOMEXH. DTU MPOOJIEMBbI YaCTUYHO
peraTcs yCTaHOBKOM (PMIIBTPOB M MCIOJIB30BAaHUEM JIBUTATENEH C YIyUlICHHOM
M30JIA1MEN, HO 3TO MOBBIIIAET OOIIYI0 CTOUMOCTh CUCTEMBI.

Yempoticmea naasnoco nycka. Y CTpOMCTBA TIJIABHOTO ITyCKa MPEACTABISIOT
co00¥ AJIEKTPOHHBIE CUCTEMbI Ha 0a3¢ TUPUCTOPOB, BKIIOYAEMBIX B IIEIb MUTAHUS
nsuraresis. OHU 00eCIeunBaloOT MOCTETICHHOE HapacTaHUE HAIIPSHKEHUsS Ha CTaTOpe
3a c4€T (pa30BOrO ympamieHUs Mojauveld Toka. Takoil croco® 1MO3BOJISIET TOYHO
KOHTPOJIMPOBATh HAYAJIHHBI MOMEHT U OTPaHUYMUBATh ITyCKOBOU TOK 70 3aJ1aHHOTO
YPOBHS.

B OGonpmuacTBe ciywaeB YIIII peanmmsyrorcss Ha 0a3ze CHUMMETPHYHBIX
TUPUCTOPHBIX KITFOUEH, BKIIOUEHHBIX MOCJIEI0BATEIHFHO B KXY a3y NMUTaHUs
JBUrarelid. YNOpPaBIEHUE OSTUMH  KIOYAMH  OCYIIECTBISIETCA  METOAOM
(ba3ouMITy ILCHOM MOMIYJISIIUU: B MPOIIECCE MyCKa YroJl OTKPhIBAHUS THUPUCTOPOB
MOCJIEAOBaTEILHO YBEIMYMBACTCS, OOecleurBas TEM CaMbIM ITOCTEIIEHHOE
HapacTaHHUE JCUCTBYIONIETO 3HAYCHUS HATIPSDKCHHS HA OOMOTKAaX JIBUTATEIIS.

Takasg peanuzanus TMO3BOJAECT CYIIECTBEHHO CHHU3UTh ITIyCKOBOM TOK,
YMEHBIIIUTh JUHAMUYECKUE HArpy3Kd Ha TMPUBOJHOM MEXaHU3M M H30ekKaTh

MEXaHUYECKUX yAApOB IIpU cTapTe. biiaromaps 3Tomy yCcTpoMCcTBa IJIaBHOTO ITyCKa
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HaXOJAT IMIMPOKOE MPUMEHEHUE B IMPOMBILUIEHHOCTH, OCOOEHHO B OTBETCTBEHHBIX
Y MHEPLIMOHHBIX YCTAaHOBKAX, I'7ie TpeOyeTcs 3aiuTa 000py10BaHus OT EPErpy30K
U IIPOJICHHE €TO pecypcea.

OcHoBHOe npeumyiiectso YIIIT 3akimrodaercs B MpOCTOTE KOHCTPYKLUHU U
CPABHUTEIBHO HU3KOW CTOMMOCTH 10 CPAaBHEHHIO C MPE0OPa30BaTEISIMU YaCTOTHI.
Onu He TpeOyIOT CIOXKHOTO MPOTPAMMHUPOBAHUS WM HACTPONKH MapameTpoB
YAaCTOTHO-PETYJIMPYEMOTO MPO(UIIS, YTO AETAET UX yIOOHBIMHU B KCILTyaTalluu U
oOcimyxuBaHuu. Kpome Toro, Takue YCTpOWCTBAa JIETKO WHTEIPUPYIOTCA B
CYLIECTBYIOIIUE CUCTEMBl JJIEKTPOCHAOKEHUS W MOTYT NPUMEHATHCA JUIs
MOJIEPHU3AIMH CTApPbIX YCTAHOBOK 0€3 HEOOXOAMMOCTH 3aMEHbBI JIBUTATEIIS.

Onunako VIIII o6namator u psiaom orpanuueHuid. Ilocne 3aBepiieHus
npolecca MycKa yCTpOMCTBO, KaK MPaBUJIO, IOJIHOCTBIO IITYHTUPYETCSI, ¥ IBUTATEIb
IPOJI0JKAET padOTaTh OT MOJHOW CUHYCOUAIBHOM CETEBOM YacTOThI (00bIYHO 50
['m), 4YTO HCKIIOYAeT BO3MOXKHOCTh PEryJUPOBAaHHMS CKOPOCTH BO BpeMs
HOpMaibHOM  pabotbl. Takum o00pa3oM, ycTpoWcTBa IUIABHOIO — ITyCKa
IIpEAHA3HAYECHBI MCKIIFOYUTEIBHO IS 3aIyCKa IBUTAaTENs, a HE IS YIPABJIECHUS €TI0
paboYuM PEKUMOM.

IIpu xoppektHOU HacTpoiike YIIIT obecrieunBarOT CTAOUIBHBIN U HaAEAKHBIH
yCK, HO B CJIy4a€ HECOOTBETCTBUSA IapaMETPOB HArpy3KU U XapaKTEPUCTHK
MYyCKOBOIO Npo(uiIsi MOTYT BO3HUKAaTh PE30HAHCHBIE KOjeOaHUs, Ype3MepHOe
MIPOCKANIb3bIBAHUE U HEAOCTATOUHBIA KPYTAIIMI MOMEHT. OCOOEHHO 3TO KPUTUYHO
JUISL MEXaHU3MOB C BBICOKUM MOMEHTOM CONPOTHBJICHHS Ha Baly. B momoOHbIX
CUTYaLMSIX IyCK MOXKET OKa3aTbCs HEYCTOMYMBBIM I BOBCE HEBO3MOMXKHBIM.

B T1abmune 1 B kpaTkoil ¢opMme mpeAcTaBiIeHbl CpPaBHUTEIbHBIC
XapaKTepUCTUKU HanboJiee paclpoCTpaHEHHBIX CIIOCOOOB MyCKa.

B Hacrosieit pabote 0CHOBHOE BHUMAHHE yACJICHO YCTPONUCTBAM IJIaBHOTO
MyCKa, MOCKOJbKY JaHHBIM Croco0 Mycka TpeOyeT peanu3aluu aaropuTMHUYECKU

CJI0>KHOTO YNIPABJICHUS M, OCHOBAaH Ha NMPUMEHEHWH MHUKPOKOHTPOJUIEPOB. Takue
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METO/Ibl TPeOYIOT TOUYHON HACTPONKU M OTJIAJKHU YIPABISIOUIMX aJTOPUTMOB, UTO
JieaeT aKTyallbHbIM IPUMEHEHUE pa3pad0oTaHHOU B paboTe MOJIEIN KOHTPOJLIEpA.

Jpyrue MeTo/pl IyCKa aCUHXPOHHBIX JABUTaTeNIeld B JAHHOM HCCJIEIOBAHUU
HE paccMaTpUBAIOTCS, TOCKOJBbKY OHHU JIMOO HE TPEOYIOT YIpaBsIONIEH JIOTHUKU
BOBCE, JUOO MpEeArnonaralT HCHOJIb30BAaHUE CIHUIIKOM CHEIHMATU3UPOBAHHBIX U
IPOMO3JIKMX QJITOPUTMOB, peaju3alus M OTJIaJKa KOTOPbIX B paMKax JaHHOU

paboThI HellenecooOpas3Ha.

Tabnuua 1 — CpaBHUTENIbHAS XapaKTEPUCTUKA ITyCKOB

Crioco6 mycka [IpenmymecrBa Henocrarkn
[Ipsimoii myck [Ipocrora peannzanuu. Huzkas | O4ueHb BBICOKHI ITyCKOBOM TOK
CTOMMOCTb. MakcuManbHbIN (5—8 HOMHMHATBHBIX).
ITyCKOBOM MOMEHT. Mexanudeckue yaapsl.
ITyck c monmxeHHbIM | CHMKEHHE ITyCKOBOTO TOKA Cy111ecTBEHHOE CHUKEHUE
HalpsHKEHUEM MIPONOPLUOHAIBHO KBAAPaTy IIyCKOBOI'0O MOMEHTa. TOKOBBIE
MIOJAHHOTO HAIPSKCHMUS. CKAu4KH MPH [epexo/ie Ha
HOMUHAJ.
ITyck 3Be3na- CHMKeHHe IMyCKOBOT0 TOKa 10 IToHMKEHHBIN IyCKOBOW MOMEHT.
TpEyroJIbHUK 1/3 ot npsimoro. [Ipoctora Pe3kuii TOKOBBIN CKa4OK IIPU
peanmzanuu nepexioueHnu. He moaxoaut
IIPU Harpy3Ke Ha Baiy
[IpeobpaszoBarens [LimaBHBIN pa3rox. Bricokast croumocTs. Cl0KHOCTh
4aCTOTHI PerynupoBanue ckopocTH. HacTpoWku. Bo3mMokHbIE
[TyckoBoii TOK OJIU30K K TapMOHUKH B CETH
HOMHUHAJIBHOMY.
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YerpolicTBo

IJIaBHOTO ITyCKa

IInaBHOE HapacTaHue

HaIlpsDKEHUs. Y MEHBIIICHUE

IMyCKOBOT'O TOKa B 2—3 pasa.

IToHMXEHHBII MOMEHT IIpU
nycke. OTcyTcTBHE

PEryJIUpOBaHUs CKOPOCTH.
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1.2 TIPUHIIUAI PABOTBI YCTPOMUCTBA IIIABHOI'O ITYCKA

[Tpunnmn nevictBust ycrpoicrBa maBHoro mycka (YIIII) acuHXpoHHOTO
JIBUTATENIl OCHOBAH HA YNPABICHUM HANPSHKEHUEM IMUATAHUS B MPOLIECCE 3aIlyCKa.
TunuyHas cxeMa TakoWl CHUCTEMbI MPEACTABISET OO0 TUPUCTOPHBIA PETYISTOP
HANpsDKEHUS, BKIIOYEHHBIA MEXKAY HWCTOYHUKOM TIMTAHUS W ACUHXPOHHBIM

nsurareneM. CTpyKTypa Mo J00HOM CHCTEMBI MTpeICTaBIeHa Ha PUCYHKE 2.

K
.
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lv35
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PucyHOK 2 — TUPUCTOPHBIN PETYJIATOP HAIIPSKEHHUS

Ha Bxon perymstopa moma€rcs TpéxdasHoe MepeMEeHHOE HampsiKeHUe,
KOTOpOE 3aTeM MOCTynaeT Ha cuiioBble TUPUCTOPHI (VS1-VS6), BKIOUEHHBIE B

KaKaylo (a3zy nmTaromed  JMHWUW.  YTOpaBiCHHE JTHMH  THPHCTOpPaMU
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OCYILIECTBIISIETCS  MOCPEACTBOM  YNPABISIIONIUX  UMITYJIBCOB, (OPMUPYEMBIX
CHUCTEeMOM yIpaBJICHUsI, KaK MPaBUJIO, peaIn30BaHHON Ha 0a3e MUKPOKOHTpOJLIEpA.
OcCHOBHOW 3amauell CHCTEMBl YIIPABICHUS SIBJISETCS TEHEpaIusl YIPaBJISIONMIAX
CUTHAJIOB C OTpeIeIEHHON 3a/IepKKOM OTHOCUTEILHO MOMEHTA Mepexo/a CETEBOTO
HaIpsDKEHUST Yepe3 HOJb. JTa 3aJepiKKa XapaKTepHU3yeTCs YriioM YIPaBICHUS O,
M3MEHEHHE KOTOPOTO MO3BOJSIET PEryJMPOBATh CPEHEEC 3HAUCHUE HANPSHKEHUS,
[10JIaBa€MOT0 Ha CTaTOp JABUTaTeNs [4].

Ha pucynke 3 mpexacraBneH rpaduk HampsDKeHUN A OIHOM u3 (a3,

MOSICHSIONIUN Pad0Ty TUPHUCTOPHOTO PETYJIISATOpA.

Uvsi.
Uvsz o _| | o _‘
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Pucynox 3 — [Ipuniun paboThl THPUCTOPHOTO PETYIATOpA

Jluauss Ur oToOpaxkaeT MIHOBEHHOE 3HaueHHe Hampspkenus ¢dassl R. B
MOMEHTHI BpeMeHH, onpeaeseMbie curHagamMu Uys; 1 Uysy, TPOUCXOIAT OTKPBITUS
THPUCTOPOB, YTO COOTBETCTBYET HAdally TMOJa4d HANpPsDKCHHS Ha JIBUTATEIIb.
3aKpbITHE TUPUCTOPA TPOUCXOIUT B MOMEHT U3MEHEHUS TIOJIIPHOCTH HATPSKECHMUS
Ha €ro aHoJe M KaToJle, TO €CTh MpH nepexozae HanpsokeHus Ug depes HOJb, MpH
yCJIOBHM, 4YTO Harpy3ka He o00JajaeT 3HAYUTEIbHOM WHIYKTHBHOCTBIO.
PesynpTupyromiee HampspKeHUE, TPHIIOKEHHOE K JIBUTATENIO, OMPEISsSeTCs
JUTUTEIIBHOCTHIO HHTEPBAJIA, B TCUCHUE KOTOPOTO TUPUCTOP OCTAETCSI OTKPHITHIM, U

oToOpakaercs Ha rpaduKe B BUJE 3aIITPUXOBAHHOU oOmactu. Takum oOpazom,
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BEJIMYMHA PE3YyJIbTUPYIOIIETO HANPSDKEHUS 3aBUCUT OT 3HAUCHUS YIJIa YIPaBICHUS
0l YeM MEHBIIE yroJ, TeM OOJIBIIYIO YaCTh MOJYBOJIHBI MPOMYCKAET TUPUCTOP, U
TEM BBIIIIE CPE/IHEE 3HAUCHUE HAMPSHKEHUST Ha BBIXOJE MpeoOpazoBaTeisl.

[Ipomlecc mycka acHMHXpPOHHOTO  JIBUTaTelsi TMpPU  HCIOJIb30BaHUU
TUPUCTOPHOTO PETYIATOpA PEaTU3yeTCsl MOCPEACTBOM IMOCTEIIEHHOTO U3MEHEHUS
yria ynpasieHus o. Ha HagaibHOM 3Tare mycka 3Ha4y€HUE 0 yCTaHaBIMBAETCS
OJIU3KUM K T, YTO COOTBETCTBYET MUHUMAJIHLHOMY HANPSOKEHUIO HA JBUTATENE W,
CJIeI0BATEIbHO, CHUKEHHBIM ITyCKOBBIM TOKaM M KpyTslieMy MoMmeHTy. I1o mepe
pasroHa potopa yroya o IMOCTENEHHO yMEHbIIaeTcsi, o0ecreunBasi yBEIHMUCHUE
HaIpsOKEHUST M, COOTBETCTBEHHO, 3JIEKTPOMAarHMTHOro MomeHta. Korma yroi
JIOCTUTACT HYJI, TUPUCTOPHI OTKPBIBAIOTCS MPAKTUYECKHM B HAdalle KaXXJOTro
MOJYTIEpUO/A, U JBUraTellb MEPEXOAUT B PEKUM HOMHUHAIbHOrO nutanus. llocie
3aBEpUICHUs IyCKa THUPUCTOPHI  LIYHTUPYIOTCS  Oaifmacom  (0OXOJHBIM
koHTakTopoMm) K, Omaromapsi yemMy B Te4YeHHUE BpPEMEHM Ha THUPHUCTOpAX HE
paccenBaeTcsl MOIHOCTb, & 3HAYUT, SKOHOMUTCS 3JIEKTPOIHEPTHUSL.

[Ipu TopMOKEHUU ABUTATENS MPOIIECCHI MPOUCXOASIT B 0OpPATHOM MOPSIJIKE:
MoCJe OTKIIFOUEeHHS! KOHTakTopa K yron ynpaBieHus o THpUCTOpaMU MaKCHUMAJIEH,
HaIpsHDKEHUE Ha 00MOTKAX JICKTPOJIBUTATENIS PAaBHO CETEBOMY 3a BBIUETOM MaACHUS
HaMpsDKEHUST Ha TUPUCTOpaxX. 3aTeM yroJl YNpaBjeHUS O, B TEYECHHUE BPEMEHU
YMEHBIIIAETCS 10 MUHUMAJIbHOTO 3HAUYEHHS], KOTOPOMY COOTBETCTBYET HAIIPSIKEHUE
OTCEYKH, MOCJI€ YeTO YroJl MPOBOAUMOCTH TUPUCTOPOB CTAHOBUTCSI PABHBIM HYJIIO
U HarpsbkeHue Ha oOMOTkHM He momaércs. Ha pucynke 4 mpuBeneHbl TUarpaMmbl
TOKa OJIHOM W3 (a3 ABUTATEINS MPU MTOCTETICHHOM YBEITMYEHUH YTJia MPOBOAUMOCTH

TUPUCTOPOB.
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Pucynok 4 — Jluarpamma Toka B 01HOU (ha3e ABUTATENS IPH ITyCKe

t

VYmpasiaenue tupuctopamu TpeOyeT (HOPMHUPOBAHMS TOYHBIX BPEMEHHBIX

HMITYJIbCOB, CHHXPOHU3HWPOBAHHLIX C (1)&38,MI/I IMUTAIOMICTO HAIIPSAKCHUA, YTO

MPEABABISIET ONpeenéHHble TpeOOBaHUs K cHcTeMe ymnpasienus. [Ipumenenue

MUKPOKOHTPOJIJIIEPOB MO3BOJISIET PEATN30BaTh THOKKE alITOPUTMBI PETyTUPOBAHUS,

AJalITUPOBAHHBIC K PAa3JIMYHbBIM YCJIOBHAM ITYCKaA. B Takux AITropuT™Max MOKET

UCITIOJIb30BAThCSL OOpaTHas CBS3b MO TOKY, HANPSDKEHHUIO WM CKOPOCTH, a TaKkKe

Pa3JINYHBIC CXCMBI HM3MCHCHHA O (J'II/IHCI\/'IHble, CTYIICHYATLIC, II0 BaﬂaHHOﬁ

byHKIMN).

Ornagka STHX aNrOPUTMOB

TpeOyeT

BBICOKOM

TOYHOCTH H

BOCIIPOU3BOANMOCTH, YTO 3aTPYAHUTCIBHO IIPU pa60Te HCKIIIOYUTCIBHO C

buznyeckuM 0060py10BaHUEM.

25




C 2TOl TOYKM 3pEHUS NPUMEHEHHE IPOrPaMMHOIO MOJECIMPOBAHUA, B
YaCTHOCTM  MOJICTMPOBAaHUS  MUKPOKOHTpoiuiepa,  ympasisiromero — YIIIL
IIPEAOCTABISACT BAXKHOE NPEUMYLIECTBO. Takasg MOJENb MO3BOJSAECT TOYHO
BOCIIPOU3BECTH BPEMEHHBIE XapaKTEPUCTUKH (HOPMHUPOBAHUS  YIPABISIOMIUX
CUTHAJIOB, y4€CTh OCOOEHHOCTH CETEBOT0 HAIPSLKEHUS M MapaMeTPOB ABUTATENI, a
TaKXXe UCCIIE0BATh PEAKLIMIO CUCTEMbI HA H3MEHEHHUE AJITOPUTMA PETYIIUPOBAHUS.
DTO 0COOEHHO AKTYaJIbHO B CIIy4yae MCIOJb30BaHUS CIOXHBIX WM aJalTUBHBIX
QITOPUTMOB YTNPABIICHUA, T1€ OIIMOKM B CHUHXPOHHM3AUMU WM PacyeTax MOTYT
IPUBECTU K 3HAUUTEIbHBIM OTKJIIOHEHHUSIM B pa0OTE CUCTEMBI.

Takum o6pazom, npuniun padotsl YIIII Ha 6aze TUPUCTOPHOTO pEryisTopa
HaIPSHKEHUS! TECHO CBSI3aH HE TOJIBKO C DJIEKTPOTEXHHUYECKUMHU OCOOEHHOCTSIMU
peoOpa30BaHusl SHEPTUH, HO U C TOYHOM peain3anyel yIpapisioluX alrOPUTMOB.
MoaenupoBaHue MUKPOKOHTPOJUIEPHON YaCTH YIIPABICHUS B POTPAMMHOM Cpelie
MATLAB 1o3BOJII€T BBIIIOJIHUTH IPEABAPUTEIBHYIO OTJIAJIKY BCEX JIOTUYECKUX U
BPEMEHHBIX 3aBUCUMOCTEN, UTO CYLIECTBEHHO ITOBBIIAET HAIEKHOCTD U COKPAILAET

CPOKH pa3pabOTKH TOTOBOTO YCTPOMCTBA.
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2 PABPABOTKA MOJEJIM MUKPOKOHTPOJIJIEPA B MATLAB

CoBpeMenHble MUKpokOHTposuiepbl (MK) mmpoko wucnoib3yrTcs B
pPa3IMYHBIX O0JACTAX, OT aBTOMAaTHU3AI[MU MPOILIECCOB J0 BCTPANBAEMBIX CHUCTEM.
OpaHako, TECTUPOBAHKME U OTJIaJKa IporpaMMHoro obdecneuenus it MK tpebyroT
HaMuusi (PU3NYECKOTO0 O00OPYIOBaHUS, YTO MOXKET OBITh JOPOTOCTOSIIUM U
HeynoOHbIM. OnHMM U3 CcHOcOOOB pelIeHusT 3TOW MpoOJeMbl  SBISETCS
MCIIOJIb30BaHUE MMPOTPAMMHBIX CUMYJISITOPOB MUKPOKOHTPOJUIEPOB, MO3BOISIOIINX
3aImycKaTh W OTJQXHBATh KOJ 03 HEOOXOTUMOCTH B (DM3MYECKOM YCTPOMCTBE.
PaccmoTpum HEKOTOPBIE U3 CYIIECTBYIOIIUX PELICHUMN.

QEMU (Quick Emulator) —»53T0 yHHBEpCalbHBII CHUMYJISTOpP, KOTOPBIi
MOAACPKUBAET MHOXECTBO APXUTEKTYp, BKiItoyas ARM, Ha KOTOpOW OCHOBaHBI
MUKpOKOHTpoJuiepsl STM32. OH wucnons3yercss Uisi CUMYJSIIMM HE TOJBKO
MUKPOKOHTPOJIJIEPOB, HO U ILEJIBIX KOMIBIOTEPHBIX CUCTEM, YTO JEJIAeT €r0 OYeHb
rMOKUM HWHCTpyMeHTOM. Bo3moxkna wunterpaunss QEMU ¢ MATLAB wuepes
noronautenbHbI akeT Embedded Coder Interface to QEMU Emulator. DTot
MaKeT MO3BOJISIET Pa3BEPTHIBATh CKOMITMJIMPOBAHHBIC MPHJIOKEHUSI HA dMYJIATOPE
QEMU, opgHako OH He TOMJIEPKHUBACT CHUMYJSIIUIO Bcel mepudepuun
MUKpPOKOHTpOJUIepa U TpeOyeT HacTpoiiku BHemHero pexuma (External Mode) nos
B3auMojielicTBusl ¢ Simulink. Takxke OH He MOJACPKUBAET OTIAIKY HCXOTHOTO
KoJla, HamucaHHoro Ha s3pike C. DTo m00aBIIET CIOXXHOCTH B IIPOIECCe
MO/JICIMPOBAHUA U OTJIAJIKH [S5].

JpyruM MHCTpyMEHTOM siBiisieTcsi Proteus, cucrema aBTOMaTU3UPOBAHHOTO
MPOEKTUPOBAHMS, KOTOpas MO3BOJIIET  MOJEIUPOBATH HE  TOJIbKO
MUKPOKOHTPOJIJIEPHI, HO U DJIEKTPOHHBIE CXEMBbI, B KOTOPbIE OHM BCTPOEHBI. Proteus
MOJICP)KUBAET BU3YAIM3alUI0 PaObOTHl CXEM W MOJICTUPOBAHHUE Pa3TUUHBIX
CIleHapueB palbOThl YCTPONCTBA, YTO TO3BOJSET MPOBOAUTHL 00JIE€ TOYHBIC
cumyJiaiuu. Oanako, kak 1 QEMU, Proteus He pe1ocTaBiIsieT MOJHON CUMYJISAIUN

Bcex  mepudepuiiHbIX  ycTpoucTB.  Proteus  Takke ~— TpeOyerca  yxke
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CKOMITUJIMPOBAHHBIN (Dailsl MPOIIMBKY JIJI1 MUKPOKOHTPOJIJIEPA, YTO OTPAHUYHUBAET
r'HOKOCTB B Mpoliecce OTIaaKu [6].

Takum 00pa3oM, HECMOTpPS HAa HAJMYUE PA3JIMYHBIX CPEJCTB CHUMYJISAIIUU
MUKPOKOHTPOJUJIEPOB, MHOTHE M3 HUX OOJaJal0T PSIIOM OrpaHUYEHUM, KOTOpHIE
YCIOXHSIOT TIPOIeCC TECTHUPOBaHWS W OTiIaakud. Hambomee cymiecTBeHHBIC
npo0OJieMbl CBSI3aHBI C OTPAHUYEHHOMW MOANEPKKOW TMepu(epuitHbIX YCTPONCTB,
OTCYTCTBUEM HHTEIPALMA C COBPEMEHHBIMU CpPEACTBAMU MOJICIMPOBAHUSA U
HEBO3MOXXHOCTBIO TMPAMOM OTJIAAKHM HCXOJHOTO KOJIa MHUKPOKOHTpOJUIEpA B
MPUBBIYHON Ccpelie. DTO CO3JaeT 3HAYMTENIbHbIE TPYJHOCTH JIJIsi Pa3pabOTUYHKOB,
OCOOEHHO TMpHU paboTe C KOMIUIEKCHBIMH CHCTEMaMH, IJI€ B3aUMOJICHCTBUE C
nepudepueit urpaet KIHOYEBYIO POJIb.

B oTHx ycnoBusix BO3HHUKAaeT MOTPEeOHOCTH B 0Oojiee THOKOM H
WHTETPUPOBAHHOM PEILICHUH, KOTOPOE IMO3BOJISIO Obl HE TOJIBKO 3amycKaTh W
MPOBEPITH  KOJ  MHUKPOKOHTPOJUIEPAa, HO MW  MOJCIUPOBATH  IOBEICHUE
nepudepuitHpIX YCTPOMCTB B €JAMHOM MPOTPaMMHOM OKpyxkeHUu. OcoOeHHO
MEPCIEKTUBHBIM B 3TOM KOHTEKCTE BBITJIAIUT Hcnoib3oBanue cpensl MATLAB —
MOIIHOTO HHCTPYMEHTA JJI1 MATEMAaTUYECKOI0 MOJICJIMPOBAHNS U aHAJIN3a, IIIUPOKO
MPUMEHAEMOT0 B 3aJayax YMPABJICHHUS U MOJCIUPOBAHUS JIICKTPOTEXHUYECKHUX
CHUCTEM.

C yu€toM BBINIEyKAa3aHHBIX OTPAHUYCHUN OBLJIO TMPUHATO PEIICHUE O
pa3paboTKe COOCTBEHHOI'0 CUMYJISITOpA MUKPOKOHTPOJIIEPA, OPUEHTUPOBAHHOTO Ha
BBINIOJIHEHWE  YMOPABJSIOMIMX TporpaMMm  HemocpeAactBeHHO B MATLAB.
[IpensioxkeHHOE B JaHHOW paboTe perieHue TMO3BOJISIET MOJCIHPOBATh KAk
BhITIOTHEHHE koaa MK, Tak U paboTy OCHOBHBIX MEepUPEPUNUHBIX YCTPOUCTB, UTO
CYIIIECTBEHHO yMPOIIAET MPOIIECC OTIAATAKN U YCKOPSET UKII pa3padboTku [7].

OCHOBHBIM TMPEUMYIIECTBOM pPa3pabOTaHHOTO CHUMYJIATOpA SBISETCS €ro
CIIOCOOHOCTh HMHTErpUpPOBaTH TporpaMMmy Ha s3bike C ¢ MoOAEIMpOBaHUEM

nepudepuitHeIX YCTPOUCTB. B OTiM4YME OT CYIIECTBYIOMUX PEIICHHM, TaKUX Kak
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QEMU wmm Proteus, JaHHO€ peHIEHUE TO3BOJISIET OCYIIECTBIATH OTIAIKY
HMCXOJHOI0 Koja, HamucaHHoro Ha s3bike C, HemocpenctBeHHO B MATLAB, a
TaK)K€ HUCITOJIH30BaTh MOJIb30BATEIIBCKYIO pealTU3aIuio nepudepun. ITO OTKPHIBACT
BO3MOYKHOCTH JUIsl YIPOUICHHOW CUMYJISILIUK TTepUEepUIHBIX YCTPOUCTB, KOTOPHIE
HE OKa3bIBAIOT KPUTUYECKOTO BIMSHHUS Ha (DYHKIIMOHMPOBAHWE MPOTPAMMHOTO
oOecrieueHnss MUKPOKOHTPOJIIEpA.

st peanuzanuu monenu MK B xoze uccieaoBaHusi ObUIM HCIIOJIb30BAHBI
CJIEAYIOIINE METOAbl U UHCTPYMEHTHI:

- MATLAB/Simulink nyst co3ganus u uaterpanuu mojaenu MK.
- nus omnanku nporpammbl MK B Simulink u kommuniarop Microsoft Visual

C++ (MSVC) nns komnusinuu nporpammsl MK niss MATLAB.

- cTaHJapTHbIe OUOIMOTEKH U apaiiBepsl st STM32, anantupoBaHHBIC s

MATLAB.

[Iporpammel 1t OONBIIMHCTBA MUKPOKOHTPOJIJIEPOB pa3paldaThiBAlOTCA Ha
s3pike C. B MATLAB wumeerca Onok S-Function, KOTOpBIi MO3BOJISET
MHTErpUpoOBaTh (PyHKIMH, HanMcaHHble Kak Ha a3bike C/C++, Tak u Ha MATLAB.
D10 pernieHne 1 0110 BEIOPAHO I HOPTUPOBAHUS TPOTPAMMbl MUKPOKOHTpOJIIEpa
B cpeny MATLAB. BaxxHo OTMETUTH, YTO i1 KOMOWJISALIMU UCXOJHOTO KoAa S-
Function wucnons3zyercs kommuisitop MSVC, KOTOpbI SBISIETCS CTOPOHHHUM.
Onnako ero unrerpanus ¢ MATLAB no3BosisieT UCIOIb30BaTh BCE BO3MOKHOCTH
cpeapl sl pa3pabOTKM M OTJIQJAKA  IPOTrpaMMHOTO  oOecredeHust
MHUKPOKOHTPOJIJIEPOB.

Takum  oOpa3om, mnpemnoxkenHas  moxenb MK obGecneunBaeT
WHTETPUPOBAHHYIO CPEeAy IS MOJACIUPOBAHUS PaOOThl MUKPOKOHTPOJIJIEPOB C
BO3MOYKHOCTBIO OTJIAJIKU HA YPOBHE UCXOIHOTO KOJa U CUMYJIAINH TTepuepUITHBIX
YCTPOMCTB, YTO JieJIaeT mpolecc pa3padboTku 6osee 3PEeKTUBHBIM U YIO0OHBIM ISt

WHXEHEPOB U Pa3pabOTUUKOB.
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Ha pucysnke 5 npuBeaena cxema mukpokontposuiepa STM32F103xx [8]. Ero
apxXuTeKTypa BKiIo4aeT ammnapatHoe siapo Cortex-M3, koTtopoe 3arpyxaer u
BEITIOJTHSET TPOrpaMMmy U3 BcTpoeHHOW mamsatu Flash, a Takke MHOXECTBO
nepudepuitnbix yctpoicts (taiimepsl, AL, UART u np.), pyHKIHOHUPYIOMIUX
HE3aBUCUMO OT OCHOBHOTO ITOTOKA BBITIOJHEHUS. DT yCTPONUCTBA MOTYT BBI3HIBATH
MpEephIBaHUs, KOTOphIe 00pabaThIBAIOTCA MPOTPAMMON UYepe3 amnmapaTHBIE

MCXaHHN3MbI BBaHMOHeﬁCTBHH C perucTpaMu U KOHTPOJLJICPaAMHU HpCpBIBaHI/Iﬁ.

TRACECLK
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B mopenu, peanuzoBannoii B MATLAB/Simulink, orcyTcTByeT duzndeckoe
amnmapaTHoe O0O0ecledYeHrne, IO3TOMY CTPYKTypa HCIIOJHEHUS 3HAYUTEIIBHO
yrnpoiieHa. Bmecto ammapaTHOTo siipa KOJA MHKPOKOHTPOJIEpA HCIIONHAETCS
BHYTpH Oioka S-Function, KoTopblii mepuoguyeckud BbI3biBaeTca Simulink Ha
KOKIIOM IIIare MOJENIHpOBaHus. Bcs mporpamma 3arpykaetcsi B ONEPATHBHYIO

namaTh [IK u ynpasnsiercsa cumysanuen.

[Tockomeky B MATLAB HeT BCTpOGHHON TOAACpXKKUA nepudepuun
MUKPOKOHTpOJUIEpa, (PYHKIMM anmapaTHbIX YCTPOWCTB pealu3yloTCs B BUJE
OTJEIBHBIX CUMYJIATOPOB. DTH MOJAYJIH BOCCO3/1al0T ITIOBEJEHUE COOTBETCTBYIOIINX
nepupepuitHpix OJOKOB W TOpH HEOOXOOUMOCTH HMHHULIMHPYIOT  BBI3OBBI
00pabOTUMKOB MPEPBHIBAHUNA, UMUTUPYS ACHCTBUS PEAIbHOTO MUKPOKOHTPOJLIEpA.
Takass opraHu3anusi 00ECHEYMBAET JIOTHUECKYI0 SKBUBAJIEHTHOCTbh HCIIOJIHEHUS,
NO3BOJISISL MpOTrpaMMe padoTaTh TakK, Kak €cld Obl OHAa B3aMMOJEIHCTBOBaia C
HacTosIIeH nepudepuei.

[TonoOHBIN MTOAX0A TpeOyeT SIBHOTO KOHTPOJIA CO CTOPOHBI MOJEIU: €CIIH,
HaIlpuMep, MNporpaMMa MUKPOKOHTPOJUIEpA OXHUJAET YCTAaHOBKHM aIlllapaTHOrO
¢dnara nepenonaHeHus Taimepa uiu npuéma ganubix mo UART, Ho Takoit duar He
MOJICJIUPYETCSI, BBIMOJIHEHUE KOJA MOKET 3aBUCHYTh. 1103TOMYy BakHO, 4TOOBI
CUMYJIAIMs TIepuEepUHBIX COOBITHI OblIa CUHXPOHM3UPOBAHA C MOJIEIBIO H
OTpaXkajia UX MOBEJACHHE aJIEKBATHO padOTe peasbHOro 000pYyA0BAHMSL.

Eme opna cnoxhHocts MopenupoBanHus nporpamm MK B MATLAB
3aKJIFOYAETCs B PA3IMUMSIX B IPUHIUIIAX PaOOTHI IPOrpaMM Ha MUKPOKOHTPOJLIEpE
u B cpene cumymsiunn MATLAB. IIporpamMmsbl, BBINOJHSIOIIUAECS Ha
MUKpPOKOHTPOJIIEpax, OOBIYHO TIPENICTABISAIOT COO0W OecKOHEUHbIM 1uKI. B
KOKJI0M uTepanuu 3Toro 1ukia nporpamma MK cuuThiBaeT JaHHbBIE ¢ MOPTOB
BBO/Ia-BbIBO/Ia, 00pabaThiBaeT MX U (POPMUPYET BBIXOJIHBIE CUTHAJIBI HA TEX e

noptax. B ormuume ot atoro, S-Function B MATLAB mnpencraBnser coboi
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(GyYHKIIMIO, KOTOpas BBI3bIBACTCS HAa KaXKJIOM IIare CUMYJSIUUA. JTa (yHKIUS
MPUHUMACT BXOJHBIE JIaHHBIC, BBIMIOIHSAECT HEOOXOAUMBIE pacueThl U (POpMHUPYET
BBIXO/IHbIE curHaibl. B mpouecce BoimonHenuss MATLAB oxunaer 3aBeprieHus
(GYHKITUH, U TOJIBKO MOCJIE 3TOT0 (POPMUPYIOTCS BHIXOAHBIC TAHHBIC M IPOUCXOIUT
nepexo K CIeAyIomeMy IIary cuMyJsnud. Takum oOpasom, ecinu S-Function
BKJIIOYAET OECKOHEUHBIM IIUKI, TO CHUMYJIALMS MPOCTO 3aBUCHET, MOCKOJBbKY
MATLAB Oyner oxuaaTh 3aBEpIICHHUS BBIMOJHEHUS, KOTOPOE€ HHUKOIJa He
HACTYTIUT.

B pesynbrare mpeaoxkeHa CTPYKTypHAs CXeMa ISl peajnu3alud MOJIECIH
MUKPOKOHTPOJIIIEpa, KOTOpas IpuBeicHa pucyHke 7. Cxema oToOpakaeT OCHOBHBIC
KOMIIOHEHThl Mojenu: S-Function, o6onouka nporpammbel MK, cumynstop

nepudepun.

[Mporpamma
MK

=

S-Function T
[NpepbiBaHus

<::{> CumynsaTop

nepudepun

QObonouka

Pucynok 6 — CTpykTypHasi cxeMa MoJieJii MUKpOoKOHTpoJsuiepa B MATLAB

brmox S-Function peammsyer wunTepdeiic Mexmay wmogmensio Simulink wu
MOJIeJIbI0 MUKPOKOHTpoJiepa. OH NMpUHUMAET BXOAHBIE CHUTHAIBI M3 MOJACTH U
nepeaaét ux B 000JI0UKY.

OO6os0uyka mporpaMMbl MHMKPOKOHTpOJIJIEpa OTBEYAaeT 3a BbHINOJHEHUE

MOJIb30BaTENILCKOTO Koja. [lonyunuB BXoaHbIe JaHHBIE OT Oioka S-Function, oHa
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CUMTBHIBAET MPUHATHIE  JAHHbIE W  WHULMHMPYET  3allyCK  IPOTrpaMMbl
MHUKPOKOHTPOJLIEPA.

[locne 3aBeplIeHHsS HUCHOJHEHHS IOJIb30BATEIbCKOTO KOJA 3aIlyCKaeTcs
CUMYJIATOP TNepUGEpUITHBIX YCTPOUCTB. DTU CUMYJIATOPHl pEaIn30BaHbl B BUJE
oTIeIbHBIX MoayJel Ha s3bike C (.¢/.h (daiinoB), KOTOpbIe KOMITUIUPYIOTCS BMECTE
C OCTaJIbHOM YaCThIO0 000JI0YKH U MpOoTrpaMMBl. VX 3a/1aua 3aKkiI0uaeTcsi B MUMUTALIUN
noBeZieHUs: nepudepuitHeix MoayJied, Takux kak taimepsi, AL, UART u np.
CuMyIIATOpBI pearupyroT Ha OOpalleHHs] CO CTOPOHBI MOJIb30BATEIBCKOTO KOJa U
U3MEHAIOT CBOE COCTOSIHUE B COOTBETCTBUU C BHYTPEHHEH JIOTUKOW M TEKYIIMMU
3HAYEHUSIMH PETUCTPOB.

Ha ¢unanbHOM 3Tane GopMupyroTcs BIXOJIHbIE CUTHAJIBI, TOJYyYEHHBIE KaK
B pE3yJIbTaTE BBIIIOJIHEHUS MOJIb30BATEIbCKON MPOTPaMMbl, TAK U B PE3YJIbTATE
cuMyJIsiuu nepudepun. ITU CUTHAIBI BO3BpaIllalOTCsl B Moieib Simulink u moryT
OBITh HCIOJB30BaHbl JJISl YNPABJICHUS CUCTEMOM, BHU3YyaJU3allid BHYTPEHHUX
MIPOLIECCOB MPOTpaMMBbl, aHANIM3a UK JalIbHEeHIed 00paboTKH.

Takum oOpazom, 1 Toro 4rodsl cumyiauposarh pabory MK B MATLAB,
HEO0OXOMMO PEIINTH JIBE 3aaUHu:

- KOHTpOJHMPOBaTh BbIMONIHEHUE TporpamMmbl MK, uToObl oOHa MorIa
3aBEpPIINThL CBOK pabOTy B ONPEACIICHHBIM MOMEHT M TEpelTH K
CJIEAYIOIIEMY IIary CUMYJISILINH;

- peanu3oBaTh CUMYJISTOp nepudepun, KOTOPhIM OyIeT UMUTUPOBATh padoTy
nepuepuitHBIX YCTPOMCTB, 4TOOBI MpOrpaMMa MOTJjia B3auMOJICHCTBOBATD C

HHUMMH.

33



2.1 YIIPABJIEHUE BBIIIOJIHEHUEM INPOI'PAMMBI
MHUKPOKOHTPOJJVIEPA

JInst ynpaBiieHUsI BBIIIOJIHEHUEM MPOrpaMMbl MHUKPOKOHTPOJUIEpA B CpeEle
MATLAB Obuta peanmu3oBaHa o6Oosiouka mnporpammbl MK, ocHoBaHHas Ha
WCITOJIb30BAHUU MHOTOTIOTOYHOCTH W Mexanm3Mma S-Function. dyHKIHOHAIBHAS

CX€Ma aJIrOpUTMa MPUBEJCHA Ha PUCYHKE 7.

Obono4yka nporpammel MK

dopmurpoBaHue
YteHue 3anyck noToka - 3afepxKu ans +| OcTaHoBKa NoToka
BX0O0B "] nporpammel MK "] orpanvyeHus BpemeHu "1 nporpammel MK

paboTbl NOTOKA

N BeinonHeHue
Ll
nporpammbl MK

Pucynoxk 7 — @yHKIIMOHAIBHAS cXxeMa 000J104Ku iporpammbl MK

IIpH HMHHUIHAJIN3alluK CO34acCTCs HOTOK,SaHYCKaKHHHﬁ KO th:(FHaBHYK)

GyHKLIHIO main).

/**
* @brief FnaBHaa QyHKUMA npunoxeHua MK.
* @details OYHKUMA C KOTOpOW HauuHaeTcA BbinosHeHUe kopa MK. Beixon u3 pgaHHOWM
GYHKUMM MPOMCXOAUT TONbKO B KOHUe cumynauun @ref mdlTerminate
*/
extern int main(void); // extern while from main.c
/**
* @brief MoTok npunioxeHna MK.
* @details MoTok, KOTOpLIA 3anyckaeT M BbinonHAseT kog MK (@ref main).
*/
unsigned _ stdcall MCU_App_Thread(void) {
main(); // run MCU code

return 0; // end thread
// note: this return will reached only at the end of simulation, when all whiles
will be skipped due to @ref sim_while

/**
* @brief WHuumanusauua cumynauum MK.
* @details Monb3oBaTeNnbCKMI KOA, KOTOpPbIA CO3AaeT MOTOK AnA npuaoxeHua MK
M HacTpauBaeT cumynaTop MK gna cumynsuuu.
*/

void SIM Initialize_Simulation(void) {
// WHMUManuM3auma noToka, KOTOpblii byneT BbINOAHATb Kog MK
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hmcu.hMCUThread = (HANDLE)CreateThread(NULL, ©, MCU_App_Thread, 0,
CREATE_SUSPENDED, &hmcu.idMCUThread);

}

Ha xaxaoMm mare cumyisiuu o00JI0UKa HMHHUIIMHPYET 3alyCK IMOTOKAa, B
KOTOPOM  BBINIOJIHAETCS KOJA  MHUKpPOKOHTposuiepa. YToObl rapaHTHpOBaTh
3aBEpLICHUE BBIIIOJIHEHUS 1I1ara U n30exarb OECKOHEYHBIX 3aBUCAHUM, B MOTOK
BCTpPOEHA JIOTHKA, OTpaHUuYMBaIOmias BpeMs padboTel mporpammbel MK B pamkax

OJHOTI'O IIara.

ResumeThread(hmcu.hMCUThread);
for (int i = DEKSTOP_CYCLES_FOR_MCU_APP; i > 0; i--) { }
SuspendThread(hmcu.hMCUThread) ;

Ot0  ofecmeynMBaeT  KOPPEKTHOE  B3aMMOJICHCTBHE  HEMPEPHIBHOTO
WCITOJTHCHHSI MUKPOKOHTPOJIIEPA C TUCKPETHBIM IIIarOM CUMYJISAIIAH.

[Ipu peanuzanuu 1aHHON CXeMbl 0CO00€ BHUMAHUE yIENSAETCSI KOPPEKTHOMY
3aBEpPIICHUIO Pa0OTHl TIOTOKA MPOTPaMMBI B KOHIE CHUMYJSANHH. [loCKOIBKY
OOJBIIMHCTBO MHUKPOKOHTPOJUIEPHBIX TPUJIOKEHUNA OPraHU30BaHO B  BHUJIEC
oeckoneunoro nukia (while(1)), Tpedyercs obecneduTs BBIXOJ M3 3TOTO ITUKIIA U
3 Qynaxkuun MCU App Thread mno BHemHemMy mNpuU3HAKy 3aBEpIICHUS
MojenupoBaHus. i1 3TOro MCHONB3yeTCs MepeonpeeéHHbplii Makpoc while, B
KOTOPOM JIOTIOJTHUTEIIBHO TpoBepsieTcss ¢iar okoH4YaHUs cuMyssimuu. Korma
MOJCIIUPOBAHUE 3aBEPIICHO, BCE IMKIIBI HEMEUICHHO IMPOMYCKAIOTCS, a TIOTOK

JIOCTHTaeT KoHIa (DyHKIIMK main, 3aBepliasi CBOI0 paboTy KOPPEKTHBIM 00pa3oM.

/**
* @brief While statement for emulate MCU code in Simulink.
* @param _expression_ - expression for while.
* @details JaHHbin while Heobxogum, 4TOOb B KOHUE CUMYNAUUM, 3aBepwuTb MoToK MK:
* Mpu BbicTaBneHun dnara OKOHYaHUA cumynauum, Bce while 6yayT
* nponyckaTbCA U MOTOK CMOXeT AONTM A0 KOHUa OYHKLUMM main v 3aBepuwnTbCA
*/

#define sim_while(_expression_) while((_expression_)&&(hmcu.fMCU_Stop == 0))

OmnucanHas apxuTekTypa obOecnieunBaeT d3(PGEKTUBHOE  yMIpaBICHUE
BBITIOJIHEHUEM  TPOTPaMMbl  MHKPOKOHTPOJUIEpPA, TO3BOJISIE  HWHTETPUPOBATH

HeﬂpepBIBHBIﬁ KOJ MHUKPOKOHTPOJJICpAa B MOIIAaroBbId MEXaHU3M CUMYJIIINHA
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Simulink u koppekTHO 3aBepiiaTh pabOTy IMPU OCTAaHOBKE MoeaupoBaHus. s
peanuzaiuu 3Toi KoHneniuu B cpene MATLAB 0Obiia paspaboTana nporpamMmHas
000JI0UKa, COCTOSIIIAs W3 HECKOJBKHX KIIOYEBBIX Moayiei. Kaxaplii u3 HuX
OTBEYAET 3a OTJEIbHBIM acHeKT B3aMMOJACHCTBHUS MOJEIN MHUKPOKOHTpOJUIEpa C
Simulink. Jlamee OyaeT paccMOTpEeHO HA3HAUYCHHWE W CTPYKTypa KaXIOTO W3
YETBIPEX OCHOBHBIX (DaityioB, (hOPMHUPYIONTUX TAaHHYIO 000JOUKY.

®aiin “MCU.c” npeacrapisieT cOO0H OCHOBHOM MCXOJIHBIN (haiiil peaau3aiuu
S-Function B coctaBe cpeasl MoxenupoBanus Simulink. OH oTBewaer 3a
WHTETPAlUI0 MOJIETH MHUKPOKOHTPOJUIEpAa B IMKJI JUCKPETHOW CHUMYJISIUH,
BeintosTHsIeMold MATLAB/Simulink, n obecriednBaeT BbI30B OCHOBHBIX IPOIEIYP
MOJICTUPOBAHUS, OTIMCAHHBIX B OTJCIBHBIX MOAYJISX O0OJIOYKH.

Oynkius mdlUpdate BbI3bIBaeTCS HAa KaKIOM IIare MOJCIUPOBAHUSA U
WHUIIAAPYET TIEPEX0 MOJIEIH MHKPOKOHTpPOJUIEpa B HOBOE COCTOSIHUE, BBI3BIBAS
¢bynkuuro MCU_Step Simulation. Beixonnsie nannsie S-Function ¢popmupyrotcs B
dbyukiuun  mdlOutputs, rae BeBBIBaeTca npoueaypa SIM_ writeOutputs,
oOecrieunBaroNIasi mepefaady pe3yJbTaTOB CHMYJISIIUA BO BHEIIHHWE BBIXOJHBIC
MOPTHI MOJIETIH.

Oynkuun  mdllnitializeSizes u  mdllnitializeSampleTimes onpenenstoT
CTPYKTYPY BXOMHBIX M BBIXOAHBIX TIOPTOB, YHUCIO COCTOSHUH, BPEMEHHBIC
mapameTpbl, a TaKKe HACTpaWBalOT pa3Mepbl pabouux BekTopoB. HauanbHas
WHUIIMATU3ANAsS  CUMYJISIMU  ocymiecTBisgercss B (yHkmuu  mdlStart, rme
Bbi3biBaeTcs  SIM Initialize Simulation. Ilo 3aBepuieHun  MOAEIUPOBAHUS
BbI3biBaeTca (Gynkuus mdlTerminate, B KOTOpOW BBIMOJTHSETCA 3aBEpIICHUE
CUMYJISIIMM U OCBOOOKICHUE 3aHATHIX PECypCOB

Takum oGpazom, daiin “MCU.c” peanmusyer S-Function. On obecrieunBaer
3aITyCK CUMYJISIITUH, BEI30B (YHKITUH MOJICTH Ha KaXJI0M BPEMEHHOM ITIare, a TakKe
3aBepIlICHUEe MOJEIUPOBaHUsA, ACHCTBYS Kak uHTepdeiic mexay Simulink u

MI0JIH30BATEILCKONM 000JI0YKOH MUKPOKOHTPOJLIEPA.
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daiin  “mcu_wrapper.c” peanuzyeT (GYHKIUH B3aUMOJEHCTBUS MEXIY
Mozaenbto Simulink u cumynupyemMoilt mnporpaMMoll MHKpOKOHTpoiiepa. OH
BBITIOJIHSET POJb MPOrPaMMHOI 000I04KH, oOecreurnBasi 3ammycK, IPUOCTaHOBKY,
BBINIOJIHEHUE W 3aBEplICHUE TMOTOKA MOJCIHUPYEMOro Kojia, a Takxke OOMeH
BXOJIHBIMHU W BBIXOJHBIMH CHTHajamMu depe3 S-Function.

B stom (aitne omnpenenéHn rinolanbHBI 00BEKT hmcu — aeckpumrop
YOPaBJICHUS CUMYJISIIUEH, COJEp)KAIMiA MapaMmeTpbl CUMYJSIUA M CHUCTEMHOE
Bpems. Ecnm  BKIIIOYEHa MHOTOMOTOYHOCTH, CO3JMAETCS OTHCNbHBIN TOTOK,
BBITIOJIHAIONIMK  (yHKIMIO main() TMOJb30BaTeNii — OCHOBHYIO MPOrpaMMy
MUKpPOKOHTPOJUIEpa, HWHAYe IM0Jb30BaTeNbh CaM OMpeneseT Kakue QyHKIUU
MIPOTPAMMBI BBI3BIBATh HA KAXKJIOM IIIare CUMYJISITUH.

OcHoBHas JIOTHKA CUMYJISLINH peanusyercs B byHKUIUN
MCU _Step Simulation, BbI3bIBa€MOM Ha KaXJOM Illare MojaelupoBaHusi. B Hei
BEITIOJTHSCTCSI MMHTAIMS TAKTOB CHCTEMHOTO BpPEMEHH, CUYUTHIBAHUE BXOIOB,
CUMYJIALMS TIepUPEPUMHBIX YCTPOMCTB, BHIMOJHEHUE MOJIB30BATEIBCKOTO KOJa, a
3aTeM COXpaHCHHWE BBIXOAHBIX 3HA4YCHHWH. UTeHHE BXOMHBIX JAHHBIX W3 MOJICTH
Simulink peanuzoBano B MCU readlnputs, a mepegadya BBIXOJHBIX CHUTHAJIOB B
oydpep — B MCU_writeOutputs. KoHeuHasi 3anuch BBIXOJHBIX JaHHBIX B OJIOK S-
Function Bemosnnsaerca gpyukiueit SIM_writeOutputs.

Oynkiuun  SIM Initialize Simulation wu  SIM_delnitialize Simulation
OTBEUAIOT 3a HAYaJbHYI0 H KOHEUHYI0 HWHUIMAIM3ALHUIO  CHUMYJISIUH
COOTBETCTBEHHO: HACTPOUNKY MepudepuitHON Cpebl, 3aIyCK MOJb30BaTEIbCKOTO
KOJa U OCBOOOKIIEHHE BCEX PECYPCOB IO 3aBEPLICHUH MOACTUPOBAHUS.

Takum o6pazoM, “mcu_wrapper.c” peaquzyeT IPOrpaMMHYI0 O000JIOUKY
MUKPOKOHTPOJUUIEpA ¥ YIPaBJSET BBINOJHEHUEM €ro Kojla BHYTPHU CPEIbl
monenupoBanus. OH oOTBedaeT 3a 3amycK, NPHUOCTAHOBKY H CHMYJISIHIO

M0JIb30BATENbCKON MPOrpaMMbl, a Takxke 3a 0OMeH AaHHbIMH ¢ Simulink uepe3
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HOPThl BBOJA-BBIBOJIA, MO3BOJISISL TECTUPOBaTh BecTpoeHHoe [10 0e3 ¢usnueckoro
MHUKPOKOHTPOJLIEPA.

@aitn “mcu_wrapper_conf.h” coaepXuT OCHOBHBIE KOH(PHUTYpallMOHHBIE
napaMeTpsl M ONpEACNCHUs,  YIpaBJAIOIIME  IOBEACHUEM  O0OOJIOYKH
MUKPOKOHTpoOJuiepa B mporecce cumyisinuun. OH Bkiaroyaer Habop #define-
MaKpOCOB, 33JIaI0LINX CTPYKTYPY BXOJIOB U BbIX00B S-Function, pa3mepsl mopToB
U MacCHUBOB JIUCKPETHBIX COCTOSHUH, IapaMeTpbl TAKTUPOBAaHUS U OILUHU
3aBepHICHUs CUMYJSuU. Taike B (haiije ompeaeneHbl CTPYKTYpPhl M THIIHI,
HEOOXOJUMbIE Ul YOPABJIEHUS  IOTOKOM  BBINOJHEHUS  [POTPAMMBI
MUKPOKOHTPOJUIEpA, B TOM 4YHCIJIE MEPEMEHHbIE AJii CYETa TAaKTOB U BPEMEHU
MOJETUpPOBaHUs. J(OMOTHUTENPHO peajn30BaHbl MaKpOCHI, IO3BOJISIONINE
0€e301acHO UCOIb30BaTh UKl While B yCITIOBUSX CUMYJISIIMA — OHU YYUTHIBAIOT
¢dmar 3aBepuieHUST MOJCIMPOBAHUA M O00ECIEYMBAIOT KOPPEKTHOE IOBEICHHE
IPOrpaMMBbI TIPU OCTAHOBKE.

Takum obpazom, “mcu_wrapper conf.h” mo3BoisieT HaCTPOUTH OOOJIOUKY
JUISI MUKPOKOHTPOJUIEPHOTO KoJa MoJl TpeboBaHus cpeasl Simulink u ynpasnser
O0IIMMHU MapaMeTpaMH BUPTYaJIbHOTO HUCTIOTHEHHUS.

®aiin “run_mex.bat” npeacrasusier coboit cuenapuit Windows-koMaH1HOM
CTPOKH, NIPEAHA3HAUYCHHBIN /I aBTOMATU3aIllUY MPOIecca KOMIIIIAINNA UCXOIHOTO
KOJla MHUKPOKOHTpOJUIepHOTO mpuioxkenus B  opmar MEX-byHkuuu,
coBmectuMblii ¢ MATLAB/Simulink. On ¢opmupyer komanay KOMOWISIUUA C
UCIIOJIb30BAaHUEM mMEX, 3a/laBas BCE HEOOXOOUMBbIE MNapaMeTphl: JAUPEKTHUBbI
npernpoleccopa, IMyTH K  TOJb30BAaTEICKUM  3arojlOBOYHBIM  ¢ailiaMm U
OubIMoTeKaM, a TaKXkKe MepeyHu UCXOAHBIX (halIoB — KaK U3 OCHOBHOTO MPOEKTa
M0JIb30BATENsl, TAK U U3 BCIIOMOTaTeNIbHOM 000JI0YKHU I 3aIlyCKa 3TOTO MPOEKTa B
MATLAB, Bkimtouas MoIu(UIMPOBAHHBIE ISl CUMYJIALMM BEPCHUH OHOIMOTEK

HAL u CMSIS. IlogaepXuBaeTcsa peKUM OTIAAKUA, KOTOPBIM AKTUBUPYETCS
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nepenadyeit aprymenta debug u m00aBisS€T CHUMBOJIBI OTJAQJAKH B PE3yibTaT
KOMIIMJISILIUU.

Bes opranmsanus BeinmonHeHuss mozenn MK Hanenena Ha oOecrniedueHue
KOPPEKTHOTO B3aMMOJIEHCTBUS ¢ Mojaenbio Simulink m obecnedeHus moJHON
YIPABISIEMOCTH CO CTOPOHBI CUMYJIATOpA. Takol MOIX0.1 TO03BOJISIET peaan30BaTh
KOMITJIEKCHYIO CUMYJISAIIMIO, B KOTOPOU KOJ MHUKPOKOHTPOJUIEpa, HAIMMCAHHBINA Ha
s3bike C U NpeIHa3HAaYCHHBIN /171 BBITIOJIHEHUS Ha peajbHOM YCTPOMCTBE, MOXKET
ObITh OTJIAJKEH M MPOTECTUpPOBAaH B BUpTyaibHOM cpene MATLAB 06e3
MOU(DUKAIIUK OCHOBHOM JIOTHMKU IPOTPAMMBI.

B pe3ynbTaTe, 0007109Ka MUKPOKOHTPOJIIEPA COCTOUT U3 YETHIPEX (Haityios,

JIMCTHUHT KOTOPBIX ITPUBEACH B NMPUIIOKEHUH A.
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2.2 MOJEJUPOBAHUE TIEPUDGEPUMHBIX YCTPOHUCTB
MHUKPOKOHTPOJJVIEPA

Cumynsuusa nepuepuiiHbIX YCTPOMCTB NPEACTABISET COOOW BTOPOU
BOXHBIN  acleKT MOJEIUPOBaHUS, TPEOYIOIUNA JETalbHON  MPOpabOTKH.
MUKPOKOHTPOJIIEPHI B3aMMOACHCTBYIOT C anmnapaTHbIMKM KOMIIOHEHTAMH 4Yepe3
pPErHCTpbl U TPEPBIBAHMS, YTO TpPeOyeT HMYJALMH STUX B3aUMOJICHCTBUU B
MATLAB. ®yHkiuoHanpHas cxema cUMyJsiTopa nepudepud MpUBEACHA Ha
pucyHnke 8. HeobxonumMo peanu3oBaTh TPH aCTIEKTa: CUMYJISIIUIO0 CHCTEMHBIX YacoB,
CUMYJISIUI0 HEOOX0AUMOMN neprudepuu U BbI30B COOTBETCTBYIOLIUX MPEPhIBAaHUM,

dbopmupoBanue O0yQepa BHIXOIHBIX CUTHAJIOB.

CumynsTop nepucepun

: Cumynsums Cumynauus dopMmupoBaHme :

~—» CUCTEMHbIX —» nepudepun n > e :

: N 6ycpbepa BbIXOOOB :
. YacoB npepbiBaHunii :

PucyHok 8 — @yHKIIMOHAIBbHAS CXEMA CUMYJISITOpa IEpUQpepun

C cuMmynsnMen CHCTEMHBIX 4acOB BCE MPOCTO. Monenb MMEET MmapaMmeTp
4acTOTa TAaKTHUPOBAHUS MOJAEIMPYEMOr0O MHKPOKOHTPOJUIEPA, U YEpPE3 HEE JIErKO
paccuMTaTh TUKU CUCTEMHBIX YaCOB.

OtcyrcTBUe anmaparHod mnepudepur BBIHYKJIAaeT MUCAaThb MOJCIH s
UCIIOJIb3yeMOM nepudeprn BpyuHyr0. M0XKHO MaKCUMaIbHO MOJPOOHO MPOIUCATh
JOTUKY paboTel mnepudepuu, 4TOObl OHA MOJHOCTHIO SMYJIMPOBAJIA PEATBHYIO
nepudeputo MK. Nnu xe MOXHO HamucaTh YHOPOIICHHYIO MU a0CTPAKTHYIO
MOJieJib, KOTOpasi He OyAeT MMHUTHPOBATH BCEX MPOILIECCOB B MepU(EpHUH, HO €&

OyJIeT TOCTATOYHO JIJISl CUMYJISILIUKM MPOTPaMMBI.
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Takolt moaxos mpeaocTaBiisieT TMOKOCTh B pa3padOTKE: MOXHO BbIOpATh,
Kakue 4YacTu mnepudepud CUMYJIHpPOBaTh JETalbHO, a KAaKUe OCTABUTh
YOPOLIEHHBIMH UJIM BOBCE UCKIIIOUUTh U3 MOJEIIH. JTO MO3BOISET ONTUMU3HPOBATH
CUMYJIAIIMIO B 3aBUCUMOCTH OT KOHKPETHBIX MOTPEOHOCTEW TECTHUPOBAHUS U
YMEHBIIUTh BBIUMCIUTEIbHBIE PECYPCHI, TPEOyEMbIE I CUMYIISALIUN.

Taxke BCe PErMCTpbl MHUKPOKOHTPOJUIEPA NPUBA3AHBI K OIPEICICHHBIM
aapecaM mamsTH, KoTopble HemocTynHel B MATLAB. Ilostomy HeoOxoaumo
BBIJICJIUTH CIIEUMAJIbHYIO 00JaCTh ONMEPATUBHOMN MAMSTH JUJISl XpPAHEHUSI PETUCTPOB
nepudepuiiHplx  ycTpoiicTB. Takke HYKHO NEpEONpPENeIUTh MAaKpOChl B
oubnuotekax st padbotel ¢ MK, uToObI 0OpailieHue K peructpam nepudepun u
IIPOUCXOINIIO YE€PE3 HOBBIE a/Ipeca B BBIICIICHHOW MMAMSTH.

B nanHOli paboTe paccMaTpuUBarOTCS HporpamMma YCTpPOWCTBa IUIABHOTO
IIyCKa, B KOTOPOM aKTHUBHO UCIOJB3YIOTCS TpU nepudepuitnbix ycrpoiicta: GPIO,
tarimepsl 1 UART.

Peanuzanus GPIO He TpeOyeT c105KHOM JIOTUKH, TaK KakK €€ paboTa CBOJAUTCS
K MpSAMOM Iepeadye CUTHAJOB Ha MOPTHl BBOJA/BhIBOJA. Wnum ke nepemaun
otnazgouHoil wuHpopManmu B Oydep BbIXOAHBIX curHamoB S-Function. [lns
pOCMOTpa OTIaA04HON nHPopManuu B Simulink mozenu.

TaliMepbl, uCHONB3yE€MbIE U1 OTCUETA BPEMEHHBIX 3aJCPKEK U
dbopmupoBaHUsS MHUPOTHO-UMIYIbCHON Moayssinuu (IIIMM), TpeOyroT BBICOKOI
TOYHOCTU CUMYJISIIIMM. DTO OOYCJIOBJIEHO HX KIFOUEBOW POJIbIO B YIPABICHUU
JIBUTATEJIEM, TJI€ TOYHOCTh HMX pabOThl HaNpsiMylo BiuseT Ha 3(G()EKTUBHOCTH
PabOTHI CUCTEMBI.

[TosToMmy B Momenu cumyJsiATOpa MHUKpoKoHTposuiepa i MATLAB
TaliMephl peaTn30BaHbl HA YPOBHE UMUTAIIUY MTOBEICHUS pEaTbHBIX MepuepUiHbBIX
ycrpoiictB STM32. B ocHOBE NIeXKUT HUiesd NPSIMON SIMYJISILUA PETUCTPOB U JIOTUKA
paboThl BCTPOEHHBIX TaWMEPOB, XapaKTEPHOU sl MUKPOKOHTpoJiepoB STM32,

BKJTIOYAs TIOJJICPIKKY PA3TMYHBIX PEKUMOB paOOThl M B3AMMOJICHCTBHE C APYTUMHU
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noacucremamu (GPIO, npepsiBanus u ap.). Cxema paboThI TallMEpOB MPUBEEHA Ha

pucyske 9.
Internal dock (CK_INT)
TIMxCLK from RCC Trigger
ETRF controller
ETR rity selection & edoe| ETRP TRGO
L
Tivx_ETRL T detector & prescaler Input fiter to other timers
to DACIADC
ITRO —M TG
ITR1 —————————| [ITR w ~ Slave
ITR2 —— & TRGI ntroller| | Reset, enable, up, count
ITR} ——— mode
TIF ED /J
—
TIFP1 Encoder
TIZFP2 interface
U
T | Auto-reload register | ul
Stop, dear or up.fdnwnj—ljv'b
CK _PsSC CK—CNT| - CNT counter -
. proscaler c:c1|U | | || cc1|
.XURI— TI1FP1 DC‘1 REF
T Inputfiter & [T11Fpz IC1 pmmmr |C1P5 |Capture.-'0:-mpare1 reglster' Outputl OCT 1 17ine_CH1
TiM edge detector control
x_CH1[] L/ TRC
ST ! ccal
TI2FP1 i o
TI2 Input filter &
ot cH2[ ] BEB dBtBBr[m:'r TBFER Pmmb |02P5 |Capture.fCDmpar32nglStBrl OC2REF DODLﬁtpr“dt OC2 ,TiMx_CH2
TRC— T
ccm H
: CC3|
TIZFP3 1

OC3REF
TiMx CH3[ Ti3 Inputfitter & [ Ti3FP4 K3 pmm“gr 'C3P5 |CapturB."CDmpar|33reg|stBr| Output| OC3 Loy cig
= o edge detector control
TRC cc4l
cc4l
TI4FP3 o~

o~
eIk
T4 Input filter & IC4 IC4PS . OC4REF Output| OC4
TiMx_CH4 [ F————— edge detector TI4FP4 ]—‘ Prescale |CapturB.fCDmparB4ng|sterl conirdl []TiMx_CH4

TRGC— I

ETRF

MNotes:

Preload registers transferred
to active registers on U event
according to control bit

—~r  Ewvent

#~A |nterupt & DMA output

MS19673V1

Pucynoxk 9 — Cxema nepudepuiinbix taiimepoB STM32

B CUMYJIATOPE KOXIBIM  TauMep [IpEICTaBIICH CTPYKTYpOH,
coorBercTByromeil TIM TypeDef, xak B CMSIS-6ubmmorekax. IOMyIsSTOp
paboTaeT ¢ ATUMH PErucTpaMu HANpsAMYIO: KaKAbIA IIar CUMYJISIIUU BBI3bIBACT

¢byukiuio TIM  Simulation, koTopast BHITOTHSET CISAYIOIINE KIIOUEBbIC ACHCTBUS:
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- mpoBepka mnepenoysHeHuss Taiimepa (Overflow Check) — peamusyer
MOBEJCHUE JIOTUKU OOHOBJIEHHS CYETYMKA W BBI30BA NPEpHIBAHUMN, €CIU
nocturHyT npeaen (ARR) wiam 3HaueHuE CUETYMKA BBIXOJUT 3a TPAHUILIBI
(BBEepX/BHU3);

~ ONpeleNeHue pekuMa padoThl — CUMYISATOP AHAIM3HPYET COACPKHUMOE
peructpa SMCR u BrIOupaeT noBeAeHue TaiMepa: OOBIYHBIN CUET UK CUET
10 BHEIIHEMY TPUITEPY C YUETOM CUHXPOHHU3ALINH;

- oobnorienue cuétunka (CNT) — yunteiBaer HanpaBienue cuéra (CR1.DIR),
yactoty (nenutensb PSC) u BenuuuHy mara cumymsinuu tx_step;

~ CHUMYJISILIUS BBIXOAHBIX KaHAJIOB — JIJIs KaXKJIOTO U3 4 KaHAJOB peain30BaHbI
OTHEJIbHBbIE (DYHKIIMM, WHTEPIPETUPYIOIIUE COACPKUMOE PETUCTPOB
CCMRx, CCRn u CCER u dpopmupytontue 3naueHust BbixooB OCnREF.
CumynsTop NMOAACPKUBAET MOUTH BCE 0A30BbIE PEXXUMBI pabOThl KaHAJIOB

OCx Taimepa:

- PWM Mode 1 u PWM Mode 2 — ocHoBHbIe pexumbl reneparuu [1INM,
yuutsiBarommii cpaBienne CNT n CCRn;

- Toggle Mode — mepekioueHUE JIOTHYSCKOTO COCTOSHUS TPH COBIIAJICHUH
cuéturka u 3HaueHus CCR;

- Active / Inactive Level Mode — ycranoBka Bbixoma B 1 wumu 0 mpu
cpabaThIBAaHUU CPaBHEHUS;

- Forced Output Modes —  ¢dopcupoBaHHasi yCTaHOBKa BBIXOJa BHE
3aBUCUMOCTH OT CYETUMKA.

Kaxnoe nzmenenne OCxREF nmpu He00X0IMMOCTH IPUBOJIUT K U3MEHEHUIO
COCTOSIHMSI COOTBETCTBYIOIINX BbIBOJOB GPIO — eciu BKIIOUEH albTEpHATUBHBIN
pPEXKUM BBIBOJA U AKTUBUPOBaH cooTBeTCTBYIOIMI KaHal yepe3 CCER. Peanu3anus
BbixoJa PWM/OC na nun GPIO ocymiecTBisieTcst uepes NpoBEPKY pekruMa MuHa U

COCTOSIHMSI TIOJIIPHOCTH KaHaya. B 3aBucumoctu ot 3toro 3Haduenne OCxXREF
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3anuceiBaercss B ODR COOTBETCTBYIOIIETO BHUPTYaIbHOTO IOPTa, CUMYJIHPYS
(bakTHYeCcKoe COCTOSIHUE Ha HOKKE MUKPOKOHTPOJLIEPA.
B Tekymien peanuzanun CuMyasTOpa MOIICPKUBACTCS:
~  OObIYHBIN cCU€TUYMK (BBEPX/BHUR);
- Slave-pexxum no BHemHemy Tpurrepy (Trigger Mode) — ¢ BO3MOXHOCTHIO
3aImycKa 0 CHHXPOHU3HPYIOLIEMY CUTHATY OT APYTroro TaiMepa;
- IlpepsiBaHus MO MeperoTHEHNIO (BBI30B 00paboTunKa);
- Bexoger OC1-OC4 B pexxumax PWM u Toggle;
- VYnpasneHue HanpaBieHueM U yactotor cuéta yepes DIR, PSC, ARR;
- Pa6ora preload (ARPE) u mackupoBku ooHoBienuit (UDIS).

Takum 00pa3oM, CUMyJISIUS TalMEpPOB OOECHEUYMBAET PEATUCTUUHOE
MOBEJICHHE BCTPOCHHBIX TaiiMepoB STM32, mo3Bossas monenupoBatsh [IINM,
yOpaBiieHHe nepudepreil mo COOBITHIM, CUHXPOHHU3ALMIO MEXIY TailMepamu U
TEHEPALMI0 CUTHAJIOB HA BBIXOJbl, YTO KPUTUYHO IJis1 3aJay YIpaBIEHUS
IIEKTPOJBUTATEISIMMU.

HNurepdpeiic UART B pgaHHOM cHCTEME UCIOJB3yeTCs I MpHeMa
napameTpoB [IIMM no npotokosry Modbus. B nporecce cumymnsiuu padbota ¢ 3Tum
uHTepQericom Oblila YIpOIleHa 0 CYMTHIBAHUS BXOJHBIX JaHHBIX uyepe3 S-Function
W 3anucu uX Hanpsamyr B peructpel Modbus. Takoil moaxom He TOJBKO
o0ecrieunBaeT KOPPEKTHYIO paboTy MporpamMmbl, HO M TO3BOJIIET IMepeaaBaTh
napaMeTpbl Ui yIpasiieHHs HerocpeAcTBeHHO n3 MATLAB. Oto uckmouaer
HEOOXOJIMMOCTh MOJICJTUPOBATh BCIO CIIOXKHYIO JIOTMKY paOoThl HHTepdeiica u
npotokosa Modbus, 4To CHM)KaeT Harpy3Ky Ha cuMyJsITop. Peanusanus monyis
UART Obna, mo cytu, nepeHeceHa B GPIO, 4Tto mo3BOJMIO yHpOCTUTH
B3aMMOJICUCTBIE W MHUHUMHU3UPOBATH TPEOOBAHUS K CUMYJSATOPY. TakoW Mmoaxon
ONpaBAaH, NOCKOJIbKY TOYHAsl CUMYJIALMsS HU3KOypoBHEBOTO UART He kpuTnuHa

JUTsl QYHKIMOHAIBHOCTH YIPABIICHUSI IBUTATEIEM B paMKax JaHHOM 3aJlauu.
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MO,Z[yJII) L CUMYJEIIUA BXO,Z[OB/BBIXOI[OB MHUKPOKOHTPOJJIEpA U MOAYIJIb,

peanu3yIomui CUMYJISINIO TaliMEpOB, MPEACTaBICH B IPUIOKEHUH b.
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CXeMy, IIPUBEJCHHYIO Ha pucyHke 10.

2.3 PA3BPABOTAHHAA MOJEJIb MHUKPOKOHTPOJIJIEPA B
MATLAB

Wrorosas mozaenbs MmukpokoHTposuiepa B MATLAB umeer pyHKIMOHAIBHYO

Obonoyka nporpaMmmel MK

dopmMupoBaHne
Bxon YrteHne +| 3anyck notoka o 3a0epKKn ana | OcTaHoBKa noToKa
| |
BXO[0B nporpammel MK OrpaHudeHna BpeMEeHKn nporpammel MK
paboTbl NOTOKa
A
N BrinonHeHuwe
nporpammel MK
Cumynatop nepudepum :
CUMynALUA Cumynauma : $opMUpoBaHne
ynau . ynau +| PopmuposaHue : pmvp Brixon
»| CUCTEMHbIX »  TaliMepoB W g > BbIXOOOB
- bydepa BbiXxogos : .
yacoe WX NpepbIBaHUA : S-Function

Pucynok 10 — @yHKIHMOHAJIbHAS CXeMa MOAEIN MUKPOKOHTPOJIEPA B

MATLAB

BbL1 cripoekTUpOoBaH MOI0I0K, TpUBEACHHBIA Ha pucyHKe 11. OH BkItOYaeT

B cebs1 S-Function, koTopasi mpuHUMAaeT BXOJHOW BEKTOpP CHUTHAJIOB, U HECKOJIBKO

BBIX010B: 1 cumyJisiiuu GPIO u pa3Hoit oTiragouHoi nHGOpMaIum.
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GPIOB6 GPIOAG

GPIOB C2) " GPIOA )

PORTB GPIOAB PORTA

GPIOB7

GPIOB8

Debug GPIOBY

¥

4

GPIOA9

‘GPIOB10 GPIOA10

GPIOB11 GPIOA11

‘GPIOB12 GPIOA12

‘GPIOB13 GPIOA13

Yy Y YVYVY

‘GPIOB14 GPIOA14
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‘GPIOB15 GPIOA15

108

@
3
o
b4

Pucynok 11 — biok, umutupyromuii Mukpokontposuiep B MATLAB

Pa3paGoranHass Mozgenb MUKpoKOHTpoiuiepa st cpeansl MATLAB
NpeaHa3HaueHa, MPEXIE BCEro, ISl MHKCHEPHBIX U HAyYHBIX 3a]1a4, CBA3aHHBIX C
OTJaJKOW MMKPOKOHTPOJJIEPHOTO MPOrPaMMHOIO O0OECIEYeHHs] B YCIOBHUSAX
BUPTYaJIbHOTO MOJenupoBaHus. OHa MO3BOJSET BbINOJHATH C-KOJ, M3HAYaIbHO
HalMCaHHbIN 711 MUKpokKoHTpoiuiepa STM32, nenocpencrsenHo B MATLAB, ¢
MOJIHOM WJIM YaCTHYHOM 3MyJsiuued nepudepuifHbIX yCTPOHCTB U BO3MOXKHOCTBIO
WHTErPallK C MOJENbIO BHEIIHEHN 3JeKTpoHHUKHU B cpene Simulink. Takoi moaxon
o0OecrieynBaeT COBMECTHYIO OTJIQJKy TIPOrpaMMHOM U ammapaTHOM wyacTei
pa3palbaTbiBa€MOTO YCTPOWCTBA HA pPaHHUX JTamax MpPOEKTHUpOBaHUs, Oe€3
HE00X0MMOCTU (PU3NIECKOTO 000PYIOBAHUS.

Mogens peanu3zoBaHa B BHUAE HaOopa HUCXOAHBIX (HailJIoB M OUOIMOTEK,
OpPraHU30BaHHBIX I10 CJIETYIOUIUM OCHOBHBIM MaIKaMm:

- Code — ucxoaHbpIi monb30BaTeabCKUi Koa st MK;
- MCU_ Wrapper — 000J104Ka, peaqu3yrolias MeXaHu3M 3aIycka mporpamMmMbl

u e€ uaTerpanuio B Simulink mocpeactsom S-Function;

- MCU _STM32xxx Matlab — momudunmpoBannbsie napaiiBepsl STM32 u

BCIIOMOT'AaTENIbHbIE MOIYJIHM ISl SMYJALMU Tepudepud U TOAIEPKKHU

Komnusuu B cpeae MSVC.
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Jist 3¢ (PeKTUBHOTO UCIIOJIB30BaHUSI CUMYJISITOPA MOJIb30BaTEN0 TPEOYIOTCS
0a30BbI€ HABBIKHU B CJIEIYIONIUX 00IACTSIX:

- 3HaHWE s3blKa mnporpamMmmupoBanHus C, BKIOYAs CTPYKTYypy THIIOBOTO
npoekTa st STM32;
~ mnoHuMmaHue apxuTekTypbl STM32 u OCHOBHBIX MPHUHIMIIOB PAaOOTHI

BcTpoeHHoi nepudepun (taiimeps, GPIO, UART, ADC u ap.);

- Bruagenune cpenod MATLAB/Simulink Ha ypoBHE cO3maHMS TMPOCTHIX

Moesnel u paboTel ¢ 61okamu S-Function;

~ CIIOCOOHOCTh OpPUEHTHPOBATHCS B CTPYKType TMPOEKTa U TMOHUMATh

IPUHIUITBL KoMy kojia BHe IDE (rcnonp30BaHue CKpUNTOB).

JUist Toro 4troObl MHTErpUpOBaTH KOJA MHUKpOKOHTpoiuiepa B MATLAB,
UCIOJIb3YETCSI MEXaHU3M KOMIIMJISIIUM C MOMOILBIO CKpUIITa run_meXx.bat. DTOT
Gdaiin coaepKUT BCce HEOOXOAMMBIE MapamMeTpbl KOMIWISLUHU: CHOUCOK MyTeH K
3aroJoBOYHBIM (hailiiaMm, CHUCOK HCXOAHUKOB. HacTpoiika run mex.bat TpeOyer
IIOHUMAaHUsl CTPYKTYpbl INPOEKTAa WM 3HAHUSA, KAKME HMEHHO MOJAYJIU CIEAYEeT
KOMITUJIUPOBATb.

Hactpoiika napaMeTpoB CUMYJISILIMN OCYIIECTBISETCS B KOH(PUTYPATUOHHOM
daiinie mcu_wrapper conf.h, rie 3agaroTcs KIO4eBbIe MapaMeTPbl MOJIEIH: YaCTOTa
TaKTUPOBAHUS MHUKPOKOHTPOJUIEPA, PAa3MEPHOCTh BEKTOPOB BXOJIOB-BBIXOJIOB H
OTFpaHUYEHUs] N0 BPEMEHU BBINOJHEHUSI MOTOKa. COOpKa KoJa BBIIOJIHIETCS
3alyCcKOM run_mex.bat, mociie 4ero, npy yCcnenHou kKomnuiasiuu, co3gaércas MEX-
daiin, KOTOpBI aBTOMAaTUYECKU MOAKII0YaeTcsl K Mozenu B Simulink.

[Ipu mopTupoBaHUM MPOEKTOB MOTYT BO3HUKATH OIMIMOKU MPU KOMIWIISIITIN
win 3amycke Mogenu Simulink, cBsi3aHHBIE € Pa3IUUYUsIMU B KOMIIMJISATOPAX,
OTCYTCTBHEM MOAJEPKKH wWeak-(yHKIu, MONBITKAaMH TOCTYIa IO HEKOPPEKTHBIM
aapecaMm, orcytrctBueM B MSVC HyXHBIX Makpo-omnpenesneHuil. Takue ommoku

YCTpaHSAIOTCA uepe3 MoAu(HUKAIMI0 OUOJIMOTEK MHKPOKOHTPOJUIEpa, CO3/IaHHE
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dummy-dyHkiui, 1160 BpeMEHHOE UCKITI0UeHHE ()parMEeHTOB KOja, He UMEIOIIUX
3HAUEHUSA JJISl TEKYIIeH CUMYJISIUU.

B pesynbrate, co3maHHas MOJAENb CHMYJATOpAa TNPEACTAaBIACT COOOMU
WHCTPYMEHT HJiIi TECTHUPOBAHUS M TOIIArOBOM OTJIAIKU MHUKPOKOHTPOJIEPHBIX
IPUIIOKEHUH, oOecrneunBas THOKYI0 MHTETPAIlMIO C MOJEISIMHU BHELIHEH Cpeibl.
OTO0 MO3BOJSIET 3HAUYUTENBHO COKPATUTh UK OTJIAJKU, CHU3UTh 3aBUCUMOCTH OT
000pyZI0BaHUS U TIOBBICUTH MTOBTOPSIEMOCTb SKCIIEPUMEHTOB.

Ho y Monenu ecTh 1 HEOCTATOK: OTCYTCTBHE y4eTa BPEMEHHBIX 3aTpaT Ha
BBINIOJIHEHUE  MHCTPYKUMU  yOpaBisitoniedl  mporpammbel. B peanbHOM
MUKPOKOHTPOJUIEPE BBINOJIHEHUE KOJa CONPOBOXKJIAETCSl 3aTpaTodl BPEMEHU Ha
WCIIOJTHEHWE KXJOM MAIIMHHOM HHCTPYKIMH, ONPENEIIEMOM  4acTOTOU
TaKTUPOBAHUSA, APXUTEKTYpOM Ipoleccopa U OCOOEHHOCTSIMH HCHOJIb3yeMOU
nepudepun. DTU 3aTpaThl HAMPSIMYIO BIUSIOT HAa JMHAMUKY pPaOOTHI CHCTEMBI,
OCOOEHHO B KOHTEKCTE OBICTPONPOTEKAIOUIMX MEPEXOAHBIX MPOLECCOB,
KOHKYPEHIIUU MPEPHIBaHM, a TAK)Ke ITPHU UCIIOJIH30BAHUH MPOTPAMMHBIX 33JIEPHKEK.

B ornuume oT 3TOrO, B MMHMTAllMOHHOM MOJICNIH, PEATU30BAHHOU C
ucrosib3oBaHueM Mexanmsma S-Function B cpene MATLAB/Simulink,
BBITIOJTHEHUE YTIPABISIIONIETO KOAA TPOMCXOAWT BHE TPHUBSI3KH K peasbHON
BpeMEHHOW mkajme. Ha  KakIoM  JUCKPEeTHOM Imare MOJACTUPOBAHUS
OCYIIECTBJISIETCS 3aIyCK KoJia (MJIM €r0 4acTH B paMKax JIOTUKH CUMYJISIIMH) Ha
OTIpEIEeNIEHHOE KOJTUYECTBO TAaKTOB, MIPHU 3TOM MPEJIOJIAraeTcs, YTO BBHITOJHEHUE
IPOUCXOAUT MIHOBEHHO OTHOCUTENBHO JJIUTENBHOCTH IIara CUMYJISIMH. Takum
o0pa3oM, MOJIENIb HE YUUTHIBAET, CKOJIBKO BpeMEHHU (PaKTUYECKU TOTPEeOOBATIOCH Obl
MUKPOKOHTPOJUIEPY Ha BBIMOJTHEHNE COOTBETCTBYIOIIETO yUaCTKa MPOTPaMMBI.

Orto pomyunieHue oOecrmeyrBaeT MPOCTOTY peaju3aldd M IOBBIIIACT
YHUBEPCATbHOCTh  MOJIENIM, OJHAKO HAKJIaJIbIBACT OrpaHWYEHUS Ha ¢
NPUMEHUMOCTh TIpU aHaju3e IMPOIECCOB, UYBCTBUTEIBHBIX K BPEMEHHBIM

3a/iepKKaM, TaKUX KaK TOHKM TPEphIBAaHUM, MEeperpy3ka MO BBHIYUCIUTEILHON
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Harpy3ke, WJIN KOPPEKTHOCTH BBIIIOJIHEHHsSI KPUTHYECKMX BPEMEHHBIX Y4YaCTKOB
Koja. Mogjenb aaeKkBaTHO OTPAXKAeT JIOTHYECKYIO0 CTPYKTYPY YIPABIIIFOLIETO
alropuT™Ma M B3auMOJeHcTBHE ¢ mnepudepuitHbIMU uHTepdelicaMu, HO He
IIpEHAa3HA4YeHa Ul OLEHKH peajbHBIX BPEMEHHBIX XapaKTEPUCTUK HCIOJHEHUS

KOJla HAa MUKPOKOHTPOJLIEPE.
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3 PASPABOTKA MUKPOKOHTPOJIJIEPHBIX IMPUJIOXKEHUI B
MATLAB

PazpaboTka MUKPOKOHTPOJUIEpPHBIX Tpuioxkenuii B cpege MATLAB nHa
OCHOBE MPEI0KEHHOTO CUMYJISITOPA MO3BOJISIET MPOU3BOANTH MOATAMHYIO OTIAIKY
M TECTUPOBAHHE I0JIb30BATEIBLCKON NPOTPAMMBI B KOHTEKCTE MOAEIUPYEMOIO
obopynoBanusi. Takoil TOAXOJ MO3BOJIIET HAa paHHUX CTagUsIX YOEIUTbCA B
KOPPEKTHOM paboTe KoAa, OIIEHUTh PEAKIIUI0 CUCTEMbI Ha BHEIIIHUE BO3/ICHCTBHUS, a
TaK)K€ BBISIBUTH M YCTPAHUTH BO3MOKHBIC OIITUOKHU JI0 TECTUPOBAHUS MPOTPAMMBI HA
pEAIBHOM MUKPOKOHTPOJLIEPE.

brmarogapss monHoit uHTerpanmu cumynstopa ¢ MATLAB cranoButcs
BO3MOXKHBIM  OTCJIC)KMBAHUE BHYTPEHHHUX COCTOSSHUA  MHUKPOKOHTPOJUIEPA,
BU3YyalIM3allsl pe3yJIbTaTOB U OTJajKa 0e3 ydacTusi Gpu3nueckoro 00opya0BaHMUs.

Kpowme Toro, cuMynsiTop MOKET UCIIOIB30BATHCS IJIsI IPOBEPKHU Y>KE TOTOBBIX
JITOPUTMOB. DTO OCOOEHHO Ba)KHO B TE€X CiIyyasiX, KOTJia B XOJI€ AKCIUTyaTaluu
CUCTEMBI TPOSIBISIOTCS TPYAHOYJIOBUMbBIE OIIMOKH, HE TMPOSBUBIIMECS TMIPH
TECTUPOBAHUU B PEAJBbHBIX YCIOBUSAX. MOIEIMPOBAHUE TAKUX CUTYalldi B CPEAE
MATLAB m1o3BOJISIET J€TAJIBHO BOCIHPOU3BOAUTH PAa3IUYHbIC CHUTyallMd W
AHAJIM3UPOBATh TOBEICHUE AJITOPUTMA, BHYTPEHHHE COCTOSIHHS MPOTPAMMBI U
BBISIBUTH TPUYUHBI HEKOPPEKTHOU paOOTHI.

Takum 06pazom, mosiens MUKpOKOHTpoJsuiepa B cpere MATLAB ciyxuT kak

CPEIICTBOM MO3TAMHON pa3pabOTKH, TAK U MHCTPYMEHTOM MOCJIETYIOUIEr0 aHAIH3a.
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3.1 PA3PABOTKA SIMULINK MOJEJA YCTPOWMCTBA
IIJIABHOI'O TYCKA

JIJIst TOCTPOCHUSI MOJIENIH YCTPONCTBA TJIABHOTO IyCKa Obla MCIOIh30BaHA
cpena MATLAB Simulink ¢ maketom Simscape. Simscape OpHUEHTHPOBaH Ha
MaTeMaTu4eckoe M (U3NUECKoe OJIOYHOE MOJCIMPOBAHWE B KOHKPETHBIX, HO
JIOBOJIGHO MIUPOKHUX O0JACTSIX HAYKH M TEXHUKU — DJECKTPUUCCTBE, DJICKTPOHHUKE,
MEXaHUKe, 3JEKTPOMAarHeTu3Me, IMHEBMAaTHKEe, TUAPABIMKE U TEPMOJUHAMHUKE.
MonenupoBaHue TPOMCXOIUT Ha YPOBHE (PYHIAMEHTAIBHBIX (PU3NUECKHUX
npoiieccoB. bubnunoreka makera Simscape HaxoIuTCs B OUOJIMOTEKE IMakeTa
0JIOYHOTO UMHUTAITMOHHOTO MoAenupoBaHus Simulink [9].

[Ipocrenimas CTpyKTypHas cxema yCTPOMCTBA IUIABHOTO ITyCKa IPUBEICHA Ha
pucynke 12. Ha cxeme: TM — tupucTtopHbli MOAydb; A/l — acHMHXpPOHHBII
AJIeKTpoaBUTaTENh; BK — 06510k KOMITapaTopoB, I ONpESICHUS TIEpexoaa yepe3
HOJIb; MK — MUKPOKOHTpOJUIEDP, COAEpKAIUNA anropuT™ ynpasinenus YIIII; ITY —

MyJIbT YIIPaBICHHUS.

™

VA

TpexdasHas O_E;ZF]_C
cetb

BK ——>» MK [&«—— TI1I¥

Pucynok 12 — CrpykrypHas cxema YIIII
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Jist peanuzaiuy TApUCTOPHOTO MOTyJIsl ObLI co3aaH nmoadaok Thyristors. Ero
cxema B Simulink npezacrasnena Ha pucynke 13. biok obecneunBaeT uHTEpdeiic
MEKy JIEKTPUUYECKOM YaCThIO MOJEIH M yIpasiiaromen jgorukou. K ero Bxomam
OTHOCATCS CTaHJIapTHBIE CHJIOBBIE KOHTAKThI cpeibl Simscape (A, B, C — BxoaHbIe
da3bl, a, b, ¢ — BEIXO/BI HA HATPY3KY), a TAKXKE JIBa YIPABISAIONIMX CUTHATIA!

~ g — OTBEYAIOIIUH 3a MoJavy YIPaBJISIOIIET0 UMITYJIbCa Ha THPUCTOPHI,
- Shunt — mo3BoJsisieT  WIYHTHUPOBATb TUPUCTOP, MOAKIIOYMB  HArpy3Ky

HaIpsAMYI0 K HCTOYHUKY MUTaHUS, MUHYsl YIIPABJICHUE IO YIUIy OTKPBITHS.

ey
> qﬁf <

Shunt

;‘F

[ﬁA%:!lﬁ

Pucynok 13 — Mogenb THpUCTOPHOTO MOJTYJIs

Jnst npoepku pabotsl YIIII m oTnanku anropuTMma yrpaBieHus Oblia
coOpaHa mpenBapuTelibHAs CXeMa CHCTEMbl, BKJIIOYAIOIIAs MHUKPOKOHTPOJLIEP,
TUPUCTOPHBIN MOJYJIb M Harpy3Ky. JTta cxeMa (pucyHok 14) ucnonab3oBanachk AJis
MIPOBEPKHU PAaOOTHI OCHOBHBIX (YHKIIUN: (DOPMHUPOBAHUS YIPABISIONINX CUTHAJIOB,

dbuKcary nepexo/10B 4Yepe3 HOJb U 33JJaHus yTIia OTKPBITHS TUPUCTOPOB.
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3.2 PABPABOTKA TIPOTPAMMBI YCTPOHUCTBA ILJIABHOI'O
IIYCKA

Ha cnepyromem »stame paboThl Havallach pealu3aius yIpaBISIOUIeH
nporpammbl  (YIIII) B cpene MATLAB ¢ wucnoinb30BaHHEM CHUMYJISTOpa
MUKPOKOHTpPOJUIEpa Havanach ¢ CO3/1aHus 0a30BOro mabioHa MPOEKTa.

Ha nayanpbHOM »3Tame pa3paOOTKM HE CTaBWJACh 3ajladya peaiu30BaTh
MOJIHOIEHHYIO0 (YHKIMOHAJIBHOCTh — Ba)XHO OBUIO MOJATOTOBUTH MHUHHMAJIBHO
paboTOCIIOCOOHBIA  KOJ,  3alyCKaloIIUMWACAd HAa  MHUKPOKOHTpOJUIepe, U
YJIOCTOBEPUTHCA, 4YTO uHTerpauusi ¢ wMojaenpto B MATLAB BbinoJsiHsETCS
KoppekTHO. [Iporpamma BKJIIOYana TOJBKO 0a30BbIE DJIEMEHTHI: MHUIIMATU3AIUIO
CUCTEMBbI U TaHMEpPOB, OECKOHEUHBIN ITUKII.

[Tocne mMOArOTOBKM MHMHHMAJIBHOIO Ia0JioHA KOJ ObUT TepeHecéH B
cuMysinroHHy0 cpeny MATLAB. MeHnHO ¢ 3TOro MOMEHTa Havyajacs OCHOBHOMN
ATaI pa3pabOTKHU U MOIIAroBOM OTIAKH, B TPOIIECCE KOTOPOTO MPOEKT MOCTEIIEHHO
JOTIOJTHSIICS HE00X0IUMON (DYHKIIMOHATEHOCTBIO.

brnok cxema anropuTMa IJIaBHOTO IyCKa NpuBeAcHAa Ha pucyHke 15. O
COCTOMT U3 HECKOJIBKUX ATAIlOB: OINPEACIICHUE MEPEX01A HANIPSHKEHUS Yepe3 HOJIb,
OTKPBITUE TUPUCTOPA B COOTBETCTBUU C 33JaHHBIM YIJIOM OTKPBITHS U TIJIABHOE

HN3MCHCHHC OTOT'O yIJla BO BPEMs ITyCKa UJIW OCTAHOBKH.
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Pucynok 15 — biiok cxema anropurma ImjaaBHOTO ITyCKa
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CriepBa OBLTO PEIICHO PEaM30BaTh JIOTUKY OMpPEISICHHUS TEepexoja uepes
HOJIb CETEBOT0 HampshKeHus (zero-cross detection).

B ¢ynkmun zero cross update() peanuzoBaHa JOrMKa OOHOBJIEHHs (iara
ZeroCrossDetected. [lpu wncmosnb30BaHMM amnmapaTHOTO METOJAa OOHApPYKCHHS
nepe3oaa 4depe3 Hoib zero cross update EXTI() BwI3bIBaeTcst M3 00paboTumka
npepsiBanust EXTI 1 ycranHaBImMBaeT cOOTBETCTBYIOUINM (piar, 4To obecrieunBaet

OBICTPYIO M HAZIEXKHYIO (DUKCAIUIO TTepeXo/ia Yepe3 HOb.

/**
* @brief O6HOBNeHMe ¢nara nepexopna Yepes HoJb
* @param zc YKasaTenb Ha CTpykTypy ZeroCrossDetector_t
* @details MNpocTo nepeHocum ¢nar EXTI c anmapaTHOro AgeTekTopa.
*/
void zero_cross_update(ZeroCrossDetector t *zc)
{
// WUcnonb3yem dnar annapaTHoro npepbiBaHua EXTI gnAa ycTaHoBKuM dnara
zc->f.ZeroCrossDetected = zc->f.EXTIZeroCrossDetected;

}

/**
* @brief O6paboTumk npepbiBaHuAa EXTI gnsa annapaTHOro AeTekTopa nepexoja 4Yepe3 Hojb
* @param zc YkasaTenb Ha CTpyKTypy ZeroCrossDetector_t

* @details BuisbiBaeTca B EXTI_IRQHandler u ycTaHaBnvMBaeT dnar anmnapaTHOro nepexona
Yyepes HOMb.

*/
void zero_cross_update_EXTI(ZeroCrossDetector_ t *zc)
{
zc->f.EXTIZeroCrossDetected = 1;
}

@unar o6HoBIsieTcs 1o curHainy npepoeiBanus EXTI. dynkius is_zero cross()
CIIy>KHT JJIs IPOBEPKU U cOpoca (piara nepexoia 4epe3 HoJlb, TO3BOJISIS AIITOPUTMY

pearupoBaTh Ha COOBITHE.

/**

* @brief lpoBepka HanuMuua nepexofa 4epes Holb U cbpoc dnaros

* @param zc YkasaTenb Ha CTpyKTypy ZeroCrossDetector_t

* @return int 1 - nepexopn 4epe3 Hoslb O6HapyxeH, © - HeT

* @details Ecnu nepexopn obHapyxeH, cbpacbiBaem ¢naru u Bo3Bpawaem 1,
* WMHaye BoO3Bpawaem 0.

*/
int is_zero_cross(ZeroCrossDetector_t *zc)
{
if(zc->f.ZeroCrossDetected)
{
// Cbpoc ¢naroB nocne obHapyxeHuA
zc->f.ZeroCrossDetected = 0;
zc->f.EXTIZeroCrossDetected = 0;
return 1;
s
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return 0;

Mopueinpb 1Sl TECTUPOBAaHUS AJITOPUTMA OMPEEICHUS IEPEXoaa Yepe3 HOJb

npuBegeHa Ha puc. 16. Ilpu omnpeneneHuu nepexoja HANPSHKEHUS 4Yepe3 HOJIb,

nporpaMma NepeKIoYaeT COCTOSHUE HOXKKM Ha MPOTUBOMNOJIOKHOE. M Kak BUAHO

1o pe3yJbTaTaM MOoJIeTUpoBaHus Ha puc. 17-18 anroputm paboTaeT KOPPEKTHO.
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Pucynok 16 — Moaenb 1711 TECTUPOBAHUS alTOPUTMA ONPEACICHUS

nepexoga 4€pe3 HOJb
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gyepe3 HOJIb JUIS KaXXI0U (asbl:

a) ¢paza A, 0) ¢gaza B, B) paza C
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Ha pucynke 18 nHa MeHbllleM macimiTade BHAHO, YTO UYTOOBI aITOPUTMY

CpCarupoBaTh Ha MCPCXO HAIIPAKCHUA YCPE3 HOJIb, MOICIIN H€O6XOI[I/IM OJMH HIar

CUMYJIAIIN.
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Pucynok 18 — Bpemst onpenenenuns nepexoaa 4epe3 HOJIb

[Tocne ycnemHoi oTaaaKy aaropuTMa onpeeieHus nepexoaa yepes HoJlb B
IpoeKkT Oblia J00aBlieHa JIOTMKA YIPABJICHUS TUPUCTOPAMU, BKIHOYAIONIAs
HECKOJIbKO KJIIOUEBBIX (PYHKIMI: BKJIOYEHHE THUPUCTOPA, pacdyeT yria ero
OTKPBITHS U TJIABHOE U3MEHEHHE 3TOTO yIjla BO BPEMEHH.

OyHKIMS BKIIOYSHHUS TUPUCTOPA peanu3oBana B tiristor control().

/**

* @brief YnpaBneHue cocTosHMEM TupucTopa (BK/IKWYEHWE/BbIK/OYEHWE) MO daaram U BpeMeHU
OTKpbITUA

* @param ctrl YkasaTenb Ha CTPYKTYpy YnpaBaeHWAs TUPUCTOPOM
*
vogd tiristor_control(TiristorControl t *ctrl)
{ if(ctrl->f.EnableTiristor) // Ecnu paspeweHo BKAWYUTbL TUPUCTOP
¢ if(ctrl->f.TiristorIsEnable == @) // Ecau TupucCTOp ele BbIKJIHYEH
¢ tiristor_enable(ctrl); // BKJKWYUTb TUpUCTOp

ctrl->enable_start_tick = HAL_GetTick(); // 3anomMHuTb BpemA BKJOYEHWA ANA
OTCYETA L/IUTENIbHOCTU OTKPbLITUA

}

else

{
// Ecnu BpeMs C MOMeHTa BKJIHYEHWA MPEeBLICUIO 3afaHHOe BpemMA OTKpPbLITUA
if(HAL_GetTick() - ctrl->enable_start_tick > ctrl->open_time)
{

tiristor_disable(ctrl); // BBIKJIOYUTb TUPUCTOP
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ctrl->f.EnableTiristor = @; // CHATb pa3peweHue Ha BK/IKWYEHUE, 4TOOb He
BKJIYaNCA cHoBa 6e3 KOoMaH.bl

¥
¥

else // Ecnu TupucTop He AOMXKeH ObiTb BKJIHYEH

if(ctrl->f.TiristorIsEnable) // Ecnan TupucTOop BKJIHYEH
tiristor_disable(ctrl); // BbIKJIKYUTb TUPUCTOP

OHa KOHTPOJUPYET COCTOSIHME THPUCTOPA, BKJIIOYAs €ro akTUBAIUIO U
neakTuBanuio Ha ocHoBe (mara EnableTiristor. Ilpuy mnepBoM BKIIOYEHHU
cootBercTBYromi GPIO-niH ycTaHaBIMBaeTCss B aKTUBHOE COCTOSIHUE, MO1aBas
YIPABJISIIONINN CUTHAN Ha 3aTBOp TUpHcTOopa. [lo McredyeHuu 3aJaHHOTO BpEMEHU
THPHUCTOP BBIKITIOYACTCS.

Oynkius tiristor_angle control() onpenensieT MOMEHT OTKPBITUSI TUPUCTOPA

B 3aBUCHUMOCTH OT 3aJdaHHOI'O YTJIa OTKPBITHA.

/**
* @brief KoHTponb yrna OTKpbITUA TUpUCTOpa C MPOBEpKOM Tawmepa M ¢nara roTOBHOCTHU
* @param ctrl YkasaTenb Ha CTPYKTYpy YnpaBAeHWA TUPUCTOPOM
*/
void tiristor_angle_control(TiristorControl_ t *ctrl)
{

tiristor_angle_update(&ctrl->angle); // O6HOBAsieM 3agepxKy yrjia OTKpbITUA

if(ctrl->angle.delay_us != @) // Ecau 3agepxka He Hynesas

{

// TpoBepsem, npowna N1 3ajepxKa C MOMeHTa CTapTa OTCYETa Tailmepa
if (((uintl6_t)TIMER->CNT - ctrl->angle.start_delay_tick) > ctrl-
>angle.delay_us)

ctrl->f.EnableTiristor = 1; // Pa3pewaem BKJW4YEHWE TUpUCTOpaA

B nannoMm xonTekcTe nmapamerp delay us mpenacraBisieT co0oi 3aA€pKKy BO
BpEMEHHU OT MOMEHTa Tepexoja HANpspKEHUsS Yepe3 HOJIb JO0 MOMEHTa IMojadu
YIPABJISIFONIETO UMITYJIbCA Ha TUPUCTOP — TO €CTh (DAKTUYECKU COOTBETCTBYET YTy
OTKpBITUSL TUpPUCTOpa. Ecnm pa3HUIla MeXAy TEKYIIMM 3HAYCHHEM TaiiMepa |

BpeMeHeM Hauana 3ajnepkku (start delay tick), 3adukcupoBaHHBIM B MOMEHT
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nepexo/ia 4epes3 HOJlb, MPEBHIIIAET PACCUNTAHHYO 3a1epKKy delay us, u TupucTop
rotoB k BikIoueHuto (duar TiristorReady ycranomien), aktuBupyercs uar
EnableTiristor, KOTOpHIii 3amrycKaeT MpoIecc BKIFOYCHUS THPUCTOPA.

Oynkmus tiristor start angle delay() HauMHaeT oOTcueT yIyia OTKPBITHSA,
bukcupys Tekyliee 3HaYeHUE cueTurKa Taitmepa B start_delay_tick, yto mo3Bossier
CUHXPOHU3HUPOBATh OTKPHITHE THPUCTOpA C TMEPEeXOJOM uepe3 HOlb, W
yCTaHaBIIMBaeT TOTOBHOCTH THpHUcTOpa TiristorReady k oTKpBITHIO.

Ynpasnenue yTI0M OTKPBITHUS peann30BaHO B byHKIANA

tiristor_angle update().

/**

* @brief O6HOBNEHME 3HAYEHUA 3aLEpPXKWM Yraa OTKPbLITUS TUPUCTOpA B COOTBETCTBUU C
HanpaB/ieHMeM M Warom

* @param angle YkasaTenb Ha CTPYKTYypy YynpaBieHWs Yrjiom TupucTopa

*/
void tiristor_angle_update(TiristorAngleControl t *angle)

{

uint32_t current_time_ms = HAL_GetTick(); // Tekywee BpemMs B MUNAUCEKYHAAX

// TpoBepseM, NpoWno M HyXHOe Bpema C rnocjejHero Oo6HOB/eHUA
if ((current_time_ms - angle->last_update_ms) >= angle->Init->sample_time_ms)
{
angle->last_update_ms = current_time_ms; // O6bHOBAseM Bpema MnocaefHero
W3MEHEHUA 3a4epXKu

// V3meHAeM 3agepXKy B 3aBUCUMOCTM OT HanpaBneHua (pa3roH WU TOPMOXEeHUe)
if(angle->Init->direction)
angle->delay _us += angle->Init->delay_step_us; // YBenu4umBaem 3afepxky
(yBenun4uBaem yron)
else
angle->delay _us -= angle->Init->delay_step_us; // YMeHblaem 3agepxky
(ymeHbwaem yron)

// OrpaHuyvMBaem 3afepxky B npegenax MUHUMANBHOTO W MaKCUMANbHOIrO 3HA4YeHus
if (angle->delay_us < angle->Init->delay_min_us)

{
angle->delay us = angle->Init->delay_min_us;
}
else if (angle->delay _us > angle->Init->delay_max_us)
{
angle->delay_us = angle->Init->delay_max_us;
}

C 3aaHHOM IEPUOIUYHOCTHIO TPOUCXOIUT U3MEHEHHE 33JIEPKKU OTKPBITHUS

delay us ¢ pukcupoBanHbIM mmarom delay step us B 3aBUCUMOCTH OT HapaBJICHUS
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n3menenus (direction). Ilpu sToMm 3anepxkka delay us orpaHndyeHa MUHUMAJIbHBIM
(delay_min us) u MakcuMasibHBIM (delay max us) 3Hau€HUSIMHU, YTO TapaHTUPYET
KOPPEKTHOCTh YIIPaBJICHUS U MPEIOTBPAIIAET BBIXOJ 32 JIOMyCTHMbIC BPEMCHHBIE
pamku. Takum 00pa3oM, TuiaBHOE u3MeHeHue delay us obecrieunBaeT peryaupoBKy
yTJIa OTKPBITHS TUPUCTOPA, YTO HAMPSMYIO BIUSET Ha MOIIHOCTbH, II0/IaBacMYI0 Ha
Harpy3Ky.

Takum 00pa3zoM, peasusaliis JaHHOTO MOAYJIsl oOecrieunia rTiOKoe U TOYHOE
YIPaBJICHUE BPEMEHEM OTKPBITHS TUPUCTOPOB COTJIACHO TPEOOBAHUSM aJITOPUTMA.
TectupoBanne ¢pyukiuii B cpene MATLAB mo3Bonuiyu ¢cBOEBPEMEHHO BBISIBUTH U
ycTpaHnuth omuOku. Hampumep, H3HA4abHO adroOpuT™M (OPMUPOBAT CUTHAI
YIPABJICHHUS TUPUCTOPOM HECKOJBKO pa3, B pe3yJbTaTe Yero, MpH Mepexojie yepes

HOJIb TUPUCTOP HE 3aKphIBaJIicsA (PUCYHOK 19).
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Pucynok 19 — JlemoHCTpalusi HEKOPPEKTHOTO aJrOpUTMa YIIPABICHUS

TUPUCTOPAMHU

[TosTomy 6b1T noOaBneH Quar TiristorReady, KOoTOphIil He AaeT anropuTMy
copMUpOBaTh HOBBIM WMIYJIEC THPUCTOpA TIOKa HE OyJEeT OINpeaenieH Mepexo
HaANpsDKEHUs yepe3 HoJib. A Tpaduk KOPpPEeKTHON paboThl TUPUCTOPOB (TUPUCTOPHI

OTKPBIBAIOTCS TOJILKO OJIMH pa3 3a MOJYNepHoT) MpuBeacH Ha pucyHke 20.

if(ctrl->f.TiristorReady) // Eciu TUPUCTOP FOTOB K BKJHYEHUI

{

ctrl->f.EnableTiristor = 1; // Pa3pewaem BKJIWYEHWE TUPUCTOpaA
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0)

ctrl->f.TiristorReady = 0; // CHumaem ¢nar roToBHOCTM, 4YTOObl He BKIWYaTb MOBTOPHO
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Pucynoxk 20 — Pe3ynpTaThl MOAEIHPOBAHUS UCIIPABIEHHOIO AJITOPUTMA
OIPEIEICHUS NIEPEXOA YEPE3 HOJIb

a) ¢aza A, 6) dasza B, B) daza C

64




Taxxe Oblna npyras mpoOsema, NMpUBEIeHHas Ha pUCyHKe 21 — TUpHCTOp

HHOrJa OTKPbLIBAJICA PAaHbIIC, YEM ITOJIOKCHO.
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Pucynok 21 — JlemoHCTpanuss HEKOPPEKTHOTO aIrOPUTMA YIIPABICHUS

TUPUCTOPAMU

JI1s1 BBISBJICHUS TIPUYKH 3TOH OIMIMOKMU OBLIIM HCIIOJIb30BaHbl BO3MOYKHOCTHU
BBIBO/IA OTNanouHoi nH(popmarmu ¢ MK B Buie BpeMEHHOW THAarpaMMbl, KOTopas
MPUBEJCHA HA PUCYHKE 22.
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4— angle delay_us —
TIM_CNT - start_tick
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Time

Pucynok 22 — HekoppekTHasi paboTa ajJropurma pacuera yria BKIIOUYCHUs

TUPUCTOPA
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Ha ueit npencraBieHo GopMupoBaHnE yIPABISIONICH 3aA€PKKH BKIIFOUSHUS
tupuctopa. Curnan TM_CNT — start tick (cuHuil) oTpakaeT pa3sHOCTb MEXKIY
TEeKYIIUM 3HAYCHHEM CUYETYMKAa TalilMepa W MOMEHTOM IIepexojia CeTEeBOrO

HaIIPAKCHUA YCPC3 HOJIb, KOTOpLIﬁ B IIpOTrpaMMC PaCCYUTBIBACTCS TaK.

// TpoBepsem, npowna M 3ajepxKa C MOMEHTa CTapTa OTCYETa Tanmepa
if ((uint16_t)TIMER->CNT - ctrl->angle.start_delay_tick) > ctrl->angle.delay_us)

lNopuzontanpHass nuHus  angle.delay us  (k€nThIil)  COOTBETCTBYET
paccurTaHHOMY 3HAUCHUIO 33/IEPKKHU BKIIIOUEHUs TUpUCTOpa. [lepeceuenne cunero
CUTHaJa C KENTHIM YPOBHEM YKa3bIBAE€T HA MOMEHT, KOT/ia BBIMOJIHIETCS yCIOBUE
BKJIFOUEHUS TUPUCTOPA.

Kax BuaHo, pazHocts Mexay TIM_CNT u start_tick nHorna paccuuTeiBanach
HEKOPPEKTHO. A H3-3a OCOOEHHOCTEH O€33HAKOBOIO THIA JIAHHBIX, CPAaBHEHUE
angle.delay us u orpunarensHoii paznoctu TM_CNT — start tick Bo3Bpamiano
UCTUHY. U TO3TOMY TUPUCTOP OTKPBIBAJICS paHblIe 3aJaHHOr0 yria. [loatomy 65110
N00aBJIEHO JOIOJIHUTENBHOE MPUBEJIEHUE pe3yibTaTa Pa3HOCTU K THUITY JaHHBIX

uintl6 _t. Fpa(pm( KoppeKTHoﬁ paboThI AITOpUTMa IPUBEAECH HA pUCYHKE 23
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Pucynox 23 — KoppektHas paboTa anropuTMma pacuera yria BKIIOUCHUS

TUPUCTOPA

[locne wucnpaBneHust omuOOK, (QyHKIMS tiristor angle control mnpuHsia

CJICIYFOIIUM UTOTOBBIN BUJIL.

/**
* @brief KoHTponb yrna OTKpbITUA TUpUCTOpa C MNPOBEpPKOM Tawmepa M ¢nara roTOBHOCTHU
* @param ctrl YkasaTenb Ha CTPYKTYpy YnpaBaeHWAs TUPUCTOPOM
*/

void tiristor_angle_control(TiristorControl_ t *ctrl)

{

tiristor_angle_update(&ctrl->angle); // O6bHoBAAeM 3agepXKy yrna OTKpPbITUA

if(ctrl->angle.delay _us != @) // Ecau 3agepxka He HyneBas

{

// TpoBepsem, npowna /M 3ajepxKa C MOMEHTa CTapTa OTCYETa Talmepa
if ((uint16_t)((uintl6_t)TIMER->CNT - ctrl->angle.start_delay tick) > ctrl-
>angle.delay _us)
{
if(ctrl->f.TiristorReady) // EcAu TUpUCTOpP FOTOB K BKJYEHUH
{
ctrl->f.EnableTiristor = 1; // Pa3pewaem BKIW4YeHWE TUpuUcTopa
ctrl->f.TiristorReady = 0; // CHumaem ¢nar roToBHOCTU, 4TOOb He
BKJII04aTb MOBTOPHO Cpa3y

}

Teneppr 3aBepmaromuii dTanm pa3paboTku cuctembl ympasieHus YIIII:
pa3paboTka TMOJTHOW JIOTUKH paboOThl MPOrpaMMbl U BCEX €€ PEKUMOB, a TaKKe
n00aBIEeHNE BO3MOKHOCTH BHEIIIHETO YIPABJICHUSI CUCTEMOM.

['maBHOW ¢yHKIIMEH cHUCTeMBbl sBseTcs (QyHKIMsS upp main(), KoTopas
peanuzyer ocHOBHOM muki ynpasieHuss YIIII. Dra dyHkius mocneaoBaTelbHO

BBITIOJTHSIET TIPOBEPKY YCIOBUN U YIIPABISAET pEKUMaMHU paOOThI, HCXOAs U3 (iaro

67



COCTOSHMA U TCKYIIHUX IMapaMETPOB CUCTCMBEI. baok-cxema aJIropuTMa ylpaBJICHUA

coctostHueM YIIII npuBenena Ha pucyHke 24.

MapameTtpel

Wangmanuzayus YN
W3MEHWNUCE? H 4

besonacHbiA 3anyck,
BLICTaBNeHWe hnaros

PUHYAUTENbHAA

0CTAHOBKA? QcTaHoska YT

MpwHyauTensHoe

OTRIONELHE? Llysmuposanue Y11

[

MnasHoe

Llyxtnposanue YT
oTkNoYeHne? yHTp

MNnaBHas

ocTaHOBKA? QOcTaHoska YT

3anyck onpegeneHus
nepexofa Yepe3 HomMb

1

MoaroToBka?

3anyck 0CHOBHOTO
anroputma YT

by YT B pabote?

Pucynok 24 — bnok cxeMa ympasiieHus coctostaueM Y111

B wnawane pabGoTel (GyHKIMM TPOUCXOAUT TIPOBEPKA HEOOXOIUMOCTH
WHUIMAIN3AIUN YTIIOBOTO MapameTpa 3aAepKKH OTKPBITHS THPUCTOPOB. J1Jist 3TOr0
BbI3bIBaeTcs pynkmms GetAnglelnit(), koTopas aHaMM3UPyeT M3MEHEHHSI OCHOBHBIX
YOPABJSIIONIMX MapaMeTPOB — YacTOThl CETH, JUIMTEIBHOCTH pa3roHa U
KO3((PUIIMEHTOB CKBAXXHOCTU yriia OTKpbITHS (min_duty u max_duty). Ecnu

MMPOUCXOJUT HM3MCHCHHC BXOIHBIX IIapaMCTPOB, (I)YHKI_II/IH paCcCUUTBIBACT HOBLIC
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3HAYCHUS 3aJCPXKEK 3aJCPKKU OTKphITUS TupuctopoB (delay min us wu
delay max us).

[Tocne MHUIIMATM3AMH YTIIOBBIX TTAPaMETPOB MPOUCXOIUT BHI30B (QyHKIIUU
upp_safe go(), KoTopas KOHTPOJMPYET OE€30MacHBIM 3amyCK WJIM TOPMOXKEHHUE
VIIII. DOta ¢ysknus ananuzupyeT u3MeHenus ¢iara GoSafe, KOTOPBIN CIYKUT
CUTHAJIOM Ha TUIABHBIA MEPEXO0Jl MEXKIY PEeKHMMaMu paOOTHI: MPH BBHICTABICHUN
GoSafe B “1” 3HayeHUs MNPOUCXOAUT O€30MACHBIM MYCK C IOCTENEHHBIM
YMEHBIIICHUEM 3aJIePKKU OTKPBITUS TUPUCTOPOB (T.€. YBEIWUCHUE MOITHOCTH). A
IpU BBICTaBJIEHUU B “0” — MHUIIMUPYETCS MPOIECC TOPMOKEHUSI C YBEIUUECHUEM
3aJIep KU (YMEHBIIIEHHE MOLTHOCTH).

B nporecce 6e30macHoro 3amycka uim Topmoxkenus Bce Tpu ¢gassl (A, B u C)
IPOXOMAST TOJATOTOBKY M HWHUIMAIM3ALMIO COCTOSHUA THPUCTOPOB). ITO
cOpachIBaeT MpEeabIIyIINe TTapaMeTpPhl 3aACPKEK U (pi1aru, MoAroTaBINBasi CHCTEMY
K HOBOMY IIMKJTy paOOTHI.

Jiist oOecrieueHust HaJIeKHOTO U KOHTPOJIMPYEMOTO OTKITIOUEHUSI HATPY3KU Ha
JBUTATENh TPETyCMOTPEHBI OTACHbHBIC (IIard W MEXaHW3MBl YIPaBICHUS
OTKJIFOUEHHEM U ocTaHoBKoM YIIII.

Korma anroputMm mocTuraer KpailHEToO yrila OTKPBITHS THPHUCTOPOB: TPH
MyCKe — MHUHUMAJIbHBIH YTOJ OTKPBITHS, MPU OCTAHOBKE — MAaKCHUMAaJbHBIA, TO
BBICTABJISIETCS COOTBETCTBYIOMMN (uar wryntupoBanus GoDisconnect wim
octaHoBku GoStop.

Ecnu BeicTaBnen d¢uar GoDisconnect, TO MNPOUCXOAUT IIYHTUPOBAHHE
tupuctopoB. Oynkuus disconnect upp() KOHTPOIUPYET COCTOSTHUE KAKI0M (Hha3bl,
¥ KOTJIa THPUCTOP Ha (ha3e OTKPHIT MyHTHPYET e€. Korma Bce Tpu (ha3bl OTKIFOYCHBI
yctaHaBinuBaercsa (uar Disconnected, KOTOpBIN CHTHATU3UPYET O TMOJHOU
OCTAHOBKE T10J1aY1 TTUTaHUSI.

®nar GoStop ciyuT sl OKOH4YaresnbHOW octaHOBKM YIIII, xorma mocne

TOPMOXCHHUA IIPOUCXOAUT IIOJITHOC OTKIOYCHHUC IIMTAHHA, 4YTO BaAXHO I
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MPEeIOTBPAIIEHUS] CKAYKOB TOKAa M OOECIEUYEHHH TUIABHOTO 3aBEpIIEHUs padOThI
neuratens. Oyuknus connect upp() BBIKIIOYAET BCE TUPUCTOPHI M OTKIIOYAET
IIYHTUPOBAHUE, €CITU OHO OBLIO BKIIOYEHO.

Taxxxke npegycmorpensl ¢uiaru ForceStop um ForceDisconnect, xoTopsie
MIOMHMO COOTBETCTBYIOLIETO (PYHKIIMOHANA, OCTAaHABIMBAIOT JIOTUKY pabOTHI BCei
octanbHOM niporpammbl YIIIT u 610KkupyIOT yIpaBieHHe €ro.

JUiss  KOHTpoJsi ©  ympaBieHuss (a3zaMu  HMCHOJB3YIOTCS  (DYHKIIMH
upp_phase routine() m upp_phase control().

B ¢yukuum upp phase routine() st kaxmodt (aszpl  0OHOBIAETCS
uHpoOpMaIus 0 IEPEX0/Ie Yepe3 HOJIb CETEBOIO HANPSHKEHUS — KIIFOYEBOH MOMEHT,
C KOTOpPOr0 HA4YMHAETCS OTCYET BPEMEHU JI0 OTKpBITHS TUpUcTOpoB. llocie
dbukcanuu Tepexoaa uepe3 HOMb UL Kakaod (as3bl BbI3BIBACTCS (YyHKIHS
tiristor_start_angle delay(), koropas ¢ukcupyer Tekyllee 3HaY€HUE CUETYMKa
TaliMepa KaK Ha4aJIbHYIO TOUYKY OTCUETa 3a/I€PKKH OTKPBITHS TUPUCTOPA.

Ecim  tupuctop B nanubii  MoMeHT OTKpbIT (TiristorlsEnable), on
OTKJIFOYAETCs, 4YTOObl 00ECIEUNTh KOPPEKTHOE YIPABIECHUE YIJIOM OTKPBITUS Ha
HOBOM TMOJYTIEPUOJE.

@®yukuus upp_phase control() oTBedaer 3a HEMOCPEICTBEHHOE YIIPABIECHUE
TUPUCTOPOM JUIsl KaK10i (ha3bl. B Hell mpoucXoauT pacyeT 3aep>KKU OTKPBITHS B
MHUKPOCEKYHJaX, MCXOJs M3 TEKYyLIUMX MapaMeTpoB, U BKIIOYEHUE TUPHUCTOpPA B
TOYHOE BPEMSI, UTO TAPAHTUPYET pealn3alrIo 3aJaHHOTO YIJIa YIIPABJICHHUS.

KitoueBbiM MoMeHnTOM siBisieTcst hyHkuus GetAnglelnit(), rne mpoucxonur
aJIANITUBHBIN MepecyeT 3aJIePKeK OTKPBITUS TUPUCTOPOB MPU U3MEHEHUHU BXOIHBIX

apameTpoB.

if(update)

// PacYéT ANUTeNbHOCTU nosynepuoja B MUKpocekyHAax (C y4ETOM Bbl4eTa pe3epBa Ha
OTKpbITUE TUpUCTOpA)
uint32_t half_period_us = (500000.0f / Upp.sine_freq) - 1000;

// Pac4éT MakCUManbHOW WM MUHUMANbHOW 3ajepxku (B MKC) MO MpoueHTaM CKBAXHOCTMW
angle->delay_max_us = (uint32_t)(Upp.max_duty * half_period_us);
angle->delay min_us = (uint32_t)(Upp.min_duty * half period_us);
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// TNpoBepka, MNOMEWAWTCHA U 3HAYeHUs 3ajepxek B 16-6UTHLIA Tailmep
if((angle->delay_max_us > OxFFFF) || (angle->delay _min_us > OXFFFF))

// Ecnun HeT - yBenu4uBaem npeckanep B 10 pa3 (To4yHOCTb 10 MKcC)
angle->delay_max_us /= 10;

angle->delay_min_us /= 10;

TIMER->PSC = 719;

if((angle->delay _max_us > OxFFFF) || (angle->delay _min_us > OxFFFF))
// Ecnn BCEé ewé He nomewaetcA - ewé B 10 pas (ToYHOCTb 0.1 McC)
angle->delay_max_us /= 10;
angle->delay_min_us /= 10;
TIMER->PSC = 7299;

if ((angle->delay _max_us > OxFFFF) || (angle->delay min_us >

OXFFFF))
{
// Ecnun paxe npu 3TOM nepenosiHeHWe — aBapuiiHaA OCTaHOBKa
Upp.ForceStop = 1;
}
}
}
else
{
// 3apepxku mnomewawTcAa - YCTaHaB/AMBAeM CTaHAApTHbIA npeckanep (1 Mmkc)
TIMER->PSC = 71;
}

// I'IepeBo,u, ANMNTEeNbHOCTU paBFOHa/TOpMO)KEHVIFI n3 CcekKyHna B MUNNNCEKYHAObI
float duration_ms = Duration_old * 1000.0f;

uint32_t steps = duration_ms / angle->sample_time_ms;

if (steps == 0) steps = 1;

// BbldUCNEHMe wara M3MEeHeHWs 3aJepXKM Ha KaxAom ware
if (angle->delay_max_us > angle->delay _min_us)
angle->delay_step_us = (angle->delay_max_us - angle->delay_min_us) /
steps;
else
angle->delay_step_us = 0;

3a/iepKKU BBIYMCISAIOTCA KaK Mpou3BeZeHHE KOA((UIMEHTOB CKBaXKHOCTH
yriia oTkpbITUs (min duty u max duty) Ha moyiyrepuoj CETEBOrO HAMpsHKEHUS,
BBIPDAKEHHBIH B MHUKpoceKyHaax. Hampumep, npu yacrore 50 ' momymepuon
cocrapimsier 10 mc (10 000 wMkc), W 3adepKKa OTKPBITHS THUPUCTOpA C
koapurmentom 0,1 6yner npumepHo 1 mc.

UtoOsl n30ekaTh nepenoaHeHus: 16-0uTHOro Taiimepa, mpu HEOOXOTUMOCTH

OCYILIECTBIISIETCS HW3MeHeHue npennenutens Ttaiimepa (PSC), uyto mno3Bomsier
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U3MEpATH 00Jiee JITMHHBIE BPEMEHHbIE UHTEPBAJIbI C TOHMKEHHONW TOUHOCTBIO. DTO
BaXKHO /17151 pabOThI C HU3KOYACTOTHBIMU CETSIMHU.

Kpome Toro, BBIYMCISIETCS KOJIMYECTBO IIaroB M3MEHEHUS yIJia 3aJEepKKH,
UCXOJI U3 JIIMTENbHOCTH pasroHa (Duration), BeIpakeHHOM B MUJUIMCEKYHJIAX, U
gacToThl OOHOBJIEHUs (sample time ms). Takum oOpa3om, 3amaeTcsl TUTABHBIA U
PaBHOMEpPHBIA MEPEXO] OT MUHUMAJIBHON 3aJE€PKKH OTKPBITUS (MaKCHUMAaJIbHAs
nojaya MOIIHOCTH) K MaKCHUMalbHOW (MUHHMMAaJlbHAs MoOJadya MOIIHOCTU WIIU
MOJIHOE OTKJIFOUCHHE).

[Tapametp delay step us ompezenser mar U3MEHEHMs 3aJCpXKKU 3a OJUH
IUKJI OOHOBJIEHHUS, YTO HEMOCPEJICTBEHHO BIIMSAET HA CKOPOCTh pa3rOHa WM
TOPMOKEHUS.

@yHKUMS upp_init() BBIIOIHAET Ha4YaIbHYIO HACTPOUKY CHCTEMBI: 3a4at0TCSI
HavdaJIbHbIE TTapaMeTpsl, HazHavaroTcsa noptel GPIO nns ynpaBnenus tTupucropaMu
U OTKJIIOYEHUEM (pa3, MHULMATU3UPYETCS TailMep, a TAKXKEe HACTPAUBAETCS MOAYJIb
JNETEKTUPOBAHUS Iepexoa yepe3 HoJib. B yacTHOCTH, KaxkaoMy U3 TpeX (ha30BbIX
KOHTPOJUIEPOB MPHUCBAUBAETCS CChLJIKA HA OOIIME MapaMeTphl yIila OTKPBITUS, YTO
o0ecreunBaeT COrIacoBaHHOE yIpaBiieHUE pa3zaMu.

Nrorosas nporpamma ynpasnenus Y111 npusenena B npunoxennu B.

Taxxe Obuta nenukom nepepadorana monens YIIIT B MATLAB. Ona Obuta
CTPYKTYypUpOBaHa M ympolieHa. MToroBass mMoaenp Al AEMOHCTpalUu padOThI

VIIII npuBenena Ha puc. 25.
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Ynpasnenve YT Crmynsuuta MK Measurements
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Pucynok 25 — Mogens qisa cumynsiuuu Y1111
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4 MUCCIEJOBAHUE MOAEJU MHUKPOKOHTPOJIJIEPA B
MATLAB

Pa3zpaboTtka momenu mukpokoHTposuiepa B cpene MATLAB/Simulink 6p11a
HalpaBjeHa Ha CO3[aHMe MHCTPYMEHTa, CIOCOOHOTO 3aMEHUTh (HU3UUECKOE
o0OpyZ0BaHUE HA ATare TECTHPOBAHUSA U OTJIAJIKH MPOTPAMMHOTO OOCCIICUCHHSI
BCTPOCHHBIX cucTeM. OJHAKO HaJIM4KMe CaMOM MOJIeNId €lI€ He rapaHTUpyeT e
MPaKTUYECKYI0 MPUMEHUMOCTb. HeoO0XoauMo yaoCTOBEPUTHCS, YTO CHUMYJIISTOP
BOCIPOM3BOAUT TOBEJCHHE PEaJbHOr0 MHKPOKOHTPOJIEpa C JIOCTaTOYHOMN
TOYHOCTBIO KaK B JIOTMKE MCIIOJHEHUS! MPOTPaMMBbI, TaK U BO B3aUMOJICUCTBUU C
BHEIIIHEH MOJICIIbIO anmnapaTHON 4acTH, pean3oBanHoi B Simulink.

J17151 OLIEHKHU Ka4eCTBA M KOPPEKTHOCTH PabOThI pa3paboTaHHOU MOIeNIH ObLa
MIPOBE/ICHA CEpHsl SKCIEPUMEHTOB, HANPABJICHHBIX Ha CpPaBHEHUE pE3yJIbTaTOB
CUMYJIAIIAM C TIOBEJACHUEM PEATbHOTO MHUKPOKOHTPOJUIEpAa TPH BBITOTHCHHUH
UJCHTUIHOTO YIIPABJISIFOIIETO aJrOpUTMA.

Kpome Toro, 49rtoObl TPOAEMOHCTPUPOBATH MHTETPAIMIO  MOJEIH
MUKPOKOHTpOJIIepa ¢ (U3MYECKOM  MOJENbI0  3JIEKTPOooOOpYyHaOBaHUS,
paccMaTpHUBAIOTCS PE3yJIbTaThl MOJACIMPOBAHUS MPOILIECCOB MyCKa U OCTaHOBA
aCMHXPOHHOTO JiBUTaTesst B Simulink Kak ¢ ucnoiap30BaHuEM yCTPONUCTBA IJIABHOTO
MyCKa, TaK W MpHU IpsiMOM Imycke. COTOCTaBIICHUE TMOTYYEHHBIX XapaKTEPUCTHK
(TOKOB, HaIPSKEHUH, KPYTSIIETO MOMEHTA) TIO3BOJISIET CYJIUTh O CTETICHH BIIMSTHUS
YOPABISIIONIETO QJITOPUTMAa Ha TIOBEACHHWE BCEH CHCTEMBI W IOATBEPXKIACT
BO3MOKHOCTh HCIIOJIb30BaHUSA Pa3pabOTaHHOTO WHCTPYMEHTAa B WHXCHEPHOU

MPaKTHUKE.
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4.1 CPABHEHHUE MOJAEJIN C PEAJIBHBIM
MUKPOKOHTPOJIVIEPOM

JIJIst O1leHKH KOPPEKTHOCTH pa3pabOTaHHOW MOJEIM MUKPOKOHTPOJIIEpa B
cpene MATLAB/Simulink Ob10 MpoBeAEHO 3KCIEPUMEHTANIBHOE CpPaBHEHHE
pe3ynbpTaToB €€ pabOThl C TMOBEICHHEM pPEabHOTO MHUKPOKOHTPOJUIEpa MpHU
BBITIOJTHCHUN WJEHTUIHOTO YITPABJISAIONIETO aIrOPUTMA.

Ucnons3oBanca peanbHbii STM32F103. Ha Hero mnopaBajicsi CHUTHAI,
UJEHTUYHBIA curHaiy ¢ komnaparopa (Meanap 50 I['). C momMoIpo JOruyecKkoro
aHaJIM3aTOpa CHUMAJUCH CJIEIYIONIME CUTHAJIBI: MEaHJIp C KOMIlapaTopa, CUTHal
JUTSI BKITFOUEHHUS TUPUCTOPOB, CUTHAJ I ITYHTUPOBAHUS TUPUCTOPA.

B pamMkax mepBoro sKCIeprMEHTa paccMaTpUBajiach CUTYalHsl ¢ KOPOTKAM
BpEMEHEM ITycKa, paBHBIM 0,5 CEKYHJIbI, 1JIs1 OIIEHKUA (DOPMUPOBAHUS CUTHAJIOB JIJIsI
OTKPBITHS THPUCTOPOB B 3aBUCUMOCTH OT yria. Kak BUHO Ha pucyHKe 26, CHTHAIIBI

COBIIaJarOT 110 BpCMCHHU U CI)OPMC, 4TO IMOATBCPIKAACT KOPPECKTHOCTH MOACIIN.

43s
+.6s +0.7s H0Bs +0.9s
"

Komnapatop

Cwrian gns BKIHOYEHWA THPHCTOPa

CMrHan A WyHTUPOBAHMA THPHCTOPA

Pucynoxk 26 — CpaBHeHUE MOJIENIH U PEATBHOTO MUKPOKOHTPOJLIEpA
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a) OCHMJUIOrpaMMa C pealbHOr0 MUKPOKOHTpOJLIEpa

0) nuarpamma cumysisiiiua B MATLAB

JlomoyIHUTENbHO OblIa MPOBEIEHA NPOBEPKAa KOPPEKTHOCTH MOJENIU IpPHU
YBEJIIMYEHHOM BpPEMEHM IIyCKa, 4 MMEHHO C IUIaBHBIM pPAa3rOHOM JBUIAaTeNsd B
TedeHue 8 CEeKyHA. AHAIN3 BPEMEHHBIX IHArpamM, IOJIYYEHHBIX KaK ¢ pEaIbHOTO
YCTPOMCTBA, TaK U U3 PE3YJIbTATOB MOJAEINPOBAHNUS, IOKA3JI , YTO C MOMEHTA
NEPBOTr0 BKJIIOYEHUS THPUCTOPOB JO 3aBEpUICHUs MycKa (LUIyHTUPOBaHUS
TUPHUCTOPOB) MPOILIO OAUHAKOBOE BpeMsl — 7,89 CeKyH[Ibl. DTO CBUAETEIBCTBYET O
TOM, YTO MPH KCIIOIb30BAHUU PEATBHBIX AITOPUTMOB U (PU3HUECKUX NAapaMETPOB,
MOJE/Ib AJEKBAaTHO OTPAXKACT AUHAMHYECKOE ITOBEICHHE MUKPOKOHTPOJUIEPHOU
CUCTEMBI JAXE B YCIOBHUAX MNPOTKEHHBIX NEPEXOIHBIX MPOLECCOB. Pe3ynpTarsl
ATOTO CPAaBHEHMS IIPUBEJICHBI HA PUCYHKE 27.

3 (w)
[ h i .. _
Timing Markers (%)

+s 22 s

PO > A7.891 394 000 s (126.72 mHz)

7 ¥ Trace Selection

¥ Cursor Measurements

7
» Settina
v

1 0.508
y 8.400
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Pucynok 27 — JleMoHCTpanys 0JMHAKOBOTO BPEMEHHM ITyCKa
a) OCHMJUIOTpaMMa C peaibHOr0 MUKPOKOHTpOJLIEpa

0) nuarpamma cumyssinud B MATLAB
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4.2 MOJEJIMPOBAHUE YCTPOUCTBA IIJTABHOI'O ITYCKA
JIns Hadasia pacCMOTPUM PEKUM MPSMOTO MyCKa ACUHXPOHHOIO JBUTATEIIS.
OO0mras kapTWHA HANPsOKCHWW HA JBUTATENE, €r0 YacTOThI BPAIEHUS W TOKOB

IIPUBE/ICHA HA PUCYHKE 28.

N
=]
=)

I I
Phase A

1=
S

=)

Phase Voltage (V)
2
38

200 | | I | | | | |

o

Speed (Hz)

[

<Stator currentis_a (A)>
<Stator currentis_b (A)>
o <Stator currentis_c (A)>

Stator current (A)

| | | | | | | | -
15 2 25 3 3.5 4 45 5
Time

Pucynok 28 — Pe3ynbraTsl MOAETUPOBAHNUSA MPSMOTO ITyCKAa ACUHXPOHHOTO

ABHUI'aTCJIA

Ha pucynke 29 oToOpakeHbl ()parMeHThI TOKOB CTATOpa B MOMEHTHI 3aIlyCKa
U OCTaHOBKM B YyBEIMYEHHOM Macmrabe. B mpouecce mycka Habmomarorcs
3HAYUTEIIBHBIC ITyCKOBBIC TOKH: Is ¢ max = 975 A, s b max = 775 A, is ¢ max = 830 A.
[Ipy ocraHOBKE ABHraTenss MaKCHUMAaJbHbIE TOKH JOCTUTAIOT COOTBETCTBEHHO:

Is a max = 880 A, is b max = 527 A, Is ¢ max = 740 A.
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Pucynok 29 — Toku cratopa aCHHXPOHHOT'O ABUTATENS IIPU MIPSMOM ITyCKE:
a) B MOMEHT 3aIycKa

0) B MOMEHT OCTaHOBKH

Ha pucynke 30 npuBeneH rpaduk KpyTALIETO MOMEHTA IBUTATENS B PEKUME
IPSIMOTO ITycKa. BUIHO, 4TO KPYyTAIINK MOMEHT 7e PH NOJKJIFOYEHUH K CETH PE3KO
BO3pacTaeT U cuibHO KoJsiebnercsa ot -500 H-m mo 1000 H-M. A mipu ocTtaHOBKe,

Ha0JII0/1aeTCsl 3HAUYNTENbHBIN BBIOpOC 10 -1100 H-m.

|
1000 —

-500

5

=]
=3

Electromagnetic torque Te (N*m)

-1000—

1500 \ \ | | \ \ | | | \
0

Time

Pucynok 30 — KpyTsuuii MOMEHT IBUTATEISI IPHU MPSIMOM ITyCKe
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Jlanee paccMOTpeH MYyCK C UCIOJIb30BAaHUEM YCTPOMCTBA IUIABHOTO ITyCKa
(VIIII). B xkauecTBe ynpaBJISIONIeTro CUTHANIa UCTIOIB30BAJICA YIIpaBisitomuid Out Go
(8 mporpamme GoSafe), oOecrmeunBarONIMii TJIABHOE HApacTaHWE U CIaj
HampspkeHus: Ha Beixoae YIIII. OOmass AuHaAMUKa CHUCTEMBI B 3TOM PEXHUME

MoKa3aHa Ha pucyHke 31.

T e —
Phase A |
| | | |
| | | |
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@ .
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T .
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=
]
B .500— -
2]
-1000 — | | | | | _
0 5 10 15 20 25 30
Time

Pucynok 31 — Pe3ynbrarsl MOAEIMpOBaHUs IyCKa aCHHXPOHHOT'O ABUTATENS

yepes YIIII

Ha PUCYHKC 32 MMPUBCACHBI MOMCHTHI 3allyCKa 1 OCTaHOBKU.

) 0) . . .
. Phase A | Phase A
= = 200
o 100F 1 Y
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g 100 N\ 1 2 Nt\ ,\:):\ mﬁ (\A{:\‘ ,«:{:\ B <Stator currentis_c (A)>
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° ¢ 7y 2 LA IBNNARARY,
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Time Time

Pucynok 32 — Toku cTaTopa aCHHXPOHHOTO JBUTATENS MPU MIIABHOM MYCKE:
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a) B MOMEHT 3aIycKa

0) B MOMEHT OCTaHOBKH

Buano, 4TO IIpM IJIaBHOM IyCKE TOK CTATOpA IUIABHO HAPACTAET MU CIIAJAET,
He npesbimas 500 A. Ho npu mryHTUpOBaHUM TUPUCTOPHOTO OJIOKA, TOK JIOBOJIBHO
PE3KO MOACKAKUBAET, XOTS Bce paBHO He npesbimaeT 500 A.

Ha pucynke 33 mpuBeneH KpyTAIIMA MOMEHT IBHTATEs IPU 3aIlyCKe U
OocTaHOBKE. BuiHO, YTO MOYTH YTO Mponanu KojJeOaHus KPYyTAIEro MOMEHTA MpH
nycke asurarens. Ho npu nonkmrouennn u otkimrouennu YIIII takke nosBisroTcs

BBIOPOCHI, MAKCUMAJIHHBIN BHIOOP OBLIT IIPU OTKIIIOUEHUHU, U OH cocTaBui -800 H-m.

a0ol— T T T T T -

600— =
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Electromagnetic torque Te (N*m)
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| 1 1 1 1
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Pucynok 33 — Pe3ynbTarsl MOJAEIMPOBAHUS MPSIMOTO ITyCKa aCHHXPOHHOTO

JIBUTATES

JUIsi CHYDKEHMSI TaHHBIX BBIOPOCOB OBUIO PEIIEHO MOMpOOOBaTh U3MEHHTH
JIOTUKY UIYHTUPOBaHHUS TUPUCTOPHOIO OJOKa: BMECTO MO(a3HOTO MOJKIIOYEHHUS,
Bce (a3pl cTanM MOAKIOYATHCS OJHOBPEMEHHO. DTO IMO3BOJIMIO 3HAUYUTEIHHO
CHU3UTH TEPEXOJHbIC SIBJICHUS MPHU IIYHTUPOBAHUH. MakcMMasabHble 3HAYEHUS
BBIOPOCOB TOKa yMeHBITIIIUCH ¢ 500 A 10 270 A, a BEIOPOCHI KPYTAIIErO MOMEHTA
— ¢ 800 H'm no 400 H-m. /Inarpammbl I1aBHOrO IMyCKa IPU HOBOM aJTrOpPUTME

IIPUBEICHBI HA pUCYHKax 34-35.
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Pucynoxk 34 — Pe3ynpTaThl MOAEIHPOBAHUS MPSMOTO ITyCKa aCHHXPOHHOTO

ABUTATCIIA
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Pucynok 35 — Pe3ynbrarsl MOAEIMPOBAHUS NMPAMOTO IIyCKa ACHHXPOHHOTO

ABHUI'aTCJIA

BuaHo, 4To npu NOAKIIOYEHUH U OTKIIFOUEHUHU YCTPOMCTBA MIIABHOTO ITyCKa
TOKHU CTaTOPa 3HAYUTENBHO CHU3UIUCH. AMIUIUTY/1a BBIOPOCOB KPYTALIETO MOMEHTA

TAKKC YMCHLIINIIACh, HO HE CTOJIb 3HAYUTCIILHO.
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4.3 MNPEMMYIECTBA HNCIIOJb30OBAHUSA MOJAEJIN
MUKPOKOHTPOJUUIEPA

Pa3zpaboTtka moxenu mukpokonTposuiepa B cpene MATLAB/Simulink 6s11a
HaIpaBjeHa HE TOJbKO HAa BO3MOXHOCTh OTJIAJIKU BCTPOCHHOTO MPOTrPaMMHOTO
oOecnieueHnss 0e3 UCHONB30BaHUS (HU3MUYECKOTO OOOpyHOBaHUS, HO W Ha
YHOPOIIEHNE U YHU(PUKALUIO POLIECCOB MOJEIUPOBAHUS U TECTUPOBAHUSI.

Jlo BHeApeHUs MPEAJIOKEHHOTO MOJYJSI MOJCIUPOBAHUE YIIPABISIOUIUX
cuctreM B MATLAB u peanuzanus 3TUX € CHUCTEM Ha MHUKPOKOHTPOJUIEPE
(dbakTHUeCKH BBIMOJIHSUINCH pasznenbHo. Kak mpaBuiio, airoputM cHadasia
ornaxuBaics B Simulink Ha ypoBHE (QYHKIIMOHAJIBHOW CXEMbl WU MOJEIH
yOpaBleHUs, IMOCIE€ Yero OH TIEPEHOCHTCS B Cpeay MpOrpaMMHUPOBAHUSA
MUKpPOKOHTPOJUJIEpa — YacTO C HEOOXOJUMOCTBHIO TEPENUCHIBAaHUS JIOTUKUA U
aJIanTaIyy 1Mo ApXUTEKTYPY IIaTHOPMBI.

Takoi moaX0/1 COMPOBOKAAICS PAAOM OrPAHUYCHUIM:

~ BO3MOYKHOCTb PacX0)KJI€HUs MOBEIACHUSI MOJENEH, 0OCOOEHHO MPH CI0XHON
JIOTUKE WJIM OIIMOKaX P MepPeHOCEe KOa;
~ HEBO3MOXHOCTh BOCIIPOM3BEJICHUS OIMMOOK PEAJbHOTO WCIIOJHEHHS Ha

CTaIud MOJCTUPOBAHUS, TaK KaKk TMOBEACHHE MHKPOKOHTPOJIIEpa

AMYJIUPOBANOCh JIMIIb MNPUOJMKEHHO U 0e3 yuéra apXUTEKTYPHBIX

0COOEHHOCTEH.

[IpennoxxeHHass B naHHOW paboTe MOENb MO3BOJIIET HEMOCPEICTBEHHO
UHTErpupoBaTh peanbHbli C-koxa, HamucaHnHbid 11t STM32, B cpeny Simulink.
Taxkum ob6pazom, MATLAB ucnonb3yer aisg CUMYJISIUA TOT K€ UCXOMHBIN KOJI,
KOTOPBIN B TaTbHEHIIIEM 3arpyskaeTcsi Ha GU3NIECKOE yCTPOMCTBO. DTO UCKITFOYAET
OIMOKHA, BO3HUKAIONIME TPU TMOBTOPHOW pealu3aiiil JIOTUKH, U 00ecreurnBacT
TIOJTHYIO UJICHTUIHOCTD MTOBEJCHUS MOJICIIH M KOHEYHOT'O YCTPOHCTBA ITPH YCIOBUHU

KOPPEKTHOM HACTPOIlKU nepudepuu.

83



Buenpenue pa3paboTaHHOTO MOAYJS HECKOJIBKO YBEIMYUBAET CIOKHOCTh
MOJICIMPOBAHUS, T.K. HJIi €r0 HUCIOJIb30BaHUsI Tpelyercs 0a30BOE MOHUMAaHUE
komrmuisiniua - C-xoma, Hactpoiika MSVC-kommumsatopa #  KOHGUTYpaIus
CTPYKTYpbl mpoekTa. OAHaKo 3TO KOMIIEHCHPYETCS 3HAYUTEIbHBIM POCTOM
TOYHOCTM MOJEJIMPOBAaHUS M COKpAIEHHEM OOIIEro BPEMEHU OTIAJKH.
Pa3paboTunk mody4aeT BO3MOXKHOCTH TIIOIIATOBOW OTIAAKH, MOHHTOPHHIA
BHYTPEHHHUX IE€PEMEHHBbIX, (OPMUPOBAHUS BPEMEHHBIX JIUarpaMM U yIO0OHOM
UHTETpaluu ¢ pusndeckuMu MoaeasimMu B Simulink.

Takum 00pazoMm, NpPEIIOKEHHBIM MOAXOJ YCTPaHSAET pa3pblB MEXIY
CUMYJISIIUEN U MPOrpaMMHUPOBAHUEM MUKPOKOHTPOJIIEPa. DTO JI€JIaeT BO3MOXKHBIM
0oJiee TECHYIO0 MHTErpalyio annaparHoro U MporpaMMHOIO oOecnedueHus eme Ha
CTaluU MPOEKTUPOBAHMSI, YTO OCOOEHHO BaXKHO IMpPH pa3pabOTKE CIIOXKHBIX WIN

KPUTUYICCKHU BaXXHBIX CUCTCM YIIPABJICHHA.
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3AK/IIOYEHHUE

Lenpto  maHHOW  paboThl  sBIsUIaCh  pa3paboTKa  CcUMYJIATOpa
mukpokoHTposuiepa STM32 B cpene MATLAB s noimiaroBodt OTHagkul U
TECTUPOBAHUSI BCTPOCHHBIX IPOTPAMMHBIX AJITOPUTMOB 0€3 HE0OXO0AUMOCTU
UCIIONB30BaHus (pr3mueckoro ooopyaoBanus. Takoil MOAX0A MO3BOJSET YCKOPUTH
LIUKJI pa3pabOTKH, MOBBICUTH BOCIPOU3BOJUMOCTH PE3YJbTATOB M YHPOCTUTH
OTIAJKY MPOrPaMM B YCIOBHSIX, IPUOIMKEHHBIX K pEeabHBIM.

B pamkax paboTsl Obula CO3[aHa APXUTEKTypa CHUMYJSTOpA, CIIOCOOHOIO
UCIIOJIHATHh TI0JIb30BATENIbCKUM KOJ Ha s3plke C ¢ SMysiUued KIFOYEBBIX
nepudepuitnpix ycrpoiicts (taiimepsl, GPIO, UART) u unTerpanueii ¢ cucremon
MozaenupoBanus Simulink. 9To N03BOJISIET TECTUPOBATH YIPABISAIOIINAE AJTOPUTMBI
B KOHTEKCTE pabOThI C PEaIbHOM IEKTPOHUKON U CUIIOBOM YacCThIO.

B kavecTBe JEMOHCTPAllMOHHOTO MPUMEPA BO3ZMOXHOCTEW pa3padOTaHHOIO
CUMyJIATOpa ObUI peain30BaH MPOEKT YHPABJICHHS TUPUCTOPHBIM YCTPOMCTBOM
IUIABHOTO IIyCKa aCUHXPOHHOT'O JBHUIATENsA. JTOT MPUMEP BKIIOYAI MOCTPOEHUE
¢dusnueckoit Moaenu B cpeae Simulink, peanu3aiuio alropuTMa ynpaBlIeHHs Ha
s3pilke C W ero TeCTUpPOBAHHME C IMOMOLIbI0 Pa3pabOTaHHOTO CHUMYJIATOPA.
[IpoBeneHO MOAENUPOBAHUE TNEPEXOAHBIX PEXKUMOB IyCKA W OCTAHOBKH,
MOATBEPkKAaIoIIee Ppad0TOCTIOCOOHOCTh BCE CUCTEMBI.

Takum oOpazom, B paboTe ObLT pazpaboTaH YHUBEPCATbHBIN HHCTPYMEHT JJIs
OTNAKA  MUKPOKOHTposuiepHbIX  mpuiioxkennit B MATLAB/Simulink,
NO3BOJISIOIIMN TPOBOJUTH MOJEIMPOBAHUE KAK JIOTMKHA IPOTpaMMBbl, TaK U €€
B3aUMOJICUCTBHS C BHEIIHUMH CUCTEMaMU.

Pa3paboTtanHasi Mojenb OpHUEHTHPOBAaHA Ha MOJIb30BaTENEH, 00Jagaroux
ompITOM  paboTel ¢  MHUKpokoHTposuiepamu  STM32, 3HaHWeM  s3bIKa
nporpammupoBanus C, a TakKe MOHUMaHUEM CTPYKTYpPbI POEKTOB, CO3/1aBAEMbIX

Ha MUKPOKOHTpoJiiepax. JJononHutensHo Tpedyercs 6azoBoe Biagenue MATLAB
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u Simulink, TOCKOJIBKY CHUMYJATOP HMHTErpPUPYETCsl B IIpolecc OJIOYHOTO
MojenupoBaHus yepes S-Function.

B T0 ke Bpemsi, CTpyKTypa MHCTPYMEHTA TIO3BOJISIET aIallTUPOBATh €T0 IO/
pa3Hble TIPOEKTHl 0e3 HEOOXOAMMOCTH TJIyOOKOTO W3MEHEHHUs BHYTPCHHEH
aApPXUTEKTYPBI, UTO JACNIACT €T0 yI0OHBIM KaK JJIsI HAyYHBIX HCCIICTOBAHUHN, TaK U IS
WHXCHEPHOU TpakTUKU. Hampumep, B MOAEIN BO3MOXKHOCTH JIJISI TTOCIIETYIOIIETO
pacmmpeHuss  (QYHKIMOHAIBHOCTH  CHUMYJISTOpA,  BKIIOYas  TOJJICPKKY
JOTIOTHUTENBHBIX TePU(EPUHHBIX YCTPOMCTB U MOJEIHPOBaHNE 0O0JIee CIOKHBIX
aApPXUTEKTYP MUKPOKOHTPOJIEPOB.

[IpeasioxkeHHBIN MOAXOJ TO3BOJISIET BOCIPOU3BOJUMO MOJIETUPOBATH H
OTJIAXXUBATh BCTPOCHHOE MPOTPAMMHOE OOECIeYeHHE B KOHTEKCTE CIIOKHBIX
CUCTEM YIIpaBJICHUS, €IlIe JI0 Mepexo/ia K anmnapaTHOW pealm3alii, 4To 0COOEHHO
aKTyaJIbHO B 00pa30BaTENbHBIX, UCCIEAOBATEIBCKUX U OTIBITHO-KOHCTPYKTOPCKHX

3aJa4ax.
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HPUJIOKEHUE A
JIncTHHT 000/109YKH MUKPOKOHTPOJLICPHON IPOTrPaMMbl

®dait1t MCU.c:

/**

3k 3k 3k 3k sk sk sk >k sk >k >k >k sk >k >k >k >k sk >k >k >k sk >k >k >k >k >k >k >k >k >k >k 5k >k 5k >k 3k 3k 5k 3k 3k 3k 3k 5k 3k 5k 3k 5k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 5k 3k 3k 3k ok 3k sk sk ok ok sk ok
* @file MCU.c

* @brief WUcxopHbii kop S-Function.

3k 3k 3k 3k sk sk sk >k sk >k >k >k sk >k >k >k >k sk >k >k >k sk >k >k >k >k 3k >k >k 3k >k >k 3k >k 5k 3k 3k 3k 5k 3k 3k 3k 3k 5k 3k 5k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k sk 3k 3k 5k 3k sk 3k ok 3k sk sk ok ok sk ok
@details

JaHHbii Gann copepxuT GyHKuum S-Function, koTopbii Bbi3biBaeT MATLAB.

3k 3k 3k 3k sk sk sk >k sk >k >k >k sk >k >k >k >k sk >k >k >k sk >k >k >k >k >k >k >k >k >k >k 3k >k 5k 3k 3k 3k 5k 3k 3k 3k 3k 5k 3k 5k 3k 5k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k sk 3k 3k 5k 3k sk 3k ok 3k sk sk ok ok sk ok
@note

OnucaHue ¢yHKUMIA nMo Gonblieid 4acTu creHepupoBaHo MATLAB'oOM, NOSTOMY Ha aHrIMACKOM
**************************************************************************/

J**

* @addtogroup WRAPPER_SFUNC S-Function funtions

* @ingroup MCU_WRAPPER

* @brief DedaviHbl n pyHKumMmn 6noka S-Function

* @details 3pecb cobpaHbl GyHKUMM, C KOTOPbIMU HernocpencTBeHHO paboTaeT S-
Function

* @note OnucaHue ¢yHKUMM MO Gonblieid 4acTu creHepupoBaHo MATLAB'om,
No3TOMY Ha aHIJIMNCKOM

*e{

*/
#define S_FUNCTION_NAME MCU

#define S_FUNCTION_LEVEL 2
#include "mcu_wrapper_conf.h"

#define MDL_UPDATE ///< ana nogkntwdeHnua mdlUpdate()

/**
@brief Update S-Function at every step of simulation
@param S - pointer to S-Function (library struct from "simstruc.h")
*  @details Abstract:
* This function is called once for every major integration time step.
* Discrete states are typically updated here, but this function is useful
* for performing any tasks that should only take place once per
* integration step.
*/
static void mdlUpdate(SimStruct* S, int_T tid)

{

// get time of simulation
time_T TIME = ssGetT(S);

R el SIMULATE MCU---------------
MCU_Step_Simulation(S, TIME); // SIMULATE MCU
[ ] = s
}//end mdlUpdate
/%*
* @brief Writting outputs of S-Function
* @param S - pointer to S-Function (library struct from "simstruc.h")
* @details Abstract:
* In this function, you compute the outputs of your S-function
* block. Generally outputs are placed in the output vector(s),
*

ssGetOutputPortSignal.
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*/
static void mdlOutputs(SimStruct* S, int_T tid)

{
SIM writeOutputs(S);
}//end mdlOutputs

#define MDL_CHECK_PARAMETERS /* Change to #undef to remove function */
#if defined(MDL_CHECK_PARAMETERS) && defined(MATLAB_MEX_FILE)
static void mdlCheckParameters(SimStruct* S)

{
int i;
// TpoBepseM W MpUHUMAeM MapameTpbl U paspewaeMm WKW 3anpewaem UX MeHSATb
// B npouecce MoLenvpoBaHuA
for (i =0; 1 < 1; i++)
{
// Input parameter must be scalar or vector of type double
if (!mxIsDouble(ssGetSFcnParam(S, i)) || mxIsComplex(ssGetSFcnParam(S,
i) |
mxIsEmpty(ssGetSFcnParam(S, i)))
{
ssSetErrorStatus(S, "Input parameter must be of type double™);
return;
}

// MapameTp M.6. TONbKO CKanApoM, BEKTOPOM WU MaTpuuew
if (mxGetNumberOfDimensions(ssGetSFcnParam(S, i)) > 2)

{

ssSetErrorStatus(S, "MapameTp M.6. TONbKO CKaNfipoM, BEKTOPOM WK

mMaTpuuein");

return;
}
// sim_dt = mxGetPr(ssGetSFcnParam(S,0))[0];

// Parameter not tunable

// ssSetSFcnParamTunable(S, i, SS_PRM_NOT_TUNABLE);

// Parameter tunable (we must create a corresponding run-
time parameter)
ssSetSFcnParamTunable(S, i, SS_PRM_TUNABLE);
// Parameter tunable only during simulation
// ssSetSFcnParamTunable(S, i, SS_PRM_SIM ONLY_TUNABLE);

}//for (i=@; i<NPARAMS; i++)

}//end mdlCheckParameters

#endif //MDL_CHECK_PARAMETERS

static void mdlInitializeSizes(SimStruct* S)

{
ssSetNumSFcnParams(S, 1);
// Kon-Bo oxupaembix M $akTUYeCKUX MapameTpoB AONIKHO COBMagaTb
if (ssGetNumSFcnParams(S) == ssGetSFcnParamsCount(S))

{
// TNpoBepsAeM W MNPUHUMaEM MapameTps
md1lCheckParameters(S);
}
else
{
return;// Parameter mismatch will be reported by Simulink
}
// set up discrete states
ssSetNumContStates(S, 0); // number of continuous states
ssSetNumDiscStates(S, DISC_STATES WIDTH); // number of discrete states
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}

// set up input port
if (!ssSetNumInputPorts(S, 1)) return;
for (int i = @; i < IN_PORT_NUMB; i++)

ssSetInputPortWidth(S, i, IN_PORT_WIDTH);
ssSetInputPortDirectFeedThrough(S, 0, 9);
ssSetInputPortRequiredContiguous(S, @, 1); // direct input signal access

// set up output port

if (!ssSetNumOutputPorts(S, OUT_PORT_NUMB)) return;

for (int i = @; i < OUT_PORT_NUMB; i++)
ssSetOutputPortWidth(S, i, OUT_PORT_WIDTH);

ssSetNumSampleTimes(S, 1);

ssSetNumRWork(S, 5); // number of real work vector elements
ssSetNumIWork(S, 5); // number of integer work vector elements
ssSetNumPWork(S, ©); // number of pointer work vector elements
ssSetNumModes(S, ©); // number of mode work vector elements
ssSetNumNonsampledzCs(S, 9); // number of nonsampled zero crossings

ssSetRuntimeThreadSafetyCompliance(S, RUNTIME_THREAD_SAFETY_COMPLIANCE_TRUE);
/* Take care when specifying exception free code - see sfuntmpl.doc */
ssSetOptions(S, SS_OPTION_EXCEPTION_FREE_CODE);

#define MDL_START /* Change to #undef to remove function */
#if defined(MDL_START)

/%*

* X X X X ¥

*/

@brief Initialize S-Function at start of simulation
@param S - pointer to S-Function (library struct from "simstruc.h")
@details Abstract:

This function is called once at start of model execution. If you
have states that should be initialized once, this is the place
to do it.

static void mdlStart(SimStruct* S)

{
¥

SIM Initialize_ Simulation();

#endif // MDL_START

/%%

* ¥ X X X ¥

*/

@brief Initialize Sample Time of Simulation
@param S - pointer to S-Function (library struct from "simstruc.h")
@details Abstract:

This function is used to specify the sample time(s) for your
S-function. You must register the same number of sample times as
specified in ssSetNumSampleTimes.

static void mdlInitializeSampleTimes(SimStruct* S)

{

// War puckpeTusauuu
hmcu.SIM Sample_Time = mxGetPr(ssGetSFcnParam(S, NPARAMS - 1))[0];

// Register one pair for each sample time
ssSetSampleTime(S, ©, hmcu.SIM Sample_Time);
ssSetOffsetTime(S, 0, 0.0);
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J**
* @brief Terminate S-Function at the end of simulation

* @param S - pointer to S-Function (library struct from "simstruc.h")
* @details Abstract:

* In this function, you should perform any actions that are necessary

* at the termination of a simulation. For example, if memory was

* allocated in mdlStart, this is the place to free it.

*/

static void mdlTerminate(SimStruct* S)

{

hmcu.fMCU_Stop = 1;

#ifdef RUN_APP_MAIN_FUNC_THREAD
ResumeThread(hmcu.hMCUThread);
WaitForSingleObject(hmcu.hMCUThread, 10000);

#tendif
SIM deInitialize_Simulation();
mexUnlock();

}

/** WRAPPER_SFUNC
* @}
*/

#ifdef MATLAB_MEX_FILE /* Is this file being compiled as a
MEX-file? */

#include "simulink.c" /* MEX-file interface mechanism */
#else
#include "cg_sfun.h" /* Code generation registration

function */
#tendif
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®aitn mcu_wrapper.c:

/**
sk sk 3k ok 3 ok sk ok ok 5k ok sk ok sk ok 3k ok 3k ok 3k 5k ok sk ok sk ok 3k ok 3k ok ok 5k ok 3k 5k sk ok 3k ok 3k ok ok 5k ok 3k ok 3k ok 3k 5k 3k ok ok sk ok 3k ok 3k ok ok 5k ok 5k ok 3k ok %k ok %k ok %k ok ok k
* @file mcu_wrapper.c

* @brief WUcxopHbii kop obonoyvku MK.

sk sk 3k ok 3 ok sk ok 3k 5k ok sk ok 3k ok 3k ok 3k ok 3k 5k ok 3k ok sk ok 3k ok 3k ok ok 5k ok 3k 5k 3k ok 3 ok 3k ok ok 5k ok 3k ok 3k 5k 3k 5k 3k ok ok 3k ok 3k ok 3k ok ok 5k ok 5k %k 3k %k %k ok %k ok %k ok ok k
@details

JaHHblA daiin copepxuT ¢yHKUMM ana cumynaumm MK B Simulink (S-Function).
**************************************************************************/

#include "mcu_wrapper_conf.h"

/**
* @addtogroup WRAPPER_CONF
*ef
*/
SIM__MCUHandleTypeDef hmcu; ///< XeHan pna ynpaBneHWs NOTOKOM nporpammsl MK

/** MCU_WRAPPER

* @}

*/

[/ == e e e //
YT T CONTROLLER SIMULATE FUNCTIONS--------------- //

/* THREAD FOR MCU APP */
#ifdef RUN_APP_MAIN_FUNC_THREAD

J**
* @brief FnaBHaa QyHKUMA npunoxeHua MK.
* @details OYyHKLMA C KOTOpPOW HaYMHAETCA BbiNONHeHWe kofa MK. Beixon w3 [aHHON
OYyHKLMM NpOUCXOAMT TONbKO B KOHUe cumynsauumum @ref mdlTerminate
*/
extern int main(void); // extern while from main.c
/**
* @brief MoTok npuioxeHna MK.
* @details MoTok, KOTOpbIA 3anyckaeT M BbinonHseT kog MK (@ref main).
*/
unsigned __ stdcall MCU_App_Thread(void) {

main(); // run MCU code
return 0; // end thread
// note: this return will reached only at the end of simulation, when all whiles
will be skipped due to @ref sim_while
}
#endif //RUN_APP_MAIN_FUNC_THREAD
/* SIMULATE MCU FOR ONE SIMULATION STEP */

/**
* @brief Cumynaumsa MK Ha oAMH TakKT CUMyNAUUM.

* @param S - yKasaTenb Ha CTpykTypy S-Function u3 "simstruc.h"
* @param time - Texkywee Bpema cumynAauum.
* @details 3anyckaeT MOTOK, KOTOpbIA BbinonHAeT koA MK M ynpaBnseT XOA4OM MOTOKA:
* Ecnau npowen TaiimayT, MOTOK MpepbiBaeTcA, cuUMyaupyeTcs nepudepus
* M Ha cleaywuweM ware NoToK BO3obHaBseTcs.
*
* Bbi3biBaeTcAa u3 mdlUpdate()
*/

void MCU_Step_Simulation(SimStruct* S, time_T time)

{

hmcu.SystemClockDouble += hmcu.SystemClock_step; // emulate core clock
hmcu.SystemClock = hmcu.SystemClockDouble;
hmcu.SimTime = time;

MCU_readInputs(S); // cuuTbiBaHue nopToB
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MCU_Periph_Simulation(); // simulate peripheral

extern void upp_main(void);
upp_main();

#ifdef RUN_APP_MAIN_FUNC_THREAD
ResumeThread(hmcu.hMCUThread) ;
for (int i = DEKSTOP_CYCLES_FOR_MCU_APP; i > @; i--)
{

}
SuspendThread(hmcu.hMCUThread);

#endif //RUN_APP_MAIN_FUNC_THREAD

MCU_writeOutputs(S); // 3anucb nopTtoB (no dakTy 3anucb B bHydep. 3anucb B MopThl B
md1Outputs)

}
/* SIMULATE MCU PERIPHERAL */
/**
* @brief Cumynauus nepudepun MK
* @details MNonb3oBaTeNnbCKUIN KOA, KOTOpbIM cuMmynupyeT paboTy nepudepun MK.
*/
void MCU_Periph_Simulation(void)
{
uwTick = hmcu.SystemClock / (MCU_CORE_CLOCK / 10090);
Simulate_TIMs();
}
/* READ INPUTS S-FUNCTION TO MCU REGS */
/**
* @brief CuynTbiBaHWe BxofoB S-Function B nopThl BBOAA-BbLIBOAA.
* @param S - ykasaTenb Ha CTpykTypy S-Function u3 "simstruc.h"
* @details Monb3oBaTeNbCKUN KOA, KOTOPbIM 3anucbiBaeT MOPThl BBOAA-BbIBOAA W3 BXOLOB
S-Function.
*/
void MCU_readInputs(SimStruct* S)
{
/* Get S-Function inputs */
real T* IN = ssGetInputPortRealSignal(S, 0);
ReadToSFunc(IN);
}
/* WRITE OUTPUTS BUFFER S-FUNCTION FROM MCU REGS*/
/**
* @brief 3anucb NopTOB BBOAA-BbiBOAA B bydep Bbixoga S-Function
* @param S - ykKasaTenb Ha CTpykTypy S-Function u3 "simstruc.h"
* @details Monb3oBaTeNnbCKUIl KOA, KOTOpbIM 3anucebiBaeT 6ydep BbIxofoB S-Function w3
nopToB BBOAA-BbIBOAA.
*/
void MCU_writeOutputs(SimStruct* S)
{
/* Get S-Function descrete array */
real T* Out_Buff = ssGetDiscStates(S);
Simulate_GPIO_BSRR();
WriteFromSFunc(Out_Buff);
}
J[===mmmmmmaeaaeaas CONTROLLER SIMULATE FUNCTIONS---------=----- //
ittt atatataiaisieietetateietitstatatatateitatadatals //




R SIMULINK FUNCTIONS-------==--===---=--- //
/* WRITE OUTPUTS OF S-BLOCK */
/**
* @brief bopmupoBaHue BbixogoB S-Function.
* @param S - ykasaTenb Ha CTpykTypy S-Function u3 "simstruc.h"
* @details Monb3oBaTeNbCKUIN KOA, KOTOpbIM 3anucbiBaeT Bbixodbl S-Function us 6ydepa.
*/
void SIM writeOutputs(SimStruct* S)
{

real_T* GPIO;
real T* Out_Buff = ssGetDiscStates(S);

[/ WRITTING GPIOS---------------
for (int j = @; j < PORT_NUMB; j++)
{

GPIO = ssGetOutputPortRealSignal(S, j);
for (int i = @; i < PORT_WIDTH; i++)

{
GPIO[i] = Out_Buff[j * PORT_WIDTH + i];
Out_Buff[j * PORT_WIDTH + i] = o;
b
}
[/ e e e
b
/* MCU WRAPPER DEINITIALIZATION */
/**
* @brief MHuumanusauma cumynauum MK.
* @details Monb3oBaTeNbCKUN KOA, KOTOPbIM CO3JaeT MOTOK ANA npuaoxeHua MK
M HacTpaumBaeT cumynaTop MK gna cumynsuuu.
*/
void SIM_Initialize_Simulation(void)
{

#ifdef RUN_APP_MAIN_FUNC_THREAD
// VHWUManu3auuAa NOTOKa, KOTOpblA byAeT BHIMOAHATbL Kog MK
hmcu.hMCUThread = (HANDLE)CreateThread(NULL, ©, MCU_App_Thread, 0,
CREATE_SUSPENDED, &hmcu.idMCUThread);
#endif //RUN_APP_MAIN_FUNC_THREAD

/* user initialization */
Initialize_Periph_Sim();

extern int main_init(void);
main_init();
/* wrapper initialization */
hmcu.SystemClock_step = MCU_CORE_CLOCK * hmcu.SIM_Sample Time; // set system
clock step
}
/* MCU WRAPPER DEINITIALIZATION */
/**
* @brief JenHunumanusaumna cumynaumm MK.
* @details Monb3oBaTeNbCKUN KOA, KOTOpbIN OyaeT o4uMwaTb BCE CTPYKTYpbl nocne
OKOHYaHUA CUMYNALUK.
*/
void SIM deInitialize_Simulation(void)
{
//#ifdef DEINITIALIZE_AFTER_SIM
#include "upp.h"
memset (&Upp, 0, sizeof(Upp));
// simulate structures of peripheral deinitialization

95




deInitialize Periph_Sim();
// mcu peripheral memory deinitialization
deInitialize_McCU();

//#endif

®daitn mcu_wrapper conf.h:

%k
i*************************************************************************
* @dir ../MCU_Wrapper
* @brief <b> Manka c ucxogHbM Kopom obosiovku MK. </b>
* @details
B 3Toi nanke copgepxaTbca obosnoyvka(aHrn. wrapper) ANA 3anycka M KOHTponsd
SMyNAUUN MUKPOKOHTposnepos B MATLAB (nwboro MK, He Tonbko STM).

O6bonoyka npepcTtaBnaeT cobow S-Function - 6nok B Simulink, koTopbit paboTaeT

no cKOMMuAMpoBaHOMy KoAy. KomnuaAauua npoucxoauT c nomoubi MSVC-komnunAaTopa.
koo kst stk ok tokskokokskokskok kst stk skeokskkok stk sk stk ok stk stk ok stk sk sk sk kot stk ok koo ook skokok ok /

/**

Sk sk 5k sk ok sk ok ok 3k ok 3k ok 3 ok ok 5k sk ok ok 3k ok 3k ok 3k ok 3k 5k ok 3k ok sk ok sk ok sk ok ok ok ok 3k sk 3k ok 3k ok ok ok ok ok ok 3k ok 3k ok 3k ok %k ok ok 3k ok %k ok sk ok sk ok sk ok sk ok k k%
* @file mcu_wrapper_conf.h

* @brief 3aronoBou4Hbiii ¢aitn ana obonoyvkm MK.

Sk sk 5k sk ok sk ok ok 3k ok 3k ok 3 ok 3k 5k sk ok ok 3k ok 3k ok 3k ok 3k 5k ok 3k ok sk ok sk ok sk ok ok ok ok 3k sk 3k ok 3k ok ok ok ok ok ok 3k ok 3k ok 3k ok ok ok %k sk ok %k ok %k ok Kok sk ok kok k k%
@details

[naBHbIA 3aronoBOYHLIN dain gna matnaba. BknwydaeT pendanHol gna S-Function,
obbABnAeT 6a3oBble GyHKUMM AnAa cumynsaumm MK u noaknwdaeT 6a3oBble 6UbNMOTEKU:

- ANA CcuMynauuu "stm32fxxx_matlab_conf.h"
- ana S-Function "simstruc.h"
- AN NOTOKOB <process.h>

**************************************************************************/

#ifndef _WRAPPER_CONF_H_
#define _WRAPPER_CONF_H_

// Includes
#include "stm32flxx_matlab_conf.h" // For stm simulate functions

#include "simstruc.h" // For S-Function variables
#include <process.h> // For threads
/**
* @defgroup MCU_WRAPPER MCU Wrapper
* @brief Bcakoe pns ob6onoyku MK
*/
/**
* @addtogroup WRAPPER_CONF Wrapper Configuration
* @ingroup MCU_WRAPPER
* @brief MapameTpbl KOHPUrypauun ansa obonodku MK
* @details 3pecb pedaiHamu 3apaeTcs napameTpbl 060JI04KU, KOTOpble
onpeAensAwT Kak OoHa byaeT paboTaTb
*@{
*/
// Parametrs of MCU simulator
//#define RUN_APP_MAIN_FUNC_THREAD ///< Enable using thread for MCU
main() func
#define DEKSTOP_CYCLES_FOR_MCU_APP OxXFF ///< number of for() cycles after

which MCU thread would be suspended

96




#define MCU_CORE_CLOCK 72000000

//#define DEINITIALIZE AFTER_SIM ///< Enable deinitializing
structures at simulation ends

#define PORT_WIDTH 16 ///< width of one port
#define PORT_NUMB 3 ///< amount of ports
// Parameters of S_Function
#define NPARAMS 1 ///< number of input
parametrs (only Ts)
#define IN_PORT_WIDTH (9) ///< width of input ports
#define IN_PORT_NUMB 1 ///< number of input ports
#define OUT_PORT_WIDTH PORT_WIDTH ///< width of output ports
#define OUT_PORT_NUMB PORT_NUMB ///< number of output ports
#define DISC_STATES_WIDTH PORT_WIDTH*PORT_NUMB ///< width of discrete
states array
/** WRAPPER_CONF
* @}
*/
/**
* @addtogroup MCU_WRAPPER
*e{
*/
// Fixed parameters(?) of S_Function
#define NPARAMS 1 ///< number of input
parametrs (only Ts)
#define DISC_STATES_WIDTH OUT_PORT_WIDTH*OUT_PORT_NUMB ///< width of discrete
states array (outbup buffer)
/**
* @brief Define for creating thread in suspended state.
* @details Define from WinBase.h. We dont wanna include "Windows.h" or smth like
this, because of HAL there are a lot of redefine errors.
*/
#define CREATE_SUSPENDED 0x00000004
typedef void* HANDLE; ///< MCU handle typedef
/**
* @brief MCU handle Structure definition.
* @note Prefixes: h - handle, s - settings, f - flag
*/
typedef struct {
// MCU Thread
HANDLE hMCUThread; ///< XeHgn pna notoka MK
uint32_t idMCUThread; ///< id notoka MK (unused)
// Flags
unsigned fMCU_Stop : 1; ///< onar pna Bbixoga M3 noToka
nporpammbl MK
double SIM_Sample_Time; ///< sample time of simulation
double SystemClockDouble; ///< C4yeTuuk B ¢popmaTe double pnn
TOYHON CUMYNSALMU CUCTEMHBIX TUKOB C MPOMEXYTOYHbIMU 3HAYeHUN
uint64_t SystemClock; ///< CHeTYMK TaKTOB ANS CUMyNALUU
CUCTEMHbIX TUKOB (B LIEJIOYUCIIEHHOM ¢opmaTe)
double SystemClock_step; ///< llar TUKOB ANA UX CUMYNALUKN, B

dopmaTe double
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double SimTime;
}SIM__MCUHandleTypeDef;
extern SIM MCUHandleTypeDef hmcu; // extern pnAa BMOMMOCTM NepeMeHHOW BO
BCex ¢annax

Y/ SIMULINK WHILE DEFINES ----------c--mun- //
#ifdef RUN_APP_MAIN_FUNC_THREAD
/* DEFINE TO WHILE WITH SIMULINK WHILE */

/**
* @brief Redefine C while statement with sim _while() macro.
* @param _expression_ - expression for while.
* @details 3To while koTopblili 6yaeT Mcnonb3oBaTbCs B cuMyuHke @ref sim_while pgna
nogpobHocTei.
*/
#define while(_expression_) sim_while(_expression_)
#tendif
/* SIMULINK WHILE */
/**
* @brief While statement for emulate MCU code in Simulink.
* @param _expression_ - expression for while.
* @details JaHHbl while HeobxoguM, 4TO6bL B KOHUE CUMYNALMM, 3aBepuuTb NoTokK MK:
* Mpu BbiICTaBNeHMM dnara OKOHYaAHMA cumynsauumu, Bce while byayTt
nponyckaTbcsa
* M NOTOK CMOXeT AOWTM A0 KOHUa OyHKUMM main v 3aBepumnTb cebs.
*/

#define sim_while(_expression_)
while((_expression_)&&(hmcu.fMCU_Stop == 0))

/* DEFAULT WHILE */

/**
* @brief Default/Native C while statement.
* @param _expression_ - expression for while.
* @details JaHHbin while - aHanor ob6bbiyHOro while, 6e3 QOMOAHUTENLHOIO
dyHKUMOHanNa.
*/
#tdefine native_while(_expression_) for(; (_expression_); )

[k ok sk ok sk ok sk sk sk skok sk sk stk sk ok sk ok sk ok skoR stk K kR sk sk sk sk koK skok skok sk sk sk ok sk ok sk ok ok /

) T T SIMULINK WHILE DEFINES ------------mmn-- //
J ] == /!
[ = e e e /!
V7 EE T T SIMULATE FUNCTIONS PROTOTYPES ------------- //

/* Step simulation */
void MCU_Step_Simulation(SimStruct* S, time_T time);

/* MCU peripheral simulation */
void MCU_Periph_Simulation(void);

/* Initialize MCU simulation */
void SIM_Initialize_Simulation(void);

/* Deinitialize MCU simulation */
void SIM_deInitialize Simulation(void);

/* Read inputs S-function */
void MCU_readInputs(SimStruct* S);
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/* Write pre-outputs S-function (out_buff states) */
void MCU_writeOutputs(SimStruct* S);

/* Write outputs of block of S-Function*/
void SIM_writeOutput(SimStruct* S);

-------------- SIMULATE FUNCTIONS PROTOTYPES -------------//

----------------------------------------------------------- /!
/** MCU_WRAPPER

* @}

*/

#endif // _WRAPPER_CONF_H_

daiin run_mex.bat:

@echo off

set defines=-D"STM32F103xB" -D"USE_HAL_DRIVER"~
-D"MATLAB"~
-D"__sizeof_ptr=8"

11 e memmmmmmemeeeeeeaas USERS PATHS AND CODE-----==============—=——ooo"
set includes_USER= -I"..\mcu_project\upp\Core\Inc" -I"..\mcu_project\upp\Core\upp’

set code_USER=.\App_Wrapper\main.c”
.\App_Wrapper\app_io.c”
..\mcu_project\upp\Core\Src\gpio.c”
..\mcu_project\upp\Core\Src\adc.c”
..\mcu_project\upp\Core\Src\tim.c”
..\mcu_project\upp\Core\Src\stm32fixx_hal_msp.c”
..\mcu_project\upp\Core\Src\stm32fixx_it.c”
..\mcu_project\upp\Core\Src\system_stm32fixx.c”
..\mcu_project\upp\Core\upp\upp.c”
..\mcu_project\upp\Core\upp\zero_cross.c”
..\mcu_project\upp\Core\upp\adc_filter.c”
..\mcu_project\upp\Core\upp\tiristor.c

----MCU LIBRARIES STUFF----

:: 3aronoBoYHble dainbl
set includes_MCU= -I".\MCU_STM32F1xx_Matlab"~

-I"
-I"
-I"
-I"
-I"

.\MCU_STM32F1xx_Matlab\Drivers\STM32F1xx_SIMULINK"*
.\MCU_STM32F1xx_Matlab\Drivers\CMSIS""
.\MCU_STM32F1xx_Matlab\Drivers\CMSIS\Device\STM32F1xx"»
.\MCU_STM32F1xx_Matlab\Drivers\STM32F1xx_HAL_Driver\Inc"~
.\MCU_STM32F1xx_Matlab\Drivers\STM32F1xx_HAL_ Driver\Inc\Legacy"

Ko 6ubnuotek MK, nepepenadHblii Ans matnab

set code_MCU=
.\MCU_STM32F1xx_Matlab\Drivers\STM32F1xx_HAL_Driver\Src\stm32flxx_hal_rcc.c”
.\MCU_STM32F1xx_Matlab\Drivers\STM32F1xx_HAL_Driver\Src\stm32f1xx_hal_gpio.c”
.\MCU_STM32F1xx_Matlab\Drivers\STM32F1xx_HAL_Driver\Src\stm32fixx_hal_pwr.c”
.\MCU_STM32F1xx_Matlab\Drivers\STM32F1xx_HAL_Driver\Src\stm32flxx_hal_cortex.c”
.\MCU_STM32F1xx_Matlab\Drivers\STM32F1xx_HAL_Driver\Src\stm32flxx_hal.c”
.\MCU_STM32F1xx_Matlab\Drivers\STM32F1xx_HAL_Driver\Src\stm32flixx_hal_adc.c”
.\MCU_STM32F1xx_Matlab\Drivers\STM32F1xx_HAL_Driver\Src\stm32flixx_hal_adc_ex.c”
.\MCU_STM32F1xx_Matlab\Drivers\STM32F1xx_HAL_Driver\Src\stm32fixx_hal_tim.c”
.\MCU_STM32F1xx_Matlab\Drivers\STM32F1xx_HAL_Driver\Src\stm32flixx_hal_tim_ex.c”
.\MCU_STM32F1xx_Matlab\Drivers\STM32F1xx_HAL_Driver\Src\stm32fixx_hal_dma.c”
.\MCU_STM32F1xx_Matlab\Drivers\STM32F1xx_HAL Driver\Src\stm32fl1xx_hal_exti.c
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.\MCU_STM32F1xx_Matlab\Drivers\STM32F1xx_HAL Driver\Src\stm32fixx_hal flash_ramfunc.c”
.\MCU_STM32F1xx_Matlab\Drivers\STM32F1xx_HAL Driver\Src\stm32fixx_hal flash.c”
.\MCU_STM32F1xx_Matlab\Drivers\STM32F1xx_HAL_Driver\Src\stm32flxx_hal_flash_ex.c”
.\MCU_STM32F1xx_Matlab\Drivers\STM32F1xx_HAL Driver\Src\stm32flixx_hal rcc_ex.c”

Koa, KoTopas byaeT cumyaupoBaTb nepedupuwo MK B CUMyNUHKe
set code_MCU_Sim= .\MCU_STM32F1xx_Matlab\stm32f1xx_matlab_conf.c”
.\MCU_STM32F1xx_Matlab\Drivers\STM32F1xx_SIMULINK\stm32flxx_matlab_gpio.c”
.\MCU_STM32F1xx_Matlab\Drivers\STM32F1xx_SIMULINK\stm32flxx_matlab_tim.c”
.\MCU_STM32F1xx_Matlab\Drivers\STM32F1xx_SIMULINK\stm32flxx_periph_registers.c

Dl e WRAPPER PATHS AND CODE--------==---c--cmmmmmmmm oo
:: obonoyka, KoTopasa byaeT mMoaenupoBaTb paboTy MK B cuMynHKe
set includes_WRAPPER= -I".\MCU_Wrapper"
set code_WRAPPER= .\MCU_Wrapper\MCU.c”
.\MCU_Wrapper\mcu_wrapper.c

R ALL INCLUDES--------

set includes= %includes_USER% %includes_MCU% %includes_WRAPPER%
set codes= %code_WRAPPER% %code_USER% %code_MCU% %code_MCU_Sim%
R OUTPUT FOLDER--------

set output= -outdir "."

1! ecnu HyxeH pebar, Ao 3anmyckaem run mex c npunuckoi debug

echo Compiling...
mex %output?% %defines% %includes% %codes% %debugk
echo %DATE% %TIME%
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HPUJIOKEHUE b
JIucTUHT mporpaMMsbl cumyJisiiuu nepudepuun MK

®aiin app_io.c:

#include "stm32flxx_matlab_gpio.h"
#include "upp.h"

#define detect_front(_in_numb_, _var_, _val ) { \
if ((in[_in_numb_] > ©.5) && (prev_in[_in_numb_] <= 0.5)) \
\
_var_ = _val_; \

Y}
#define detect_rise(_in_numb_, _var_, _val ) { \
if ((in[_in_numb_] < ©.5) && (prev_in[_in_numb_] >= 0.5)) \
{ \
_var_ = _val_; \

Y}

void WriteFromSFunc(real T* disc)

{
for (int i = @; i < PORT_WIDTH; i++)
{
if (GPIOA->ODR & (1 << i))
{
disc[i] = 1;
}
if (GPIOB->0DR & (1 << 1))
{
disc[PORT_WIDTH + i] = 1;
}
}

disc[2 * PORT_WIDTH + @] phase_A.ctrl.angle.delay us;

disc[2 * PORT_WIDTH + 1] = (uint16_t)((uint16_t)TIMER->CNT -
phase_A.ctrl.angle.start_delay_tick);

disc[2 * PORT_WIDTH + 2] = phase_A.ctrl.angle.start_delay_tick;

disc[2 * PORT_WIDTH + 3] = TIMER->CNT;

void ReadToSFunc(real T* in)

{
static real_T prev_in[IN_PORT_WIDTH];

detect_front(@, phase_A.zc_detector.f.EXTIZeroCrossDetected, 1);
detect_rise(@, phase_A.zc_detector.f.EXTIZeroCrossDetected, 1);

detect_front(1, phase_B.zc_detector.f.EXTIZeroCrossDetected, 1);
detect_rise(1, phase_B.zc_detector.f.EXTIZeroCrossDetected, 1);

detect_front(2, phase_C.zc_detector.f.EXTIZeroCrossDetected, 1);
detect_rise(2, phase_C.zc_detector.f.EXTIZeroCrossDetected, 1);
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detect_front(3, Upp.GoSafe, 1);
detect_rise(3, Upp.GoSafe, 0);

detect_front(4, Upp.Prepare, 1);
detect_rise(4, Upp.Prepare, 9);

detect_front(5, Upp.ForceStop, 1);
detect_rise(5, Upp.ForceStop, 9);

detect_front(6, Upp.ForceDisconnect, 1);
detect_rise(6, Upp.ForceDisconnect, 0);

Upp.sine_freq = in[7];
Upp.Duration = in[8];

for (int i = @; i < IN_PORT WIDTH; i++)
{

prev_in[i] = in[i];
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®aiin stm32f1xx_matlab tim.c:

/**

R I I I 2 b b b b b S I I b b b b b b b b 2 b b b b b b b S 4 b b b b b b S b I b b b b b b e I A b b b b b ab b b a2 b b b I b b a2 b b b g
* @file stm32f4xx matlab tim.c

* Q@brief JVcxonHEINT KOI CUMYyJATOpa TalMepOB.

R I I I 2 b b b b b e I I 2 b b b b b b b 2 b b b b b b b S I b b b b b S b I b b b b b b e I A b b b b b ab b S I b b b b b b b b b b b b b e
@details

HaHHBM Qalyl CoIepXuT OYHKUMM OJId CUMyJIaumuy Tavmepor STM32F407xx.

**************************************************************************/

#include "stm32f4xx matlab tim.h"

struct SlaveChannels Slave Channels; ///< crpyxTypa nJjsg CBA3U U
CUMHXPOHM3aLUMUM TalMEpPOB

[/ —mm e TIMER BASE FUNCTIONS-—-—--—-—-————————————————— //
/**

* QRbrief Cumynaumsa TarMepa Ha OIOMH TaKT CUMYJISLUM.

* @param TIMx - TamMep, KaHaJibl KOTOPOT'O HaImo 3alucaTh.

* @param TIMS - CTpyKTypa TanMepa IJsg CUMYJIALWMA.

* @details D3OT0 GazoBasg OYHKUMS IJIS CUMYJSLUWM TavMepa: OHAa BHBHBAETCH
KaxXmOell Mar CUMYJISLNN
¥ BHIBBHIBAET BCe Ipyrue OYyHKUMM, HEeOOXOOVMBIE IJIS CUMYJISLIUM :
- Overflow Check ()
- Slave Mode Check Source ()
TIMx Count ()
- Channels Simulation ()

L
|

/
void TIM Simulation(TIM TypeDef *TIMx, struct TIM Sim *TIMS)

{
Overflow Check(TIMx, TIMS);

// BuOOpP pexuma paboTe TamMmepa
switch (TIMx->SMCR & TIM SMCR_SMS) // TIMER MODE
{
// OOBIUHEIL CUeT
Case(TIM_SLAVEMODE_DISABLE):// NORMAL MODE counting
TIMX_COunt(TIMX, TIMS) ;
Channels Simulation(TIMx, TIMS); // CaptureCompare and PWM
channels simulation
break;

// BKJIOUeHME CJIeMB TalMepa [0 MBEHTY
case (TIM SLAVEMODE TRIGGER): // SLAVE MODE: TRIGGER MODE
Slave Mode Check Source(TIMx, TIMS);
TIMx Count (TIMx, TIMS);
Channels Simulation(TIMx, TIMS); // CaptureCompare and PWM
channels simulation
break;

}
/**

* @brief CumMyauMsa cueTuMKa Ta¥Mepa Ha OIMH TaKT CUMYJISLUN.
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* @param TIMx - TaliMep, KaHAaJIE KOTOPOI'O HAaIO 3alucaThb.

* @param TIMS - cCTpyKTypa TanMepa Ojd CUMYJIALUM.

* @details J[laHHas QyHKUMS HPOBEpPSEeT HAlPaBJIEHME TarMepa U yBeJIMUMBAET WU
yMEeHbIIaeT

* 3HaUeHMe CuUeTuMKa Ha TO UYMCJIO, Ha KOTOPpOe OHO OB YyBEeJMUUIIOCH
3a mar CHMMYJIALUNM.
* @note Insa cuyeTudmMka ucHnojJae3yetrcsa double dopmaT, T.K. KOJ-BO CUETOB 3a

mar CUMYJISLIV
MOXeT ObTh HOPOOHEM. I[locjie B koOHUe OQyHkumy double cueTumk
3anyCHBAET C OKPYyIJIEHUMEM
B perucTp TarkMmepa CNT.
*/
void TIMx Count (TIM TypeDef* TIMx, struct TIM Sim* TIMS)
{
if ((TIMx->CR1l & TIM_CRl_DIR) && TIMx->CR1) // up COUNTER and COUNTER
ENABLE
TIMS=->tx cnt -= TIMS->tx step / TIMx->PSC;
else if (((TIMx->CR1 & TIM CR1 DIR) == 0) && TIMx->CR1) // down COUNTER
and COUNTER ENABLE
TIMS->tx cnt += TIMS->tx step / TIMx->PSC;
TIMx->CNT = (uint32 t)TIMS->tx cnt;

/**
* @brief [I[poBepKa Ha MepeloJiHeHVe U HajbHeumas ero obpaboTka.
* @param TIMx — TalMmep, KaHaJbl KOTOPOI'O HaHo 3alucaThb.
* @param TIMS - cCcTpykKTypa TanMepa OJjd CUMYJIALUM.
*

@details JlanHas GyHKUMSE NPOBEpPseT KoTJa TalMep NepPeloJIHUTbLCS U eCJu
HanIo,
BHIBEIBAET COOTBETCTByKIlEe IIPEPLBaHME :
- call TRQHandller ()
*/
void Overflow Check(TIM TypeDef* TIMx, struct TIM Sim* TIMS)
{

// llepenosHeHnue TaliMepa: cOpoC TaliMepa U BEISOB [IPEPHIBAHMUS

if ((TIMx->CR1 & TIM CR1 UDIS) == () // UPDATE enable
{
if ((TIMx->CR1 & TIM CR1 ARPE) == 0) TIMS->RELOAD = TIMx->ARR; //
PRELOAD disable - update ARR every itteration
if (TIMS->tx cnt > TIMS->RELOAD || TIMS->tx cnt < 0) // OVERFLOW

{
TIMS->RELOAD = TIMx->ARR; // RELOAD ARR

if (TIMS->tx cnt > TIMx->ARR) // reset COUNTER
TIMS->tx cnt = 0;

else if (TIMS->tx cnt < 0)
TIMS->tx cnt = TIMx->ARR;

if (TIMx->DIER & TIM DIER UIE) // if update interrupt enable
call IRQHandller(TIMx); // call HANDLER

/= //
[/ mm e CHANNELS-————————————— oo ——— //
/**

* Q@brief CuMyJsiaumda KaHaJIOB TalMepa.

* @param TIMx - TanMep, KaHaJE KOTOPOI'O HAaIO 3alucaThb.
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@param TIMS - cCTpykKTypa TanMepa Ojd CUMYJIALUM.

@details [HanHasa oyHKUUSA cuUMyIuMpyeT paboTy BCex KaHaJIOB TalMepa.
OHa BHIBHBaAET OQYHKLUU:
- CC_PWM Chl Simulation(
- CC_PWM Ch2 Simulation(
- CC_PWM Ch3 Simulation(
- CC_PWM Ch4 Simulation(
- Write OC to GPIO()
- Write OC_to TRGO()

)
)
)
)

*
*
*
*
*
*
*
*
*
*

/

void Channels Simulation(TIM TypeDef* TIMx, struct TIM Sim* TIMS)
{

CC_PWM Chl Simulation(TIMx, TIMS);

CC_PWM Ch2 Simulation(TIMx, TIMS);

CC_PWM Ch3 Simulation(TIMx, TIMS);

CC_PWM Ch4 Simulation(TIMx, TIMS);

Write OC to GPIO(TIMx, TIMS);

Write OC to TRGO(TIMx, TIMS);

[/ CAPTURE COPMARE & PWM FUNCTIONS-—-—-——————=————————— //
/**

* @brief BeiOOp pexrMma MNepBOTO KaHajla M eT0o CUMYJISuud.

* @param TIMx — TaMmMep, KaHaJibl KOTOPOT'O Hamo 3alucaTh.

* @param TIMS - cCcTpykKTypa TanMepa OJjd CUMYJIALUM.

*

@details JlanHHas QYHKLUMS IO perMcTpaM TalMepa IPOBEepSeT KaK HaCTPOeH
INEePBHM KaHaJl ¥ COOTBETCTBYKIE CUMYyJIMPyeT eI'o paboTy.
*/
void CC_PWM Chl Simulation(TIM TypeDef *TIMx, struct TIM Sim *TIMS)
{ // ompenenser pexuM KaHaja
switch (TIMx->CCMR1 & TIM CCMR1 OCI1M)
{
case (TIM OCMODE ACTIVE): // ACTIVE mode
if (abs(TIMx->CNT - TIMx->CCR1l) < 2*TIMS->tx step)
TIMS->Channels.OCl1REF = 1;
break;

case (TIM OCMODE INACTIVE): // INACTIVE mode
if (abs(TIMx->CNT - TIMx->CCR1l) < 2*TIMS->tx step)
TIMS->Channels.OClREF = 0O;
break;

case (TIM OCMODE TOGGLE): // TOOGLE mode
if (abs(TIMx->CNT - TIMx->CCR1l) < 2*TIMS->tx step)
TIMS->Channels.OClREF = ~TIMS->Channels.OClREF;
break;

case (TIM OCMODE PWM1): // PWM MODE 1 mode
if (TIMx->CNT < TIMx->CCR1)
TIMS->Channels.OCI1REF = 1;
else
TIMS->Channels.OClREF
break;

0;

case (TIM OCMODE PWM2): // PWM MODE 2 mode
if (TIMx->CNT < TIMx->CCR1)
TIMS->Channels.OClREF = 0;
else
TIMS->Channels.OClREF




break;

case (TIM_OCMODE_FORCED_ACTIVE): // FORCED ACTIVE mode
TIMS->Channels.OClREF = 1; break;

case (TIM OCMODE FORCED INACTIVE): // FORCED INACTIVE mode

TIMS->Channels.OClREF = 0; break;
}
}
/**
* @brief BeiOop pexrMa BTOPOI'O KaHajla M €TI0 CUMYJIALNA.
* @param TIMx - TaliMep, KaHAaJE KOTOPOI'O HAaIO 3alucaThb.
* @param TIMS - CTpyKTypa TanMepa IJsg CUMYJIALUMA.
*

@Qdetails J[laHHas GYHKUMS [0 PEeTMCTPaM TarMmepa OPpOoBepsaeT KaK HaCTPOeH
BTOPOM KaHaJl ¥ COOTBETCTBYWIE CUMYJIMPYeT ero paboTy.
*/
void CC_PWM Ch2 Simulation(TIM TypeDef *TIMx, struct TIM Sim *TIMS)
{ // omnpemenaer pexuMm KaHasa
switch (TIMx->CCMR1 & TIM CCMR1 OC2M)
{
case ((TIM OCMODE ACTIVE) << (TIM OCMODE SECOND SHIFT)): // ACTIVE mode
if (abs(TIMx->CNT - TIMx->CCR2) < 2*TIMS->tx step)
TIMS->Channels.OC2REF = 1;
break;

case ((TIM OCMODE INACTIVE) << (TIM OCMODE SECOND SHIFT)): // INACTIVE
mode
if (abs(TIMx->CNT - TIMx->CCR2) < 2*TIMS->tx step)
TIMS->Channels.OC2REF = 0;
break;

case ((TIM OCMODE TOGGLE) << (TIM OCMODE SECOND SHIFT)): // Toogle mode
if (abs(TIMx->CNT - TIMx->CCR2) < 2*TIMS->tx step)
TIMS->Channels.OC2REF = ~TIMS->Channels.OC2REF;
break;

case ((TIM_OCMODE_PWMI) << (TIM_OCMODE_SECOND_SHIFT)): // PWM mode 1
mode
if (TIMx->CNT < TIMx->CCR2)
TIMS->Channels.OC2REF = 1;
else
TIMS->Channels.OC2REF 0;
break;

case ((TIM OCMODE PWM2) << (TIM OCMODE SECOND SHIFT)): // PWM mode 2
mode
if (TIMx->CNT < TIMx->CCR2)
TIMS->Channels.OC2REF = 0;
else
TIMS->Channels.OC2REF
break;

Il
-
~

case ((TIM OCMODE FORCED ACTIVE) << (TIM OCMODE SECOND SHIFT)): //
FORCED ACTIVE mode
TIMS->Channels.OC2REF = 1; break;

case ((TIM OCMODE FORCED INACTIVE) << (TIM OCMODE SECOND SHIFT)): //
FORCED INACTIVE mode
TIMS->Channels.OC2REF = 0; break;
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@brief BeIOOp pexrMma TpeTbero KaHajla ¥ eTo CUMYJISLNWS.
@param TIMx - TaliMep, KaHAJE KOTOPOI'O HAaIO 3alucaThb.
@param TIMS - cCcTpykKTypa TanMepa OJjd CUMYJIALUM.

@details JlanHas QYHKLUMS IO perMcTpaM TalMepa [IPOBEepsSeT KaK HaCTPOeH
TpeTUy KaHaJl M COOTBETCTBYWIE CUMYJIMPYeT ero paboTy.

*/

void CC_PWM Ch3 Simulation(TIM TypeDef *TIMx, struct TIM Sim *TIMS)
{ // ompenensger pexuM kKaHala

switch (TIMx->CCMR2 & TIM_CCMRl_OClM)

L S

*/

case (TIM OCMODE ACTIVE): // ACTIVE mode
if (abs(TIMx->CNT - TIMx->CCR3) < 2*TIMS->tx step)
TIMS->Channels.OC3REF = 1;
break;

case (TIM OCMODE INACTIVE): // INACTIVE mode
if (abs(TIMx->CNT - TIMx->CCR3) < 2*TIMS->tx step)
TIMS->Channels.OC3REF = 0;
break;

case (TIM OCMODE TOGGLE): // Toogle mode
if (abs(TIMx->CNT - TIMx->CCR3) < Z*TIMS->tx step)
TIMS->Channels.OC3REF = ~TIMS->Channels.OC3REF;
break;

case (TIM OCMODE PWM1): // PWM mode 1 mode
if (TIMx->CNT < TIMx->CCR3)
TIMS->Channels.OC3REF = 1;
else
TIMS->Channels.OC3REF
break;

0;

case (TIM OCMODE PWM2): // PWM mode 2 mode
if (TIMx->CNT < TIMx->CCR3)
TIMS->Channels.OC3REF = 0;
else
TIMS->Channels.OC3REF
break;

1;
case (TIM_OCMODE_FORCED_ACTIVE): // FORCED ACTIVE mode
TIMS->Channels.OC3REF = 1; break;

case (TIM_OCMODE_FORCED_INACTIVE): // FORCED INACTIVE mode
TIMS->Channels.OC3REF = 0; break;

@brief BeIOOp pexrMa 4YeTBepTOI'O KaHajla M eI'0 CUMYJIALMA.
@param TIMx - TanMep, KaHaJE KOTOPOI'O HAaIO 3almucaThb.
@param TIMS - cCTpykKTypa TanMepa OJjd CUMYJIALUM.

@details [anHasa GyHKLUMA IO PEeTMCTpPaM Tal¥Mepa NPOBepseT KakK HaCTPOeH
UeTBEPTHM KaHaJl M COOTBETCTBYKIE CUMYJIMPYyeT eTo paboTy.

void CC_PWM Ch4 Simulation(TIM TypeDef *TIMx, struct TIM Sim *TIMS)
{ // onpemenser pexuM KaHala
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switch (TIMx->CCMR2 & TIMﬁCCMR170C2M)
{
case ((TIM OCMODE ACTIVE) << (TIM OCMODE SECOND SHIFT)): // ACTIVE mode
if (abs(TIMx->CNT - TIMx->CCR4) < 2*TIMS->tx step)
TIMS->Channels.OC4REF = 1;
break;

case ((TIM OCMODE INACTIVE) << (TIM OCMODE SECOND SHIFT)): // INACTIVE
mode
if (abs(TIMx->CNT - TIMx->CCR4) < 2*TIMS->tx step)
TIMS->Channels.OC4REF = 0;
break;

case ((TIM OCMODE TOGGLE) << (TIM OCMODE SECOND SHIFT)): // Toogle mode
if (abs(TIMx->CNT - TIMx->CCR4) < 2*TIMS->tx step)
TIMS->Channels.OC4REF = ~TIMS->Channels.OC4REF;
break;

case ((TIM OCMODE PWM1) << (TIM OCMODE SECOND SHIFT)): // PWM mode 1
mode
if (TIMx->CNT < TIMx->CCR4)
TIMS->Channels.OC4REF = 1;
else
TIMS->Channels.OC4REF = 0O;
break;

case ((TIM_OCMODE_PWMZ) << (TIM_OCMODE_SECOND_SHIFT)): // PWM mode 2
mode
if (TIMx->CNT < TIMx->CCR4)
TIMS->Channels.OC4REF = 0;
else
TIMS->Channels.OC4REF
break;

1;

case ((TIM OCMODE FORCED ACTIVE) << (TIM OCMODE SECOND SHIFT)): //
FORCED ACTIVE mode
TIMS->Channels.OC4REF = 1; break;

case ((TIM OCMODE FORCED INACTIVE) << (TIM OCMODE SECOND SHIFT)): //
FORCED INACTIVE mode

TIMS->Channels.OC4REF = 0; break;

/**
* Q@brief 3anmchk KaHaJIOB TarMmepa B NOPTE GPIO.
* @param TIMx — TamMep, KaHaJibl KOTOPOI'O HaXOo 3alucaTh.
* @param TIMS - CTpyKTypa TOI'O Xe TayMepa OJd CUMYJIALUN.

* @details [aunas dyHKUMs 3anucHBaeT kaHajiel OC B noptTel GPIO, onpenejieHHHEe

B TIMS.

* 3anmche IIPOUCXOIMT TOJIBKO €CJIM IIMH HACTPOEH Ha aJIbTEPHATUBHYIO

OYHKLIMIO .
*/

void Write OC to GPIO(TIM TypeDef *TIMx, struct TIM Sim *TIMS)
{

// write gpio pin if need

if (Check OCl GPIO Output(TIMS)) // check OC OUTPUT 4 enable (GPIO AF
MODE)

{
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uint32 t temp2 = ~(uint32 t) (1 << (TIMS->Channels.OCl PIN SHIFT));
if (TIMx->CCER & TIMﬁCCERﬁCClP) // POLARITY check
{ // low POLARITY
if (TIMS->Channels.OClREF)
TIMS->Channels.OCl GPIOx->ODR
>Channels.OCl PIN SHIFT));
else

4]
Il

~(uint32 t) (1 << (TIMS-

TIMS->Channels.OCl GPIOx->ODR |[= << (TIMS-
>Channels.OCl PIN SHIFT) ;
}
else
{ // high POLARITY
if (TIMS->Channels.OClREF)
TIMS->Channels.OCl GPIOx->ODR |= << (TIMS-

>Channels.OCl PIN SHIFT) ;
else
TIMS->Channels.OCl GPIOx->ODR &
>Channels.OCl PIN SHIFT));

}

~(uint32 t) (1 << (TIMS-

}
if (Check OC2 GPIO Output(TIMS)) // check OC OUTPUT 4 enable (GPIO AF
MODE)
{
if (TIMx->CCER & TIM CCER CC2P) // POLARITY check
{ // low POLARITY
if (TIMS->Channels.OC2REF)

TIMS->Channels.OC2 GPIOx->ODR &= ~(uint32 t) (1 << (TIMS-
>Channels.OC2 PIN SHIFT));
else
TIMS—>Channels.OC2_GPIOX—>ODR |= << (TIMS-
>Channels.OC2 PIN SHIFT);
}
else
{ // high POLARITY
if (TIMS->Channels.OC2REF)
TIMS—>Channels.OCZ_GPIOX—>ODR |= << (TIMS-
>Channels.OC2 PIN SHIFT) ;
else
TIMS->Channels.OC2 GPIOx->ODR &= ~(uint32 t) (1 << (TIMS-

>Channels.OC2 PIN SHIFT));

}
}
if (Check OC3 GPIO Output(TIMS)) // check OC OUTPUT 4 enable (GPIO AF
MODE)
{
if (TIMx->CCER & TIM CCER CC3P) // POLARITY check
{ // low POLARITY
if (TIMS->Channels.OC3REF)
TIMS->Channels.OC3 GPIOx->ODR &= ~(uint32 t) (1 << (TIMS-
>Channels.OC3 PIN SHIFT));
else
TIMS->Channels.OC3 GPIOx->ODR |[= << (TIMS-
>Channels.OC3 PIN SHIFT);
}
else
{ // high POLARITY
if (TIMS->Channels.OC3REF)
TIMS->Channels.OC3 GPIOx->ODR |= << (TIMS-
>Channels.OC3 PIN SHIFT);
else
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TIMS->Channels.OC3 GPIOx->ODR &= ~(uint32 t) (I << (TIMS-
>Channels.OC3 PIN SHIFT));
}
}
if (Check 0OC4 GPIO Output(TIMS)) // check OC CHANNEL 4 enable (GPIO AF
MODE)
{
if (TIMx->CCER & TIM_CCER_CC4P) // POLARITY check
{ // low POLARITY
if (TIMS->Channels.OC4REF)
TIMS->Channels.OC4 GPIOx->ODR &= ~(uint32 t) (1 << (TIMS-
>Channels.0C4 PIN SHIFT));
else
TIMS->Channels.OC4 GPIOx->ODR |= (1) << (TIMS-
>Channels.O0C4 PIN SHIFT) ;
}
else
{ // high POLARITY
if (TIMS->Channels.OC4REF)
TIMS->Channels.OC4 GPIOx->ODR |= (1) << (TIMS-
>Channels.OC4 PIN SHIFT);
else
TIMS->Channels.OC4 GPIOx->ODR &= ~(uint32 t) (1 << (TIMS-
>Channels.OC4 PIN SHIFT));
}
}
}
/** Banmce pesyiabTaTa compare B rJiabalsibHyl CTPykTypy ¢ TRIGGER OUTPUT */
/**

* @brief 3anmchk kKaHaJIOB TavMmepa B IJlabajibHyl CTPyKTypy C TRIGGER
OUTPUT.

* @param TIMx - TaliMep, KaHAaJEl KOTOPOI'O HAaIO 3alMcaThb.

* @param TIMS - CTpyKTypa TOI'O Xe TauMepa OJd CUMYJISLUN.

* @details [JlaHHasg OYHKUMSA CcumMTHBaeT kaHaJiel OC M 3anMchHBaeT MX B BHEUIHUMN
kaHayn Tpurrepa TRGO.
*/
void Write OC to TRGO(TIM TypeDef* TIMx, struct TIM Sim* TIMS)
{
// write trigger output from OCxREF pin if need
unsigned temp trgo;
if ((TIMx->CR2 & TIM CR2 MMS) == (0b100 << TIM CR2 MMS Pos))
{
temp trgo = TIMS->Channels.OCIlREF;
}
else if ((TIMx->CR2 & TIM CR2 MMS) == (0bl0l << TIM CR2 MMS Pos))
{
temp trgo = TIMS->Channels.OC2REF;
}
else if ((TIMx->CR2 & TIM CR2 MMS) == (0bll0 << TIM CR2 MMS Pos))
{
temp trgo = TIMS->Channels.OC3REF;
}
else if ((TIMx->CR2 & TIM CR2 MMS) == (0blll << TIM CR2 MMS Pos))
{
temp trgo = TIMS->Channels.OC4REF;
}
// select TIMx TRGO
if (TIMx == TIM1)
Slave Channels.TIM1 TRGO = temp trgo;
else if (TIMx == TIM2)
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Slave Channels.TIM2 TRGO = temp trgo;

else if (TIMx == TIM3)
Slave Channels.TIM3 TRGO = temp trgo;
else if (TIMx == TIM4)
Slave Channels.TIM4 TRGO = temp trgo;
else if (TIMx == TIM5)
Slave Channels.TIM5 TRGO = temp trgo;
else if (TIMx == TIM6)
Slave Channels.TIM6 TRGO = temp trgo;
else if (TIMx == TIM7)
Slave Channels.TIM7 TRGO = temp trgo;
else if (TIMx == TIMS8)
Slave Channels.TIM8 TRGO = temp trgo;
temp trgo = 0;
}
B //
[/ =mmmmm e MISC (temporary) FUNCTIONS--—----—-—-——————————— //

/** QOnpenejieHMe MCTOUHMKA IJig 3allycka TakMepa B SLAVE MODE */

* Q@brief OnpenejieHMe MCTOYHMKA IJIg 3allycka TakMepa B SLAVE MODE.
* @param TIMx - TaliMep, KOTOPHM HaOO BKJIOYUUTE.

* @param TIMx — TalMep, NPepsBaHMII KOTOPOI'O HaIo BH3BATH.

*

Qdetails [laHHasg GOYHKLUMS OPOBEepPSeT KaKOM TPUITep BHOPAaH g 3alycKa
TanMmepa,
* IOCJie 3alMCHBaeT 3HaUeHMe KaHajla TpuIrrepa B OUT BKJIIOUEHUSI
TavMepa.
* TaxuM oOpaszoMm, HOpu Jior'.l B kKaHajle TpuIrepa - TalMep
BKJIOUMTLCS .
*/
void Slave Mode Check Source(TIM TypeDef* TIMx)
{
if (TIMx == TIM2)
{
if ((TIMx->SMCR & TIM SMCR TS) == TIM TS ITRO)
TIMx->CR1 |= (Slave Channels.TIMl TRGO << TIM CR1 CEN Pos);
else if ((TIMx->SMCR & TIM SMCR TS) == TIM TS ITRI)
TIMx->CR1 |= (Slave Channels.TIMl TRGO << TIM CR1 CEN_Pos);
else if ((TIMx->SMCR & TIM SMCR TS) == TIM TS ITR2)
TIMx->CR1 |= (Slave Channels.TIMl TRGO << TIM CR1 CEN_Pos);
else if ((TIMx->SMCR & TIM SMCR TS) == TIM TS ITR3)
TIMx->CR1 |= (Slave Channels.TIM8 TRGO << TIM CR1 CEN Pos);
}
else if (TIMx == TIM3)
{
if ((TIMx->SMCR & TIM_SMCR_TS) == TIM_TS_ITRO)
TIMx->CR1 |= (Slave Channels.TIM8 TRGO << TIM CR1 CEN Pos);
else if ((TIMx->SMCR & TIM_SMCR_TS) == TIM_TS_ITRl)
TIMx->CR1 |= (Slave Channels.TIM2 TRGO << TIM CR1 CEN_Pos);
else if ((TIMx->SMCR & TIM SMCR TS) == TIM TS ITR2)
TIMx->CR1 |= (Slave Channels.TIM2 TRGO << TIM CR1 CEN_Pos);
else if ((TIMx->SMCR & TIM SMCR TS) == TIM TS ITR3)
TIMx->CR1 |= (Slave Channels.TIM3 TRGO << TIM CR1 CEN Pos);
}
else if (TIMx == TIM4)
{
if ((TIMx->SMCR & TIM_SMCR_TS) == TIM_TS_ITRO)
TIMx->CR1 |= (Slave Channels.TIM3 TRGO << TIM CR1 CEN_Pos);
else if ((TIMx->SMCR & TIM SMCR TS) == TIM TS ITR1)
TIMx->CR1 |= (Slave Channels.TIM5 TRGO << TIM CR1 CEN Pos);
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else if ((TIMx->SMCR & TIM SMCR TS) == TIM TS ITR2)

TIMx->CR1 |= (Slave Channels.TIM3 TRGO << TIM CR1 CEN Pos);
else if ((TIMx->SMCR & TIM SMCR TS) == TIM TS ITR3)
TIMx->CR1 |= (Slave Channels.TIM4 TRGO << TIM CR1 CEN_Pos);
}
else if (TIMx == TIMbD)
{
if ((TIMx->SMCR & TIM SMCR TS) == TIM TS ITRO)
TIMx->CR1 |= (Slave Channels.TIM4 TRGO << TIM CR1 CEN_Pos);
else if ((TIMx->SMCR & TIM SMCR TS) == TIM TS ITR1)
TIMx->CR1l |= (Slave Channels.TIM4 TRGO << TIM CR1 CEN Pos);
else if ((TIMx->SMCR & TIM SMCR TS) == TIM TS ITR2)
TIMx->CR1l |= (Slave Channels.TIM7 TRGO << TIM CR1l CEN Pos);
else if ((TIMx->SMCR & TIM SMCR TS) == TIM TS ITR3)
TIMx->CR1 |= (Slave Channels.TIM7 TRGO << TIM CR1 CEN_Pos);
}
}
/== //
[ /=== m SIMULINK FUNCTIONS-—=-———==—=——————— //
/** CuMysMpoBaHre BHOpPAHHHIX uepes nebaiu TamMepoB */
/**
* Q@brief CuMyJsiaumsa BBIOPAHHBIX TalIMEPOB.

* @Qdetails TavMeps OJjg CUMYJSLUM BHOMPaKTCS uyepes mebalHb B
stm32f4xx matlab conf.h.
OYHKLMSA BHIBBHIBASTCS Ha KaXxIOM Mare CUMYJISLUN.
*
* Qattention JoBaBuTh 3T0 B (QYHKIIUO MCU Periph Simulation ()
*/
void Simulate TIMs(void)
{
#ifdef USE TIMI1
TIM Simulation(TIM1l, &timls);
fendif
#ifdef USE_TIM2
TIM Simulation(TIM2, &tim2s);
#endif
#ifdef USE_TIM3
TIM Simulation(TIM3, &tim3s);
#endif
#ifdef USE TIM4
TIM Simulation(TIM4, &timi4s);
#endif
#ifdef USE_TIMS
TIM Simulation(TIM5, &timb5s);
#endif
#ifdef USE TIM6
TIM Simulation(TIM6, &timés);
#endif
#ifdef USE_TIM7
TIM Simulation(TIM7, &tim7s);
#endif
#ifdef USE_TIMS
TIM Simulation(TIM8, &tim8s);
#endif
#ifdef USE TIMS
TIM Simulation(TIM9, &tim9s);
#endif
#ifdef USE_TIM10
TIM Simulation(TIM10, &timlOs);
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#endif
#ifdef USE TIMI1
TIM Simulation(TIM11l, &timlls);
#endif
#ifdef USE TIMI12
TIM Simulation(TIM12, &timl2s);
#endif
#ifdef USE TIMI13
TIM Simulation(TIM13, &timl3s);
#endif
#ifdef USE TIM14
TIM Simulation(TIM14, &timlés);
#endif
}
/**
* Q@brief HeHMUMaInM3upOoBaHe BEIOPAHHEIX TalMEpPOB.
* @Qdetails TarMeps 9 OEeVMHMUMAIM3MUBALMUM BHOMPAWTCHS Uyepes nebdaliHbl B
stm32f4xx matlab conf.h.
OYHKLMSA BESBBBAETCH B KOHLE CHUMYJISLWN.
*/
void TIM SIM DEINIT (void)
{
#ifdef USE TIMI1
memset (&timls, 0, sizeof(timls));
fendif
#ifdef USE TIM2
memset (&tim2s, 0, sizeof(tim2s));
#endif
#ifdef USE TIM3
memset (&tim3s, 0, sizeof(tim3s));
#endif
#ifdef USE TIM4
memset (&timds, 0, sizeof(timéds));
fendif
#ifdef USE TIM5
memset (&tim5s, 0, sizeof(timb5s));
#endif
#ifdef USE TIM6
memset (&timo6s, 0, sizeof (tim6s));
#endif
#ifdef USE TIM7
memset (&tim7s, 0, sizeof(tim7s));
#endif
#ifdef USE_TIMS8
memset (&tim8s, 0, sizeof(tim8s));
#endif
#ifdef USE TIMY
memset (&tim9s, 0, sizeof(tim9s));
#endif
#ifdef USE TIMIO
memset (&timl0s, 0, sizeof(timlO0s));
#endif
#ifdef USE TIMI1
memset (&timlls, 0, sizeof(timlls));
#endif
#ifdef USE TIMI12
memset (&timl2s, 0, sizeof(timl2s));
#endif
#ifdef USE TIMI13
memset (&timl3s, 0, sizeof(timl3s));
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#endif
#ifdef USE_TIM14
memset (&timlds, 0, sizeof(timli4s));

#endif

}

[ e e e //
[ =mmmmmmm e TIM'S HANDLERS (BETA) FUNCTIONS--=-—==-==-====—-— //

// Onpemnejienmre oBpPabOTUMKOB, KOTOPHE HE MCIHIOJIb3YIOTCH

// T.x. B MSVC HeT noHarmusa weak function, HeoBXomyMMo OOBABUTL BCE KOJIOEKMN
// VI ecnu kakoM-TO KOJBGEK He UCIOJb3yeTCd, €TI0 HAIo ONpeneiinuThb
#ifndef USE TIM1 UP TIM10 HANDLER

void TIM1 UP TIM10 IRQHandler(void) {}

#endif

#ifndef USE TIM2 HANDLER

void TIM2 IRQHandler (void) {}

#endif

#ifndef USE TIM3 HANDLER

void TIM3 IRQHandler (void) {}

fendif

#ifndef USE TIM4 HANDLER

void TIM4 IRQHandler (void) {}

fendif
/**
* Q@brief Bel3oB npepelBaHMa TanMepa TIMx.
* @param TIMx — TalMep, NPepsBaHMI KOTOPOI'O HaIo BH3BATH.

* @details [lanHasg OYHKUMS CUMYJIMPYET alllaPaTHBE BB3OB IIPEPHBAHMSA
TayMepa IO KakKomMy-Jmbo COOBITHUIO.
*/
void call IRQHandller (TIM TypeDef* TIMx)
{ // calling HANDLER
if ((TIMx == TIM1) || (TIMx == TIM10))
TIM1 UP TIM10 IRQHandler();
else if (TIMx == TIM2)
TIM2 IRQHandler();
else if (TIMx == TIM3)
TIM3 IRQHandler();
else if (TIMx == TIM4)
TIM4 IRQHandler();
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®aiin stm32f1xx_matlab tim.h:

/**

R Rt b 2 b Sb b db b b 2 Sh b b Sh S b S dh b b db b b 2 Sh b b db Sh b 2 Sh b b db b b 2 Sh b b S Sb b 2 4h b b Sh Sh b 2 Sh b b db b b S dh b b db Sb b 2 Sh b b db e 3
* @file stm32flxx matlab tim.h

* Q@brief 3aronoBouHEl Gars IJIS CUMYyJISTOpa TalMEpOB.

R R IR dh b b db b b Sh b b Sh S b S Sh b b db b b 2 Sh b b db Sb b 2 Sh b b db Sb b 2 Sh b b S Sb b 2 Sh b b S b b 2 Sh b b Sb b b S dh b b db Sh b 2 Sh b db e 3
@details

HaHHBEM Qaljyl COoIepXmUT OOBABJIEHMSA BCAKOIO IJIS CUMYyJIAUMM TaMepoB STM32F407xx.
**************************************************************************/
#ifndef MATLAB TIM H

#define MATLAB TIM H

#include "stm32f4xx hal.h"
#include "stm32fd4xx it.h"
#include "mcu wrapper conf.h"

/**
* @addtogroup TIM SIMULATOR TIM Simulator
* @ingroup MAIN SIMULATOR
* Q@brief CuMyJIATOP IJid TaVMepoB
* @details Oebaruel 1 OyHKUMM IOJIS CUMYJIALMY TaVMEepOB.
* @{
*

/1111777077777 771777777/7/)/--=-DERINES-==/////////////////////////////

/**
* @brief Jlebarin nyisa coBuTa MexIOy NepBOM M BTOpoM nojioBuHOM CCMRX permcTpoB
*/

#define TIM OCMODE SECOND SHIFT (TIM _CCMR1 OC2M Pos -

TIM CCMR1 OC1M Pos)

/**

* Q@brief Jebalin OJa NPOBEPKM BHBOIMTL JIM KaHaJ TanuMepa Ha GPIO

* @details [lanHwI nmedalin nporepseT, HacTpoeH Ju nuH GPIO Ha
aNbTEPHATURHYID OYyHKUMO. ECIM ma — TO TalMep BHBOIUTHCS Ha STOT IIMH

*/
#define Check OCx GPIO Output( tims , OCx GPIOx , OCx PIN SHIFT )
(_tims ->Channels. OCx GPIOx ->MODER & (0bll<<(2* tims -
>Channels. OCx PIN SHIFT ))) == (0bl0<<(2* tims ->Channels. OCx PIN SHIFT ))
/**

* @brief Jlebarin njisa NpoBepKM BHBOIMTL JK kaHajsi 1 Ha GPIO (HacTpoeH Jju GPIO
Ha aJIbTEPHATUBHYID QYyHKIMIO)
*/
#define Check OCl GPIO Output( tims )
Check OCx GPIO Output( tims , OCl GPIOx, OCl PIN SHIFT)
/**
* Q@brief JledpariH nyis NpoBepKM BHBOIOMUTEL JM KaHay 2 Ha GPIO (HacTpoen sm GPIO
Ha aJIbTEPHATUBHYID QYyHKIMIO)
*/
#define Check OC2 GPIO Output( tims )
Check OCx GPIO Output( tims , OC2 GPIOx, OC2 PIN SHIFT)
/**
* @brief Jlebarin njsa NpoBepKM BHBOIMTL JM kKaHajs 3 Ha GPIO (HacTpoeH Ju GPIO
Ha aJIbTEPHATUBHYID OYHKIMIO)
*/
#define Check OC3 GPIO Output( tims )
Check OCx GPIO Output( tims , OC3 GPIOx, OC3 PIN SHIFT)
/**
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* @brief Jlebarin mjsa NpoBEepPKM BHBOIMTL JK kaHays 4 Ha GPIO (HacTpoeH Ju GPIO
Ha aJIbTEPHATUBHYID OQYHKIMIO)

*/
#define Check 0C4 GPIO Output( tims )
Check OCx_ GPIO Output( tims , OC4 GPIOx, OC4 PIN SHIFT)

L1177 77777777777777777777777777777777777777777777777777777777

/1777777777777 777777/7/////=-==STRUCTURES—--=//////////////////////////
/**

* @brief CrpykTypa njs ynpaBjeHus Crens TaliMepamu

*/
struct SlaveChannels

{

unsigned TIM1 TRGO 1; ///< CuHTaH CHUHXpOHMBaLUMMU TanMepa 1
unsigned TIM2 TRGO 1; ///< CHMHTaH CHUHXPOHMBaLMKU TamMepa 2
unsigned TIM3 TRGO 1; ///< CuMHTaH CUMHXPOHM3ALUM TakMmepa 3
unsigned TIM4 TRGO 1; ///< CuMHTaH CUHXPOHM3ALUM TauMmepa 4
unsigned TIM5 TRGO 1; ///< CUHTAH CUHXPOHM3ALUUM Tanmepa 5
unsigned TIM6 TRGO 1; ///< CUHTAaH CUHXPOHM3ALUM Tanmepa 6
unsigned TIM7_ TRGO 1; ///< CHMHTaH CHUHXpPOHMBaLUMMU TanMepa 7/
unsigned TIM8 TRGO 1; ///< CuMHTaH CUHXPOHM3ALUM TarMmepa 8
};
/**
* @brief CrpykxTypa IJjigd MOIENMPOBAHUSA KaHAaJIOB TamMepa
*/
struct Channels Sim
{
// KanHajel Tanmepa
unsigned OC1lREF:1; ///< TlepBHM KaHaJ
unsigned OC2REF:1; ///< BTopo¥ kaHal
unsigned OC3REF:1; ///< TpeTurt kaHal
unsigned OC4REF:1; ///< UeTBepTHM KaHAall
// cBsa3aHHEHE C KaHajlaMu GPIO IOPTH M NMHE
GPIO TypeDef *OCl GPIOx; ///< TlopT NepBOTO KaHaja
uint32 t OCl1_PIN SHIFT; ///< TluH mepBOTO KaHala
GPIO TypeDef *0OC2 GPIOx; ///< TlopT BTOPOTO KaHaja
uint32 t OC2 PIN SHIFT; ///< TuH BTOPOTO KaHajJa
GPIO TypeDef *OC3 GPIOx; ///< TlopT TpeTbero KaHaja
uint32 t OC3_ PIN SHIFT; ///< TluH TpeTbero KaHala
GPIO TypeDef *0C4 GPIOx; ///< TlopT YeTBEepTOTrO KaHaJa
uint32 t OC4 PIN SHIFT; ///< IIMH 4YeTBePTOTO KaHajla
}i
/**
* @brief CrpyxTypa IOJjsa MOIENMPOBAHMSA TarMepa
*/
struct TIM Sim
{
double tx cnt; ///< Cuerumk TarMepa (double, T.k. KOJ—

BO TaKTOB 34 Wlal' CUMMYJIALUMM MOXeT OBITH ,HpO@HbIM)
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double tx step; ///< llar cueTa 3a OIMH WAT CUMYJISLUU
(double, T.x. KOJI-BO TAKTOB 3a WAal' CUMYyJALMM MOXET OBITbH HOPOOHEIM)

int RELOAD; ///< Bybep mns nepmoma TarMepa (Iis
peanmmzaumu obyHKUMM PRELOAD)
struct Channels Sim Channels; ///< CrpykTypa IOJsS CUMYJIALWM KAaHAJOB

};
L1777 7777777777777777777777777777777777777777777777777777777777777777

[111777777777777777777777//===FUNCTIONS-==///////////////////////////

/* BasoBasg QyHKLUMS OJS CUMYJSLMM Tar¥Mepa: OHAa BHBHBASTCS KaXIE WAl
cumMynaumum */

void TIM Simulation(TIM TypeDef *TIMx, struct TIM Sim *TIMS);

/* Cuer TanMepa 3a OIMH TakT */

void TIMx Count (TIM TypeDef* TIMx, struct TIM Sim* TIMS);

/* IpoBepka Ha I[IepenoJIHEeHMEe M majbHelmas ero obpaborka */

void Overflow Check(TIM TypeDef* TIMx, struct TIM Sim* TIMS);

/* BEHIBOB NpepHBaHusa */

void call IRQHandller (TIM TypeDef *TIMx);

/* CuMyngaums KaHaJIOB TanMepa */

void Channels Simulation(TIM TypeDef *TIMx, struct TIM Sim *TIMS);
[ - CAPTURE COPMARE & PWM FUNCTIONS-—-—-—-—-————————————-— */
/* Beibop pexuma CaptureCompare miam PWM u CUMyJISUMS OJIS KaxXIOoTo KaHasa */
void CC_PWM Chl Simulation(TIM TypeDef* TIMx, struct TIM Sim* TIMS);
void CC_PWM Ch2 Simulation(TIM TypeDef* TIMx, struct TIM Sim* TIMS);
void CC_PWM Ch3 Simulation(TIM TypeDef* TIMx, struct TIM Sim* TIMS);
void CC_PWM Ch4 Simulation(TIM TypeDef* TIMx, struct TIM Sim* TIMS);

/* 3anuchb KaHAJOB TarMepa B NOpPTH GPIO */

void Write OC to GPIO(TIM TypeDef* TIMx, struct TIM Sim* TIMS);

/* 3Banuce pesyJsbTarTa compare B TyabaljibHy©w CTPpyKTypy ¢ TRIGGER OUTPUT */
void Write OC to TRGO(TIM TypeDef* TIMx, struct TIM Sim* TIMS);

[/ =mmmmmm e MISC (temporary) FUNCTIONS--—-—--=-—-—=—————————- //
/* OnpenesyieHre MCTOUHMKA INJIS Banycka TaliMmepa B SLAVE MODE */
void Slave Mode Check Source(TIM TypeDef* TIMx);

// CuMynvpoBaHMue BBIOPAHHBIX TalMEpPOB

void Simulate TIMs(void);

// IeVHULMaIu3pOBaHMe BHOPAHHBIX TalMEpPOB (BBIBBIBAETCH B KOHIE CUMYJISLIVN)
void TIM SIM DEINIT (void) ;

/** TIM SIMULATOR
*@}
*/
#endif // MATLAB TIM H
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NPUJIOKEHUE B
JIucTuHr nporpammsl ynpasJjenus YIIII

®aiit upp.c:

#include "upp.h"

Phase_t phase_A; /*< ®az3a ynpaBneHus Tupuctopamum A */
Phase_t phase_B; /*< ®a3a ynpasneHus Tupuctopamu B */
Phase_t phase_C; /*< ®az3a ynpaBneHus Tupuctopamm C */
UPP_Control_t Upp; /*< CTpykTypa ynpasnexus YMIN */

/**

@brief naBHaAa ¢yHkuma ynpasnenusa Y

@details BbimosHAET OCHOBHYHW JIOrUKY YMNpaBJieHUA MNycKaTenem:
MHWLUManM3aumua yrnos, 6esonacHblii 3anyck,

nposepka $aaroB OCTaHOBKMW/OTK/IKWYEHUA,

ynpaBnieHne ¢asamum U TUPUCTOPaMM.

*/void upp_main(void)

* X ¥ X X %

// TpoBepseM Heo6Xx0AMMOCTb OBHOBMEHUS MapameTpoB yria yrnpaBAeHUS TUPUCTOPaMM
if(GetAngleInit(&Upp.anglelnit))

{
// Ecnu napameTpbl U3MEHWIUCb, CbOpacbiBaemM yrnael gna Bcex ¢a3
tiristor_angle_reset(&phase_A.ctrl);
tiristor_angle_reset(&phase_B.ctrl);
tiristor_angle_reset(&phase_C.ctrl);

}

// BbinonHsem 6e3onacHblii 3anyck (obpaboTka M3MeHeHWs HamnpaB/eHWs M CTapTOBOro
COCTOSIHUA)

upp_safe_go();

// Ecnu ycTaHoBneH ¢nar nNpuHyAWTENbHOW OCTAHOBKM, BbiK/WYaeM nuTaHue YMM u
NOAKJIYaeM BbIXOZ
if(Upp.ForceStop)

Upp.Go = 0; // OcTaHaBnuBaem paboTy
connect_upp(); // Toaknwdaem YMNN (npsmoe nuTaHue)
return; // BbixoA u3 OYyHKUMM, AanbHelwaa noruka He

BbIMOIHAEGTCA

}

// Ecnu ycTaHoBneH ¢nar NpuHYAUTENbHOrO OTK/WYEHUA, BbICTAaBAAEM FOTOBHOCTb
TUPUCTOPOB M OTKAwYaem YN
if(Upp.ForceDisconnect)

phase_A.ctrl.f.TiristorReady =
phase_B.ctrl.f.TiristorReady
phase_C.ctrl.f.TiristorReady = 1;

o
[N
o .-

Upp.Go = 0; // OcTaHaBnuBaem paboTy
disconnect_upp(); // OTknw4aem YMM (CHUMaeM NUTaHUe C BbIXOAA)
return;

}

// Ecnu ycTaHoBneH ¢nar naaBHOro oTkw4YeHua YMM, roTOBUM TUPUCTOPbI U OTKIKHYaEM

ynn
if(Upp.GoDisconnect)
{
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phase_A.ctrl.f.TiristorReady = 1;
phase_B.ctrl.f.TiristorReady = 1;
phase_C.ctrl.f.TiristorReady = 1;

Upp.Go = 0;
disconnect_upp();

}

// Ecnn ycTaHoBneH ¢nar OCTaHOBKWM, OCTaHaBAMBaeM paboTy M noaknwdaem YMN (npsmoe
nuTaHue)

if(Upp.GoStop)

{

Upp.Go = O;
connect_upp();

}

// Ecnn B pexume noaroToBku (3anycka)
if(Upp.Prepare)
{

// Ecnn YN B COCTOSIHUM OTKJ/WYEHUs, noakwyaem ero (rotoBum kK paboTe)
if(Upp.Disconnected)

connect_upp();

}
// O6bpabaTbiBaeMm Kaxayw ¢a3y (AeTeKTUpOBaHUE HyNs, YnpaB/ieHWe Yrjiom
TUpucTopa)
upp_phase_routine(&phase_A);
upp_phase_routine(&phase_B);
upp_phase_routine(&phase_C);
}
// Ecnu paboTa paspeweHa (¢nar Go)
if(Upp.Go)
{

// Ecnu BCé ewé B NOAroToBKe, MpoBepsieM NOTOBHOCTb TUPUCTOPOB
if(Upp.Prepare)
{

// Ecnu Bce TUPUCTOPbI FOTOBbl — CHUMaeM ¢nar MOArOTOBKM U MPOJOSIKAEM
paboTy

if(phase_A.ctrl.f.TiristorReady && phase_B.ctrl.f.TiristorReady &&
phase_C.ctrl.f.TiristorReady)

{
Upp.Prepare = 0;
}
else
{
// Ecnu XOTb OAUH TUPUCTOP He rOTOB — BbIXOAMM, He MpoAoXan
ynpaBfieHue
return;
}

}

// Ecnn Bo BpemA paboTbl npousowno oTkawyeHue YMM - cTaBum dnar
NPUHYAUTENbHON OCTaHOBKMU
if(Upp.Disconnected)
{
Upp.ForceStop = 1;
return;
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// TNpoBepseM ycsoBue AOCTUXEHUA MUHUMANbHOrO yrnaa (MUHUMANbHAs 3afepxKa)
BO Bpems 3anycka (direction == @)
// 3TO 3Ha4uT, YTO TUPUCTOPbI OTKPbLITHl MaKCMMaJbHO PaHO - MOXHO MepeilTn Ha
npAmMoe nuTaHWe ABUraTenA
if( (phase_A.ctrl.angle.delay_us == phase_A.ctrl.angle.Init-
>delay_min_us) &&
(phase_B.ctrl.angle.delay_us == phase_B.ctrl.angle.Init-
>delay_min_us) &&
(phase_C.ctrl.angle.delay _us == phase_C.ctrl.angle.Init-
>delay_min_us) && (Upp.angleInit.direction == 0))

Upp.GoDisconnect = 1; // Onar ana oTkawdenua YMM u nogavnm nutaHuA
HanpAmyHo
}
else
{
Upp.GoDisconnect = 0;
}

// TpoBepseM ycroBUe AOCTUXEHUA MaKCUMasbHOro yrna (MakcumanbHas
3afilepxka) BO Bpems TopmoxeHua (direction == 1)
// DTO 3HAYUT, YTO TUPUCTOPbl MAKCUMANIbHO 3aKpbiTbl — HYXHO OCTAHOBUTb
nuTaHue ABuraTens
if( (phase_A.ctrl.angle.delay us == phase_A.ctrl.angle.Init-
>delay_max_us) &&
(phase_B.ctrl.angle.delay _us == phase_B.ctrl.angle.Init-
>delay_max_us) &&
(phase_C.ctrl.angle.delay_us == phase_C.ctrl.angle.Init-
>delay_max_us) && (Upp.angleInit.direction == 1))

Upp.GoStop = 1; // Onar pna ocTtaHoBku YMIM M OTKAWYEHUA MUTAHUA
}
else
{
Upp.GoStop = 0;
}

// Tpoponxaem o6paboTky da3 - O6GHOBISEM COCTOSIHME W MpPOBEpSeM YC/oBUA
ynpaB/ieHUs TUPUCTOpaMK

upp_phase_routine(&phase_A);

upp_phase_routine(&phase_B);

upp_phase_routine(&phase_C);

// YnpaBnsem TupucTtopamu Kaxaon ¢asbl C nomowbw GYHKLWUNA KOHTpona yrna wu
camoro TupucTopa

upp_phase_control(&phase_A);

upp_phase_control(&phase_B);

upp_phase_control(&phase_C);

}
else
{
// Ecnun ¢nar Go He ycTaHOBNEeH, cbpacbiBaem yrbl yrnpaBiaeHUA TUpUCTOpamu AAs
Bcex ¢as
tiristor_angle_reset(&phase_A.ctrl);
tiristor_angle_reset(&phase_B.ctrl);
tiristor_angle_reset(&phase_C.ctrl);
}
}
/**
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@brief OyHkumAa 6e3omacHoro 3anycka YMM

*
*
* @details CneguT 3a u3MeHeHuaMu ¢nara GoSafe v 3anyckaeT WAM OCTaHaBAMBAeT MyckaTesb,
* cbpacbiBaA yrosa 3aAepXKun TUPUCTOPOB B 3aBUCUMOCTU OT HarnpasfieHUA.
*/
void upp_safe_go(void)
static int prev_gosafe; // CTaTuyeckaa nepemMeHHasa [ANA XpaHeHUA npeaplayuero
3HayeHus ¢nara GoSafe

// Ecnn Tekyuwee 3HadeHue GoSafe 6osblle npegpiaywero - 3TO CUMHaAN O cTapTe B
pexume 3anycka (HanpasneHue 9)
if(Upp.GoSafe > prev_gosafe)

{
Upp.angleInit.direction = @; // YcTaHaBnuBaem HanpasfieHue nycka (pa3roH)
Upp.Prepare = 1; // BkJK4Yaem pexum NoAroTOBKM
Upp.Go = 1; // BkJ/w4aem OCHOBHOW ¢nar 3anycka paboTsl

ynn

// CbpacbiBaem yrnbl ynpaBieHUs TUpUCTOpamu ana Bcex $a3 - HauyuMHaem C
HayasbHOrO COCTOSHUA
tiristor_angle_reset(&phase_A.ctrl);
tiristor_angle_reset(&phase _B.ctrl);
tiristor_angle_reset(&phase_C.ctrl);
}
// Ecnu Tekyuwee 3HayeHue GoSafe meHblle Npeabiaywero - 3TO CUTHan O cTapTe B
pexume TopmoxeHus (HanpasneHue 1)
else if (Upp.GoSafe < prev_gosafe)

{
Upp.angleInit.direction = 1; // YcTaHaBnAuBaeM HanpaB/eHUE TOPMOXEHUA
Upp.Prepare = 1; // BKJK4YaeM pexuMm MNoAroTOBKM
Upp.Go = 1; // BkJ/W4aeM OCHOBHOW ¢nar 3anycka paboTsl

ynn

// C6pacbiBaem yrnbl ynpaBieHUs TUpUCTOpamMu A8 BceX a3 - HauyuHaem C
Ha4a/ZlbHOIro COCTOAHUA

tiristor_angle_reset(&phase_A.ctrl);

tiristor_angle_reset(&phase_B.ctrl);

tiristor_angle_reset(&phase_C.ctrl);

}

// O6HOBNsieM COXpaHEHHOe npegpigyuiee 3HavyeHue GoSafe ANA OTCAEXMBAHUA W3MEHEHUNn B
cnepywlem Bbi3oBe

prev_gosafe = Upp.GoSafe;
}

/**
* @brief OTknw4veHue nuTanua YMMN (pa3pbiB Bcex ¢a3)
*
* @details Ecau TupucTop roToB, BbI3bIBAa€T MaKpoOChl OTKAwYeHua ¢as,
* nocsie Yero BbICTaB/AfeT COOTBETCTBYywWMe ¢naru CoOCTOAHUA.
*/

void disconnect_upp(void)

{

// Ecnu TupucTopbl ¢asbl A OTKPbITbI, MoAKAW4YaeM $a3y Hanpsamyw
if(phase_A.ctrl.f.TiristorReady)
{

}

disconnect_phase(&phase_A);
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// AHanoru4Ho gna ¢asbl B
if(phase_B.ctrl.f.TiristorReady)

{
}

disconnect_phase(&phase_B);

// AHanorudHo gnsa ¢asbl C
if(phase_C.ctrl.f.TiristorReady)

{
}

disconnect_phase(&phase_C);

// Ecnu YMNN Ha Bcex Tpex ¢a3ax OTKJ/HYeHb
if(phase_A.disconnect.Disconnected && phase_B.disconnect.Disconnected &&
phase_C.disconnect.Disconnected)

{
Upp.Disconnected = 1; // YcTaHaBnuBaem ¢nar, 4To YN MOAHOCTbi
OTKJ/INYEHa
Upp.GoDisconnect = 0; // CbpacbiBaem dnar 3anpoca Ha OTK/KW4YeHue
Upp.Go = 0; // TNpekpawaem paboTty YMN
}
}
/**

* @brief MoaknwdeHue nuTauua YMM (coepnHeHue Bcex ¢as)
*
* @details Bbi3biBaeT OTK/KWYEHWE TUPUCTOPOB U MAKpOCHl MOAKIHWYeHUA ¢a3,
* cbpacbiBaeT ¢nar OTK/WYEHUSA.
*/
void connect_upp(void)
{
// OTK/JW4YaeMm ynpaBneHue TUpUCTOpamMu Ans Bcex ¢as
tiristor_disable(&phase_A.ctrl);
tiristor_disable(&phase_B.ctrl);
tiristor_disable(&phase_C.ctrl);

// Noaknwydaem YMMN K Kaxaoh ¢ase)
connect_phase(&phase_A);
connect_phase(&phase_B);
connect_phase(&phase_C);

// CbpacbiBaem dnar, ykasbiBawwuii Ha TOo, 4TO YMM 6bIO OTKIHYEHO
Upp.Disconnected = 0;

}

/**
* @brief Ynpasnenue opHoit dasoi YN

* @param phase Ykaz3aTenb Ha CTpykTypy ¢aswel Phase_t
k

* @details KoHTponupyeT yron u BKAWYaeT/OTK/WYaeT TUPUCTOP ANA [AHHOW ¢a3bl.
*/

void upp_phase_control(Phase t *phase)

tiristor_angle_control(&phase->ctrl);
tiristor_control(&phase->ctrl);

}

/**
* @brief 06paboTka ¢asbl Mpu KaxAOM HYy/IeBOM MNepexoje CUHYcouapl
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*
*
*
*
*

*/

voi

@param phase YkasaTenb Ha cTpykTypy ¢as3bl Phase_t
@details O6HOBNAET COCTOAHME AeTeKTopa HYy/eBOro nepexopa,
3anyckaeT 3afepxKy yrna TupucTopa,

OTKNKW4YaeT TUPUCTOp, eCn OH 6bl/1 BKJIOYEH.

d upp_phase_routine(Phase_t *phase)

// O6bHoBnsAeM AEeTEeKTOp HysneBOro nepexoga no TeKywemMy COCTOAHUKW BXOAHOIo CUrHana

zero_cross_update(&phase->zc_detector);

// Ecnu obHapyxeH HyneBoil nepexof (CuHycoupa nepecekna @)
if(is_zero_cross(&phase->zc_detector))

{
// 3anyckaem OTCYET 3afepXKu [0 OTKpbITMA TupucTopa (nmo yrnay)
tiristor_start_angle_delay(&phase->ctrl);
// Ecan TupucTop 6bin BKAWYEH B MpeAblifywem nosynepuope - OTKAWYaeMm ero
if (phase->ctrl.f.TiristorIsEnable)
tiristor_disable(&phase->ctrl);
}
}
/**
* @brief PacyéT napameTpoB yrna 3anycka TupucTopa
* @param angle YkasaTenb Ha cTpykTypy AngleInit_t ana 3anucu napameTtpoB
* @return int 1, ecnu npou3ownu M3MEHeHWS MapamMeTpoB, WHa4de O
*
* @details MpoBepaeT M3MeHeHUA B MapameTpax YNpaBAeHUA U NpU HeobxoauMOoCTH
* nepecyuTbiBaeT MaKCUMajbHble U MUHUMasNbHble 3aAepXKW, War W3MeHeHus yrna,
*

a TakKxXe MU3MeHAeT npeckanep TaﬁMepa.

*/
int GetAngleInit(AngleInit_t *angle)

{

static float sine_freq_old = 0;

static float Duration_old = 0;

static float max_duty_old = @, min_duty old = ©; // 3apawTca B npoueHTax
int update = 0;

// TMpoBepka, M3MEHUWIUCb NU MapameTpbl: 4acToTa, CKBaXHOCTU
if( (Upp.sine_freq != sine_freq_old) &&
(Upp.max_duty != max_duty_old) &&
(Upp.min_duty != min_duty old) )

{
update = 1;
min_duty_old = Upp.min_duty;
max_duty_old = Upp.max_duty;
sine_freq_old = Upp.sine_freq;
}

// TpoBepkKa, W3MEHWIUCb NN OJAUTENbHOCTb
if(Upp.Duration != Duration_old)

{

update = 1;

Duration_old = Upp.Duration;
}
if(update)
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// PacyéT pauTenbHOCTM MoJsiynepuoja B MUKpoceKyHAax (C y4éTom BblveTa
pe3epBa Ha OTKpbITME TuUpUCTOpa)
uint32_t half _period_us = (500000.0f / Upp.sine_freq) - 1000;

// Pac4éT MaKCUMasbHOW WU MUHUMaANbHOW 3ajepxku (B MKC) MO MpoLeHTam

CKBaxXHOCTH
angle->delay_max_us = (uint32_t)(Upp.max_duty * half_period_us);
angle->delay_min_us = (uint32_t)(Upp.min_duty * half_period_us);

// TlpoBepKka, MOMEWAnTCA M 3HAYeHWUs 3ajepxek B 16-6UTHbIA Tailmep
if((angle->delay _max_us > OxFFFF) || (angle->delay _min_us > OxFFFF))
{

// Ecnn HeT - yBenuyuBaem npeckanep B 10 pa3 (TOYHOCTb 10 MKC)

angle->delay_max_us /= 10;

angle->delay_min_us /= 10;

TIMER->PSC = 719;

if((angle->delay_max_us > OxFFFF) || (angle->delay _min_us >

OXFFFF))
{
// Ecnun BCE ewé He nomewaeTtca - ewé B 10 pa3 (ToYHOCTb 0.1
McC)
angle->delay_max_us /= 10;
angle->delay_min_us /= 10;
TIMER->PSC = 7299;
if ((angle->delay max_us > @OxFFFF) || (angle->delay min_us >
OXFFFF))
{
// Ecnu paxe npu 3TOM NepenosiHeHWe - aBapuiiHas
OCTaHOBKaA
Upp.ForceStop = 1;
}
}
}
else
{
// 3apepXku nomewawTca - yCTaHaB/AMBaeM CTaHAApTHbIM npeckanep (1
MKC)
TIMER->PSC = 71;
}
// TepeBoa ANUTENBHOCTWU pa3roHa/TOPMOXEHUA U3 CeKYHI B MWUIIUCEKYH.bl
float duration_ms = Duration_old * 1000.60f;
uint32_t steps = duration_ms / angle->sample_time_ms;
if (steps == @) steps = 1;
// BbldUCNEHMEe Wara U3MEeHEeHWA 3aLepKKW Ha KaxAoM ware
if (angle->delay_max_us > angle->delay_min_us)
angle->delay_step_us = (angle->delay_max_us - angle->delay_min_us)
/ steps;
else
angle->delay_step_us = 0;
}
return update;
}
/**

* @brief WMHuumanuzsauma YMM u CBA3AHHLIX CTPYKTYp
*
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* @details HacTpauBaeT napameTpbl ynpaBneHus, GPIO gna ¢as,
* MHAUMANU3UpyeT TUPUCTOPbI, 3anyckaeT TalMep M HacTpauBaeT AeTEeKTOp HY/JeBOro nepexopa.
*/
void upp_init(void)
{
Upp.max_duty = 0.9;
Upp.min_duty = 0.1;
Upp.angleInit.sample_time_ms = 100;

phase_A.disconnect.gpiox = GPIOA;
phase_A.disconnect.gpio_pin = GPIO_PIN_5;

phase_B.disconnect.gpiox = GPIOA;
phase_B.disconnect.gpio_pin = GPIO_PIN_6;

phase_C.disconnect.gpiox = GPIOA;
phase_C.disconnect.gpio_pin = GPIO_PIN_7;

phase_A.ctrl.angle.Init
phase_B.ctrl.angle.Init
phase_C.ctrl.angle.Init

&Upp.anglelnit;
&Upp.anglelnit;
&Upp.anglelnit;

tiristor_init(&phase_A.ctrl, GPIOB, GPIO_PIN_12);
tiristor_init(&phase_B.ctrl, GPIOB, GPIO_PIN_13);
tiristor_init(&phase_C.ctrl, GPIOB, GPIO PIN 14);

TIMER->CR1 |= TIM_CR1_CEN;

tiristor_angle_reset(&phase_A.ctrl);
tiristor_angle_reset(&phase_B.ctrl);
tiristor_angle_reset(&phase_C.ctrl);
//Upp.GoSafe = 1;

®aiin upp.h:

#ifndef __UPP_H
#tdefine __ _UPP_H

#include "main.h"
#include "adc.h"
#include "tim.h"
#include "usart.h"
#include "gpio.h"
#include "zero_cross.h"
#include "tiristor.h"

/**
* @brief OnpepeneHne ucnonbsyemoro ADC
*/
#define hadc hadcl

/**
* @brief HauvanbHbli ypoBeHb OTCYETaA AnA onpegeneHusa Hyna B ADC (06blMHO cepefuHa
AvanasoHa)

*/
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#define ADC_INITIAL_ZERO_LEVEL 2048

/%*

* @brief Makpoc ana paspbiBa (oTkA4YeHMA) ¢a3bl - ycTaHaBauBaeT GPIO B BbICOKMIA ypOBeEHb U
¢énar Disconnected

* @param _ph_ YkazaTenb Ha cTpykTypy ¢asbsl Phase_t

*/
#define disconnect_phase(_ph_) { (_ph_)->disconnect.gpiox->0DR |= (_ph_)-
>disconnect.gpio_pin; (_ph_)->disconnect.Disconnected = 1;}

/**

* @brief Makpoc ansa nopknwyeHusa ¢asbl - cbpacbiBaeT GPIO B HU3KWIA ypoBeHb U ¢nar
Disconnected

* @param _ph_ YkasaTenb Ha cTpykTypy ¢a3b Phase_t

*/
#define connect_phase(_ph_) { (_ph_)->disconnect.gpiox->0DR &= ~(_ph_)-
>disconnect.gpio_pin; (_ph_)->disconnect.Disconnected = 0;}

/**
* @struct Phase_t
* @brief CTpykTypa, onucbiBawwasa oaHy ¢a3y C COCTOSHMEM TUPUCTOpPA WU AETEKTOM Hyns
*/

typedef struct

{
struct
{
unsigned Disconnected:1; /**< onar paspbiBa ¢asbl */
GPIO_TypeDef *gpiox; /**< MopT GPIO pgna pa3pbiBa */
uint32_t gpio_pin; /**< MuH GPIO gnAa paspbiBa */
}disconnect;
ZeroCrossDetector_t zc_detector; /**< [leTekTOop nepece4veHua Hyna */
TiristorControl_t ctrl; /**< YnpaBneHue Tupuctopom */
} Phase_t;
/**

* @struct UPP_Control_t
* @brief OcHOBHaA CTpyKTypa ynpaBJieHUA YCTPOWCTBOM MIABHOro Mycka
*/

typedef struct

{

unsigned GoSafe:1; /*¥*< onar 6e3onacHoro 3anycka */

unsigned Go:1; /*¥*< onar 3anycka */

unsigned GoStop:1; /**< Onar ocTaHoBKu */

unsigned Prepare:1; /**< Onar nopgrotoBku */

unsigned Disconnected:1; /*¥*< onar paspbiBa */

unsigned GoDisconnect:1; /*¥*< Onar oTknwyeHusa */

unsigned ForceStop:1; /**< Onar dopcupoBaHHOW OCTaHOBKM */

unsigned ForceDisconnect:1; /**< Onar dopcupoBaHHOro oTKWYeHua */

unsigned PreGoDone:1; /**< Onar 3aBepweHnA NOAroToBKu */

float Duration; /**< Bpemsa HapacTaHuA M cnaga HanpsxeHue 4vepes YMN */

float sine_freq; /**< YacTtoTa cetu */

float max_duty; /**< MakcuMMmanbHaa CKBaXHOCTb yrna

OTKpbITUA */

float min_duty; /**< MuHMManbHaA CKBAaXHOCTb yrna oTKpbiTua */

AngleInit_t anglelInit; /**< HacTpoiku yrna OTKpbITUA Tupuctopa */

} UPP_Control_t;
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extern Phase_t phase_A;
extern Phase_t phase_B;
extern Phase_t phase_C;
extern UPP_Control_t Upp;

/** OCHOBHOI UMK paboTbl yCTpoiCTBa NAaBHOro nycka */
void upp_main(void);

/** BbinonHeHMe 6e3omacHOro 3anycka ycTpoictBa */
void upp_safe_go(void);

/** OTKNYeHMe yCTpoWCTBa naaBHoro nycka (paspbiB ¢as) */
void disconnect_upp(void);

/** TloAkNYeHne yCTpoWCTBa MJaBHOro nycka (BoccTaHoBneHue ¢as) */
void connect_upp(void);

/** BbinonHeHuMe o6paboTku opHoi ¢asbl B uukie */
void upp_phase_routine(Phase_t *phase);

/** YnpaBneHue ¢a3oi C KOHTponem TupucTopa U Hyna */
void upp_phase_control(Phase_t *phase);

/** Tlony4yeHne HACTpoOeK yrna OTKpbITMA TupucTtopa */
int GetAngleInit(AngleInit t *angle);

/** WHuumanusauma ycTpoWCTBa MAABHOro nycka */
void upp_init(void);

#endif //__UPP_H

daiin tiristor.c:

#include "tiristor.h"

/**

* @brief YnpaBneHue cocTosHueM TupucTopa (BKAWYeHWe/BbiK/IYEHME) Mo dnaram v BpeMeHu
OTKpbITUSA

* @param ctrl YkasaTenb Ha CTPYKTYpy YnpaBaeHWs TUPUCTOPOM

*/
void tiristor_control(TiristorControl_t *ctrl)

if(ctrl->f.EnableTiristor) // Ecnu paspeweHo BKAWYUTbL TUPUCTOP
{
if(ctrl->f.TiristorIsEnable == @) // Ecau TupucTOop ele BbIKJIHYEH
{
tiristor_enable(ctrl); // BKJKWYUTb TUpUCTOp
ctrl->enable_start_tick = HAL_GetTick(); // 3anomMHUTb Bpems BKJYEHUA OIS
OTCYETa ANUTENbHOCTU OTKPBITUS

}

else

{

// Ecnu BpemMsa C MOMEHTa BKJ/HYEHWA MpPEeBbICUIO 3aJaHHOe BpeMA OTKpbLITUA
if(HAL_GetTick() - ctrl->enable_start_tick > ctrl->open_time)

{

tiristor_disable(ctrl); // BbIKJIOYUTb TUPUCTOP
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ctrl->f.EnableTiristor = @; // CHATb pa3peweHne Ha BKJYEHMEe, 4YTOOb He
BKJIl04ANCA CHOBa 6e3 KoMaHAbl

}
}
else // Ecnu TupucTop He AOMXKeH ObiTb BKJIHYEH

if(ctrl->f.TiristorIsEnable) // Ecnan TupucTop BKJIKNYEH
tiristor_disable(ctrl); // BbIKJIKYUTb TUPUCTOP

}

/**

* @brief O6HOBNEHWE 3HAYeHMA 3aJepXKW Yraa OTKPLITUA TUPUCTOpPA B COOTBETCTBUU C
HanpaB/ieHMeM U1 wWwarom

* @param angle YkasaTenb Ha CTPYKTypy YynpaBieHUA Yriaom TUpuUcCTOpa

*/
void tiristor_angle_update(TiristorAngleControl t *angle)

{

uint32_t current_time_ms = HAL_GetTick(); // Tekywee BpemMs B MUNAUCEKYHAAX

// TlpoBepAeM, Npowno M HyXHoe Bpemsa C nocseaHero obHOB/eHUMA
if ((current_time_ms - angle->last_update_ms) >= angle->Init->sample_time_ms)
{
angle->last_update_ms = current_time_ms; // O6bHOBAAeM BpemA nocaegHero
U3MEeHEHUA 3aLepxKu

// V3meHAeM 3agepXKy B 3aBUCUMOCTM OT HanpaBneHua (pasroH WU TOPMOXEeHUe)
if(angle->Init->direction)
angle->delay_us += angle->Init->delay_step_us; // YBenu4mBaem 3afepxky
(yBenun4muBaem yron)
else
angle->delay_us -= angle->Init->delay_step_us; // YMeHbwaem 3apepxky
(ymeHbwaem yron)

// OrpaHuyuBaem 3ajepxky B npefenax MUHUMANbHOMO U MaKCUMaJbHOFO 3HayeHusA
if (angle->delay_us < angle->Init->delay_min_us)

{

angle->delay_us = angle->Init->delay_min_us;

else if (angle->delay _us > angle->Init->delay_max_us)

{
¥

angle->delay us = angle->Init->delay_max_us;

}

/**

* @brief KoHTposnb yrna oTKpbiITUA TUpUCTOpa C MPOBEPKOW TaiMepa M ¢nara roTOBHOCTHU
* @param ctrl YkasaTenb Ha CTPYKTYpy YnpaBAeHWA TUPUCTOPOM

*/

void tiristor_angle_control(TiristorControl t *ctrl)

{

tiristor_angle_update(&ctrl->angle); // O6bHoBnAAeM 3agepXKy yrna OTKpPbITUA

if(ctrl->angle.delay _us != @) // Ecau 3ajepxka He HyneBas
{
// TpoBepsem, npowna N1 3ajepxKa C MOMeHTa CTapTa OTCYETa Tailmepa
if ((uint16_t)((uintl6_t)TIMER->CNT - ctrl->angle.start_delay_tick) > ctrl-
>angle.delay _us)

{
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if(ctrl->f.TiristorReady) // EcAu TUpUCTOpP FOTOB K BKJHYEHUH

{

ctrl->f.EnableTiristor = 1; // Pa3spewaem BK/IW4YeHMe TupucTopa
ctrl->f.TiristorReady = 0; // CHumaem ¢énar roTOBHOCTU, 4YTOObl He
BKJIlO4ATb MOBTOPHO Cpasy

}
}

/**
* @brief 3anyck oTcYETa 3a4epXkuM ANA OTKPbITUA TUpUCTOpa
* @param ctrl YkasaTenb Ha CTPYKTYypy YynpaBieHUA TUPUCTOPOM

*/
void tiristor_start_angle delay(TiristorControl t *ctrl)
{
ctrl->f.TiristorReady = 1; // YcTaHaBnuBaem ¢nar roTOBHOCTU TuUpucTopa K
BKJIOYEHWIO
ctrl->angle.start_delay_tick = TIMER->CNT; // 3anoMuHaem TeKyllee 3Ha4YeHue CYETYMKA
Tanmepa
}
/**

* @brief BkoyeHue TUpUCTOpa MyTEM ycCTaHOBKW GPIO B COCTOAHME OTKPLITUSA
* @param ctrl YkasaTenb Ha CTPYKTYypy YMpaB/ieHWa TUPUCTOPOM

*/

void tiristor_enable(TiristorControl t *ctrl)

{
// OTKpbiBaeM TUPUCTOpP, YCTAHOBMB COOTBETCTBYHWWA MWH B BbICOKOE COCTOAHME
ctrl->gpiox->0DR |= ctrl->gpio_pin;
ctrl->f.TiristorIsEnable = 1; // YcTaHaBnuBaem ¢nar, 4TO TUPUCTOP BKIKYEH

}

/**

* @brief BbiknwyeHue TupucTopa NyTEM ycTaHoBKM GPIO B COCTOSHWE 3aKpbITUA
* @param ctrl YkasaTenb Ha CTPYKTYypy ynpaB/ieHUs TUPUCTOPOM

*/
void tiristor_disable(TiristorControl t *ctrl)
{
// 3aKkpblBaeMm TUPUCTOpP, COPOCUB COOTBETCTBYHWWMIA MUH B HU3KOE COCTOSHME
ctrl->gpiox->0DR &= ~ctrl->gpio_pin;
ctrl->f.TiristorIsEnable = @; // CHumaem ¢nar BKJIWYEHUA TUpUCTOpa
}
/**
* @brief C6bpoc 3HaYeHWUs 3a4epXKu yraa OTKPpbITUS TUPUCTOPA K HavyaibHOMY B 3aBUCUMOCTM OT
HanpasfieHuA
* @param ctrl YkasaTenb Ha CTPYKTYpy YnpaBaeHWs TUPUCTOPOM
*/
void tiristor_angle_reset(TiristorControl t *ctrl)
{

// B 3aBUCMMOCTU OT HanpaBieHUA yCTaHaB/MBaeM 3a4epxKy Ha MWHUManbHOe WM
MaKCHUMasbHOe 3HayeHue
if(ctrl->angle.Init->direction)
ctrl->angle.delay_us = ctrl->angle.Init->delay_min_us;
else
ctrl->angle.delay_us = ctrl->angle.Init->delay_max_us;

/**
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* @brief WMHuumanusauma CTpyKTypbl yrnpaBaeHUA TUPUCTOpPOM, ycTaHoBka GPIO u cbpoc yrna
OTKpbITUA
* @param ctrl YkasaTenb Ha CTPYKTypy YnpaBaeHWA TUPUCTOPOM
* @param gpiox YkazaTenb Ha nopT GPIO
* @param gpio_pin Homep nwuHa GPIO
*/
void tiristor_init(TiristorControl_t *ctrl, GPIO_TypeDef *gpiox, uint32_t gpio pin)
{
ctrl->gpiox = gpiox; // CoxpaHsem nopT GPIO
ctrl->gpio_pin = gpio_pin; // CoxpaHaem Homep nuHa GPIO
tiristor_angle_reset(ctrl); // CbpacbiBaeM yrosn OTKpbITUA TUPUCTOPA Ha HayalbHoe
3HayeHune

}

®aiin tiristor.h:

#ifndef _ TIRISTORS_H
#define _ TIRISTORS_H

#include "main.h"
#include "tim.h"

#define GPIO_TIRISTOR_OPEN GPIO_PIN_SET /**< CocTosiHMe GPIO ansa OTKpbLITUA
TupucTtopa */
#define GPIO_TIRISTOR_CLOSE GPIO_PIN_RESET /**< CocToAHue GPIO pnAa 3akpbiTus
TupucTtopa */
#define TIMER  TIM2 /*¥*< TaWmep, ucnonb3yembli AnA ynpaBfieHUA Tupuctopom */
/**
* @brief ®naru cocTofHMA ynpaBiieHUA TUPUCTOPOM
*/
typedef struct
{
unsigned EnableTiristor:1; /**< Onar paspeweHus ynpaBneHua TupucTopom */
unsigned TiristorIsEnable:1; /**< Onar, ykasbiBawwuii, 4YTO TUPUCTOP BKJK4YeH */
unsigned TiristorReady:1; /**< ®nar roToBHOCTU TuUpuUcTOopa K paboTte */

} TiristorControlFlags;

/**
* @brief MapameTpbl MHMUMANM3AUUKM yraa OTKPLITUA TUpUCTOpa
*/
typedef struct
{
uint32_t delay_min_us; /**< MuHMManbHaa 3agepxka (MUKpoOCeKyHApl),
COOTBETCTBYET MaKCHUMaJIbHOMY OTKPbITUIO Tupuctopa */
uint32_t delay_max_us; /**< HavanbHaa 3agepxka (MUKpPOCEKYHZbl), COOTBETCTBYeT
NpakTUYeCKU 3aKpbITOMY TupucTtopy */
uint32_t delay_step_us; /*¥*< llar ymeHbleHUs 3amzepXkun (MUKpoCekyHAabl) */
uint32_t sample_time_ms; /**< WHTepBan BpeMeHM Mexay Waramum peryanpoBKU
(MunnncekyHabl) */
unsigned direction; /**< HanpaBneHue perynvpoBku: pa3roH (yBenuyeHue

OTKpLITOrO yrna) uauM TopMmoxeHue */
} AnglelInit_t;

J**
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* @brief CTpyKTypa ynpaBieHWA yrjoM OTKpbITUA TUpUCTOpa

*/
typedef struct
{
AngleInit_t *Init; /**< YkazaTenb Ha CTpPYyKTypy napameTpoB WHULMANM3ALUMU
yrna */
uint32_t last_update_ms; /**< Bpema nocnepHero ob6bHoBneHUs (MUAnMCeKyHAbl) */
uint32_t delay_us; /*¥*< Tekywasa 3agepxka (MukpocekyHapl) */

uintl6e_t start_delay_tick; /**< 3HadeHue Tailimepa npu cTapTe 3adepxku */
} TiristorAngleControl_t;

typedef struct TiristorControl t TiristorControl_t;

/**
* @brief OcHoOBHaA CTpyKTypa ynpaBJieHUA TUPUCTOPOM
*/
struct TiristorControl_t
{
TiristorControlFlags f; /**< Onarun cocTtoaHua TupucTopa */
TiristorAngleControl t angle; /**< YnpaBneHue yrnom oTkpbiTua */
GPIO_TypeDef *gpiox; /**< MNopT GPIO pgnA ynpaBneHua TupucTtopom */
uint32_t gpio_pin; /**< Homep nuHa GPIO */
uint32_t open_time; /**< Bpema OTKpbITUA Tupuctopa */
uint32_t enable_start_tick; /**< Bpemsa BKKWYEHUA TupucTopa no Taumepy */
s
/**

* @brief YnpaBneHue cocTosiHMeM TupucTopa (BKAKWYEHWUe/BbiKYeHue)
* @param ctrl YkasaTenb Ha CTPYKTYpy YynpaBieHUA TUPUCTOPOM
*/

void tiristor_control(TiristorControl t *ctrl);

/**
* @brief O6HOBNEHME yrna OTKPLITUA TUPUCTOpPA COrJlacHO MapamMeTpam
* @param angle YkasaTenb Ha CTPYKTypy ynpaBAeHUA YraoMm TUpUCTOpa
*/

void tiristor_angle_update(TiristorAngleControl t *angle);

/**
* @brief KoHTposnb yrna oTKpbITUA TUpUCTOpa, BKJKWYAAs OOHOBNEHWE COCTOAHUA
* @param ctrl YkasaTenb Ha CTPYKTYpy YynpaBieHUA TUPUCTOPOM
*/

void tiristor_angle_control(TiristorControl t *ctrl);

/**
* @brief 3anyck 3ajepXKu OTKPbITUS TUpUCTOpa
* @param ctrl YkasaTenb Ha CTPYKTYpy YynpaBieHUA TUPUCTOPOM
*/

void tiristor_start_angle_delay(TiristorControl t* ctrl);

/**
* @brief COpoc yrna OTKpbITUS TUPUCTOpPA K HavdaJbHOMY COCTOSHUI
* @param ctrl YkasaTenb Ha CTPYKTypy YynpaBieHUA TUPUCTOPOM
*/
void tiristor_angle_reset(TiristorControl_t *ctrl);
/**
* @brief Bksw4yeHue TupucTopa

* @param ctrl YkasaTenb Ha CTPYKTypy YynpaBieHUA TUPUCTOPOM
*/
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void tiristor_enable(TiristorControl_t *ctrl);

J**
* @brief BblkiK4YeHMe TupucTopa
* @param ctrl YkasaTenb Ha CTPYKTYpy YynpaBieHUA TUPUCTOPOM
*/

void tiristor_disable(TiristorControl_t *ctrl);

J**
* @brief WHuumanusauma CTpyKTypbl YNpaB/ieHUs TUPUCTOPOM
* @param ctrl YkasaTenb Ha CTPYKTYpy YyrnpaBieHUA TUPUCTOPOM
* @param gpiox YkasaTenb Ha GPIO nopT
* @param gpio_pin Homep GPIO nwuHa
*/
void tiristor_init(TiristorControl t *ctrl, GPIO_TypeDef *gpiox, uint32_t gpio pin);

#endif //__TIRISTORS_H

®ail1 zero_Cross.c:

#include "zero_cross.h"

J**
* @brief MHuumanusauma CTpyKTypbl AeTeKTopa nepexofa 4epes HoJb
* @param zc YKasaTenb Ha CTpykTypy ZeroCrossDetector_t
* @param zerolLevel 3HayeHue ypoBHA AUM, cooTBeTcTBykWwee Hynw (mid-scale)
*/
void zero_cross_Init(ZeroCrossDetector_ t *zc, uintl6_t zerolLevel)

// CbpacbiBaem dnar obHapyxeHuA nepexofa 4Yepes HOJb
zc->f.ZeroCrossDetected = 0;

}
/**

* @brief O6HOBNeHue ¢nara nepexopa Yepes HOJMb
* @param zc YkasaTenb Ha CTpyKTypy ZeroCrossDetector_t
* @details MNpocTo nepeHocum dnar EXTI c annapaTHoOro gertekTopa.
*/
void zero_cross_update(ZeroCrossDetector_t *zc)
{
// WUcnonb3yem énar annapaTHoro npepbiBaHusa EXTI gna ycTaHoBkM dnara nepexopa 4yepes
HOJ/b
zc->f.ZeroCrossDetected = zc->f.EXTIZeroCrossDetected;

}

/**

@brief MpoBepka HanuMuua nepexopa 4Yepe3 HOMb U cbpoc ¢naros
@param zc YkasaTenb Ha cTpykTypy ZeroCrossDetector_t

@return int 1 - nepexopf 4epe3 Ho/Nb O6GHapyxeH, © — HeT

@details Ecnum nepexopn obHapyxeH, cbpacbiBaem ¢narum um Bo3Bpawaem 1,
MHa4ye BoO3Bpalwaem 0.

* ¥ ¥ X% ¥

*/
int is_zero_cross(ZeroCrossDetector_t *zc)

{

if(zc->f.ZeroCrossDetected)

{
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// Cbpoc ¢naroB nocne obHapyxeHud
zc->f.ZeroCrossDetected = 0;
zc->f.EXTIZeroCrossDetected = 9;
return 1;

¥

return 0;

}

J**
* @brief 06paboTuymMk npepbiBaHusA EXTI gnAa annapaTHOro AeTekTopa nepexoda 4Yepes HoJb
* @param zc YkasaTenb Ha CTpyKTypy ZeroCrossDetector_t
* @details YcTaHaBnvMBaeT dnar anmapaTHOro nepexofa Yepes HoJb.

*/
void zero_cross_update_EXTI(ZeroCrossDetector_ t *zc)

{
}

zc->f.EXTIZeroCrossDetected = 1;

®aiin zero cross.h:

#ifndef __ZERO_CROSS_H
#define __ _ZERO_CROSS_H

#include "main.h"
#include "adc_filter.h"

/**
* @brief Onaru cocTosHMA JeTeKTopa Hyns
*/

typedef struct

{

unsigned WaitForZeroCrossDetected : 1; /**< OxupaHve obHapyxeHus nepexopa 4vepes
HOoMb */

unsigned EXTIZeroCrossDetected : 1; /**< Onar obHapyxXeHuA Hyna annapaTHbIM
npepbiBaHuem EXTI */
unsigned ZeroCrossDetected : 1; /**< Onar obHapyxeHuA nepexopa 4epes HOMb
*/
} ZeroCrossFlags;
/**
* @brief CTpykTypa LeTekTopa nepexoja 4epes3 HoJb
*/
typedef struct
{

ZeroCrossFlags f; /**< Onaru coctosaHusa peTekTopa */
} ZeroCrossDetector_t;

/**  WHuMumManusauma CTpyKTypbl AeTeKTopa nepexoga yepe3 Hoab */

void zero_cross_Init(ZeroCrossDetector_t *zc, uintl6_t zerolLevel);

/** O6HOBNeHMe COCTOSIHUA JeTeKTopa nepexoga 4Yepe3 Honb */

void zero_cross_update(ZeroCrossDetector_t *zc);

/** TpoBepka, 6bl1 M OobHapyxeH nepexof Yepe3 Honb */

int is_zero_cross(ZeroCrossDetector_t *zc);

/** O6HOBNEeHMe COCTOAHMA AeTeKTopa Mepexofa 4Yepe3 HOMb MpU anmapaTHOM npepbiBaHMM EXTI
*/

void zero_cross_update_EXTI(ZeroCrossDetector t *zc);
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#endif //__ZERO_CROSS_H
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MUHUCTEPCTBO HAYKH 1 BBICILEI'O OBPA30OBAHHKA POCCHUHCKOM ®EEPALIAA
deepabHOE roCy1apCTBEHHOE aBTOHOMHOE 00pa3oBaTe/IbHOE YUPEKICHHE BBICIIEr0 00pa3oBaHus

s

«CAHKT-TIETEPBYPI'CKHH rOCYJIAPCTBEHHBIN YHUBEPCUTET
ARPOKOCMUYECKOI'O ITPUBOPOCTPOEHHU S»

OT3bIB PYKOBOJAMUTEJIA
HA BBIIIYCKHY10 KBAJIMOUKALIMOHHYIO PABOTY

HaTemy  PaspaGoTka MOJe/n MUKPOKOHTpPOJLICPA B MATLAB juist o11ajiku 1 TECTUPOBAHHUSA

[IpOrpaMMbl ylpaBJieHHA yC'I'pOﬁCTBOM [JIABHOI'O I1YCKa ABUTaTE/IsA

BBIMOJHEHHYIO CTYEHTOM rpyrirbl No 2337M

PassaisieBbiM AJsiekceeM Bukroposryem

(amusns, UMs, OTHECTBO CTY/ICHTA

[0 HaNPaBJICHHIO MOATOTOBKH/ 11.04.04 DreKTPOHHUKA ¥ HAHOIIEKTPOHUKA

CICUHATBHOCTH (ko) (HauMeHOBAHUE HATIPABJIEHUSA TOArOTOBKH/CTICUHATBHOCTH)

(HAaMMeHOBAHHE HATIPABIICHH TIOATOTOBKH/CTIELUATIBHOCTH)

AKTYaJIbHOCTb TeMbI pabOThI:

AKTYaJIbHOCTh pPa3pabOTK¥ MOJEIH mukpokonTporiepa B cpene MATLAB obycrosicsa
pacTyIuei NOTPeGHOCTBIO B KOMIUIEKCHOH CHMYJISIMUM BCTPOCHHBIX CHCTEM, BKITFOHAOILMX Kakk
annapaTHyl, TaK M IPOrpaMMHYyIo cocTapistomiie. COBPEMEHHBIC METOABI MPOCKTHPOBAHHA
cUCTeM YNpaBlieHHs MPEANOJaraoT TECHYI0 HHTETPal|io NpOrpaMMHOTro obecnieueHus
MHMKPOKOHTPOJLIEPOB C MOJIE/ISIMU YNPABISEMbIX 0OBEKTOB. OJHAKO CYIIECTBYIOIME CPEACTBA
MOJIEIMPOBAHMA 3a4acTyl0 HE 00CCIEeYHBAIOT  BO3MOXKHOCTH MOJIHOLICHHOH  OTIaJKU
ynpasnsiomiero  koga  0e3 q)nsmecxorb obopymoBaHus. PaspaGoranHas  MOJENb
MUKDPOKOHTDOJUIEPA PELLAeT Ty MpobieMy, MO3BOIIAS 3aIyCKaTh U UCCICAOBATE MOBEACHME C-
nporpamMM HENOCPEJACTBEHHO B Cpeae MATLAB/Simulink, 49TO CyIIECTBEHHO TIOBBILIACT
rubxocTh ¥ YGHEKTUBHOCTD Pa3pabOTKH.

Iens u 3a1a4n paboThI:

Llens paboTel: MccrnepoBarue BO3MOKHOCTH OTJIAAKH MHKPOKOHTPOIICPHBIX [pOrpamMM
cpeacteamd MATLAB/Simulink ¥ mo pesynbraTaM HCCICNOBAHUA paspaboTka MoAeIU

MHKPOKOHTPOJLIEPA.

3anaun uccnaenoBanus: obecnevnTh HMHTerpauuio C-KOAa MUKPOKOHTPOIICPA B MATLAB,

TCCNENOBaTh AACKBATHOCTH pabOThl MOJEM MHKPOKOHTPOJLIEPA, OUCHHTb OrpaHMuCHHA H

YC/IOBHS IIPHMEHHUMOCTH CHMYJIALMH V1A OT/I3AKM BCTPOCHHBIX [POrpaMM.

O6was OuEeHKa BBIMOJIHEHUA NOCTABICHHON Nepel CTYACHTOM 3/, OCHOBHBIC 10CTOHHCTBA

¥ HepocTaTky paboThl:

Pa6oTa BRINIOAHEHA B NOJHOM 00bEME M OTIMHACTCA BbICOKUM YPOBHEM npopaboTku. ABTOPOM



peaM30BaHa KOMILIGKCHas MNpPOrpaMMHas MOZAeIb MHKPOKOHTpOJIEpa ¢ MOIEPKKOM
BEITOHEHNS TI0Ib30BATEIBCKOTO KOJA M CHMYIIALMM KIKOYEBBIX MEPUPEPUAHHBIX MOAYIEN.
TTpoBe/IeHO CPaBHEHHE Pe3yIbTATOB MO/ICTUPOBAHHS C MOBEACHHEM PEalbHOro yCTPOKCTBA, 4TO
TMOATBEPXKAAET KOPPEKTHOCTD M0AX0/A.

K HenocTaTKaM MOXHO OTHECTH OTCYTCTBHME y4eTa BPEMEHHBIX 3a/ICPIKEK IPH BBINOIHCHHH
KOJ1a, UTO 3aTPYAHSACT aHAIM3 3a/1a4 PealbHOro BpEMEHH.

CrereHb CaMOCTOSTEIBHOCTH H CrIOCOBHOCTH K MCC/IE0BATENbCKON paboTe cTyAeHTa (YMEHHE U
HABBIKH MOMCKA, 0006LICHNS, aHalk3a MaTepHrasa 1 GopMy/IMPOBaHHUS BHIBOOB):

Aulekceii  PassansicB  NPOJAEMOHCTPUPOBAN  BBICOKMA  ypOBEHb CaMOCTOATE/IBHOCTH |
HCCIe0BaTebCKOW  MHMUMATHBBL. OH  CaMOCTOATE/IbHO TMPOBEA aHAIU3 CYIUICCTBYIOMMX
pellleHMi W peaM30Bal MPOrPaMMHYIO apXUTEKTYpy IMYJIATOpA. Bce BBIBOABI JIOTHYECKH
00OCHOBAHBI ¥ TOAKPEIUICHBI 3KCIIEPUMEHTAIBHO.

TekcT paboThl H3IOKEH FPAMOTHO, MaTepHall MPeACTAB/ICH JIOTHIHO H MOC/IE/0BaTeNbHO. Bee pasaessl
o(OpMICHBl B COOTBETCTBHM C YCTAHOBJICHHBIMH TPEGOBAHMAMH, WUIIOCTPALMH H CXEMBI HETKO
OTpPakaloT CTPYKTYPY U QYHKIMOHATBHOCTD pa3paboTaHHOH MOJICTIH.

[IpoBepka TeKCTa BBIIYCKHOM KBalH(QHUKAIMOHHOH paOOThl C WCIOJIb30BAHAEM CHCTEMEI

«Aumunnazuamy , TmpoBoauBmascs  «10» HWIOHS 2025 r. T1OKa3bIBaeT

OpMTHMHAILHOCTB COEPXKaHHsA Ha ypoBHE 94%.

CrerneHb rpaMOTHOCTH H3JI0XKEHUS ¥ 0OPMIICHHS MaTepHaa:

OlleHKa JeSTeBHOCTH CTY/ICHTa B IIEPUOJL IIOTOTOBKH BbITYCKHOH KBATH(UKAHOHHOH pa0oTEl
(106POCOBECTHOCTD, PAOOTOCTIOCOOHOCTD, OTBETCTBEHHOCTD, aKKyPaTHOCTE U TIL):

B npouecce MOATOTOBKM = JUCCEPTALHM CTYACHT MPOABUI BBICOKYIO JI0OpOCOBECTHOCTD,
paboToCnocOOHOCT M OTBETCTBEHHOCTb. ABTOp IOKa3al aKKypaTHOCTb B NpOrpaMMHOM
peanu3aluy ¥ BHUMATeIbHOE OTHOIICHHE K ACTAIIAM.

OOuwmii BEIBOA!

TpencTapnernas paboTa 3acioyKMBAeT OLECHKH «OTIHYHO», @ CTYACHT Passanses A. B.
3aclHyKMBacT IPUCBOCHMA  KBaIM(UKALMM  «MarueTp» MO  HANpPaBJICHHIO 11.04.04
«DNEKTPOHUKA U HAHOZJIEKTPOHUKAY,

B paGote He coaepauTcs HHPOPMALKs C OrPAHHYCHHBIM AOCTYIIOM H OTCYTCTBYIOT CBEIACHHA,

NpEeACTaBJIAIOUINE KOMMEpPYECKY0 HEHHOCTh,

PykoBoauresns

nou, kad. 23, 1.T.H., JOIL. L~ A. JI. JIsmenko
JAOJIKHOCTD, Y4, CTENEHb, 3BAHHC HOW WHULMABI, PaMHIHA




MHUHUCTEPCTBO HAVKH U BBICIIEI'O OBPA3OBAHMS POCCUMCKOM ®EEPALINN
(heziepalibHOE rOCy1apCTBEHHOE ABTOHOMHOE 06Pa30BaTENbHOE YUPEKIEHHE BBICIIET0 o0pa3oBaHus
«CAHKT-TIETEPBYPI CKUM I'OCY JAPCTBEHHbBIN YHUBEPCUTET
ASPOKOCMHYECKOTI'O I[TPUBOPOCTPOEHU SI»

PEITEH3VI HA BBIITY CKHVIO KBAJIMOUKALIMOHHYIO PABOTY
HateMy  Paspa6orka mozmemn MukpokouTpomtepa B MATLAB mis oTianku u TECTUPOBAHHS

NIporpaMMel yIipaBJICHHUS yCTpOﬁCTBOM IIJIABHOT'O ITYCKa OABUIATEIIS

BBIITOJIHEHHYIO CTYACHTOM IpyInnbl Ne 2337M

PaspasseBrsM Anexkceem BuktopoBnyem

(bamunus, UMsi, OTYECTBO CTyAEHTA

10 HAMpPaBJIECHUIO IOATOTOBKH /

OJIEKTPOHMKA U HAaHO3JIEKTPOHUKA
CIELHATBHOCTH 11.04.04

(xonm) (HaMMEHOBaHKE HAMPABICHUS MOArOTOBKH/CMELMANLHOCTH)

(HaMMeHOBaHHMe HANPAB/IEHUS MOATOTOBKH/CTICLIMATLHOCTH)

AKTyaJbHOCTb TEMBI HCCJIEJOBAHHS:

Tema pmuccepranmm akTyansHa, NOCKONBKY TPAAMLMOHHAS OTJNAMKA  CIIOXKHBIX
MHKPOKOHTPOJIIEPHBIX CHCTEM TpeOyeT AOPOroCTOSIIEro TEeXHHYECKOTo O0OOpYHOBAHMS, UTO
3aME/UIIET mpolece pa3pabOTKH M 3aTPyAHSET BOCHpOM3BeleHue OmmMGoK. CyliecTByiolme
METO/IbI MOJIETMPOBAHMS 3a4aCTyI0 HE 00€CeunBaioT NOJHOLEHHON HHTErpaly peansHoro C-
Kozia u omyssiuny nepudepun. IIpeanoxeHHsIi M0AX0a ¢ Hcnoap3oBanueM moxeau STM32 B
MATLAB/Simulink nossonser pewarh 5TH NpOGIEeMBI, COKpamas BpeMs pa3paGoTKH H
NOBBIIIAsE BOCIIPOU3BOJHUMOCTD TECTOB.

Kpatkas xapakTepucTuKa CTPYKTYpbI pabOThI H OTAENbHBIX €€ pa3/ieoB:

Pabora umeeT OrMyYHyIO0 M IIOCIENOBATENBHYIO CTPYKTYpy. BBeaeHue 06OCHOBBIBAET
AKTYaJIbHOCTb M CTABUT LI€JIM UCCJIEN0BAHMS, a B IEPBOH IJIaBe pacCMaTPUBAIOTCS aCUHXPOHHBIE

~ JBMTaTe¥ M METONbl MX ILIABHOTO mycka. Bropas rnaBa mocBsimeHa JeTajqbHOM paszpaboTke

‘f“';"&%nem MHKpoKoHTpo/iepa STM32 B cpene MATLAB/Simulink, BKI:OYas aaropuT™bl
piionHenuss  C-koma.  TpeTes ryaBa  JEMOHCTpHMpYET — NpaKTHYeCKOE IIPUMEHEHHE

A3pabOTaHHOr0 HHCTPYMEHTA Ha MPUMEpPE YCTPOMCTBA IIABHOTO ycKa, a YeTBEPTAas CONEPKUT

HCCIIE/IOBAHNE ¥ CPaBHEHHE MOJIEIIH C PeaibHBEIM 000pyI0BaAHUEM.

HoctouHcTBa paboTHl (MHTEpECHBIE MaTepHabl, IOJOXEHHS, BBIBOAbI, B KOTOPBIX

i:,smmmcs CaMOCTOATENBHOCTD CTYJEHTA, €r0 Py IULIHUs, OPUTHHATBHOCTD MBILUICHHUS, 3HAHHE

ATEPATYpbI, yPOBEHb TEOPETHUECKOH MIOATOTOBKH H T.IL.):

OCHOBHBIM . IOCTOMHCTBOM pabOTHl ABJAETCS CO3JAHME YHHKAIBHOLO CHMYJIATOpA

conTposuiepa STM32, crnocoGHoro wucmonHsTh C-KOA, YTO 3HAYUTEIBHO COKpAIlaeT



BpemMs OTJIAJKH H TeCTHPOBAHUS BCTPOCHHOTO I10. TTposieMOHCTPHPOBAHA BBICOKAA CTEICHD
CaMOCTOSTENBHOCTH CTYACHTA B PCUICHHH KOMITJIEKCHOM 3ajaud, O 4eM CBHICTEABCTBYIOT
JeTanbHbie IPUMEPB! OTIAKH 1 yCTPAHCHHA ommub0K, TAKHX KAK MHOXKECTBEHHBIC HMITY/IBCHI H
nepeno/nHenue Ge33HaKOBBIX LCABIX. TekeT HAMMCAH YETKHM M JIAKOHWYHBIM TEXHHYCCKHM
S3BIKOM, HTO 06/1eryaeT NOHHMAHNE CIIOKHBIX TEXHUYECKHUX ACTEKTOB.

Henocrarku paboTsi (O conepiKanuio u 1o oopMIIEHHIO):

K memocratkam paGoTBI MOXKHO OTHECTH OTCYTCTBHE MOJICIUPOBAHUA BpEMEHH
BLITONHEHMS MHCTPYKUMH B peanbHOM BPEMEHH, UTO MOKET 6BITH KPHTHYHO JUIA HEKOTOPHIX
npunoxenuil. Pabora BbITOTHEHA aKKypaTHO # B COOTBETCTBHH C tpeGopanusmu, 6e3

cymecmnmuueqmﬁ.
OGumit  BBHIBOA O  BBINYCKHOlM xpanduKaiorHoli paboTe, €e COOTBETCTBHH

peAbSBISEMBIM K JIAHHOMY BHLY paboT TpeOOBAHUAM:

Brinycknas KBan(puKaUHOHHAA pabora Passaniesa A.B. sBnsercd 3aBepiICHHBIM
HAYYHO-TEXHMYECKHM WCCIIC/IOBaHMEM, YCTICIIHO JOCTHIUINM TOCTABICHHBIX MEeH. PaGora
MOMHOCTBIO COOTBETCTBYET NMPEABABIACMBIM K MATHCTEPCKHM AMCCEpTalisM TPEOOBAHMAM TIO
COJICPIKAHMIO, c'rpyx'rype # 0 OPMIICHHIO.

MueHue penen3enTa 06 ouenke padoTsL:

[peacraBnerHas paboTa 3aCayKUBACT OlIEHKH «OTIMYHOY, a cTyAeHT Passanses A. B.
3aC/yKHBaeT ~ IPHCBOCHMA KBATHUKALUMK  (MArucTp» [0  HANPABICHHIO 11.04.04

«DNeKTPOHMKA ¥ HAHOY/ICKTPOHHKA).
2
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) 760625 C.C. TlonayGunit

WCh, AaTa HHALHAIDY, (BAMHANS




3AKJIOYEHUE 0/2 - fq

DxcrnepTa KOMACCUH T'YAII 0 BO3MOKHOCTH OTKPBITOTO OIyOIMKOBAHUA
BBITYCKHOM KBATH(UKAIMOHHOM! paboOThI

Pa3pa6GoTka MOJIEIM MUKPOKOHTPOJLIEPA B
MATLAB juist OTJIaIKU ¥ TECTUPOBAHMUS MPOrPaMMBI yIIpaBJICHUA
YCTPOMCTBOM IUIABHOTO I1yCKa JABUTATENs

(Hassauue paboTsi)
Asrop PassansieB Anekceit BukropoBud

I/IHCTHT HOTEXHUKH U UHPOKOMMYHHUKA HMOHHEBIX TEXHO %
NuctuTy(dakynbrer) g A b y 11 JIOTHA

KOHCTpYHpOBAHHMSL ¥ TEXHOJIOTHH 3JIEKTPOHHBIX 1 JIA3EPHBIX CPE/ICTB

(xadenpa 23)

11.04.04 «DneKkTpOHHKA K HAHODJIEKTPOHUKA)

Kadenpa

Hamnpasnenue

SkenepT KoMuccHy 10 MPOBEIEHUIO SKCIEPTH3bI MATCPUATIOB, NpeAHa3HAYeHHBIX JUIA
OTKpBITOrO OIyOIHKOBaHUS (eepanbHOro rocy1apCTBEHHOTO ABTOHOMHOT'0 00pa30BaTeIbHOI0
yUpEeXKAEeHHs BBICIIEr0 00pa3oBaHUs «CankT-TleTepOyprekuii rocy/1apCTBEHHbIH YHUBEPCHTET
23POKOCMHIECKOTO MPHOOPOCTPOCHHUSY, cosnanHoi mpukazom ['VAIL ot 28.12.2015 r. Ne 65-
400/15 u pelcTBYIOLIEH B COOTBETCTBUH C «IToI0XKEHUEM O IOPSAKE MPOBEACHUS IKCICPTH3EI
marepuanoB I'YAII, npeaHasHaqCeHHbIX UL OTKpBITOTO OIYOIMKOBAHMs», MPOBEI IKCIEPTHY
Ope/CTaBjICHHBIX B KOMMCCHIO MAaTEPUAJIOB BBIITYCKHOM KBaTH(UKALMOHHON pabOTEL

PykoBOACTBYSCB: «PeKOMEHIAIMSMH TI0 [POBEJEHHIO OKCIEPTH3Bl MAaTCpHANOB,
IpeHA3HAYCHHBIX K OTKDBITOMY ONMyOIMKOBAHUIO»,  ONOOPEHHBIMH  PCIICHHEM
- MexBeJOMCTBEHHON KOMHCCHM IO 3alllUTe rOCyIapCTBEHHOM TaWHBI OT 30.10.2014 Ne 293 u
IlepeuneM CBEACHHH, MOICHKAIIMX 3acexpeunBannio MunoGpuayku PO, yTBEPXKICHHBIM
Ipukasom OT 04.12.2023 Ne 31c 1 BBEAEHHOTO B neiicteue B MunoOpHayku P@ ¢ 03.04.2024
(manee — [Iepéqeub), KOMUCCHS YCTAHOBHJIA, YTO PACCMATPHBACMBIC MATCPUAIIBL, HE cozepxar
~ cBeJieHMH, BKIIIOYCHHBIX B [lepeyeHb | COCTABIISIONIMX rOCY/IApCTBCHHYIO TanHy.
3akouenne: BpimyckHat kBaM(puKauMoHHas paboTa HE COACPXKHT NpPU3HAKOB

)IIAPYEMBIX TeXHOJIOTHi ¥ MOXET ObITh omy6/MKOBaHA B OTKPBLITOH nevard B ['YAIL

Tpycos A.B.
K.T.H., JOUEHT

UCh (©.1.0.)

VyeHas CTerneHb, A0JKHOCTh



MWHUCTEPCTBO HAYKU U BbICLLEFO OEPA30OBAHUA POCCUUCKOWU ®EOEPALIUU
cdenepanbHOe rocyaapcTBeHHOEe aBTOHOMHOE Oobpa3oBaTenbHOe y4ypexaeHue BbicLiero oopasoBaHusA
«CaHkT-leTepOyprckumn rocyaapCcTBeHHbLIN YHUBEPCUTET a3POKOCMUYECKOro NPNdoOpPOoCTPOEeHUNA»

BbinyckHas kBanupukaunoHHaa paboTta maructpa Ha TeMy

Pa3paboTka mogenun mukpokoHTponnepa 8 MATLAB ana otnagkun m
TECTUPOBAHUA NporpamMmmbl ynpaBrieHns YCTPOUCTBOM Mi1aBHOMO
nycka gsurartens

PaboTy BbINOMHUN CTYAEHT rp. 2337M:
PasBanses A. B.
Hay4HbIW pykoBOaUTENb OOLEHT, KaH4. TEXH. HayK:

NaweHko AnekcaHgp JleoHnaoBumy




NMocTaHOBKa 3agauu

ryan

Llenb paboTtbl: ViccnegoBaHne BO3MOXHOCTU OTIaaKu
MWUKPOKOHTpOepHbix nporpamm cpeacteamm MATLAB/Simulink
N Mo peayrnberaTtamM UccriegoBaHna paspaboTka mogenu
MWUKPOKOHTpoOsnepa.

3apgauum:

« Obecneuntb nHTerpauunto C-koga MMKPOKOHTpOSINepa B
MATLAB

* WccnepoBaTtb agekBaTHOCTb paboTbl Moaenu
MWUKPOKOHTpONNepa

e OUueHUTb OrpaHMYeHNs N YCrioBNSA NPUMEHMMOCTU CUMYIISLINK
AN OTNagku MUKPOKOHTPOINEPHbIX NporpamMmm



Moaenb mukpokoHTtponnepa B8 MATLAB.
CTpyKTypHasa cxema MMUKPOKOHTpoOrepa

-

[

ryan

TRACECLK ]
TRACED[0:3] TPIU Trace
as AS = Trace/trig <E> Controlle r POWER
INTRST SWIJTAG T [Vop=2to 36V
JTDI NE . REG. y
JTCKISWCLK Cortex-M3 CPU < o e v1°]8 | Flash 128 kB 33VI0 18V |_ =
JTMS/SWDIO £ _
£ g 64 bit @VDD
JTDO Frax: 72 MHz T £
bt
= SRAM
[14]
NVIC % <:> 20 KB @VDD
F 3 =
m L
<1 PCLK14 0SC_IN
PLL & XTAL OSC 0SC_OUT
GP DMA <:> Pﬁéﬁ‘_ CLOCK 4-16 MHz L
7 channels / Y FCLK <] MANAGT -
=
~ [ RC 8 MHz | 4
b [ RC 40 kHz | WDG
1] Zz
@VDDA E DDA Stand by
SUPPLY L @ interface y BAT
NRST SUPERVISION o VeAT (’ —
<L
VDDA POR/PDR [ Rst [ oscaz In
VSSAJ r':xm'- 32 kHz | oscaz_out
PVD  J» Int L
< RTC | Backup TAMPER-RTC
Awu | "8 -
EXTI AHB2 AHB2 Backu p interface
SOAF |:|:> wakeP  [Ka—m— > '?EE A§1 B
PERIPHERY




Moaenb mukpokoHTponnepa B MATLAB. :

ryan
CTpyKTypHas cxema cumynsitopa
- ........................................... Oﬁonoqka npor paMMH MK ............................................
<:::> é Mporpamma
18 MK f dopmMrpoBaHue :
o _) YreHue «| 3anyck notoka - 3aJepXKM ana o| OcTaHoBka notoka| -
) : BXOO0B d nporpammsl MK d OrpaHn4eHUA BpeMEHHN 4 nporpammsl MK
S-Function T : paboThbl NnoToka
[NpepbiBaHnA 7
<::> CvimynsaTop
nepucepum BbinonHeHne
: nporpammbl MK
I_IpMHU'V“-I pa6OTb|' Cumynsatop nepudepumn
« Simulink nepenaét aaHHble Yepe3d S-Function;
. Cumynaumsa Cumynaums ® :
* L—Iepe3 O6OJ'|OL-|Ky 3adllyCKaeTC4A rnporpamMmma MK; ‘> cucTeMHbix ———>{ nepucdpepumu ——»| oPMAPOBARME L -
: yacos npepbLIBaHWA Oycpepa BbixonoB :
« 3anyckaetcda cumynaTtop nepudepum;

) Pe3yanaTb| pa6OTb| BO3BpaLI_||a}OTCﬂBSimu|inkI E..,...,...,...,...,...,...,...,...,...,...,...,...,...,...,...,...,...,...,,..,,..,,..,,..:



[MpakTnyeckoe npmmeHeHue.

MoaenupoBaHue anroputma Yl

. Mogenb B Simulink

ryan

Ynpaenexue YTl

Cunmynauma MK Measurements
Go
A Col PORT abe

mpA

:

fepae B _ PORTA———|
CompB s B <GPIOB14>
B 1 I
< =
Fere=siny |y GND  CompC Debug [shunt]
- [
BEnok MCU_UPP <GPIDAT=
Freq —  KOMNapaTtopos
Debug
Duration | 8
BEnok TupucTopos
[shunt] Shunt
m 3 A ap
lcTouHMK 3-X (hasHOro HanpsXeHua g . )
A A '_,_" Motor
C cp
I—u N—@ B B
= C C Asynch
T
Thyristors ——a—/\\/ o " pead (wm)>
A
'—“WW o B m fic torque Te (N*m)=
Discret i ¢ Stat ntis_a (A
Iscrete Rt lor current 1Is_a >
Lo, P A S— =
1e-08's. I Asynchronous Machine
-+




[MpakTnyeckoe npmmeHeHue.

MoaenupoBaHue anroputma YII. Otnagka anroputma

ryan

%J#M%%Wﬁﬁ%%Wﬁ#M%W%ﬁ%%%
WATLM | %
*}T*%*WT********WT*W**i***

=] S 2
<

o

4 angle delay —
TIM | CNT - Iarr. tick

1111111111111111111111111111111111111111111111
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

0.5 0.6 0.7 0.8 08 1
Time

C NOMOLLIbIO BPEMEHHbIX AnarpaMmm yoooHo
NpoBepPsATb KOPPEKTHOCTb anropuTMa 1 COCTOSHME
BHYTPEHHUX NepeMeHHbIX B nporpamme. Tak, Obina
BbIsIBNIeHa oLLIMOKa B anropuTtMe pacyeTta 3aaepkku
ANs OTKPbITUSA TUPUCTOpA.

TUpUCTOpP OOMKEH BKNOYATCA, KOrga pasHoCTb Mexay
TIM_CNT n start_tick nepecekaet angle.delay us.

Ho kak BugHo, pasHocTb mexay TIM_CNT un start_tick
MHOrga paccunTbiBanacb HEKOPPEKTHO. A 13-3a
ocobeHHocTen 6e33HakoBOro Tuna gaHHbIX,
cpaBHeHue angle.delay us n otpuuarensHomn
pasHocTn (TM_CNT — start_tick) Bo3Bpallyano UCTuHy.
A noaToMy TUPUCTOP OTKPbIBaANCS paHblle 3a4aHHOro
yrna



[MpakTnyeckoe npmmeHeHue. n

y ryan

MoaenupoBaHue anroputma YII1. Npamoun nyck

MakcumanbHble TOKM cTaTopa npu nycke. 200 ‘ ‘ TOKM CTalTOpa ?CMHXPOHHOFO ,El,BVIlraTeJ'IF‘l —

Sohoymomug |11 VAT |

MakcmarbHbI MOMEHT MPu OCTaHOBKE: g | | | | | | | | | | N

7'e = 1000 HM ;15 I // I I I I I
L e .
| .

MakcumarbHble TOKM cTaTtopa Npu OCTaHOBKE: 0”/ | | | | | | | |

o= 880 A\ iy 1y =527 Al o = TA0A  § oy | e

MakcumanbHbIN MOMEHT NP OCTaHOBKE: é-1ZZEM‘WIWWl[llmll’)bW]MMNW“MMMM'J"Wﬂlm"M"mM'"M“'""M“'m“' SN I — “““j‘;\ff :

Te=-1100 H-m KpyTAaLWwmii MOMEHT aCMHXPOHHOTO ABUraTens

1000
£ s “ | N
5 W"mww/' \
= | \
© ' N
3

E’ 0

g

]

=

& 500

E

o

]
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[MpakTnyeckoe npmmeHeHue. n

o ryan
MoaenupoBaHue anroputma YI1I1. [lhaBHbIX NycK
MakcumarnbHble TOKM cTaTtopa npu nycke: ‘ Tokm CTaTODa aC”HXDOHHO'—OFBWaTe”f' —
S w0 At
Is 2 max =496 A, ig p max =491 A, I ¢ max = 485 A g w0 .
- - - s
MakcumarnbHbI MOMEHT MPY OCTaHOBKE: 5;:3*
| | | |
T,=-800 H-m 1 | ' | | =)
~
I~ I
%107 \\\\ |
c%' 5— \\\ |
- \\\~
MakcumarnbHble TOKM cTaTtopa Nnpu OCTaHOBKE: o—" | | | | R
1000— ‘ ‘ ‘ ‘ <Stator current is_z (:]:
iy o max =9TA i p 0 =95 A i, . =89 A z .. N
MakcumarbHbI MOMEHT MpPu OCTaHOBKE: B i
-1000= | | | | | =
T, =-300 H-m ° 5 Time

KpyTALMN MOMEHT aCUHXPOHHOIo ABuUraTtens

0 5 10 15 20 25 30 8



[MpakTnyeckoe npuMeHeHue.

ryan
CpaBHeHue peanbHoro MK u ero mogenu 2

Komnapatop

Curnan ana BKIMOYEHUA TUpUCTOpa

CMrHan \nA WyHTWPOBaHWA THPUCTOPa




[MpakTnyeckoe npuMeHeHue.

ryan
CpaBHeHue peanbHoro MK u ero mogenu 2

Timing Markers (7

+6s +7s +Hs +9s ] ¥ls

s
H ’ PO + A7.891394 000 s (126.72 mHz)
. _
e

C..

* ¥ Trace Selection

# ¥ Cursor Measurements

10



3aKkn4yeHue. :

ryan
NpenmyuwiecTBa n orpaHnyeHmna mogenu MK
NMpenmyuiecTBa: OrpaHuyeHus:
* CyllecTBEHHOE COKpalleHne BpeMeHn pa3paboTku 1 * Mopgenb sBnaeTca yHKUNOHANbHbLIM/NOMMYeCKUM
oTNnagku nporpaMmmHoOro obecnevyeHus. CAMYNATOPOM, HO HE UUNKITO-TOYHbLIM 3MYJTATOPOM
(HET y4yeTa TOYHOIro BPEMEHU BbIMOSMHEHUS KaXXa0W

* [loBbilleHNe BOCMPOM3BOAUMOCTU U HAOEXKHOCTM
NHCTPYKLNN).
TECTUPOBAHMA.
» TpebytoTca cneyndunyeckme 3HaHua oT

* Bo3MOXHOCTb pa3paboTku n otnagku 6e3 Hannyms
nonb3oBaTens:

dom3ndeckoro obopygoBaHus.
* HaCTpoOMKa 1 KOMNUNALUMA NporpaMmmbl Yepes

* To4HOE W MHTEerpMpoBaHHOE MOAENNPOBaHNE
KOMaHAHY CTPOKY;

(obbeamHeHue pearnbHoro C-koga u puamnyeckomn
CUCTEMBI). * MONHOE NOHUMaHue CTPYKTypbl NpoekTa Ha MK;

*  YHudpukayus npouecca paspaboTku. * 3HaHuWe npuHuunoB paboTtbl nepudepun STM32.

11
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Cnacnoo 3a BHUMaHue!
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