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MopeaupoBanue nepudepuiinbix TaiimepoB MK STM32 8 MATLAB ¢ BO3MOKHOCTBIO
OTJIAIKH
A.B. Pa3BausieB — maructpanT kadenpsl «KoHCTpyHpoBaHHE U TEXHOJIOTUH IEKTPOHHBIX U
Ja3epHbIX cpencTB» Ne23
O.I1. KypkoBa — OKTOp TeXHMUYECKUX Hayk, npodeccop kadenpsl «KoHCTpynpoBaHue u

TEXHOJIOTHH JIEKTPOHHBIX U Ja3epHbIX cpecTB» No23 - HayyHbI PYKOBOIAUTEh

CoBpemenHbie MUKPOKOHTpoIiepsl (MK) mupoko uenosb3yroTest B pa3InIHbIX 001acTIX, OT
aBTOMAaTHU3allMM IPOLECCOB JI0 BCTpaMBaeMblx cucteM. OpHako, TECTUPOBAHHWE U OTJIAJKa
nporpaMMHoro obecrnedenus aias MK tpeOyroT Hainuus ¢puznyeckoro o00pyaoBaHuUs, YTO MOXKET
OBITH TOPOTOCTOSAIINM M HEYyToOHBIM. DMyssiiist MK B mporpamMHoii cpene, Takoii kak MATLAB,
MOJKET 3HAYUTENBHO YIPOCTUTH IMPOLECC pa3pabOTKU U OTJIAJKHU, a TAKKE [M03BOJIUTh TECTUPOBAThH
CUCTEMBI B BUPTYalIbHOU cpelie 6e3 He0OXOAUMOCTH (PU3NYECKOTO YCTPOUCTBA.

VY3Ke CyIeCTBYIOT HECKOJILKO TOTOBBIX PEIICHUH.

QEMU (Quick Emulator) —3T0 yHUBEpCAIBHBIA SMYJISTOP, KOTOPBIH TOAJICPKUBACT
MHOKECTBO apXHUTEKTyp, Bkitoyass ARM, Ha KoTopoii ocHOBaHBI MUKpOKOHTpoiuiepbl STM32. On
UCIIOJIB3YETCS ISl AIMYJIILIUY HE TOJIBKO MUKPOKOHTPOJUIEPOB, HO U LIEJBIX KOMIIBIOTEPHBIX CUCTEM,
4TO JeNaeT ero o4eHb TMOKMM HHCTpyMeHTOM. Tem He mMeHee QEMU He MmonenupyeT BCIO
nepudeputo. A Takke OH He UMeeT BcTpoeHHOU moanepkku MATLAB u 10BOJNBHO CIOXKEH B
HacTpolike. UTo nenaet npoiecc OTaaAKu U MOJIETUPOBAHUS €1lIe CIIOKHEE.

Proteus — cucrema aBTOMAaTHM3MPOBAHHOIO TNpOEKTHpoBaHusA. Ilo3BosgeT MopenupoBaTh
MUKDOKOHTPOJUIEPB! € BHU3yanusanued cxeM. llognepkuBaer HHTErpanuio ¢ pasIMYHBIMU
MUKpPOKOHTpoiuiepaMu. Ho He nMeeT cpeAcTB OTIAAKM HCXOAHOTO KOAa, T.K. A AMYJSLUU
HEOOXOIMM YXKe CKOMITUIIUPOBaHHBIN (paits. Proteus Takke HE MOJEIUPYET BCIO TTepudepuio.

Kak BUIHO CyHIECTBYIOLIME HHCTPYMEHTHI s oMy U Mmoaenuposanuss MK He Bcerna
0051a/1al0T JIOCTATOUYHOW (PYHKIIMOHAJIBHOCTBIO JUISI TIOJHOLIEHHOTO TECTHPOBAHUS W OTIAJKH.
Hanpumep, HekoTopble SMyIsSTOpbl MOTYT HE OOECHeurMBaTh MOJEIMPOBAHHE HEOOXOAMMBIX
nepu@epuiHbpIX ycTpoiicTB. VK jxe OHM He MHTETPUPYIOTCS ¢ MOMYJISIPHBIMU CpelaMu pa3paboTKH,
takuMu kak MATLAB. Dto co3maer TpyaHocTH it pa3pabOTYMKOB, KOTOPHIM HEOOXOIUMO
TECTUPOBATH MPUII0KEHNS B BUPTYaIbHOM CpEE.

B craree mpemmaraercss pemeHue B Buae smynaropa s MK, uHTErpupoBaHHOrO B

MATLAB. Ilpennoxennsliii aMmynstop BeinoinHsaeT nporpaMmmy MK B MATLAB, a taxxe cumynupyer
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nepudeputo MK. OCHOBHOE OTJIMUKE OT CYNIECTBYIOIIUX PEIICHHH 3aKJIFOUAETCsS B BO3MOXXHOCTH
OTIaAKH Koma Ha s3bike C, a Takke MOJb30BaTENbCKasl pean3auusi nepudepur. ITo MO3BONISET
JieNaTh yIPOUICHHBIC AIMYJISIUH nepudeprn, eciiu 3To He BIUsSeT Ha npuiioxkenne MK.

Ienpto wuccnenoBaHui siBiIAETCS pa3paboTka M JEMOHCTpalus pabdoThl  AMYJIATOPA
MukpokoHTposuiepa STM32F407 u ero nepudepuiiapix TaitmepoB B MATLAB.

Jljig mpoBeneHUs UCCIEI0BaHUI UCII0Ib30BAaHbI CIEAYIOUINE METObl U UHCTPYMEHTHI:

- MATLAB/Simulink asst co3nanust 1 HHTETpaliy AMYJISTOpa.

- s omianku nmporpamMMbl MK B Simulink n kommmnsatop Microsoft Visual C++ (MSVC) ms
koM nporpammel MK s MATLAB.

- cTaHzapTHele OubmuoTeku u ApaiiBepsl it STM32, anantuposanusie 11t MATLAB.

[Tporpammsel Ha GonpimmHCTBO MK mumryTest Ha si3pike nmporpammupoBanus C. B MATLAB
cymectByeT 010k S-Function, KOTOpblif mpeacTaBiasieT coOoil (yHKUUIO, HAMCAaHHYIO Ha S3bIKe
C/C++ umu MATLAB [1]. [loatomy ObUIO pemieHO HCHOIB30BaTh MMEHHO S-Function ans
noptupoBanusi nporpammbl B MATLAB. Kommunsimust koga Ha sizbike C/C++ MpOMCXOAMT ¢
nomonibto komnuissitopa MSVC. JlaHHBIA KOMIMJISITOP SABJSETCS CTOPOHHUM, HO OH HMMEET
BO3MOXKHOCTh MHTerpauuu B MATLAB.

OcHoBHas cno)kHOCTh MozenupoBanus nporpammel MK STM32 B MATLAB 3akitouaercs B
pasnuuuax npuHuna padots! nporpamm Ha MK u B cpene cumynsiuuu MATLAB. B o6uiem ciyuae,
nporpaMMma Ha MHUKPOKOHTPOJUIEpPE MPENCTaBIsET CO00H OecKOHEUHbIH nuki. Kaxkmayro urepauro
OeckoHe4YHOro 1HkKIIa, nporpamma MK cuuThiBaeT mopThl BBOJA-BbIBO/A, 00pabaThIBAaeT AaHHBIE, U
(dbopMHpyeT BHIXOAHOI CUT'HAJ Ha MOPTax BBO/A-BHIBOJA.

S-Function B MATLAB npencrasisier co0oii pyHKIINIO, KOTOPast BBI3bIBAETCS HA Ka)10M I1ar
CUMYISIIMU. DTa (QYHKIUS MPUHUMAET BXOJHBIE JaHHBIE, U BBIMOJHIET HEKOTOPbIE pacyeTsl. B 31O
BpeMs MATLAB oxunaer 3aBepiieHus QyHKIMs, U TOJIBKO MOCIE 3TOr0 (OPMUPYIOTCS BBIXOIHBIE
JaHHBIE ¥ CUMYJISALMS NepexoauT Ha cienyromuii mar. [Tostomy, eciu S-Function Oynet BkiItouarsh
OECKOHEUHBIN LIUKII — CUMYJISIUS POCTO 3aBUCHET.

Tax:xe, MUKPOKOHTPOJUIEPHI HMEIOT JOCTYN K MepUpEepUHbIM YCTpPOWCTBaM, KOTOpHIE
peanu30BaHbl anmnaparHo. Mx nmporpaMmsl MOTYT B3aUMOJEHCTBOBATh C TAKMMH YCTPOHCTBAMH, KaK
taitmepel, ALIl, win UART wuepe3 peructpel nepudepunt u npepsiBanus [2]. B MATLAB
MporpaMMbl HE MMeEIOT HUKakoil nmepudepuu. [loaromy, Hanpumep, ecnu nporpamma B MATLAB
JOJKHA 0KMJIaTh BBICTaBIIeHUE (priara nepernoaHeH s y TaiiMepa, To CUMYJISLINS TaKKe 3aBUCHET, T.K.
3TOT (hi1ar anmapaTHO HE BBICTABUTCSL.

B cBs3u ¢ atum, uia cumynsun MK 8 MATLAB HeoOxoanmo:

- KOHTpOJIMpoBaTh X0 mporpaMMbl MK, 4ToObI B OmpeneseHHbIiI MOMEHT 3aBEpIIUTH €€

BBITIOJTHEHHUE U TIEPENTHU Ha CIAEAYIOIINNA [Iar CUMYJISINHN;
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- peanu3oBaTh SMYJIATOp Tepudepuu, KOTOPBIA OydeT SMyaupoBarh mnepudepuro u eé
peructpsl, uTo0b! Tporpamma MK Moria noinHorieHHO paboTaTs.

s xoHTpons xoznom mporpamMmbel MK, ObuIo pemieHo MOMECTUTh €€ B OTAEIbHBIA IMOTOK
BBINOJIHEHHSI. DTOT IOTOK BO300OHOBIISETCS B Hadaje KaXJOro Ilara CUMYJISLUU U BBIIOJIHSETCS B
TEUEHHE OIPeeIEHHOI0 BPEMEHHU, IOCiIe 4Yero IpHOCTaHaBiIuBaeTcs, M03BoisAs S-Function
3aBepHIMTHCS. Takol MOAXO/ MMO3BOJIMI CO31aTh MOJIENb, IJI€ IPOrpaMMa MUKPOKOHTPOJLIEPA MOXKET
BBITIOJIHATHCS. BMECTE C OCHOBHBIM IIPOLIECCOM CUMYIISILIMU, HE 3aBHCas IPU OKUJAHUM JaHHBIX OT
nepupepuiHbIX YCTPOUCTB, KOTopble B peanbHoM MK ynpasisitorces anmaparHo.

OMymsiisi  mepuepuifHbBIX  YCTPOWCTB - BTOPOM BAXKHBIM aCIEKT, KOTOpPBIH TpelyeT
AeTaabHOM TpopaboTku. [IoCKONBKY MHMKpPOKOHTPOJUIEPH B3aUMOJACHCTBYIOT C amlapaTHBIMU
KOMITOHEHTaMH Y€pe3 PEruCTphl U MIPEPHIBAHMSI, BO3HUKIIA HEOOXOAUMOCTh UMUTHPOBATh UX padboOTy
B MATLAB.

Bo-nepBeix, Bce peructpel B MK mpuBsfizaHbl K ONPEACIECHHBIM aJpecaM, KOTOpBIE
HepoctynHbl porpaMmme B MATLAB. IlosToMy Hafo BBIAEIUTE OTIEIbHYIO 00JIACTh ONEPAaTUBHON
NaMSTH B IPOTPaMMe, YTOOBI TaM XPaHHUTh PETHUCTPHI Iepudeprn.

Bo-BTopbIX, OTCYTCTBHE ammapatHOW mepu(epur BbIHY)XJaeT MHCAaTh MOJCIH JJs
UCHONb3yeMON mnepudepur Bpy4YHYH. MOXHO MAaKCUMaJbHO MOAPOOHO MpPONKMCATh JIOTHKY
nepudepru, 9ToObl OHA IMOJTHOCTHIO COOTBETCTBOBAJNIA peanbHou nepudepun MK. Mnm ke MOXHO
HAIKCaTh YIPOUICHHYIO WK a0CTPaKTHYIO MOJIeIb, KOTOpasi He OyJIeT UMHUTHPOBATh BCEX MPOLIECCOB
B nepudepun, HO €€ Oy/IeT 10CTaTOUHO I CUMYIISLIUHU IPOrPaMMBI.

B nanHOit crathe ans mpuMepa OyAeT paccMaTpuBarhes IMporpamma  yrpaBlIeHUs
nBurareasiMi. B Hell akTMBHO HCHONb3yIOTCA JBa NepudepuilHbIX yCTpoiicTBa: TalMepbl U
unrtepdeiic UART.

Talimepsbl, KOTOpBIE UCTIONB3YIOTCA A popmupoBanus [IIMM, nomxkHbI OBITE SMYIUPOBaHbI
MaKCUMaJIbHO TOYHO. OJTO CBA3aHO C TEM, YTO OHHM MIPAIOT KIIOYEBYIO DPOJIb B YIPABICHUU
JIBUTATEJIEM U TOYHOCTh UX pabOThI CYIIECTBEHHO BIMSIET Ha pe3ynbTaT. [loaToMy JU1s MX SMYISIUM
ObL1a pa3paboTaHa MOJENb, B KOTOPO MpoIKMcaHa BCsl OCHOBHAS JIOTHKA TaliMepa: PeKUMBbI CUeTa,
KaHaJIbl 3aXBaTa/CpaBHEHUS, BBIBOJ KaHAJIOB Ha MOPTHI BBOAA/BBIBOAA. Takoi MOAXOA MO3BOJISIET
ObICcTpO MeHATH HacTpoiiku LLIVMM 1 o cumynsuu CMOTpPETh, Kak 3T0 Oy/IeT BIUATh Ha yCTPOMCTBO,
0e3 HeOOXOIMMOCTH MEePENUCHIBATh IMYJISTOP U3-32 CMEHBI TApaMETPOB TaliMepa.

Unrepdeiic UART ucnonwiyercs mist npuema napamerpos HINMM no npotokomry MODBUS.
B cumynsaiuu pabota ¢ 3TuM uHTEpdericoM Oblia yrpolieHa 10 CUUThIBaHUs BXoJ0B S-Function u
3aMuCcH HarpsMyto B peructpbl Modbus. 310 nmo3BosnsieT nporpaMMe (pyHKIIMOHHUPOBATH KOPPEKTHO

n 0e3 HeoOXOTUMOCTH MOJEIHPOBAThH BCIO CIOXKHYIO JIOTHKY HHTepdelica W TPOTOKoda. ITO



yIpolieHue ObUIo ceNlaHo, YTOObl CHU3UTh Harpy3Ky Ha SMYJISTOP, TaK KaK yIpaBlIeHUE IBUTaTeIeM
He TpeOyeT TouHoro BocmpousBenenus padborst UART.

Ha puc. 1 npusenena monens B Simulink aiis aeMoHcTpanuu paboThl SMyIsSTOpPA.

SETTINGS MCU SIMULATION
PARAMS &

> >
SINE_FREQ 50Hz -> 15Hz > = ==l ==
PWM FREQ 600Hz -> 200Hz ( >
DUTY BRIDGE 5%->50% I ‘ ‘ >
MIN PULSE DURATION (US) | 0 >
MAX PULSE DURATION (US) | 0 >
( FORTD I
DEAD TIME (US) | 0 > > 1 RaBIE >
MODES I ‘ ‘ ‘ PORTE
DC/SINE

BRIDGE/SINGLE

ey PORT
— =
>
S S S

3/1 PHASES PhaseA PhaseB PhaseC

==

‘ ‘ ‘ ‘ PWM PWM PWM
POS/NEG POLARITY <GPIOD12> |
‘ ‘ ‘ »l <GPIOD13> l
ACTIVE CHANNEL I prore
<GPIOB1> l |
<GPIOES> l
| |
>
— <GPIOE11>
= mRIEE
> »
» »
»
PWM_Mode PWM_Params

Pucynok 1 — Mogens Simulink myist nemonrctparuu smyasitopa MK

Ha puc. 2 npuBeneH pesynbrar MoaenuposaHus mnporpammbl MK s ynpasieHus
nsurarensimu. [Iporpamma gpopmupyet LLIMM B cooTBeTCTBUY ¢ pa3HBIMHU 33JaHHBIMH TapaMeTpamH,
KoTopsie nepenarotTcst B Monens MK. bonee moapo6uo cumymsitus LLHIMM paccmoTrpena Ha puc. 3-6.
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Pucynok 2 — Jlemoncrpanus cumynsiunn MK 8 MATLAB
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Ha puc. 3 npuBenen ¢pparment cumyisanuu Tpexdazaoro [IIMM ¢ mocTostTHHBIM 3aoTHEHUEM

5%, yactotoit LIIMM — 600 I'u, yactora orudatoiieid — nocreneHHo pactet ot 0 I'u o 50 I'm.

= 15 v Trace Selection ax

<GPIOD12> ~

7 ¥ Cursor Measurements @ e

Pucynok 3 — JlemoncTpauus cumynsiinuu tpexdasnoro nocrosaaoro [IIMM ¢ napacranuem

YaCTOThI

Ha puc. 4 npuBenen ¢dparmeHT cumyisanuu TpexdazHoro [IIMM ¢ mocTostTHHBIM 3aoTHEHUEM

5%, wactotoit IIMM — 600 I'ny, yactoTa orubaromieit — nocrenenHo yosisaet ot 50 ' qo 15 I'a.

7 ¥ Trace Selection W

<GPIOD12> ~

v or Measurements ax

Pucynok 4 — JleMoHcTpanus cumyisiiun Tpexdasnoro nocrossuaoro LHHIMM ¢ yOsIBaHHEM 4acTOTHI



Ha puc. 5 npogemonctpupoBansl pexuMbl reHepanuu [IIMM ¢ nepeMeHHON CKBaXXHOCTHIO
10 3aKOHY CHHYCA, IJIe TIOJIOKUTENbHAs/0TpULIAaTeIbHAs TIOJTyBOJIHBI BBIBEJICHBI HA Pa3HbIC KaHAJIBI.
Cuauana ¢opmupyercst Tpexdasnbiii cunycuslii [IIMM, nmorom ogHodasusiii. Yactora HINM — 600

I', yacrora orubaromeii — 15 I'.

7 ¥ Trace Selection

1N N <GPIOD12= ~
T 7 sor Measurements
21
1 2,

i

Pucynok 5 — JlemoHcTpanusi cuMymasiiun TpexdasHoro u onHodasHoro cunycuoro [HIMM

Ha puc. 6 nponemoncTpupoBanbl pexxumbl renepanuu cunyctoro LM Tonbko Ha omgHOM
¢aze. CHayana reHepupyercs cunycHblii LM ¢ monoXuTenbHON MONSAPHOCTBIO, a TMOTOM C
MOJISIPHOCTh MEHSETCSl Ha MPOTUBOMNONOXKHYIO. IToiasipHOCT OCTanbHBIX (a3 TakkKe MEHseTrcs,

Yacrora [IIMM — 200 I'tt, vactora orubaromeii — 15 '

B |7 ¥ Trace Selection

N [ T MTTTTTm mTTm 111 «GPIOD12>

rsor Measurements

Pucynok 6 — JleMoHCTpanus CMEHbI MOJIIPHOCTH B CUMYIISILIMU oiHO(a3Horo cunycHoro MM
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Kommunarop MSVC 1o3BoJisieT CKOMIMJIMPOBATH KOA JJISI OTJIAAKH, CJIE0OBATEIbHO
MOSIBJIIETCS. BOSMOXKHOCTD 0Tiaaku nporpaMmel MK B MATLAB. [l1s1 3T0ro He00X0QuMo OTKPBIThH
ManKy ¢ UCXOAHBIMU (paiimamu B cpenie pa3paboTku, Hanpumep, Visual Studio. J{anee mepen 3amyckom
CUMYJISIMU TOAKII0UUThHCA K nporeccy MATLAB. Iocie 3Toro npu 3amycke CUMYIISIIAN TTOSIBUTHCS
BO3MOXKHOCTh OTJIQJKH TPOTrpaMMbl, T.€. BO3MOXKHOCTh CMOTPETh TEKyIllMe 3HA4€HUS BCEX
JOCTYIHBIX IEPEMEHHBIX U BBIIOJIHATH IPOrpaMMy IOLLIATr0BO.

Pa3pabotka smynstopa mukpokoHTposiepoB i MATLAB mnponemoncTpupoBana €ro
3¢ (GEeKTUBHOCT, B MOJEIHPOBAHUM M TECTHPOBAHHM MPOTPAMMHOIO 0OeCleYeHUs. ODMYIATOP
MO3BOJIIET IPOBOJUTH OTIIAZKY U TECTUPOBaHUE 63 HEOOXOAUMOCTH (PU3UYECKOTO YCTPOICTBA, YTO
YIPOIIAET MpoIecc pa3paboTKu. Pe3ynbraTsl MOfeIMpPOBaHUS COBIAIAIOT C HKCIIEPUMEHTAIbHBIMHU:

- [lITUM koppexTHOl cumynupyercs ¢ 3agaHHoi yactoroi 600 win 200 I' (puc. 3, 4, 6);

- mocTosiHHasT CKBaXHOCTH [IIMM KOppeKTHO CHUMYIHUpYeTCs B COOTBETCTBUU C 3aJaHHOU
CKBaXHOCTBIO 5% umu 50% (puc. 3, 4);

- nepeMeHHas ckBakHOCTh [1IMM cumynupyercst koppekTHo (puc. 5, 6);

- gacrtora BpameHus Tpex¢paznoro MM KOppeKTHO CHUMYIUpPYETCS B COOTBETCTBHH C
3alaHHoN yactotoit 15 I'm (puc. 5).

Ilenp wuccnemnoBaHusi OblIa JOCTUTHYTA, ObUT co3daH  (YHKIIMOHATBHBIA AMYISTOP
nepudepuiinpix TaiimepoB MK STM32, koTopblii TO3BOJNISIET MOJAEIHPOBAaTh W TECTUPOBATH
nporpammuoe odecnieuenue st MK B cpene MATLAB. B nanbHeiineM rmiaHupyeTcs paciiupeHue
(GYHKUMOHAJIBHOCTH  AMyNIATOpa  JUIs  MOJJIEPKKM  OOJNbIIEro  KOJMYecTBa  MoJesei
MHUKPOKOHTPOJIJIEPOB, IEpUPEPUIHBIX YCTPOHCTB U OoJiee KOMIUIEKCHBIX IporpaMM MK (Hanpumep,

conepxkamux FreeRTOS).
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