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Cnoco® CMHXPOHM3ANNH I'PYNIILI PA3HOTUIHBIX MUKPOKOHTPOJLIIEPOB
C ynpaBJjieHHeM BpeMeHeM CHHXPOHHOM padoThl

Co0xo A. A., OcunnieB A. B., Komuarnos M. E., I'a3uzos T. P.

AxmyanbHocmb padomul: cospemerHble paduodiekmponnvie cpedocmea (POC) cocmoam uz 6onv-
U020 KOIUYecmeaa 31eKmpOHHbIX KOMNOHEHMO8, OOHUMU U3 KOMOPbIX AGAI0MCcA Mukpokoumpoinepst (MK).
Ulupokoe pacnpocmpanenue MK nonyuunu 3a cuem MUHUAMIOPU3AYUU U COUYEMAHUSL 8 OOHOM KpUCMAie
@yukyull npoyeccoprozo u nepugeputinvix ycmpoucms. Hcnoavzosanue neckonvkux MK onsa pewenust 00-
wetl 3a0a4u u pabomvl ¢ OOIBUUM KOIUYECTNBOM NEPUPEPUTIHBIX YCIMPOLICE NPUBOOUM K 3A0aye CUHXPO-
Huzayuu pabomsl epynnvl MK. Ileny padomosl — pazpabomams npocpamMmHO-annapamubsiii Cnocobd CuHxpo-
Huzayuu pabomul epynnvl MK paziuunsix Gul4UCTUNENbHBIX APXUMEKMYP, YHKYUOHUPYIOWUX HA pPA3TUY-
HbIX CUCHEMHBIX YACMOMAX, C B03MONCHOCHbIO KOHMPOTIA CUHXPOHHOU pabombl ¢ 00WUM nepuooom pabo-
mol 01 6cex MK. Hoeu3noit pabomsl aensaemca 803MONCHOCMb cuHxporuzayuu epynnvl MK, ucnonv3ya
00pabomuuKy 6HewHe20 Npepuléanus, He 6HOCA OONOaHUmMeNbHble annapamusle usmenenus 6 POC, ¢ 603-
ModicHOcmbio 0obasnenus Hosoco MK 6 cunxponusupyemyio epynny 06e3 OONOIHUMENbHbIX ANnNapamuo-
npocpamMmHuIx uzmeneHul. Pesynemam: pazpabomarusili cnocod no3eojsem CUHXPOHUSUPOBAMb pabomy
DPA3TUYHBIX 8bIYUCTUMENbHBIX cucmem, makux kak MK, cucmembl Ha Kpucmanne, npocpammupyemsie 102u-
yeckue UHMezPaAIbHble CXeMbl, CUCEMbL HA MOOYIe U Op. 8bluuciumenvhvlie cpedcmaa. Cnocob noseoasem
sbinonineHue kaxcooim MK 6 3a0anHOM npomedcymke epeMeHUu OmoeibHOU 3a0ayu (Ko0a) CUHXPOHHO 8
epynne MK paznoti apxumexkmypbl, 6He 3a8UcUMOcmu om yacmomul pabomsl kaxcoo2o MK. Hcnoavsosanue
obwell wunwvl copoca MK nossonsem 60ccmanogums CUHXPOHHYIO pabomy 6 ciydae cbos. Hcnonv3osanue
obwell WuHbL cOPOCa cuemyuUKa UMNYIbCO8 CUHXPOHU3AYUU NO360]em U3DeHCamb HAKONAeHUS OWUOKY Npu
noocyeme U MUHUMUSUPOBAMb 8peMs 0dcudanus 2omosHocmu écex MK neped @vinoiHenuem CUHXPOHHOU
pabomul. IIpakmuueckas 3HQUUMOCb: CUHXPOHU3AYUsL epynnbl gbluucaumenvivix cpeocms (MK, TIVIHC,
CHuK, SoM), pabomaiowux Ha pasHvIX CUCHEMHBIX YACMOMAX U GLINOIHAIOWUX 00WYIO 3a0ayy, a Makdice
Macwmabupyemocms cucmemsl. 1Ipednosicennviti cnocod CUHXPOHU3AYUU MOdcem Oblmb NPUMEHEH 8 pa3-
pabomke CLOAHCHLIX (KOMOUHUPOBAHHBIX) CUCTHEM YHPABTEHUs, 8 Npoyecce pabomvl KOMOPbIX 3a0elicmeosa-
HO HECKOIbKO bIYUCTUMETbHBIX CPEOCM, Hanpumep, 8 pOOOMOMeXHUYeCKUX KOMIIEKCAX, A8moMamu3upo-
BAHHBIX CUCMEMAX YNPABAEHUS MEXHOIOSULECKUMU NPOYeCcCcamuU, OeCNULOMHbIX IeMamelbHbiX annapamax,
UMepumenbHbiX npubopax, uHmepHeme Geujell, CeHCOPHbIX cemsax u opyeux oonacmsx. Ilpu smom, maxoi
CROCOD CUHXPOHU3AYUU SGTAEMCS HAOCHCHBIM C MOYKU 3PEeHUs 3auuenHoCmy ungopmayuy od ycmpou-
cmee cucmemvl U NO360Jslem CKPblMb NOOPOOHYI0 MEXHUYECKYI0 UHQOpMAYUIO: KaKue MoO0eiu U CKOIbKO
BBIMUCTUMENBHBIX CPeOCHE pabomaen CUHXPOHHO, KaKue 3a0aiu 8bINOJHAIOM OCMAIbHbLE GbIUUCIUMETbHbIE
cpeocmea 6 MOMEHM CUHXPOHUZAYUU, CUHXPOHHO ULU ACUHXPOHHO Npoucxooum npoyecc pabomul. Ilpume-
HeHue Memodo8 PeGepCUBHOL UHIICEHEPUU U U3YYEHUe NPOZPAMMHO20 KOOA OMOENbHO 63AMO020 GbIYUCTU-
MeNbHO20 CPeOCcmea He 0acm NOOPOOHOU UHDOPMAayUl, NOCKOILKY He0OX00UMO NpUMEHeHUe Memooos8 pe-
BEPCUBHOU UHICEHEPUU KO 8CeMY (KOMNIIEKCY) pA3pabomanHozo yCmpoucmaa.

Knrouesnie cnoesa: CUHXPOHU3AYUSA, MUKPOKOHmMPOJLiep, maKmoebwiii ceHepamop, evblduciumeslbHasl
apxumexkmypa, Wupommuo-umn)yibCHAA MOdy]ZﬂL!M}Z, Hacovl pedlbHoco 6PpEMEHU.
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AKTYaJIbHOCTh

B nacrosiiee Bpemsi npuMeHeHue MUKpOKoHTposuiepoB (MK) npu npoektupo-
BaHUU PaguodJeKTpoHHBIX cpenctB (POC) sBisieTcss 70CTaTOYHO MIMPOKOW MPaKTH-
KOM BO BCeX oTpaciisix npoMebiiuieHHocTH. MK nonyuywnu obmmpHoe pacnpocTpaHe-
HUE 3a cYeT OOJBIIOrO  pa3HOOOpa3us  BBIYUCIMTEIBHBIX  APXUTEKTYpP
(8-32 pa3psigHbie), XapakTEPUCTHK, MUHUATIOpU3AIUU, THOKOCTH B COYETAHUU BbI-
YUCIIMTENLHBIX U NEpU(EPUIHBIX YCTPOMCTB, pasanuHbIX uHTEpdeiicoB cssu (I°C,
1-Wire, SPI, Ethernet, RS-232, CAN, USB u ap.) u nmpouero. Poct 4ucia 3aga4, Bo3-
naraeMbix Ha POC, Takux Kak KOHTPOJb OOJBIIOTO KOJIMYECTBA PA3HECEHHBIX
YCTPOMCTB, MPOEKTUPOBAHUE CUCTEM cOOpa JAHHBIX C JATYMKOB U Ap., MPUBOJUT K
HCTIONB30BaHUI0 Heckoybkux MK nsis perienust o01ieit 3aaaun, mo3BOJSIONIEMY B3a-
UMOJIEHCTBOBATh C OOJBIINM KOJIMYECTBOM MepupepHiHbIX yCTpoicTB. Ilpu »ToM
MOSIBJISIETCSL HEOOXOIMMOCTh B BbITIOTHEHUHU rpynnoit MK nelicTBuil ¢ onpeaeneHHON
NEPUOJUYHOCTHIO, B CBSI3U C YEM BO3HMKAET 3ajJlaya CUHXPOHU3AINKU uX padotsl. Co-
BPEMEHHBIE TEHICHIIMU Pa3pabO0TKHU CIOXKHBIX CHUCTEM YMPABICHUS MPUBOMAAT K HC-
MOJIb30BAHUIO B HUX TPYyNIbl pazaudyHblx MK, BBIMOTHSAIOMMX pa3iudHble GyHKIUN
B pamkax oOmeit 3amaun. [IpumepoM mogoOHBIX CUCTEM SIBISIFOTCS POOOTOTEXHUYE-
CKM€, aBUAIlMOHHBbIE U OWoHWYeckue cuctemsbl [1-3]. B coctaB momoOHBIX cucTeM
MOXXET BXOJUTh Oouiblioe KoiaudecTBoO MK, paboTarommx ¢ CEHCOPHBIMH YCTPOM-
CTBaMU M MEXaHU3MaMH YMPABJICHUS. 3a4aCTyIO MOJOOHBIE CUCTEMbI YIIPaBISIOTCA
OJIHUM BbICOKONpou3BoAUTENbHEIM MK unu cuctemoii-na-kpuctraiie (CaK) mnop
YIpaBJIEHUEM OllepaunoHHOM cuctemsbl peansHoro Bpemenu (OCPB, RTOS). Onna-
KO, JIaHHBIA CIIOCOO CIIOKEH B peayin3aluu, TpeOyeT BHECEHHUSI JOTOIHUTEIBHOTO KO-
na B OCPB, uzmenenus noruku padotsl nporpaMmmuoro oodecneuenus (I10), ycnox-
HAEeT (PYHKIMOHUPOBAHUE CHUCTEMBI B II€JIOM, UMEET MPOTPAMMHBIC OTPAHUYCHUS U
o0JiajjaeT CJIOKHBIM TporieccoM oTiaaku u tectupoBanus I10. JloOaBieHue HOBOM
3agaun B OCPB cka3piBaeTcsi Ha OBICTPOJICHCTBUN M HAJACKHOCTH pabOTHI BCEH CH-
CTEMBI.

CunxpoHHU3a1us SBJISIETCA KJIFOYEBBIM IPEAMETOM IPU BBIIOJIHEHUU 33/1a4 B
peanbHOM BpeMenu [4]. Obmen3BecTHbIe MeTO bl cuHXpoHu3anun MK npennosnara-
10T MCIOJIb30BAHUE MPEIU3UOHHBIX KBAPLEBBIX reHepaTopoB. CylIeCTBYIOT METObI
CUHXPOHM3allMM BPEMEHU C HUCMOJb30BaHMEM HeTOYHbIX CMOS-reneparopos [5].
[TpobGiema cHHXpOHU3AIMN JOBOJIFHO OOIMHMpPHA [6], MOCKOJIBKY TaKTOBBIE TEHEPATO-
pbl 1 MK, ucrnosibs3yembie B CIOKHBIX CUCTEMAaX, HE SIBJIIOTCS a0COJIFOTHO TOYHBIMU
U HE TMOJICP>KUBAIOT BHICOKYIO TOYHOCTh U CTA0OMJIBLHOCTh PaObOTHI B peaIbHOM Bpe-
MeHH [7]. OgHUM U3 HU3BECTHBIX CIOCOOOB CHUHXPOHM3ALMU SABIIAETCS MPUMEHEHHE
oOmero BHemHero TakroBoro reueparopa (BTI) ana xaxnoro MK B rpymnme. Ilo-
TOOHBIM METOJ| IMPOKO TIpUMeEHsieTcs [8, 9], oqHAKO UMEeT Psi HEIOCTATKOB: TPYII-
na MK gomxkHa ObITh OJHOTUIIHOM, paboTa rpymnnsl MK Bo3MoXKHa TOJNBKO HA OJHOU
CUCTEMHOU YacToTe, yBenudeHue konmdectBa MK Bemer k HecTaOwibHOU paboTte
MK wu3-3a uckaxxenus ¢hopmsl curaana BTT. OtcyTcTBHE KOHTPOIISI CHHXPOHHOM pa-
0O0TBHI 1 HHCTPYMEHTOB PETYJIMPOBaHMS CUHXPOHHOUN paboThl MK Takke HakmagpiBa-
€T OrpaHWYCHUs] 10 NPUMEHEHHUIO CYIIECTBYIOMUX CIHOCOOOB CHHXPOHHU3AINH
[10, 11]. Cnoco6sl cuaxpoHU3anuu Tpynmbl pasHeix MK, paboTaromux Ha pa3nnd-
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HBIX CHUCTEMHBIX YaCTOTaX, aBTOpaM HEM3BECTHHI. TakuM 00pa3oM, akTyallbHO pa3-
paboTath croco0, yCTpaHSIOMIMMA BbIIIEYKAa3aHHbIE HEJOCTATKH.

Cnoco0 cHHXpOHU3ALUHU

Kaxnpiit n-it MK pabotaer Ha cBoeit 4acToTe fyxn, 3a1aHHON BHYTPECHHUM WU
BHEIIIHUM TAKTOBBIM I€HEPATOPOM OT BHYTPEHHEIO WIM BHEIIHETO KBApPLEBOTO PE30-
Hatopa (Z,). YactoTa fzr 3amaeTcst U3 yCIOBUS fzrr < fukn, MTOCKOIBEKY MK momken
HOJICYUTHIBATh KOJIMYECTBO CUTHaAJIOB cuHXpoHu3anuu oT BTI (puc. 1). Ha Bbixoze
BTT', B xauecTBe KOTOPOTO HCIIOJIB3YETCS MUKPOCXEMA YAaCOB PEAILHOIO BPEMEHH,
YCTaHABJIMBAETCS 3a/laHHasl 4acToTa MPSAMOYIOJbHBIX (TaKTOBBIX) UMIIYJBCOB fp7r,
KOTOpBIE NOCTYIAIOT Ha OJUH U3 BX0J0B nopra kaxzaoro MK. IIpu stom Bxox MK
JOJDKEH MOJIEpKUBATh 00paO0TKY BHEIIHUX IPEpPhIBAaHUM, MOCKOIbKY (QyHKIUSA 00-
pabOTKM BHEIIHUX MPEpPBhIBAHUN BEAET MOACUET CUTHAJIOB CHHXPOHH3AIMHU. B kax-
noM MK peanmn3oBan cueTyuk cUrHanoB cuHXpoHu3aunu Cyx. Kak tombko Cyx 1o-
CTUTAET YCTAaHOBJIEHHOTO (3aJIaHHOT0) 3HAYEHHMsI, IPOUCXOJIUT BHI30B BHEIIHETO Ipe-
peiBanus. Takum oOpazom, Bce MK OyayT BecTH ouH noacdet ummnyiibcoB ot BTT,
Y 3HaueHus cueTUnKoB Cyx, CMHXpOoHU3HpyemMbix MK, OyyT paBHBI.

[Ipu cpabaTteiBanuu BHemHero npepeiBanuss MK BbI3biBaeTcs (pyHKIMS, COOT-
BETCTBYIOIAsl JAHHOMY IPEPBIBAHUIO M BBIIOJIHAONIAS WHKPEMEHTUPOBAHUE IEpe-
MeHHON Cyx cuerunka npuHAThIX curHasioB BTTT B mamstu MK. Takum obpaszom,
IPOUCXOIUT MOJACUYET NPHUHATBHIX CUTHAIOB cuHXpoHu3auuu ot BTT', kaxneiM MK B
rpynne. Kak Tonbko nepeMeHHas cyeTdynka B mamsatd MK, oTeedaromias 3a rmoacuer
CUTHAJIOB CHUHXPOHHU3aLMHU, (pUC.2) NOCTUTHET 33JaHHOTO 3HAYEHUs, CpabdaThIBAET
OTBEUAIOIIEE 32 HAYaJI0 CHHXPOHHOU paboThl BHyTpeHHee npepbiBanne MK, kotopoe
cOpacbIBaeT cueTuuku Beex pyrux MK cunxponusupyemoit rpynmsl (Syx— Siks).
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Puc. 1. [logcueT curnanos Puc. 2. BpemenHnas qunarpamMMa cCUrHa-
CUHXpoHU3aunu rpynmnoit MK JIOB CHHXPOHHOU paboThl rpymmsl MK

CobbiTHe Sc;; B MOMEHT BPEMEHHU f3 O3HayaeT, yTo Bce MK rotoBbl K CHH-
XpOHHON paboTe, MOCKOJIbKY B JAHHBI MOMEHT BPEMEHHU MOCTYIHII MOCIETHUMN CUT-
HaJl CHHXPOHHOM paboThl OT Suxy. [Ipu 3TOM mocnenoBaTenbHO BBITOJIHSAIOTCS Clie-
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TyIOIIHe KOMaHAbL: 00HyNeHne cueTunka Cyx M 3aIyCK CYETYNKA CHHXPOHHOM pado-

ThI rpyninbl MK ¢ mpo10KUTETbHOCTBIO MOMEHTA BPEMEHHU C £3 TIO fo.
CueTynKk CMHXpPOHHOM pabOThl MOKET OBbITh peaiu30BaH anmnapaTHbIM TaiMe-

pom MK nu6o nporpammuo B namsatu MK. B momenT, koraa xots 6s1 oqun MK u3
IPYIIBI 3aBEPIIACT CBOIO padoTy (f9), MPOUCXOAUT OKOHYAHUE CUHXPOHHOU PabOThI
(paccunxponuzanus rpymibsl MK): Beixoa u3 pyHKIIUU CHHXPOHHOM pabOThI TPYIIIIbI
MK; cOpoc 3HaueHus cUeTurKa Mepruojia CHHXPOHHOUM paboThl; Mepexo/l K MOJICYETY
CUTHAJIOB CHHXpOHU3auu. Tak, u3 puc. 2 BUIHO, YTO Syx; U Syx3 HAYAIA U 3aBEp-
M paboTy OJHOBPEMEHHO, B TO BpeMs Kak apyrue MK ele npomomkaiy BbIIOJ-

HATH paboTYy.
VYuureiBas, uro Bce MK moryt paboTaTh Ha pa3HBIX CUCTEMHBIX YaCTOTax, a

MIOJICUET CHUTHAJIOB CHUHXPOHHU3AIMU OCyIllecTBIsieTcs KaxapiM MK, Havamo cuH-
XpOHHON paboThl ans Kaxaoro MK MoxeT oTiavyatbes Ha NEPHOJ] BpeMeHH (fs)
MEXAYy TOTOBHOCTBIO niepBoro u nocieanero MK B rpymme. ITporpammuas peanusa-
1Sl TIPEAJIOKEHHOrO Croco0a CHHXPOHM3AIMHM TakKe MOXKET padoTaTrh MO CXeMe
Master-Slave (puc. 3 a). Korna B cucteMe nmpucyTCTBYET Beaylllee YCTPOHUCTBO, B 3a-
a4y KOTOPOro BXOJHUT KOHTPOJIb U YIPABIEHUE MPOLIECCOM CUHXPOHU3ALNHU (BKIIIO-
YaTh/BBIKJIIOUATh CUTHAJI CUHXpoHM3auuu BTI' u U3MeHsATh 4yacToTy reHepaiuu Cur-
Hanma cuHxpoHuszaruu BTI', BBIMOJHATH MPOTpaMMHBIN H/WJIM ammmapaTHbIi cOpoc
cuHxpoHusupyembix MK u T.71.), nepedncieHHble Onepaluy BhIIOIHIIOTCS 3a CUET
npsmoro oOpamennss Master k BTI' nmocpenctBoMm mHTepdelica nepenayu TaHHbIX,
ucnonb3ys BeiBog CMD (puc. 3 a). Takum 00pa3zom, UCIIOJIB30BAHUE CXEMBI CUHXPO-
Hu3anuu Master-Slave npenoctaBisieT AOMOJIHUTENbHBIE HHCTPYMEHTHI, YTO MO3BO-

JISIET THOKO HAaCTPOUTb CHHXPOHH3AIIHUIO.

Puc. 3. CTpykTypHBIE CXEMBI yCTPOCTBA CUHXpOoHMU3auu MK
Master-Slave (a) u Slave-Slave (6)

CMD[SQW|  BTL [sow|
72 23 Z2 74
Slave Slave Slave Slave
CNT?2 & CNT3 CNT2 |« ] CNT4+
INT2 }— INT3 INT2 | — INT4
RCNT2 o RCNT3 RCNT2 | - RCNT41
" 2 [ Res (3 2 Res -,
A4 y
C02 CO3 co2 Co4
a 0

Cxema Slave-Slave (puc. 3 6) npenmnosnaraetr orcyrcTBue Master (Bemymiero

YCTpOICTBA), B JIaHHOM cily4ae Bce cuHxpoHusupyemble MK B paBHOW cTeneHu
MPUHUMAIOT Y4YaCTHUE TIPU BBITIOJIHEHUU OOIIeH paloThlI.
OCYIIECTBIsIETCST mepen HadaioMm padoTel. Kaxaesii MK npunumaer curHan
cuHxpoHu3anuu, nocrynaromuii Ha BeiBog MK CNTn ot BeiBoga SQW BTI'. Bce
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MK BeayT mHOJICYET NPUHATBIX CHUTHAJOB, W, KaK TOJBKO 3HAYEHUE CUETUYMKA
JNOCTUTHET 3afaHHOro uncia, BeiBOJA RCINTn MHBEpTHpPYET JIOTHYECKOE COCTOSIHUE
BbIBOJIA. JIaHHBIN BBIBOJI U3MEHSIET CBOM JIOTUUECKUN YPOBEHb, TEM CaMbIM I'€HEPU-
pys BHelIHee npephiBaHue Ha BeiBoAE INTn y Bcex cunxponuzupyeMbix MK. DyHK-
1usi 00pabOTKU BHEIIHETO MPEPhIBAHUS BBITOJIHAET COPOC CUETUMKA CUTHAJIOB CHH-
XPOHM3ALINH.

Takum o6paszom, nepBbiii MK, y KOTOPOro c4eTYMK CUHXPOCHUTHAJIOB JIOCTHUT-
HET YCTaHOBJIEHHOTO 3HauYeHus, BbI30BeT npepbiBanue INTn y Bcex MK anst copoca
caetynka CNTn, 94TO MO3BOJUT M30€KaTh HAKOIUICHUS! OLUIMOKH MOJACYETa CUTHAJIOB
cuaxpoHmzaimu KaxaeiM MK. B ciiydae BO3HMKHOBEHHS almapaTHOTO JIMOO TMpo-
rpaMMHOTO c00si B ogHOM min Heckolbkux MK, Bce MK crocoOHBI TOBTOpPHO CHH-
XPOHU3HPOBATHCA 3@ CUET BHEIIHETO MPEPHIBAHUS.

Bo3Moxen anmapartssiii copoc Bcex MK. IIpu cpabatsiBanuu copoca (Reset) B
onHoMm MK, Bce octanbabie MK cMHXpOHU3HpYEMO# TPpyIIibl OyaAyT Hepe3arpyKeHsbl.
JlaHHast OoNIMs MPUMEHUMA B Cllydyae BO3HUKHOBEHHUS IIPOIPaMMHOr0 c00sl B OJHOM
3 MK. B cinyuae Bo3HMKHOBeHHMs amnmapaTHoro coos MK, B 3aBucumoctu oT
npuydrHbI (xapaktepa) coos, MK mMoxkeT camocTosiTenbHO BRIMOTHUTE cOpoc (Reset).
Ecnu storo He mpousoiiger, Beaymmiit MK (Master) cHHXpOHU3UPYEMOM TPYIIIBI
BBINOJIHUT anmnapatHelii copoc Bcex cuHxpoHusupyeMbix MK. Ilockonbky Bce MK
uMeroT JuHuIo (muHy) copoca (Res), To npu cpabatsiBanuu nepesarpysku (Reset) y
onnoro MK, ocransusie MK B rpynne Takke BBIIOJHAT oneparuio copoca (Reset).
Ha BoiBoge Cn (puc. 3) MK renepupyercs MIMPOTHO-UMITYJIBCHO MOJYJIMPOBAHHBIN
(IIMM) curnai, CKBa)KHOCTb KOTOPOTO Kaxabli MK perynupyeTr caMOoCTOSITEIBHO.

JKCIePpUMEHT

Pa3zpaboran anroputm cuaxponuzanuu MK no cxeme Master-Slave (puc. 4) u
tectoBoe [1O Ha s3pike Cu (MK ATmega) u Python (CuK Espressif). Ha nepsom
sTane pabOThl aAJIrOpPUTMAa BBIMOJHIETCS MPOLECC WHUIMAIN3ALNUNA, KOTOPBIN
BKJIIOYAeT OOBSABICHHE TIEPEMEHHBIX, HWHUIHUAIU3ALUI0 CUYETYHKA CHUTHAJIOB
CUHXPOHU3AILIMK, HACTPOMKY BHEIIHEro npepbiBaHus (3amgaercs aapec BT na mune
I>C ¥ BBINOIHAETCS HACTPOMKA YaCTOTHI CHHXpOHU3anuu BeaymuM MK (Master)).

[Ipn ycnemnoi nHMnmamuzanuu, MK moacuuTeiBaeT CUTrHaIbBI CHHXPOHU3A-
uun ot BTI. Ilpum AocTWKEHMH CYETYUKOM TpeOyeMOoro KOJUYECTBA CUTHAJIOB
CUHXPOHU3ALIMK BBIMOJIHIETCS Mpouecc cUHXpoHHOW padotel MK. [lns mpumepa,
TECTOBBIM CTEHJ] 110 CHHXPOHMU3AUU rpymnbl MK BBINOIHSAN CHHXPOHHYIO Mepenavyy
ynpasistonux curHanoB WM. [lpu okoHYaHuWM TepuoOla CUHXPOHHOU paboThI,
KOI'/Ia CYETUYUK CUTHAJIOB CUHXPOHU3ALMH JOCTUTHET 33JaHHOTO KOJIMYECTBA OJHOIO
nepuosia CUHXpOHHOM pabotel, Ha BhIBoJe RCNT, MK wunBepTHpyercs curHai
JIOTUYECKOTO YPOBHSI, UTO BBI3BIBAET IpepbiBaHue y Bcex MK cuHXpoHM3HpyeMoi
IPYIIIBI.

TectupoBanue NPEIIOKEHHOTO CMOCO0a CHUHXPOHU3ALMU BBIMIOJHEHO Ha
crerzae ¢ asymss MK kommanuu Atmel u nesymss CHK ot kommanun «Espressif Sys-
tems». MK u CHK cnipoekTrpoBaHbl Ha pa3inyHON apXUTEKType U (YHKIMOHUPYIOT
Ha pa3HbIX CUCTEMHBIX yacToTax (Tabmuua 1). B kauecrse BTI" ncnons3oBana unte-
rpajbHas CXeMa 4YacoB peaibHOro BpemMeHn DS3231, koTopas HMEET BBIBOJ
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SQW/INT, noanepxuBaromuii TaKTUPOBaHHWE HaA pa3nuyHbix yactorax (1 I'm,

1,024 xI'n, 4,096 xI'u, 8,192 k['1) ¥ OTAEHBHBIA BBIBOJ C YacCTOTOM CHTrHaja
32,768 xI11.

(  Hayamo )j>| Haunmanusanms
O6paboTka Her Ha
OIIINOO0K

v
K [Ipuem IToncuer
Ofen umIynbco BTI uMItysbcoB BTT
CunxpoHHas
pabota \[/
[IT1M BeIKIHOYEH [ITM BxiroueH
| ]
Bremnee
MIpEPHIBAHKE
Her Komnerr Ja UM
\ ojicueTa BBIKJTFOUCH
OO6muit COpoc cueTunka
curHai copoca uMITysbcoB BTT

Puc. 4. Anroput™m padotsl kaxaoro MK B rpymnmne

Tabnuua 1 — Cnrcok cuaxponusupyeMbix MK

MK Paszpsinaocts (6ut) | Cucrtemnas yactora (MI ')
ATmega328 8 8
ATmega2560 8 16
Espressif Tensilica L106 32 40
Espressif Tensilica LX6 32 240

N3mepenue Beixoaubix [IIMM curnanos MK BbINOJIHEHO TTPU MOMOIIM JBYX-
kaHanpHOTO ocimuiorpada Keysight EDUX 1002G. IlpoBeneHo cpaBHeHHE BBIXO-
HbIx curHasioB MK ATmega2560 u CuK Tensilica L106 u LX6 ¢ BbIXOJHBIM CHUTHA-
aom ATmega328. U3 puc. 5 BunHo, yto MK ATmega328 u ATmega2560 cormnaco-

BaHHO HAYMHAIOT M OKAaHYMBAIOT OOIIYIO 3a/lady B TEUCHUE 33JIaHHOTO MPOMEXKYTKA
BPEMEHH.
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Puc. 5. OcumiutorpaMMsbl BEIXOJTHOTO Puc. 6. Beixoanoit curnain Mega2560 (- - -)
HaIpsHDKEHUS IPU CHHXPOHHOM pabote ¥ Mega328(——) npu Havane (a) 1 OKOHYa-
MK ATmega328 u ATmega2560 HUU (0) CHHXPOHHOU padOThI

Ananornyno cpaBHuBanich CHK Tensilica L106 u LX6 ¢ MK ATmega328.
IIpu stom MK ATmega328 nepBsiM Havasl BBINOJIHATH 334a4y (3aBEpUINI MOJCUYET
curHasioB cunxponusanuu BTT) (puc. 6 a), a pemienue 00 OKOHYaHUU BPEMEHU pa-
6ot1bl npuHATO MK ATmega2560, 0 4éM CBUAETENHCTBYET COKpPAIICHUE JIUTEIHHO-
CTH moceHero ummnyibsca Ha Bbixoge ATmega328 (puc. 6 6). Taxxe MK B rpymme
MOTYT BBINIOJIHATH COOCTBEHHBIE, pa3Hble MHCTPYKIMH (KOA) B TEUEHHUE 3aJaHHOTO
BpeMeHu. Hanpumep, Ha puc. 7 nokazano kak CHK Tensilica LX6 BbIoNHSICT WH-
CTPYKIIMIO OTIIMYHYI0 OT 3a7aun ATmega328. B wactHocTu, [IIMM curnan Ha BbIXO-
ne Tensilica LX6 nuMeer 6oJiee BHICOKYIO YacTOTY M OOJBIINI KO3PDUIIUEHT 3a1mo-
HEHUS.

[Ipu Havane u oKOHYaHUU CUHXPOHHOU paboTsl MK ¢ curnanamu IIINUM BbI-
ABJICHO, 4TO nepuon padotel CHK ¢ Goibliell mpou3BOIUTEILHOCTHIO OKa3alicsd Ha
1,5 mc nonbiie (puc. 86) nepuona padotsl octanbHbix MK, paGotatomux Ha Oosee
Hu3Koil yactore (ATmega328 u ATmega2560). U 310 BhI3BaHO TE€M, YTO OoJiee Mmpo-
m3BoauTenbHbI CHK ycneBaer oO0pabotarh OOJblliee KOJIMYECTBO MAITWHHBIX WH-
CTPYKILIHM, paHbllle 3aKaHYMBAET MOJCYET CUTHAJIOB CUHXPOHHU3AIMU U TIEPBHIM BbI-
1a€T KOMaHAy Ha 3aBeplUICHHE NMEepHUoaa CUHXPOHHON paboThl, a U3-3a TOTrO, YTO BbI-
xonuoit IIIMM curnan ATmega328 umeeT BIBOe OOBINHI MEPUOI, TIOCISTHUN M-
MyJIEC HE YCIEBAET MOSBUTHCA, YTO MPUBOAUT K MTOJOOHOMY PE3yNbTary.
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Puc. 8. Beixoanoii curnain LM, Hauano (@) 1 OkOHYaHUE CHHXPOHHOU padoThI (6)
Tensilica LX6 (- - -) u ATmega328(—)

3akioueHue

Pa3zpaboTan croco6 cuuxpoHuzaruu rpynnsl MK, mo3BoJsitomnii BEIMOTHATh
obmryro 3amauy rpymnmnoil MK u CHK, He cBSI3aHHBIX MEXTy COOOM KaKMM-IHOO WH-
tepdeticom cBsizu. Cuaxponmsupyembie MK u CHK mMoryT He pa3fensThCcs Ha BeIy-
mero (Master) m Begombeix (Slave) (Master-to-Slave). 3a cuér sroro, kaxaeiii MK
BBITIOJIHSIET COOCTBEHHBIE MHCTPYKIMH (KOJ), HE BiMsAs Ha padoTy ocTanbHbix MK
TPYIIIbI, YTO TO3BOJISIET CUHXPOHU3UPOBATh PA0OTYy BBIUUCIUTEIIBHBIX CPEJCTB pa3-
JUYHBIX TPOU3BOJUTENEH U JOOUTHCS TMOKOM HACTpoilku cuHxpoHu3anuu. Crocod
cuaxpoHuzauru MK mo3BossieT ¢ MUHUMaJIbHBIMA M3MEeHEHUsIMA B POC peann3o-
BaTh KOHTPOJIb JUIUTEILHOCTU TIEpHoaa CUHXPOHHOM padoTel MK, BeITIONHSS paboTy
(CUHXPOHHO, aCMHXPOHHO, MOMEPEMEHHO M T.J.) COIVIACHO PEaIM30BAaHHOMY aJIro-
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PUTMY peLIEHUsl ONpeleiIeHHONW 3aaauu. J[aHHOro pesynbTaTa yJaaercs JOCTHYb 3a
CYeT UCNOb30BaHMs KaxabiM MK coOCcTBEHHOTo (BHYTPEHHEIO/BHEIIHETO) TAKTOBO-
ro resHeparopa, nojcyera kaxapiM MK curnanoB cunxponuszamuu ot BTI wu
HAcTpOMKH TaiiMepoB/cueTuynkoB MK.

Taxoke gaHHBIN coco0 TMO3BOJISET BHIMIONHATH 0OIIyI0 3amauy rpymmnoid MK,
UCIIONIb3ysl MUHHUMAJIbHBIE amnmnaparHble CPEACTBA, W MPUMEHHM K YK€ TOTOBBIM
YCTPOMCTBaM B BUJE OTJEIHLHOTO MOIYIS JHO0 MOIU(UKAIMU CXEMbl YCTPOWCTBA
(POC). YHuBepcanbHOCTh CrIoco0a 3aKIIF0YAETCS B TOM, YTO JIOITYCKAETCs CHHXPOHU-
3upoBarh padoty kak MK, tak u CHK paznuuHbix npou3BoguTeneii u JoOOUThCS THO-
KOM HACTPOWKU CHHXpOHM3AIMH. Vcronp30BaHUe MPEIIOAKEHHOTO criocoda CHHXPO-
HU3AlUUA B paboTe HaJ TEPMOPETYISATOPOM KIMMATHYECKOM sKkpaHupoBaHHON TEM-
KaMephl MO3BOJIHIIO JOOUTHCS CHHXPOHHOTO YIpaBlieHHUs 3neMeHTaMu llenbThe mo-
cpencteoM IIIMM curnanos, ¢ 3alaHHBIM BPEMEHEM IEPUOJAa CUHXPOHHOU pabOTHI.

Hayunast HOBu3Ha crioco0a CUHXPOHU3ALMU TPYHIbl PA3HOTUITHBIX BBIYMCIIN-
tenapHbIX cpenctB (MK, ITJIMC, CHK, SoM) 3akimouaercs B CIASAYIOIIEM:

- pa3pa0oTaH aJIrOPUTM CHUHXPOHM3ALMH, OTIMYAIOIIUNCA OT H3BECTHBIX
BO3MOXHOCTBI0 CUHXPOHMW3ALMKM PA3HOTUIIHBIX BBIYMCIUTEIBHBIX CPEJICTB
0e3 HeoOxoaumocTH BHenpeHus B POC [ONMOTHUTEIBHBIX amnmapaTHBIX
CPEZICTB yIpaBJICHHUS U KOHTPOJIS Mpouecca padoThl CHHXPOHU3ALNY;

- npumeHeHne BTI' B kauecTBe MCTOYHMKA CUTHAJIOB CHHXPOHU3ALUU TPYII-
bl Pa3HOTUIIHBIX BBIYHUCIUTEIBHBIX CPEACTB OTJIMYAETCA OT HM3BECTHBIX
CHOCO00B pealin3allii BO3MOKHOCTBIO PETYJIMPOBAHUS YACTOThl UMITYJIb-
COB CUHXPOHU3ALINH;

- pa3paboTaH aJroput™M OOpaOOTKM CUTHAIOB CHHXPOHH3AIMH BBIYUCITH-
TEIbHBIM YCTPOWCTBOM, OTJIMYAIOLUIUICS OT W3BECTHBIX aITOPUTMOB BKJIIO-
yeHueM (PyHKIUU 0OpaOOTKM BHENIHMX anmnapaTHbIX MPEepbIBAHUN BbIUKC-
JUTENbHBIX CPEJICTB;

- TpeACTaBieH crnoco0 MacmTaOUpOBaHUS CUHXPOHU3UPYEMOW TpYyMIbl BbI-
YUCIUTENBHBIX CPEACTB, OTIMYAIOLIUIICS OT U3BECTHBIX CIIOCOOOB peann3a-
Ul OTCYTCTBHEM HEOOXOJMMOCTH BHECEHMs annapaTHO-NPOTrPAMMHBIX
U3MEHEHUI B OCTaJbHBIE BBIYMCIMUTENIBHBIE CPEJICTBA CUHXPOHU3UPYEMOM
TPYIIIIBL.

Hccnedosanue evinonneno 3a cuem epamma Poccuiickoeo HayyHoeo ¢Gonoa
(npoexm Ne 19-79-10162) 6 TYCYPe.
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Method of synchronization of a group of microcontrollers of different
types with management of the synchronous work duration

A. A. Sobko, A. V. Osintsev, M. E. Komnatnov, T. R. Gazizov

The relevance of the work: Modern radio electronic facilities (REFs) consist of a large number of
electronic components, some of which are microcontrollers (MCs). MCs are widely spread due to miniaturi-
zation and combination of processor and peripheral devices functions in one crystal. Use of several MCs for
solving a general task and working with a large number of peripheral devices leads to the problem of the
MCs group work synchronization. The aim of the work is to develop a hardware-software method of syn-
chronization of the MCs group work with a possibility to control synchronous work with the general period
of work for all MCs. MCs can have different computing architectures functioning at different system fre-
quencies. Novelty: synchronization of the MCs group using external interrupt handlers, without making ad-
ditional hardware changes in the REFs with the possibility of adding a new MCs to the synchronized group
without additional hardware and software changes is the novelty of the work. Results: the developed method
allows to synchronize the work of various computer systems, such as MCs, systems on a crystal, program-
mable logic integrated circuits, systems on a module, etc. computing tools. This method allows each MC to
perform a separate task (code) synchronously in the MC group of different architectures, regardless of the
frequency of each MC. Using the common MC reset bus allows to restore synchronous operating if a failure
happens. Using the common bus to reset the synchronization pulse counter, allows to avoid the accumulation
of counting errors and to minimize the waiting time for all MCs to be ready before synchronous operation.
Practical relevance: synchronization of a group of computational tools (MC, FPGA, SoC, SoM) working on
different system frequencies, performing a common task, as well as the scalability of the system. The pro-
posed method of synchronization can be used in the development of complex (combined) control systems, in
the work process of which two or more computing tools are involved, for example, in robotic systems, dis-
tributed control systems, unmanned aerial vehicles, measuring instruments, Internet of things, sensor net-
works and other areas. At the same time, this method of synchronization is reliable, if we speak about the
system structure information security, and allows you to hide detailed technical information, for example,
models type and quantity of synchronously working computing means, kind of tasks at the time of synchroni-
zation which other computing means perform and working mode: synchronous mode or asynchronous mode .
Application of the reverse engineering methods and study of the program code of a separate computational
mean can’t give detailed information. As it is necessary to apply the reverse engineering methods to explore
the developed devices in general.

Key words: synchronization, microcontroller, oscillator, computing architecture, pulse width modu-
lation, real time clock.
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