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9Ta KHUra — WHKEHEPHbIN MaHUMECT, TOKa3bIBAIOIIMI: TOCTYIHbIM Android-
cMapT¢oH crocoOeH cTaTh MO3rOM aBTOHOMHOT'O JIpOHa-TiepexBaTuruka. Bmecto
JAOpOrux OOPTOBBIX KOMITBIOTEPOB aBTOP MpeJiaraeT UCIoIb30BaTh MACCOBYIO
miatopmy ¢ momHbiM GPU, Berpoennoit cencopukon (IMU, GPS, kamepa)

Y BhIUUCUTENIbHOU Mollbio 10 15 TOPS. Bbl y3Haete, kKak CTPOEKTUPOBATh
T€TEPOreHHYI0 apXUTEKTYPY, I1le CMapT(OH OTBEUAET 32 KOMITBIOTEPHOE 3PEHUE
U TIJIaHUpOBaHKe, a MUKpoKoHTposuiep (ESP32) — 3a neTepMHUHUPOBAHHBIN
PID-koHTYyp u aBapuiiHyio nocajaky. KHura npoBeneT Bac yepe3 Bce 3Tarbl: OT
BBIOOpA JKeJie3a M pa3BOAKM nutaHus a0 peanusaimu naimiaiina YOLO+KCEF,
(punbrpanuu cencopon pusbTpoM MakBuKa, KackagaHoro PID u anroputMoB
nepexBara ¢ yaepKaHueM e B nojie 3peHusi. OTaenbHoe BHUMAHUE YIEIEHO
KPUTHUYECKHUM BbI30BaM: 60pboe ¢ 3aaepxkkamu Android, HagéxHoctn USB OTG,
TeMIIepaTypHOMY Jperidy JaTIMKOB U MHOTOYPOBHEBOU CHCTEMe 0e30MacHOCTH
(Watchdog, Failsafe, aBToHOMHOE CHUKEHUE).
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JI3n JHcTa3zusa
ABTOoHOMHBIN U npoH-IIepexBaTUNK

(BIIJIA) na 6a3e cmaptdona (Android)

1. O01mas apxuTeKTypa CCTEMbI

1.1. O6ocHOBaHue BbIOOpa cMapT(OHA KAaK «MO3Ta»

Br160op cmapTdoHa B KauecTBe [IEHTPATbHOTO BHIYMCIUTENBHOTO y371a APOHa-TIepeXBaTIuKa —
3TO HE ITPOCTO MHKEHEPHOE PEILIEHNE, a TAPaJUTMAJIbHBIY CABUT B IIOAXOAE K NOCTPOEHUIO aBTOHOM-
HBIX JIETATeJIbHBIX armapaToB. BmMecTo Toro 4to0bl NpoeKTHPOBATH CHIENATN3UPOBAHHBI OOPTOBON
KOMIIBIOTED C HYJISI, MBI UCIIOJIb3YEM IOTOBYIO, CEPUITHO ITPOM3BOJUMYIO I1aThOpMy, KOTOpast Ipo-
IJIa MHOTOJIETHIOI0 ONITUMM3ALIMIO B YCIOBUSAX KECTKOM PHIHOYHOW KOHKYPEHLIMH.

BrruncnurenbHas MOIHOCTB: KOra CMapT()OH MPEBOCXOIUT CHIELINAIN3APOBAHHbBIE PELLICHNUS

CoBpemeHHble (prarMaHcKre cMapT(oOHbI 00JIaJal0T BHIYMCIUTEBHON MOILHOCTBIO, KOTOPast
elle HECKOJIbKO JIeT Ha3a[ OblIa JOCTYIHA TOJBKO HACTOJIbHBIM cuctemaM. [Iponeccop Qualcomm
Snapdragon 865, ycraHoBeHHbI B ycTpoiictBax 2020 roga, odecniednsaer a0 15 TpUIUIMOHOB o1e-
paumii B cekynay (TOPS) nns 3agad HCKyCCTBEHHOTO MHTEJUIEKTA. DTa MPOU3BOAUTENIBHOCTh JOCTH-
raeTcs 3a CUET I'€TEPOr€HHOM BBIUMCIIUTENILHOU apXUTEKTYphl: 8-anepHbiii Kryo CPU, rpaduyecknii
npoueccop Adreno 650, HeCKOIBKO HU(POBBIX CUTHAJIBHBIX ITporieccopoB (DSP) u cnenmansupo-
BaHHBIN OJIOK KomibioTepHoro 3perust EVA (Embedded Vision Accelerator).

Yro 310 03HavaeT Ha npaktuke? 15 TOPS — 310 nocrarouHass MOIUTHOCTD 17151 OTHOBPEMEH-
HOT'O BBITIOJTHEHUSA:

- Herexuun o0bekToB HefipoceTbio YOLOVS wim YOLOVS B peasibHOM BpeMeHH;

- TpekuHra 1esmm aaropuTMaMyu ONTUYECKOTO MOTOKA WA KOPPEIALMOHHBIMY (PHIIbTPaMU;

- CMsAHUA CEHCOPHBIX JTaHHBIX C UCIIOIb30BaHUEM (pUIbTpa MamKBUKA WM PACIIMPEHHOTO
¢pubTpa Kanmana;

- Pacuera PID-peryistopoB sl cTaOMIM3aliy MoJeTa;

- Cxarud 1 nepejauv BUIEONOTOKA Ha HA3EMHYIO CTAaHLMIO.

[Mpu srom mnarpopma Qualcomm QRB5165 (pobotusupoBannas Bepcust Snapdragon 865)
NOJ/IeP’KMBAeT 0 CeMU MapajllelbHBIX Kamep W o0padoTKy Bupeo B (opmare 8K HDR. [lns
JpOHA-TIIEPEXBATUMKA 3TO O3HAYAET BO3MOXKHOCTb MCIIOIB30BAaHUSA HECKOJIBKHUX KaMEp OIHOBpeE-
MEHHO: IIMPOKOYTOJILHOM /17151 TAHOPAMHOT'0 0030pa, Y3KOYTOJIbHOM /11 TOYHOTO HaBeJIeHUsl 1, BO3-
MOXHO, CTepeOnapsl 1151 OLIEHKU [JTyOUHBI.

BasxHO MOHMMATh: 3Ta BEIYMCIHUTEIBbHAS MOIITHOCTD JOCTYITHA HE TOJIBKO B TAOOPATOPHBIX YCIIO-
BUAX, HO U B peaJIbHOM ItosieTe. biarogaps TeXHOJIOrMAM AMHAMUYECKOTO YIIPABJIEHUs YaCTOTOU U
SHEpronoTpedIeHueM, cMapT(OH COCOOEH MOIAEPKUBATh BBICOKYIO IPOU3BOAUTEBHOCTD B Teue-
HHE BCEro BPEMEHH I10JIETa, He MeperpeBasich U He paspsikas Oarapeio KpUTUYECKU ObICTpO.

CeHcopHas 9KocHUCTEMa: Bce HEOOXOIMMOe yxke Ha OopTy

OpHO U3 IIaBHBIX IPEUMYLIECTB UCTIONBb30BAHUA CMApT(OHA — ITO rOTOBAsA, MHTErpaJIbHAS
CEHCOpHas CHUCTeMa. B omiMuue OT crenuaJn3ipOBaHHOIO IOJIETHOIO KOHTPOJJIEpPA, K KOTOPOMY
HYKHO IOZIKJIIOYaTh BHELTHUE JATUYMKHU (YTO YBEINUMBAET BEC, CTOMMOCTb U CIIOKHOCTB), CMAPT(POH
IIPEOCTABIISIET:

- Akcenepometp u rupockon (6-ocepont IMU) — ni14 onpenenieHrst OpueHTaly U JIMHENHbBIX
YCKOPEHUH;
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- MarautomeTp — 7151 KOppeKIMHU Jperida TMpocKomna Mo Kypey (XOTs Ha MPaKTUKE HU3-3a
MarHUTHBIX TIOMEX OT MOTOPOB €r0 MCIIOIb30BAHUE OTPAHUYEHO);

- GPS/THCC-nprieMHUK — /1151 T7100a7IbHOW HABUT Al

- BapomeTp — 117151 U3BMEpEHU s BBICOTHI;

- OCHOBHYI0 U (DPOHTAIBHYIO KaMephbl — [JIsI KOMITBIOTEPHOTO 3PEHUST;

- JJaTuUMK¥ OCBEIIEHHOCTH Y MPUOVIKEHHS] — IJIs1 BCIIOMOTaTe bHbBIX 3a/1ay.

Bonee Toro, 3Ti CEHCOPHI yKe OTKATMOPOBAHBI TPOM3BOIUTENIEM M IMEIOT BCTPOSHHYIO TEMITe-
paTypHYI0 KOMIIEHCAIIMIO Ha YPOBHE IpaiiBepoB. B BRICOKOKaUeCTBEHHBIX YCTPOMCTBAX HCIOIb3YeTCs
anroput™ Over-Temperature Compensation (OTC), KOTOpBII CTPOUT JUHENHYIO MOJIENb 3aBUCUMO-
CTH CMENIEHHS JaTYMKOB OT TEMITEPaTypbl. DTO KPUTUYECKU BaXKHO IS IPOHA, T7Ie TeMIIepaTypHbIe
rpagveHThl BO BpeMsl MoJieTa MOTYT OBbITh 3HAYUTEIIbHBIMU.

NccnenoBarensckuil mpoekt SmartCopter BeHCKOro TeXHUYeCKOro YHUBEPCUTETA HAIJISIIHO
MIPOJEMOHCTPUPOBAJT 3Ty KOHIEMIHIO: 0ObrHbI Samsung Galaxy S II, ycTaHOBIEHHBIN Ha JIPOH,
obecrieurBajl aBTOHOMHYIO HaBUTAIMIO B roMernieHun 0e3 GPS, ucronb3ys TOMBKO BCTpPOEHHbBIE
Kamepy, akceJepoMeTp, TUpocKor u Marautomerp. CmapTdoH pacnozHaBan OyMaxHbIe MapKephl,
pa3MelleHHbIe B POCTPAHCTBE, ¥ TI0 HUM OITpeIesisil cBoe nosoxeHne. CTOMMOCTh ApoHa 6e3 yueTa
cmaptdoHa coctapiisiia Bcero okoyio 300 eBpo — sipkoe MOATBEp:KAeHrEe SKOHOMUYECKOr dhdek-
THUBHOCTH TIOJIXO/1A.

SkoHoMuvecKast 3PEeKTUBHOCTD: JOCTYITHOCTh U MACIITAOUPYyEeMOCTh

Tpetuii kmo4eBoi (pakTop — CTOMMOCTh. Crienanu3upoBaHHble OOPTOBBIE KOMITBIOTEPBI IS
npoHoB (Hanpumep, NVIDIA Jetson wiu Intel NUC) cTodT cOTHHM, a MHOTAA U THICSIYU J0JIJIAPOB.
CmaptdoH, ocoOeHHO OBIBIMI B yHOTpeOIeHur, MOKXHO mprodpectu 3a 50-200 momiapos, npu
9TOM OH OyeT 00J1a1aTh COMOCTABUMON MJIH AaXe MPEBOCXOSIIEH BEIYUCIUTEIBHONW MOIIHOCTBIO.

Ho sKoHOMMSI HE OrpaHMYMBAETCS CTOUMOCTBIO CAMOT'O YCTPOKCTBA:

- CHkeHMe 3aTpar Ha pa3paboTKy: He HYKHO MPOEKTUPOBATh NEYATHYIO TUIATy IJIsl ITPOIIec-
copa, NaMATH U nepudepruu — BCe yxke eCTh Ha TOTOBOM I1J1aTe;

- ToroBasi onepaiyioHHasi crcTemMa ¢ TOIIEPXKKON TpallBEpOB BCEX CEHCOPOB — SKOHOMUS
YeJIOBEeKO-MeCsIeB Ha HU3KOYPOBHEBOM MTPOTrPaMMHUPOBAHUMY;

- Bo3MOXHOCTh OBICTPOrO MPOTOTUIMHUPOBAHHUSL: OOHOBJIEHHE IMPOTPAMMHOIO OOECTICUSHUS
yepe3 Google Play wiu ADB 3aHuMaeT MUHYTBI, @ HE Yachl MEPENPOIIMBKY CHEIUATN3UPOBAHHBIX
KOHTPOJUIEPOB;

- MaccoBoe mpou3BOACTBO M JOCTYITHOCTh KOMIIOHEHTOB: 3aMeHa pa30uToro cMaprgoHa He
npo0sieMa — HANTH aHAJIOTUYHYIO MOJIENIb HA BTOPMYHOM PBIHKE JIETKO.

Nccnenoarens Anner Moccenb 13 BEHCKOro TEXHUYECKOIO YHUBEPCUTETA, PYKOBOIUTEIb
npoekta SmartCopter, mpssMo ykasbiBaja: «Mbl XOTeI COXpPAaHUTh HU3KYIO CTOUMOCTb U TIOCTPOUTD
Halll KOIITep Ha OCHOBE OTKPHITHIX arMapaTHbIX MOAXOI0B .

PeasibHbIE TPOEKTHI — JIOKA3aTEILCTBO KOHLIETIIIUH

Wnes ucnons3oBanust cMapTgoHa Kak «MO3ra» IPOHA MMEET MHOTOJIETHIOI UCTOPUIO YCTIEII-
HOU pean3aluu:

1. SmartCopter (Benckuit Texuuueckuii yauepcurer) — Samsung Galaxy S II BeimonHsin
ABTOHOMHYIO HABUTAIIMIO B IOMEIIEHUH 0 BU3YaJIbHBIM MapKepaM. DT0 ObUT OUH U3 MEPBBIX MPO-
eKTOB, JOKA3aBIIHX, YTO CMAPT(POH MOXKET 3aMEHUTD CIIEIMATU3UPOBAHHBINA aBTOMHJIOT.

2. Uccnenoparenbckuii mpoekT Qualcomm u IleHcuiibBaHCKOro yHHMBEpcUTETa — JIPOH Ha
6aze Samsung Galaxy S5 BBINONHSUI BCE 33141 aBTOHOMHO, BKJTIOUAsl B3JIET, MOJIET TI0 MapUIPyTy U
nocanky. [TpoekT rmokasas, 4to jaxe cMapTdOH CpeHero Kjacca crocoOeH 00ecreunTb MOTHOIEH-
Hoe ynpasieHue BITIA.

3. Androcopter — B 3TOM MpoeKTe cMapT¢OH BBHICTYNAT B POJIM MOJHOLIEHHOTO TMOJETHOrO
KOHTpPOJUIEpA, UCTIONb3YS JaHHBIE CO CBOEr0 MHEPLIMAIBLHOrO M3mepureabHoro monaynisa (IMU) mis
cTaOMITM3AIMU KBAIPOKONTEPA. YIIpaBjIeHHe IBUraTesIIMU OCYIIECTBIISIOCh Yepes IIaTy paciipe-
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Hus [0I0-Board. [TpoekT moaTBepaui, 4to cMapT¢oH 001a1aeT BceM HeOOXOAMMBIM J1JTs yIIpaBJie-
HUS IPOHOM, XOTSI ¥ BBISIBIJI TIPOOJIEMY C TapaHTUEW TOUHOTO BPEMEHH BBITIOIHEHUSI OTlepaliil 13-
3a MHorozagayHoctu OC Android.

4. DroidDrone (Open Source) — coBpeMeHHasi Open-source CUCTeMa, MCHOb3ylolias JBa
Android-cmaptdona: oguH Ha JpoHe (TNOAKIIOYaeTcsi K MojeTHOMY KoHTpoiiepy uepe3 USB
OTG), BTOpOil — B KavyecTBe My/bTa yrnpasieHus. [IpoeKT noaaepkuBaeT MomyJsipHble MPOIIMBKA
(ArduPilot, Betaflight, PX4) u mo3BosnisieT ynpasisiTh IpOHOM U3 JTIOOON TOUKU MUpPA Yepe3 UHTep-
HeT.

5. Autopilot for UAV (GitHub) — mnpoekT no cozganuio aBronwiota aist BITJIA nHa Gaze
Android-cmapTdoHa ¢ UCTTOB30BAaHUEM HEHMPOCETEBOTo OJIOKA yIIpaBJICHUS.

6. UAS Phone Swarm (Former Lab) — mnoxamnyii, camblii (pyTypUCTUUHBII TIPUMEP: Kaxk-
aplid cMapTOoH Ha OOPTY JpOHA CaMOCTOATENbHO 0OpadaThiBaeT qaHHbIe ¢ narynkoB (IMU, GNSS,
Kamepa), 3amyckaet Heripoceth MediaPipe EfficientDet mns oOHapyxeHHsI 0OBEKTOB U OOMEHHUBA-
eTcsl TaHHBIMM C JPYruMu gpoHamu 1o Wi-Fi muist koopauHaimm AeficTBriA posi — Bce 3TO Oe3 1moj-
KJIIOYEHHS K OOJIaYHBIM CEepBUCaM, MPSIMO Ha OOpTY.

WHsxeHepHBbI KOMIIPOMUCC: TTIOYEMY TO padOTaeT MUMEHHO JUIs TepeXBaTuhKa

Jl1st 3aaun mepexBara JABMKYIIEHCs 1eau cMapT(oH MMeeT HEOCTIOpUMBbIE MPEUMYILEeCTBa
niepe]] CieluaIM3MPOBAHHBIMU KOHTPOJUIEPAMHM:

- Kamepa Bricokoro paszperienus (12—-200 MIT) no3BosnsieT 1eTeKTUPOBATh 1IEIU Ha OOJIBIIIOM
PaccTosIHUM;

- Momuwiii GPU obecnieunBaet padoty Heripoceted aerekimu (YOLO) ¢ yacroroit 10-30
KaJpOB B CEKyH/Y;

- Berpoennsiit Wi-Fi u cotoBast cBs3b yrpoIaoT nepeauy TejieMeTpyUr U BUJIEO Ha HA3eMHYIO
CTaHIIHIO;

- BoamoxkHOCTh vcnionb3oBanuss GPS s rpy0oii HaBuralyy u KOppeKIuu apeida.

OpHako, Kak 1 000e WHKEHEPHOEe pellieHre, STOT MOAXoa uMeeT orpannyeHus. Android He
SIBJISIETCSI OTIEPAIIMOHHON CUCTEMOM PeaIbHOTO BPEMEHH, UTO MOXET IIPUBOUTD K HEMPeICKa3yeMbIM
3a7iepKKaM TMpy Tepeiave YIpaBJIsomX KoMaHa. VIMeHHO MoSToMy B apXHUTEKType ApoHa-Tiepe-
XBaT4YMKa CMAapT(OH BHICTYMAET KaK «MO3I» BBICOKOTO YPOBHsI (KOMITBIOTEPHOE 3peHHe, TUIAHUPOBa-
HUe, MIPUHSTHE PEleHui), a OBICTPBI KOHTYP CTaOMIM3AlK BHIHOCUTCSI HA BHEIIIHUI MUK POKOH-
tposiep (ESP32 wiu Arduino). 1o coueraHue mo3BoJisieT UCIIOIb30BaTh BBIYUCIUTEIBHYIO MOIIIb
cMapt¢OHa TaM, Tie OHA JEWCTBUTENILHO HYKHA, ¥ ITPU 3TOM 00eCTieunBaTh JeTEPMUHU3M yIIpaBJiie-
HUS Ha KPUTUYECKN BaXKHBIX YYaCTKaX.

Pestomupys

Bri6op cMapTdoHa B Ka4ecTBe HEHTPATBHOTO BBHIYMCIUTENIBHOTO y3J/1a — 3TO CTPaTernuecKkoe
pelieHre, Oa3upyloleecss Ha TPeX CTOJMAX: BHIUUCIHUTENbHAsE MOITHOCTD (o 15 TOPS), BcTpoen-
Hasl ceHcopHas 3kocucrema (kamepa, IMU, GPS) u skoHomunueckas 3(peKTUBHOCTD (JIOCTYITHOCTD
1 ObICTpOE MPOTOTUMHMPOBAHKE). MHOrOUMCIIEHHbIE MCCIIEJOBATENIbCKUE M OPEen-source MpOeKThI
(SmartCopter, Androcopter, DroidDrone) 1oka3amu ;kU3HeCIOCOOHOCTb 3TOro rnoaxoaa. s apoHa-
riepexBaTynKa cMapT(OH CTAHOBUTCS WACAIBHOW IIAT(OpMON, odecrieunBaloiieil 6anaHc Mex1y
MPOU3BOIUTELHOCTBIO, (DYHKIIMOHAJIBHOCTBIO M CTOMMOCTBIO — MMEHHO TO, YTO HYKHO ISl CO3/1a-
HUS1 aBTOHOMHOTO, UHTEJJIEKTYJILHOTO U IOCTYITHOTO JIETATeJIbHOTO ammnapara.

1.2. Uepapxus ynpaBJjieHUs

Korza Mbl roBOpHUM 00 apXUTEKType yIpaBJIeHHs JPOHOM-TIIEpEXBaTUMKOM Ha 6a3e cMapT(doHa,
MBI CTaJIKMBaeMcs C (byHJAMEHTAIbHBIM MpoThBopedneM. C OfHOM CTOPOHBI, Y HAC €CTh CMapT-
(hboH — MOIIHENIINI BHIYUCIUTEIbHBIA LEHTP, CIIOCOOHBINA BBHIMIONHSAThH CIOKHEHIINE aarOpPUTMBI
KOMIIBIOTEPHOT'O 3pEHUS], CIUSIHUS CEHCOPHBIX JIAaHHBIX M IUIaHUpOBaHUS Tpaekrtopuu. C npyroi —
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Android, onepaiiioHHasi cuctemMa, KOTopasi o CBOEU MPUPOJIe HE SIBJISIETCS CUCTEMOU peajibHOro
BpeMEHH. YTPaBJISIONMe KOMaH/bl U TIOKa3aHUsl JaTuukoB B Android moaBepkeHbl 3HAYMTETbHBIM
Y HeTIpeACKa3yeMbIM 3ajepkkam. i qpoHa, rie cTaOMIbHOCTD TMOoJeTa 3aBUCUT OT MUJUIMCEKYHI,
3TO KPUTUYECKOE OTPaHUYEHHE.

Pemenue 31oii AUaeMMbl — U €CTh CYTh MEPApXUUYECKOl apXUTEKTYphl yIpaBieHUs. Mbl He
meITaeMcst 3acTaBuTh Android ObITH TeM, YeM OH He sIBJisieTcss. BMecTo 3Toro Ml pasiesniseM OTBeT-
CTBEHHOCTb M€Ky YPOBHSIMU CUCTEMBI, KaIbIil 13 KOTOPBIX ONTUMU3MPOBAH M0 CBOM KJIacC 3a/1ay.

TpexypoBHeBasi apxUTEKTypa: pa3aesieHre N0 BpeMEeHHbIM MacIiTadam

Cucrema CTpOHTCS Kak TPeX3BEHHAsI LIETI0YKa, IIe KaXKIbli ypoBeHb padoTaeT Ha CBOEM Xapak-
TEPHOM BPEMEHHOM MacCIITade U pelaeT CBOM KJlacc 3a/1adv.

Beicimii yposenb: Cmaptdon (Android) — «crparer»

CmaptdoH — 3TO MO3T, MPUHUMAIOIIVI pellieHrs] Ha TOPU30HTE CEKYH]I U IECSITKOB CEKYH/I.
Ero 3agaum:

- KomrmslotrepHoe 3penue: nerekims 1enu HeiipoceTsio (YOLO), Tpekunr (KCF, CSRT), ana-
JIN3 CLIEHBI.

- CisiHMe CEeHCOpHBIX JaHHBIX: (pWIbTp MaakBUKa UK pacivpeHHsli puibTp Kanmana nis
OLIEHKM OpUEHTALUH.

- [InaHupoBaHKe TPAEKTOPUU: PacyeT MyTH K LIeJIU, IPOTHO3UPOBAHUE €€ JABUKEHUS.

- BpicokOypOBHEBbIE pellieHHsI: KOI/la HauMHAaTh NepexBar, Korja npepBaTb MUCCHUIO, KaK pea-
TMpOBaTh HAa MOTEPIO LIENH.

NccnenoBanus nokasplBaioT, YTO COBpeMEHHbIE cMapTgoHsbl, Takue Kak Galaxy SIII, ycnientHo
CIIPaBJISIOTCS C STUMU 3aJa4aMHU, UCTIOJb3Ysl CEHCOPHYIO MHTETpallio Ha OCHOBE aJalITUBHOIO pac-
mmpenHoro ¢ubTpa Kanmana. Boree Toro, kak mpoaeMOHCTPUPOBAHO B paboTe MO YIPaBICHUIO
DIJI F450, ne-rooted Android-cmaptdoH criocodbeH cTabum3rupoBaTh KBaAPOKONTEP 0e3 BHEIITHETO
IMU. Iporieccopsl cMapT(OHOB BHIMOTHSIOT CIIOKHBIC BHIYUCIICHU I, HEOOXOTUMBbIE [IJIS1 peaTi3aiiiu
CTpaTteruil ynpaBjieH!sl B peaJlbHOM BPEMEHHU.

Opnako, Kak Mbl yxke otMeTuv, Android He rapanTupyer aetepmuHu3Ma. IMeHHO osToMy
cMapT¢OH He yJacTBYeT B ObICTPOM KOHTYpe cTabmn3aiyu. OH BbIIaeT KOMaH/Ibl HA YPOBHE «JIETETh
B Ty TOUKY» WUJIM «IIOBEPHYTh HAJIEBO», HO HE 3aHMMAETCS] MUK PO-KOPPEKLIMEN MOJIOKEHU S KaXKAble
2 MWUTMCEKYH/IBL.

Cpennuii ypoenb: Mukpokontposuiep (ESP32/Arduino) — «TakTuk»

ITO CBsA3YIOIIEe 3BEHO MEXK/y MHTEJUIEKTOM cMapT(OHA U CHJIOBOM YacThio. MUKPOKOHTPOJI-
Jep paboTaeT Ha TOPU30HTE MIJUIMCEKYH/I M pelaeT 3aJau:

- IIpuem komanp uepez USB OTG ot cmaptdona.

- I'enepanus INIMM-curnanos s ynpasienust ESC.

- Peanmuzarms 6picTporo PID-koHTYypa cTabuim3aiy — UMEHHO 31eCh, a He Ha cMapTgoHe.

- CroposkeBoy TaiiMep U aBapuitHasi Mocajika IMpy noTepe CBsI3U co CMapT(OHOM.

Bei6op mexay ESP32 u Arduino Nano 3nechk He cimydaeH. ESP32 umeer nqByXbsiiepHYIO apXxu-
TEKTYpPY, YTO TMO3BOJISIET BBIAECIUTH OIHO SO MOJ YyBCTBUTENIbHbIE KO BpemeHH 3agauu (PID,
[INM), a BTOpOoe — noa komMmyHUKaluu. B npoektax nHa ESP32-S3, Hanpumep, Bpemsi-KpUTHYHbIE
3agauu (ceHcopHasi BBIOOpKa, pacueT opueHTanuu, [IIMM) cTporo orpaHuyYeHbl OMHUM SPOM, YTO
MO3BOJISAET M30eXkKaTh APOKaHUS 3a/epkek npepeiBanHuil. Arduino Nano, OGymyun OGosiee TpOCTbIM U
JEIIEBBIM, TaKKe MOXET BBIIIOJHATH 3TY POJib, HO €ro OJHOMOTOYHAS APXUTEKTypa MeHee THOKasl.

BaxHO MoOHMMATh: MUKPOKOHTPOJUIEP B 3TOM CXeME — HE MPOCTO «NEepeBOAUMK». B peasb-
HBIX peann3anusix, Hanpumep B mpoekte Rutgers University, Android-npuiioxeHnue BbinonHser PID-
pacyeTsl M OTIIpaBJsieT 3HaueHus1 Ha Arduino, kotopoe 3ateM pactpenensier ux no ESC. Onnako
B OoJiee HaJIeKHOW apXUTEKTYpe, KOTOPYIO Mbl pEKOMEH/IyeM, UMEHHO MUKPOKOHTPOJLIEp SBIISIETCS
XO3MHOM OBICTPOTO KOHTYpA.

Huzimii yposens: ESC + MoTOpbl — «HCHIOTHUTENN»
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Ito cuiosas yactb cucteMbl. ESC (Electronic Speed Controllers) nomyyator INMM-curnasnst
OT MUKPOKOHTPOJUIEpA 1 TPeoOpasyloT UX B TpexdasHoe nuTaHue 1Jist OeCKOIIIEKTOPHBIX MOTOPOB.
371ech HET MecTa aJIrOpUTMaM — TOJIBKO UCIIOJTHEHHE.

[Nouemy OpicTpbiii PID-KOHTYp BBIHOCUTCS HA MUKPOKOHTpOJLIEp?

ITO KPUTUUECKOE apXUTEKTYPHOE PELIEHUE, U BOT II0YEMY.

Knaccuueckuit PID-perynsitop, pa3paOOTaHHBIN AJ1s1 CHCTEM C (PMKCUPOBAHHBIM BPEMEHHBIM
1aroM, B HeJeTepMuUHMpoBaHHOW cpeme Android craHoBuTcs HecTaOWIbHBIM. Kak TMOKa3bBaIOT
UCCIIe0BaHUs, U3-3a TOro, 4to Android He SIBJISIETCS] CUCTEMOI peaibHOTO BPEMEHHU, YIIPABJIAIONINE
KOMaH/Ipl ¥ TIOKa3aHMS JATYMKOB MOIBEPKEHbI 3HAUUTEIBHBIM 3a1iep:kKkam. [Toatomy PID-koHTpOII-
JIep JOJIKeH ObITh MOAM(UIIMPOBAH IS yUeTa aCHHX POHHOCTH n3MepeHui. M XOTs CyIecTBYIOT Mpo-
JIBUHYTHIE MOZAETbHO-CBOOOAHBIE PID-KOHTpO/Iephl, padoTaoliye HermocpeacTBeHHo Ha Android,
OHM TPeOYIOT CJIOKHOM HACTPOWKHM M HE JAIOT TapaHTHi AeTePMUHHU3MA.

Brirocst 6bicTphlii PID Ha MUKpPOKOHTPOJIIED, MBI

1. ObecrieunBaeM JIETEPMUHU3M: MUKPOKOHTPOJUIEP PaOOTAET Ha «TOJIOM JKeJIe3e» WM IO
RTOS, rne BpeMsi BBITOTHEHHUS LIUKJIA MPEJICKAa3yeMo.

2. CamxaeMm 3aBUCcMMOCTb OT Android: gaxe eciv cMapTgoH «3aagymaeTcsi» Ha S0 Mc, MUKpO-
KOHTPOJUIEP MPOAOIKHUT CTAOMIM3UPOBATh APOH.

3. Ynporiaem oTIaaKy: MpooiIeMbl CTaOUIN3aMK AUarHOCTUpYIoTcs Ha ypoBHe MK, HezaBu-
CUMO OT ciioxkHocTeill Android-npuiioxeHus.

B peanbHBIX MpOEKTax 3Ta apXUTEKTypa MOATBEPXKIECHA 3KcrepuMeHTanbHo. Hampuwmep, B
padore no kackagomy PID mis cMapTdhoH-0a3upOBaHHOTO KBaPOKOIITepa, MPEICTABICHHON Ha
koHGepeHuur MED, ycrieniHo peann3oBaHbl KackagHble PID-cTpyKTypsl 17151 yripaBieHHs BbICOTOM
u opueHTtanuen. A B npoekte SmartCopter, rae cmaprgon Galaxy SII 3aMeHMIT IITaTHBIA TONETHBIN
koHTposiep Mikrokopter, Bcsl JIorMKa BBICOKOTO YPOBHSI BBIIOJIHSUIACh HA CMapT(OHe, HO KpUTHY-
HBbIE K 33JepKKaM 3a7a41 ObLIA BHIHECEHBI HA YPOBEHb, 00eCIIEUMBAIONININ IETEPMUHU3M.

NtoroBsiii mpuHLIATL

Nepapxus ynpasiieHUs B ApOHE-TIEPEXBATYMKE CTPOUTCS IO MPUHLIMITY Pa3[esIeHUs Mo Bpe-
MEHHBIM MaciITabam:

| Yporens | KomrionenT | BpemenHo# macmitad | @ynkmmm |

| Boicumii | Cmaptdon | Cekynap! | 3peHue, rniaHupoBaHue, pelieHus |

| Cpennuii | ESP32/Arduino | Mummucekynst | PID, IINM, Failsafe |

| Husumii | ESC + Motopsl | Mukpocekynast | Ucnionnenwue |

CMapT(oH — 3TO «CTpaTer», KOTOPBII BUAUT LIeJIb, JTAHUPYET MapIIPyT ¥ IPUHUMAET pellie-
HUSI. MUKPOKOHTPOJUIEP — 3TO «TAaKTUK», KOTOPbIA MTHOBEHHO pearupyeT Ha BO3MYILCHUS U yIep-
’KMBAET JIPOH B 3a/1laHHOM nosiokeHnn. ESC 1 MOTOpBl — 3TO «comiaThl», KOTOpPbIE MPOCTO UCTION-
HSIOT [TPUKa3bl.

Takas apXUTEKTypa MO3BOJISAET MCIOIb30BATh BHIYUCIUTEIBHYIO MOIb CMApT(OHA TaM, I1e
OHa JISVCTBUTENIBHO HyKHa (KOMITBIOTEPHOE 3pEHHE, CIIOKHBIE aJITOPUTMBI), M TIPH TOM 00ecreyn-
BaeT IETEPMUHU3M U HaJIe:)KHOCTb YIIPaBJIEHHS HA KpPUTUYECKU BaKHBIX ydacTKax. IMeHHo 310 coue-
TaHUE JeaeT BO3MOXKHBIM CO3[aHHE aBTOHOMHOTO, MHTEJUIEKTYAIbHOTO M MPU 3TOM CTaOMJIBHOTO
JpOHa-IIepeXBaTUMKa.

1.3. CpaBHeHne ABYX IOIX0/10B

Korza MbI roBOpHM 0 CO3/1aHUH JIpOHA Ha Oa3e cMapT(OHa, BaXKHO MOHUMATh: CYIIIECTBYET J1Ba
MPUHIIMITNATIBHO Pa3HBIX CIIOCO0A OPraHU30BaTh Ty cucTeMy. M BBIOOp MeXay HUMU OTIpeessieT He
TOJIBKO CJIOKHOCTh ITPOEKTA, HO M TO, KAKUe 337241 Bbl CMOXETE peliaTh B IPUHLIUIIE.

IMoaxon 1: «CmaptdoH Kak My/IbT» — KOrJa HyKHO OBICTPO B3JIeTETh
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ITOT NOIXOA — HAeabHAsI TOUKA BXOJA AJIsI MHAKEHepa, KOTOPBI XO4YeT MoTyduTh padoTa-
IOLUI APOH 32 MUHMMaJbHOE BpeMs. CyTb IpeAebHO IpocTa: cMapT¢OH BBICTYNAET KaK YMHBIN
MyJIbT YIPaBJICHUS U JUCIUICH, a BCIO «9EPHOBYIO» PadOTY IO CTAOMIM3AIIUKN U YIIPABJICHUIO MOTO-
paMu BHITIOTHSIET MUKPOKOHTPOJLIEP.

Kak 3to pa6oraer. Cmaprdon noakmouaercs k ESP32 yepe3 Wi-Fi — 310 ocHOBHOW KaHat
CBsi3M. MUKpPOKOHTPOJIJIEp IMOJTydaeT KOMaH[bl (HAIpUMeEp, «yBEIWYUTh TATY» WIH «IOBEPHYTb
HAJIEBO») M CAMOCTOSITEJILHO yrpanisier Motopamu uepe3 [IIMM-curHasnsl. Bes oruka crabvmmsa-
1 — PID-perynsartopsl, o0padotka ganabix ¢ IMU (akcenepoMeTp + rupoCKoI), TeHeparysi yIpas-
JSIOMUX CUrHaJIoB — BhiNoniHsieTcst Ha ESP32. CmaptdoH 31ech — 310, M0 CYTH, SPrOHOMUYHBIN
MYJIBT C CEHCOPHBIM SKPAHOM, KOTOPbIA MOXKET TOKa3bIBaTh TEJIEMETPUIO, BUJEOMOTOK C KaMephl 1
MPEIOCTABIIATh YIOOHBIN MHTEP(EC Uil MIIOTHPOBAHMUS.

TotoBble pemenus. CymecTBYIOT OTKPHITHIE TIPOEKTHI, KOTOPBIE PETU3YIOT STOT MOAXOM U3
KopoOku». Campbiii nu3BecTHbI — ESP-Drone ot Espressif. 9To open-source perienue Ha 6a3e YiInoB
ESP32/ESP32-S2/ESP32-S3, kotopoe ympasiiseTcs: yepe3 MoOuIpHOe Tipuiiokenue st Android
wm 10S no Wi-Fi. OcHoBHO# ko noptupoBaH u3 npoekrta Crazyflie. [Tomumo 6a30Boro pexmma
crabmmmzanuu, ESP-Drone nonepxuBaet pexxumbl yaepKaHUsI BHICOTH U TO3UILIUH.

Ha 6a3e ESP-Drone nosiBuiuch ere Oosiee IOCTyNHbIE peayin3anvu. Hampumep, MpoexT
LiteWing ot Circuit Digest — DIY-gpoH ctoumoctbio okosio $12, rne nevyaTHas riara OJHOBpe-
MEHHO CTykUT U pamoid. OH ucnosnb3yer ESP32-WROOM-32, IMU MPU6050 u yeTbipe KoJuieK-
TOpHBIX MOTOpa 720. YnpasiieHre — uepe3 To ke open-source npusioxeHue ot Espressif.

Bompoc 3anepxkek. Kputrueckuil mapamerp Ajsl JI0OOTO paguioynpaBieHUuss — SHI-TY-9H]T
3a/iep’KKa OT KacaHWsl 9KpaHa A0 peakiyu MoTopa. B oTKpeIThiX peasmzanusax Ha ESP32 stort noka-
3aresib CTaOWILHO ACPKUTCA B paiioHe 35 Mc + 5 Mc B yC/IOBUSIX TIPSIMOU BUIUMOCTH. [{71s1 cpaBHe-
HUS: TUTIMYHASA 3ajiepkKa TpaguiuonHoro 2.4 I'Ty mynera cocrapisier S0—100 mc. Tak yro Wi-Fi-
pemenrie Ha ESP32 e npocto pemeBnie — oHo eine U Ovictpee. [Ipu ncnons3oBanuun ESP-NOW,
MIPOTOKOJIa C MMHUMAJIbHBIM OBEPXEIOM, 3aJep:KKa MOXKET CHUKAThCS 10 MEHEE S5 MC.

Komy nonmxoaut. DTOT noaxon — il HAYMHAIOIIMX, U 00pa30BaTesIbHBIX MPOEKTOB, IS
obicTporo npototunupoBanus. OH He TpeOyeT ryOoKux 3HaHMi Android-pa3paOoTku, He 3acTaB-
JISIeT Bac MHCATh CJIOXHbBIE aIrOPUTMbI KOMITBIOTEPHOTO 3peHus. Bbl OGepere roroByio MpoOIIMBKY,
rOTOBOE MPUJIOKEHHE, COOMpaeTe KeJle30 — M uepe3 Mapy BeYepoB Y BaC B PyKax JIETAIONIMI JIPOH.
Ho 1 BO3MOKHOCTH 3/1€Ch OTpaHUYEHbI: CMapT(OH He YYaCTBYET B yIIPaBJIEHHUHU, €r0 Kamepa 1 BBIYHC-
JIUTEJIbHBIE MOIIHOCTH OCTAIOTCSI HEUCTIONb30BAHHBIMU /17151 aBTOHOMHBIX 33/a4.

[onxon 2: «CmapToH Kak MOJIEeTHbII KOHTPOJIEP» — IMOJIHbIA KOHTPOJIb

9TO coBceM Jipyrasi uCTopus. 31ech CMapT(OH CTAHOBUTCS IJIABHBIM BBIUUCIIUTEIBHBIM 1IEH-
tpoM. OH caM YMTaeT MOoKa3aHUsI CBOMX COOCTBEHHBIX JIATUMKOB (aKCeJIepoMeTp, TUPOCKOII, MarHu-
TOMETp), caM 00pabaThIBAaeT MX, CAM BBIYKCIISIET YIPABJISIONIME CUTHABI U OTIAeT KOMaH/Ibl MOTO-
paM yepes3 MPOMEKYTOUHBI MUK POKOHTPOJLIEP.

Uro meHsiercsi. B 3T0ii apxuTeKType MUKPOKOHTPOILIEp NiepecTaeT ObITh «MO3TOM» U CTaHO-
BUTCSI TPOCTO «IIEPEBOAUYMKOM» — OH MpUHUMAET 11(poBbie KOMaHabl oT cMapTtdoHa (mo USB
OTG umm Bluetooth) u npeodpasyetr ux B IHNMM-curnanst ans ESC. Best noruka — ot clusiHUS
CEHCOpPHBIX JaHHBIX 0 pacyera PID — BrimonHsercs Ha Android.

Peanbuble npoexTsl. KoHuenuus He HoBa. Androcopter (3KcriepruMeHTa bHbII TpoekT Pomena
Bona) mcrmons3oBan cMapTdoH Kak OOPTOBOM BBHIYMCIUTENb /I TOPU3OHTAILHON CTaOMIM3aIiy
B MOMEIIEHUM Yepe3 ONTUYECKUI MOTOK ¢ ThUIOBOWM Kamepbl. [Iporpammuoe oOecniedeHue ObLIO
oTKpbIThIM (7MueH3us1 MIT). B ommmuue or SmartCopter, KoTopslii uctonb3oBai BHemHun IMU,
Androcopter nosnarajcsi UICKJIIOUYMTEIbHO Ha BCTPOEHHBIE JaTYMKU cMapT(OHa.

Bonee coBpemennsiii mpumep — DroidDrone. 910 open-source cucrema, rae oqud Android-
CMapT(QOH yCTaHABJIMBAETCS HA IPOH U MOJKJI0YaeTcs K nosneTHoMy KoHTposuiepy uyepe3 USB OTG,
a BTOPOW CIY)XUT IMyJIbTOM B pykax mwiota. CucremMa MOAAEPKUBAET MOMYJISPHbIE MPOLTMBKU:

10



JI. Ducrazusa. «Asronomusii MU npon-nepexsarumnk (BITJIA) Ha 6a3e cmaprdona (Android)»

ArduPilot, Betaflight, INAV u PX4. YnpasneHue BO3MOXHO 4epe3 UHTEPHET — C MCIIOIb30BaHUEM
VPN (ZeroTier) unu uepe3 cOOCTBEHHBIN cepBep.

Eme oqun nnpoekt — UAS Phone Swarm (Former Lab) — ucnonb3yer cmaptdoH Kak MOJIHO-
CTBIO aBTOHOMHBIN y3eJ1 post. Kaxaplii TeneoH Ha OOPTYy CaMOCTOSITETbHO 00padaThIBaeT JIaHHbIC
c IMU, GNSS u kamepbl, 3armycKaeT HelpoceTh i1l 00HApyKeHHsI OObEKTOB 1 OOMEHUBAETCS JJaH-
HBIMH C JpyruMu JpoHamu o Wi-Fi — Bce 310 6e3 NogkmodeHnsi K 00lIauHbIM CEpBHCaM.

[Mouemy 310 crnoxno. I'maBHast mpodiema — Android He sIBJIsIeTCS ONEPAIMOHHON CHCTEMOM
peabHOro BpeMeH!. DTO 03HAYAET, UTO YIPABJISIONIME KOMaHAbl MOTYT MPUXOIUTH C HEMpeICcKasy-
emoin 3anepxkoil. Kinaccuueckuit PID-perynsrop, paccunTaHHbI Ha (DMKCUPOBAHHBI BPEMEHHOM
I1ar, B TaKOW Cpelle CTAaHOBUTCS HecTaOWIbHBIM. OJIHAKO, KaK TMOKAa3bIBAIOT MCCIIEIOBAHMSI, JIaKe
HepyTupoBaHHBI Android-cMapTdoH crocoOeH cTadUIM3UPOBaTh KBAIPOKONTED, €CIIU UCTIONb30-
BaThb NPOABUHYTHIE MOJENbHO-CBOOOIHBIE PID-KOHTpOJUIEpH], alanTHpOBaHHbIE K ACMHXPOHHOCTH
JaHHBIX.

Komy mopxomut. DToT mogxon — A TeX, KTO TOTOB NOrpy3uthcsi B Android-pa3paboTky,
KOMITBIOTEPHOE 3pEeHHe, TEOPHIO aBTOMATHUECKOTO yripaBieHus. OH MO3BOJISET CO3JaTh MO-HACTOSI-
IIEMY YHUKQJIBHOE YCTPOMCTBO C MOJHBIM KOHTPOJIEM HaJ KaKAbIM aclieKTOM IMoBeaeHus. IMeHHO
31ech CMapThOH PaCKPhIBAET CBOM MOTEHIIMAT KAK «MO3I»: Bbl MOXETE I00aBUTh JETEKIIMIO IIeJIei
HEWpPOCeThI0, ABTOHOMHOE TUIAHUPOBAHUE MapUIPYyTa, BU3YAIbHYIO OIOMETPHIO JUIs HaBUrauuu 6e3
GPS — Bce, Ha 4TO XBaTUT Ballie (paHTa3UuM U UHKEHEPHBIX HABBIKOB.

CpaBHuTebHAS TAOTUIIA

| Kputepuii | [Togxon 1: Cmaptdon kak mynsT | Iogxon 2: CmapTdoH Kak NONETHBI KOHTPOJI-
nep |

| Cnoxnocts | Huskas | Beicokas |

| Bpems 1o nepBoro nosnera | [Inu | Henenu—mecsisi |

| TpeGyemble 3HaHUs | ek TpoHrKa, mpomuBka ESP32 | Android-pa3paboTka, KOMITBIOTEPHOE
3peHue, Teopusl yrpasieHus |

| Pons cmaptdona | Iynst, nucruieit | IaBHBIN BHIYMCIUTEBHBINA TEHTP |

| Pors MK | TTonernsiii koutpomiep (PID, crabuwmmzanus) | «[lepeomunk» komanz B VM |

| Kanan ceszu | Wi-Fi | USB OTG (pekomenayercs) |

| Bagepxka ynpasnenus | ~35 mc (Wi-Fi) | <5 mc (USB OTG) |

| UcnionpbzoBanue kameps! | Tonbko m1s FPV (onmmonansHo) | KommbioTepHoe 3peHue, 1eTek-
s 1eseu |

| ABTOoHOMHOCTD | OrpannyenHas (Toibko KomaH Il uiioTa) | [lonHas (aBTOHOMHBIN MepexBar,
HaBuranusl) |

| TotoBbie pemienusi | ESP-Drone, LiteWing | DroidDrone, Androcopter |

PexomMeHnanusi: myTh K IpOHY-TIEPEXBATUNKY

JI71s1 MHKeHepa, KOTOPbIN CTaBUT LIEJIbIO CO3/IaHKe aBTOHOMHOT'O JIPOHA-TIEPeXBaTIMKa, ONTHU-
MaJIbHasI CTPATErvsi — BOJIOIMOHHAS.

lar nepsiit. Haunute ¢ [Mogxona 1. Codepute ESP-Drone win LiteWing, mogHumure ero B
BO3JIyX, MOWMUTE, Kak padoTaioT PID-perynaropsl, Kak HaCTpanBaeTcsi CTa0MIN3alsl, KaK yIpaBiie-
Hue niepenaercs o Wi-Fi. DTo 3aiiMeT nmapy Be4epoB U 1aCT BaM pabOTaOIIUiA IPOH — MOPATbHBIN
(byHIamMeHT 117151 1abHEUIIEro IBUKEHUS.

[lar Bropoii. [lepexonute k rHOpUIHON apXUTEKType — MO CyTH, 310 [lomxox 2, HO ¢ BBIHO-
com ObicTporo PID-koHTypa Ha BHenmHMI MK. CMapT¢oH CTAaHOBUTCS TJIABHBIM BBIYHMCIIATETHHBIM
LIEHTPOM, OTBeYast 32 KOMITIOTEPHOE 3pEHUE, CIIMSHUE CEHCOPHBIX JIAHHBIX, TUIAHUPOBAHUE TPaeK-
TOPUH 1 BBICOKOYpOBHEBbIE perieHnst. MukpokonTposuiep (ESP32) 6eper Ha ceOst ObICTpPBIN KOHTYD
CTaOMIM3AIMM — UMEHHO 3]IeCh, Ha «ToJIoM xkene3e» win nog RTOS, PID-perynsatop padoraer ¢
npeacKka3yeMbiM BpeMeHeM BoinoHeHus. Kanan ces3u mexay auvu — USB OTG, obecrnieunBaio-
LU 33JePKKY MEHee S5 MC.
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NwmenHo ta apxutekTypa — cMaptdoH i uHTesuiekta, ESP32 mis crabunmmsanum — cra-
HOBUTCSI OCHOBOM /IS IpOHA-TiepexBaTurka. OHa No3BoJIsieT 000UTH ri1aBHOE orpannvenue Android
(OTCYTCTBHE TapaHTUI PeabHOTO BPEMEHU) U IPH 3TOM UCIIOH30BaTh €TI0 BHIYUCIUTETBHYIO MOIIb
Tam, TJe OHa JEeWCTBUTEJILHO HYKHA: JJTs JETEKIIUU 1iejIed, TPeKUHTa, TUIAHUPOBAaHUS MapIipyTa. A
MUKPOKOHTPOJIIEp 00eCreurBaeT AeTEPMUHI3M U O€30MaCHOCTh — €CJIM CMApPT(OH «3aTyMaeTcs»
Ha 50 mc, poH He ynaner, notomy uro ESP32 mponomkut crabuIm3nupoBarh mojer.

Tako# myTh — OT MPOCTOTO K CJIOKHOMY, OT TOTOBOTO PEIIeHUsI K COOCTBEHHOU apXUTEKType
— MO3BOJISIET HE YTOHYTh B ICTAJIAX HA CTApTe U MOCTETICHHO HApAIMBaTh KOMIIETCHIINH, TBUTASICh
K KOHEYHOU I1eJIU: TTOJTHOCTBI0 aBTOHOMHOMY JIPOHY-TIepeXBaTYMKy Ha 6a3e cMapTdoHa.
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2. AnnaparHas peaau3anua (Hardware)

2.1. Beioop MukpokonTpouiepa-nocpeaauka: ESP32 vs Arduino Nano

B apxutekType OpoHa-nepexBaTuylMka MHKpPOKOHTPOJUIEP-NIOCPEIHUK BBINOJIHAET KpUTHYE-
CKYIO (DYHKIIMIO: OH IPUHUMAET YIIPABJISIOLIME KOMaH bl OT cMapT(goHa 1 mpeoOpasyeT ux B pusnye-
ckue curHaibl st ESC u MotopoB. OT paBUIIBHOCTH BBIOOPA 9TOM MUKPOCXEMBbI 3aBUCUT HE TOJIBKO
MIPOM3BOIMTENIBHOCTD, HO M CaMa CTaOMIIBHOCTS 1os1eTa. PazbepeM 3ToT BRIOOp JeTaIbHO, OMUpasich
Ha peasibHble MHKEHEPHBIE JaHHbIE Y TPAKTUYECKHIA OIBIT.

TakToBas 4acToTa U apxXUTEKTypa: (pyHIaMEHTAIBbHOE pa3yuue

Ilepoe u camoe OYEBMIHOE pa3IM4YMe — BbIUMCIUTENbHAsA MouHOCTb. ESP32 (ESP-
WROOM-32) paboraer Ha uacrote 240 MIu ¢ aByms sapamu, Torma kak Arduino Nano
(ATmega328P) — 310 OfHOAIEPHBIN KOHTpOJLIEp Ha 16 MI'. 910 npumepHo 15-kpaTHOE npesoc-
XOJICTBO IO TaKTOBOH yacTtote. Ha mpakTtuke 310 03nauyaet, yro ESP32 crocoGeH BHIMOIHATH OOUH
Y TOT e 00beM BBIUMCIICHUH B 15 pa3 OwicTpee.

OnHaxko 37ech BaXHO MOHMMATh HIOAHC: B MUPE BCTPAMBAaEMBIX CHCTEM «ObICTpee» He BCeraa
3HAUUT «JTyue». s Hatei 3a1auu — rpeoOpa3zoBanus komanja cMaptgoHa B IIMM-curnansr —
BaxkeH He nMkoBbl FLOPS, a nerepMuHU3M 1 ITpeJcKa3yeMOCTh BPEMEHHBIX XapaKTEPUCTHK.

W 3pecy npossisgerca kmodeBoe npeumyinectso ESP32 — nByxbanepHas apxurekrypa. B
peasbHBIX npoekTax, Hanpumep B ESP-FLY — cBepXMUHMATIODHOM KBaJpOKONTEPE BECOM MEHEE
11 rpammoB, — onHo sapo (PRO CPU) nonHOCTBIO BBIAEISAETCSA MOJ 3314l PEAJIBHOIO BPEMEHH:
yrenue IMU, pacuer PID u renepaunio IIIMM-curnanos. Bropoe sapo (APP CPU) 3anumaercs Wi-
Fi, npoTokonamu cBsI3W ¥ B3aUMOJEWCTBUEM C I0JIb30BATEIbCKAM MPHIIOKEHUEM.

g Arduino Nano Takoi pockoiy HeT. B OAHONOTOYHOM apXUTEKType KOHTPOJLIEP BbIHY K-
neH oOpabareBaTh BCe 3a4a4d TocienoBaresbHO. Kak mokasplBaeT NMpakTHKa, MPU MOAKIIOYEHUN
Ja’e TaKoro IPOCTOro BHEIIHETo ycTporcTsa, kak IMU BNOOSS, nukn ynpasnenus Ha Nano Moxer
nocturats 80 000 mukpocekyHz (80 mc) . 17151 cTabmIitbHOM aBTOOATAHCUPOBKHY KBAIPOKOITEpa KeJa-
TEJIPHO UMETh LIMKJ yrpaBienus He 6onee 10 mc. ESP32, npu npaBuibHO HanvcaHHOM Kofe, CIIo-
cobeH yaepxuBarb PID-1uki B paitone 4 mc * 0.3 Mc gaxe npu oqHOBpeMeHHoi padore Wi-Fi.

Kavecreo IIMM-curnana: TouHocts, KputuuHas ajist ESC

Bropon kpurnueckuii napamerp — kadectBo reHepauuu IIMM-curnanos. CoBpeMeHHbIE
EKTPOHHBIE PeryaATopbl ckopoctd (ESC) KpailHe 4yBCTBUTENBHBI K TOYHOCTH YIPABJIAIOLIETO
nmnyibsca. OTKJIOHEHHE Beero Ha £10 MUKpOCEKyHI MOKET BbI3BATh 3aMETHYIO 33aJEP/KKY B PEAKLIMN
MOTOpA.

Arduino Nano ucnonb3yer anmnaparHsle Taumepsl U (pyHKIMo0 analogWrite()', Kotopass Ha
nmuHax 3, 9, 10 u 11 Beimaer HIWM c¢ 8-OutHbiM pasperieHreM (256 rpaganuii) u yacroroit 490 .
ITOro JOCTATOYHO JJIs1 0a30BBIX IKCIIEPUMEHTOB, HO 8 OUT — 3TO Bcero 256 ypoBHEW MOITHOCTH.
JI7151 IIJIaBHOTO YIIpaBJIeHUs TATOM 3TOr0 MajloBaTo.

ESP32 mpepyaraeT npUHUMIAAIBHO WHOM YPOBEHb. BCTpoeHHBI nepuepuiiHbI MOIYIIb
LEDC (LED Controller) mognepxusaeT 10 16 He3aBUCUMBIX KaHAJIOB ¢ pa3pelieHreM 10 15-16 our.
Jto paer or 32 768 no 65 536 rpamanmii MOIHOCTY — Ha ABa Nopsaka Bbie, yeM y Nano. [Ipu
crangaptHo#t yacrore [IIMM pis ESC (50 T'u, neprion 20 mc) 16-6utHoe pa3periieHne oOecreunBaet
TEOPETHUYECKYIO0 TOUHOCTH OKOJIO 305 HAaHOCEKYH/I Ha II1ar, YTO 3HAYMTEIIbHO MPEBBIIIAeT TPEOOBAHMS
ESC.
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Bonee toro, ESP32 nozponser noausts yactoty MM no 20-25 k1. D10 BakHO: BHICOKast
yactota [IIMM BBIXOAUT 3a Mpeiesbl CIBIIKMMOrO YeJoBeKoM AuanasoHa (Bbie 20 k1), ycrpanss
BBICOKOYACTOTHBIN CBUCT MOTOPOB, U 00ecTieunBaeT OoJiee JIMHENHYIO XapaKTepPUCTHUKY YITPABJICHHUS.

Bcerpoennas cBsasb: Wi-Fi u Bluetooth «u3 kopoOku»

ESP32 umeer Bcrpoennsie Wi-Fi 802.11 b/g/n u Bluetooth 4.2/5.0. [Ina apoHa-niepexBaTyrka
9TO O3HAYAET:

- BecnipoBonHast oTiazka — MOXHO MeHATh mapameTrpsl PID u cmoTpeTh Tenemerprio Oe3
TOJIKJTIOYEHH ST IPOBOJIOB.

- [Ipsimoe ynpaBnenue — kak B npoekte ESP-Drone, roe cmaprdon noakmouaercsa k ESP32
no Wi-Fi u ynpasinsier 1poHOM.

- [lepenaua TeneMeTpry Ha HA3eMHYIO CTAHITHIO.

Arduino Nano tpeOyer BHenmHux monyae (Harpumep, HC-05 nns Bluetooth mmm ESP8266
st Wi-Fi), uto yBenmumBaeT Bec, CTOMMOCTb U CJIOKHOCTh MOHTakKa.

USB OTG: kputuueckoe TpeOOBaHUE ISl HAIIIEH apXUTEKTYPbI

B Hameil apxutektype cMapTgoH noakiIoueH K MUKpokoHTpoiuiepy dyepe3 USB OTG nns
MUHUMM3ALMY 33JepKeK. 371eCh BO3HUMKAET BakHOe orpaHuueHue: He Bce ESP32 nmonnepxuBaior
pesxxum USB-xocra.

Cranpaptabiii ESP32 (ESP-WROOM-32) umeer TOABKO MOCEI0BaTEIbHBIA HUHTEPdENc
USB-UART (CP2102) ansa npomuBku ¥ omiaaku. OH He ymeer padorath kak USB-xoct. [lns
pexnma OTG neodxonum ESP32-S2 i ESP32-S3. 91u MoguduKaimm UMeoT BCTPOSHHBIN KOH-
tposuiep USB, KOTOpBIif MOXeT paboTaTh Kak B peXMMe YCTPOKCTBA, TaK M B PEKUME XOCTA.

OTO NMPUHLIUIIMAIBHBIA MOMEHT: €C/iM Bbl TuiaHupyete ucnoibzoBath USB OTG ans cBsizu
cMapT¢OHa C MUKPOKOHTPOJUIEPOM (2 MBI HACTOSITEJIBHO PEKOMEHIyeM UMEHHO 3TOT CIoco0), BHIOH-
paiite ESP32-S2 wim ESP32-S3, a ve 6a3oBbiit ESP32. B npoekte ESP-FLY, Hartpumep, ucronb3y-
ercst umenHo ESP32-S3 ¢ mognepxkkoit USB OTG.

PeasibHbIE TIPOEKTHI U KX BBHIOOD

Oo6parnmcst kK mpakTrke. CyliecTByeT MHOKECTBO YCTIEIIHBIX pealv3aliii JPOHOB Ha Oase
ESP32:

- ESP-Drone ot Espressif — odurnimanbHbiii open-source mpoekT, ucnosb3yomuid ESP32/
ESP32-S2/ESP32-S3. TlonnepxuBaeT ynpasjieHre Yyepe3 MOOMIbHOE npriioxeHre o Wi-Fi.

- ESP-FLY — cBepxmMuHuaTIOpHBII KBagpokonTep (50x50%25 MM, Bec <11 r) Ha 6aze ESP32-
S3 ¢ monueiM Habopom ynkimii: IMU MPU6050, 4 motopa, Wi-Fi ynpasnenue, PID-perynsitopbr.

- ESP32 Drone Bridge — npoekr, rae ESP32 Boicrynaer kak moct mexay USB-noprom u
TMOJIETHBIM KOHTPOJLJIEpOM, ucnonb3ys pexum OTG.

ITpoektoB Ha Arduino Nano B KauecTBe MOJTHOLEHHOTO MOJIETHOIO KOHTPOJLIepa Jisi KBaJpo-
KOIITEPOB 3HAUYMTEILHO MEHBIIIE, U OHU, KaK MPABUJIO, OTPaHIMYEHBI 110 (DyHKIIMOHATBHOCTU. Arduino
Nano yarie ucnosb3yercst B y4eOHbIX ITPOEKTaX MM KaK 4acTh 0oJiee IPOCThIX KOHCTPYKIIUH.

[TpakTryeckuil BEpAUKT

| MapameTtp | Arduino Nano | ESP32 (6a3oBwiit) | ESP32-S2/S3 |

| TaktoBast wacrora | 16 MI'ny | 240 MI'1x | 240 MI1x |

| Appal 112121

| Pazpemenue UM | 8 6ur | 1o 16 6ur | go 16 6wur |

| Bcrpoennsiit Wi-Fi/Bluetooth | Her | Ta | 1a |

| TTonnepxka USB OTG | Her | Her | [1a |

| LHuka ynpasienus | ~80 mc | ~4-10 mc | ~4 mc |

| CnoxHocts pazpadotku | Huskas | Cpeansist | Cpennsis |

Pexomenpauus miia qpona-nepexsaruuka: ESP32-S3.
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[Nouemy He 6azoBbiit ESP327? [Totomy 4uTO /7151 HaIllel apxUTEKTypbl KPUTUYECKH BakHA TOJI-
nepxka USB OTG — umeHHO uepe3 Hee cMapTdoH OygeT oTaaBaTh KOMaHAb C MUHMMAJIBHOW
3agepxkoil. bazoBeiii ESP32 storo we ymeer. ESP32-S3 ke obecrnieunBaer Bce HEOOXOAMMOE:

- IByXbsIIEpHYIO apXUTEKTYPY A7l pa3fie/ieHus] peajbHOro BpeMEeH! 1 KOMMYHUKAIHH.

- BoicokoTounsiit armaparssiii UM (16 6ur).

- Berpoennsiin Wi-Fi qiis TeneMerpuu v OT/IaKy.

- Hatusnyio nognepxky USB OTG.

[Tpu sTOM BaskHO noHuMarb: ESP32-S3 — 310 He 3aMeHa MOSTHOLEHHOMY TPOMBIITLIEHHOMY
MOJIETHOMY KOHTpoJuiepy. Ero ponb B Hailieid cucteMe — HaJekKHbIA U OBICTPBIA «IIEPEBOTIUK>»
MeXJy MHTEJJIEKTOM cMapT(dOHa U CUIOBOW vacThio. M ¢ 3TOM 3agaueil OH crpapisieTcsl peBoC-
XOMHO.

2.2. CBsa3pb uepe3 USB OTG: munumMusamus 3ajaep-KeK

B apxutekType npoHa-mniepexBaTuMKa KaHaJl CBSI3U MEXy cMapT(pOHOM M MHKPOKOHTpPOJLIE-
POM — 3TO HepBHasI cUcTeMa Bcero armapara. OT Toro, HACKOJIbKO OBICTPO M IPeCKa3yeMO KOMaH, bl
yIIpaBJIEHHsI TOCTUTAIOT UCTIOJTHUTEILHBIX MEXaHU3MOB, 3aBUCUT HE IIPOCTO KAYEeCTBO M0JIeTa — cama
BO3MOXHOCTb CTaOMIILHOTO 3aBUcanus u TouHoro nepexsarta 1eau. USB OTG (On-The-Go) B aTom
KOHTEKCTe — He MPOCTO yIOOHOE pellieHue, a eIMHCTBEHHBIN MPaKTUIECKH MPUEMJIEMbIN BapUaHT
IUIsl Hallle| 3a/auu.

dusuka 3anepxek: noyemy USB OTG nobexnaer

UYroOst noHATH, mouemy USB OTG obecrieunBaeT CToMb HU3KUE 3aJePiKKH, HY)KHO 3arJIsTHY Th
Ha ypoBeHb ¢usndeckoro nmporokona. USB 2.0 Full Speed (12 Mowut/c), KOTOpBIH MONIEPKUBAIOT
OOJBIIIMHCTBO MUKPOKOHTPOJIJIEPOB, PadOTAET C KaJAPOBBIM MHTEPBATIOM | MC — MMEHHO C TaKOW
MePUOJMYHOCTBIO XOCT-KOHTpOJIep onpammBaeT ycrpoucrsa. s High Speed USB (480 Mowut/
C) TOT UHTEpBaJ CoKpamaercs 10 125 MKC (MUKPO-KaApsl). DTO O3HAYAET, YTO B XYAIIEM Cilydae
KOMaH[1a, OTIpaBJieHHasi co cMapTgoHa, OyeT nepegaHa B TeUeHUE OJHOTO KaJpOBOTO MHTEpBasa
— 1 mc ans Full Speed wim 125 mke gist High Speed.

OpnHako peayibHast 3a/IepKKa CKJIAIBIBAETCS U3 HECKOJIBKUX KOMITOHEHTOB:

1. Bpems 00paboTku Ha cMapTdhoHe — (hOopMUPOBAHNE KOMAH/IBI B IIPHIIOKESHUH.

2. Bpems Oydepuszarnuu B USB-creke Android — HakoruieHHe JaHHBIX Tepe]] OTIPaBKOM.

3. Bpems niepenauu no muHe — onpezessiercs: ckopocteio USB u pasmepom nakera.

4. Bpemst 00pabOTKM Ha MUKPOKOHTPOJLIEpe — MpHeM, JeKoaupoBanue, reHeparus [IINM.

B cymme, npu mpaBWIbHO HAIMCaHHOM KOZE, CKBO3Hasl 3ajiepkka (round-trip) cocraBiisieT
MeHee 5 MC. DTO MOATBEPKAAETCS MPAKTUKOM: B MPOEKTax ¢ nojkoueHrueM Android-ycTpoiicTBa K
nosieTHoMy KoHTpoiutepy depe3 OTG-kabenb 3a/iepKKa XapaKTepu3yeTcsl Kak «4Ipe3BbIYaiiHO HU3-
Kasi» ¥ KpUTUYECKast 7Sl «KECTKOCTH» KOHTYpa ylepKaHUsI TO3UIHH.

s cpaBHenus: Wi-Fi-coenqunenue BHocuT 3aaepkku ot 20 1o 100 mc 1 Bbllle, IpUYEM 3TU
3a7epKKU HEeCTaOMJIbHBI — OHM 3aBUCAT OT 3arpyKEHHOCTH KaHasa, KOJIMYECTBA MOIKIIOYEHHBIX
YCTPOICTB, paccTostHUs U ioMeX. Bluetooth, B cBoio ouepe/ib, 4acTo IEMOHCTPUPYET 3a/I€P:KKH OKOJIO
200 mc. Iy apoHa, rae CTadMIBHOCTS MoJIeTa 3aBUCUT OT MIJITMCEKYH/I, pa3HUIla Mex 1y S5 Mc u 50
MC — 3TO Pa3HUIIA MEK/1y YIPABISIEMbIM aNlapaToM U HEYIPABISIEMbIM KUPITHTUYOM.

Apxurektypa USB-creka Android u pexxum xocta

Android nognepxuBaer USB Host Mode HaunHast ¢ Bepcuu 3.1, a crabuibHast padorta odec-
nedeHa ¢ Android 4.2. B atom pexume cMmaptdoH BbicTynaeT kak USB-xocT, KOTOpbI:

- O6napyxuBaet nogkmouenHsie USB-ycrpoiicTsa.

- 3arpammBaet IeCKpUITOPbI YyCTPOMCTBA 1JIs1 ONIPE/IENICHUs] €r0 TUTIA.

- YcranaBnvBaeT KOH(UIYpalyio U yIpasJisieT MUTAHUEM.
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- ObmenmBaeTcsl JaHHBIMU Yepe3 MaccoBbie (bulk), mpepsiBatorye (interrupt) WM U30XPOH-
Hble (isochronous) nepegayu.

Jlns1 Hartied 3a1aum Mbl MCTionb3yeM MaccoBbie (bulk) nepegaun — oHuM 0OecTrieurnBaloT HalexK-
HYIO JIOCTaBKY JaHHBIX C KOHTPOJIEM OIIMOOK M MOAXOASAT JUIsl Mepefaur KOMaH YIpaBJIeHus, I/e
Ba)KHA LIEJIOCTHOCTD, 2 HE TAPAHTUPOBAHHASI CKOPOCTb.

Baxno nonumats: USB Host Mode — 3T10 He TO *)e camoe, uto USB Accessory Mode. B
Host Mode cmaptdon siBisieTcst BeaylnuM yCTPOUCTBOM UM MTUTAET MOAKI0UeHHYI0 nepudepuio. B
Accessory Mode (AOA) BHelIHee yCTpOWCTBO BBICTYIAET Kak XOCT. Jisl Halllel apxUTeKTYphl C MOJ-
kmoueHrneM ESP32/Arduino uepe3 OTG-kabenb Mbl victionb3yeM umeHHO Host Mode.

[MpakTrueckas peamusanusi: OudmmuoTeka usb-serial-for-android

CraHgapTHBIM HMHCTpyMeHTOM ajisi padotel ¢ USB-mocnenoBatebHBIMU yCTPOMCTBAMHU Ha
Android saBnsiercst 6Gubmmoreka “usb-serial-for-android” (mik3y/kai-morich). Ona npegocrapinser:

- llonnepxky ocHoBHbIX USB-uuros: FTDI, CDC-ACM (Arduino), CP210x, PL2303.

- Enuneiit API 1151 Bcex TUIIOB YCTPOWCTB.

- Paboty 6e3 root-mpaB 1 crielMaIbHBIX Pa3pelieHH.

BazoBas cxema paOOThI IPUIIOKEHUS:

1. IMonyuenue pasperienust — udepe3 “UsbManager.requestPermission()".

2. OTKpbITHE YCTPOMCTBA — CO3/IaHUE FK3EeMILIsIpa ApaiiBepa uepe3 ProbeTable’.

3. Hacrpoiika mapameTpoB — ckopocTb (baud rate), GUThI JAHHBIX, CTON-OUTHI, KOHTPOJIb YeT-
HOCTH.

4. OtnpaBKa JaHHBIX — 3allMCh B MOPT uepe3 write() .

5. IIpuem nannbix — yepe3 read()” wim acuHxpoHHbI “SeriallnputOutputManager .

KimoueBoil mapamerp: HacTpolika Taiimepa 3aaepxkku (Latency Timer)

g FTDI-4nmioB (M HEKOTOPBIX JPYTUX) KPUTUYECKU BaXKHBIM IIapaMeTpoM siBiisiercs Latency
Timer — uHTEpBaJ, ¢ KOTOPHIM YMI HAKATUIMBAET MPUHSTHIC JaHHBIE MEpej OTIPABKOM MX XOCTY.
[To ymomuanuio 3TOT Taiimep ycraHoBJIeH B 16 Mc. TO 03HAYaET, YTO J1axke €CJId MUKPOKOHTPOJLIED
oTnpaBui oTBeT MrHoBeHHO, FTDI-uyum Oynet *kaath 10 16 Mc, mpexae yeM rnepeaaTh JaHHbe Ha
cMapTgOoH.

Jl1s1 ynpaBneHusi APOHOM 3T0 HernpuemieMo. K cyactbio, OMOIHOTEKa MO3BOISET U3MEHSITh
9TOT Mapamerp:

“java

FtdiSerialPort ftdiPort = (FtdiSerialPort) port;

ftdiPort.setLatencyTimer(1); // 1 Mc — MUHUMAaJIbHOE 3HAYEHUE

VYcranoBka Taiimepa B 1 MC CHMKAeT 3aJEepKKy 10 (PU3MYECKOT0O MUHHMMYMA, HO YBEJIMYU-
BaeT Harpy3Ky Ha CPU, Tak Kak XOCT yallie onpammBaeT ycTporucTBo. i ApoHa-nepexBaTymKa 3To
OIpaB/IaHHAs TUIaTa.

s CDC-ACM ycrporictB (Arduino ¢ npssmbiM USB-nogk/ioueHreM) Takoro napamerpa
HET — 3a/IepKKa OIpeesisieTcsl UCKJIIUUTENIBHO YacToTol ornpoca bulk-KoHEuHbIX TOYeK, KoTopast
cocraiisiet 1 mc uist Full Speed.

CkopocTb nepeaun: OalaHC MeXAY CKOPOCTBIO U HAJIEKHOCTHIO

Ckopoctb 115200 601 — 310 cTangapTHBIN BBIOOP 11151 cBsizu ¢ Arduino u ESP32. Ona obec-
MeYNBaLT:

- [Ipomycknyto criocodnocTh ~11.5 KB/c — 6onee yem qocTaTtoyHo i IepeJadn yIpaBisio-
IUX KOMaH[[ (HECKOJIbKO OaiT Ha LIUKJI).

- HagexHoCTh — Ha 3TOW CKOPOCTH TMOTEPU JAHHBIX MPAKTHUECKH OTCYTCTBYIOT MpH Tpa-
BUJIPHO HACTPOCHHBIX Oyhepax.

Bonee BeIicOKMe ckopoctr (250000, 500000, 921600 ©60m) TeOpeTHUYECKH YMEHBIIAIOT
3aJIepKKY, TaK KaK MakeT nepeaaercs opictpee. OQHAKO HA TPaKTUKe:
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- YBenMuMBaeTcsi pUCK OIIMOOK U MOTEPH JAHHBIX, 0COOEHHO Ha HEIKPAHMPOBAHHBIX KaOesIX.

- Hekotopsie USB-UART-MocThl paGoTaloT HeCTAOMIIBHO Ha BHICOKUX CKOPOCTSIX.

- [Ipupoct 3aepKKH COCTaBIsIeT MUKPOCEKYH/IbI, B TO BpeMsI Kak OCHOBHAsI 3aJIepiKKa Orpe-
nensiercss Apyrumu pakropamu (Oydepuzanus, oOpadboTKa).

[MpakTrueckas pekomenganus: ucnonb3yire 115200 6o kak crapToByio Touky. Ecim cucrema
padoTtaeT CTaOUIBHO W BBl XOTHTE BBIKATh MakcumyM, mompoOyire 250000 wau 500000 601, HO
00s13aTeJILHO MTPOBEUTE HArPY30UYHOE TECTHPOBAHME.

ApxuTeKTypa nepegayn: TeKCTOBbIE KOMaH/Ibl VS OMHAPHBINA IPOTOKOJ

B nmokymeHTanMu yrnoMHHAeTCsi OTIpaBKa KOMaHA B BHUIE TEKCTOBBIX CTPOK, HAIpUMep
""MOTOR_1 70\n"". Tako# 1moaxo[ MpocT B OTIaJKe — Bbl MOXETE MOAKIIOUUTHCS K MOC/IEA0BA-
TEJILHOMY TOPTY Yepe3 TEPMUHAI U BUJETh, YTO OTIIPaBisieT cMapTdoH. OIHAKO y TEKCTOBOTO (hop-
Mara eCTh HeIOCTaTKU:

- I30BITOYHOCTh — MapCHHT CTPOKHM HA MUKPOKOHTpOJIIEpe TpeOyeT BpeMeHH!.

- HeomHO3HAYHOCTH — HYKHO MPABUIILHO 00padaThIBaTh Pa3aeIMTENN U KOHIIbI CTPOK.

Bunaphbiii mpotokon — O6onee 3p¢EeKTUBHOE pellleHre ISl CUCTEM PeabHOTO BPEMEHH.
Hanpuwmep:

ENXN

[START_BYTE] [MOTOR_ID] [POWER_VALUE] [CHECKSUM]

I'ne:

- 'START_BYTE" — mapkep Hauana nakera (Harpumep, 0XxAA).

- 'MOTOR_ID" — unentudukarop moropa (1 6aiir).

- ' POWER_VALUE" — 3nauenue taru (1-2 6aiita, 0-100% wumm 0-255).

- 'CHECKSUM" — KOHTpOJIbHAsI CyMMa 1S IIPOBEPKU 1IEJIOCTHOCTH.

BunapHbiil npotokoit:

- 3aHumaet MeHslie 0aiToB (4-5 GaiT npotus 10-12 A5 TEKCTOBOM CTPOKM).

- [Napcutcs ObicTpee — MUKPOKOHTPOJUIEPY HE HYKHO pa3oupaTh CTPOKY.

- [No3BosnsieT nepenaBaTh HECKOJIBKO KOMaH]I B OTHOM TaKeTe.

Pexomenpanusi: HaYHUTE ¢ TeKCTOBOro popmara mjist omiaaku. Korma cucrema 3apaboraer,
nepexoanTe Ha OWHAPHBIN MTPOTOKON ISl (PMHAIBHOM peaTi3aliyiu.

Ocob6ennoctu padotsl ¢ ESP32-S2/S3 u USB OTG

Kak yxe ormeuanock B npeapiayiiem pasaeie, He Bce ESP32 nonpepxusaior pexxum USB-
xocrta. bazopbiii ESP32 (ESP-WROOM-32) umeer TosbKO nocienoBarebHbiii naTepdeiic USB-
UART pns npormmsku. s padotsl B pexume OTG nHeoOxonum ESP32-S2 um ESP32-S3. Ot
YHITBl UIMEIOT BCTPOEHHBIN KOHTposuiep USB, KOoTopsIil MOkeT padoTaTh Kak B peKUMe YCTPOICTBA,
TaK U B peKUME XOCTa.

[Tpu nopkmouenru ESP32-S3 k cmaprdony uepe3 OTG-kadenb:

1. ESP32-S3 Brictynaet kak USB-ycrpoiictso (nepudepust).

2. CmaproH BbicTynaer kak USB-xocr.

3. ESP32-S3 smynupyer CDC-ACM (nocnenoBaTesbHbII IOPT) — CMApT(OH BUAUT €ro Kak
o6bruHbE COM-TIOpT.

ITO O3HAYAET, UTO HA CTOPOHE cMapT¢OHA He TpeOyeTcs CrelUaIbHBIX IpaiBepoB — OUOIHO-
teka “usb-serial-for-android” pa6oraer ¢ CDC-ACM «u3 kopoOku». Ha cropone ESP32-S3 Heo6xo-
aumo peanusoBarb CDC-ACM-crek (Hanpumep, yepe3 TinyUSB unu ESP-IDF).

CpaBHenue ¢ asnibTepHatiBamu: oyemy He Wi-Fi u He Bluetooth

| TTapamerp | USB OTG | Wi-Fi | Bluetooth |

| Tunmunas 3aaepxka | <5 mc | 20-100 mc | ~200 mc |

| Ixxutrep | [TIpaktuyecku orcyterByet | Boicokuit | Cpennuii |

| Derepmunusm | Boicokuii | Huzkwuii | Cpennmii |
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| 3aBucumocTb oT BHelTHUX (hakTopoB | Huzkas | Beicokas (momexu, 3arpy3ka kanasia) | Cpen-
HsIs |

| Duepronorpednenue | Cpennee | Beicokoe | Huzkoe |

| DamsHocTs | [TpoBogHas | Hecarku metpos | Mertpst |

Wi-Fi, HecMoTps Ha ymoOCTBO OECIPOBOTHOM CBS3H, CO3aeT MPOOIeMbl, KOTOPBIE IEIAI0T €ro
HETIPUTOJIHBIM JUJIsI YIIPaBJIEHUS IPOHOM B Halllell apXUTEeKType:

- Unrepdepentms — nea Wi-Fi-coequnenus (myabT-ApoH U cMapT¢OH-TOUYKA JOCTYIa) MOTYT
MeIarh APyr ApYry.

- HecraOuinbHOCTD — 3a1epXKKH 3aBUCST OT 3arpyKeHHOCTH KaHasla U KOJIMYECTBA TMOJKJIIO-
YEHHBIX YCTPOWCTB.

- [Notepu nakeToB — Aaxe HEOONbIINE TOTEPH KPUTUYHBI 17151 YIIPaBJICHUSI.

Bluetooth, B cBOI0 ouepe/b, UMEET CIUIIKOM MaITYIO JaJTbHOCTh U BBICOKYIO 3a/IEPKKY.

PexomMeHganmy Mo MUHUMH3ALIUH 33JePKeK

1. Ucnonp3yiite kauectBeHHbIN OTG-Kabeb — 9KpaHWPOBAHHBIN, C MUHUMAJIBHOW JIJTMHOM.

2. Hacrpoiire Latency Timer ans FTDI-uunos Ha 1 Mc.

3. Ucnomw3yiite ckopocth 115200 601 kak 0a30ByI0, MepexoauTe Ha 0ojee BHICOKUE TONBKO
0CJIe TECTUPOBAHMUS.

4. [MpumeHsiiTe OUHAPHBIN MMPOTOKOJI BMECTO TEKCTOBOTO B (DMHAIILHOW peasin3alivu.

5. Peanusyiite acuHXpOHHBINM BBOI-BbIBOA — ucmofb3yiTe SeriallnputOutputManager™ nis
HETIPEePbIBHOTO UTEHM S, YTOOBI HE TEPSTh JaHHbIE.

6. M36eraiite OJIOKMPYIONIUX OTEpaIfii B TOTOKE, OTBEYAOIIEM 32 OTITPABKY KOMaH]I.

7. Hactpoiite Oydepbl — cMIIIKOM MaleHbKHIA Oyep MOKeT BBI3BATh MOTEPIO TAHHBIX, CJIHII-
KOM OOJIBIIION — YBEJIMYUTD 3aAEPKKY.

Pestomupys

USB OTG — 3T0 He mpocTo cnocod MOAKTIOUeHUs, a (PyHIaMEHTaIbHOE APXUTEKTypHOE
pelenre, ooecrnevrBainee JeTePMUHU3M U MTPEACKA3yeMOCTh YIIpaBiIeHHs. 3aJepikKa MeHee 5 McC
Y TIPAKTUYECKHU HYJIEBOM DKUTTEP JIeNaloT TOT KaHAI €MHCTBEHHO MTPUEMJIEMBIM ISl pOHa-Tiepe-
XBaTUMKA, TJIe Kakaas MUUTUCEKYHJa BIUSET HAa CIOCOOHOCTD yEPKUBATh 1eJIb B TMOJIE 3peHUs U
TOYHO MaHeBpupoBath. [IpaBuibHas HacTpoiika napamerpos cBsizu (Latency Timer, ckopocTs, nipo-
TOKOJT) TIO3BOJISIET JOCTUYh MaKCUMAJIbHOM MPOU3BOAUTEIHOCTH, TpeBpaias cMapTgOH U MUKPO-
KOHTPOJUIEP B €AMHYIO, CJIAXKEHHO Pa0OTAIOIIyI0 CUCTEMY.

2.3. Cxema pacnpeejeHus] MATAHUSA

Korga s BiepBbie coOpast MpOTOTUN ApoHa Ha Ga3ze cMapTdoHa, s COBEPIIMI KJIACCUUYECKYIO
OIMOKY: 3aNMTa BCE OT OAHOM Oatapen uepe3 odyo muHy. ESP32 niepesarpyxkaics mpu KaxaoMm
PE3KOM yBEJIMYEeHUM TArH, nokaszanus IMU «miaBanu», a cmaptdoH nepuoanyecku tepsut USB-
coenuneHue. [ToTpedoBasIoCh TpY HEAGU OTIAKH, YTOOBI IIOHSTH: MPOoOJieMa He B KOJIE, & B TUTAHUM.

B 70i1 raBe Mbl pa3zdepeM, Kak CIPOSKTUPOBATh CUCTEMY MHUTaHWsI, KOTOpasi HE MO3BOJIUT
MOTOpPaM «yOUTb» JIOTUKY YIIPaBJICHUSI.

[Nouemy cranaapTHbBIE CXeMBbI He padoTaIoT

OcHoBHas mpoodiiemMa JTI0O0N CUIIOBOW YCTAHOBKHU JAPOHA — JIEKTPOHHBIE PETYISTOPBI CKOPO-
cru (ESC). Kaxnaeit ESC nipesicTaBisier coOON MOITHBIN UMITYJILCHBIN MPeoOpa3oBaTelib: OH KOM-
mytupyet Toku 10 20-30 A ¢ 4acTOTOM AECATKOB KWJIOrepll. DT KOMMYTAIIMK CO3/AIOT JIBa TUMA
MoOMex:

1. IIpoBozHBIE TOMEXU — OPOCKHM TOKA U MPOCATKU HANPSIKEHUSI, PACIIPOCTPAHSIOMIUECS 110
OOIIUM IIIMHAM MTUTAHUS.

2. VI3ny4aemble MOMeXy — IeKTPOMArHUTHOE U3JTy4YeHHe, HABOJSIIee ITyMbl Ha CUTHAJIbHBIC
JIMHUU 1 9yBCTBUTECJIbHBIC KOMITIOHCHTBI.
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Ecnmu cmaptdon, mukpokonTpoiiep 1 ESC nmutaiorcs ot oo 6aTapen yepe3 oOIIylo I1HY,
MOMEXH OT MOTOPOB OECTIPETIATCTBEHHO TMOMNAJAI0T B 1IENY MUTAHUs JIOTHKU. Pe3ynbTaT — Herpen-
CKa3yemble cOPOCH MUKPOKOHTpOJLIepa, uckaxkenue nmokazanuii IMU u coon USB-cBszu. ESP32, ¢
€ro BBICOKMMU TTUKOBBIMU TOKAMH, OCOOEHHO YyBCTBUTEJICH K KAYeCTBY TIMTAHMUS.

Pemenvie — nonHas rabBaHUYECKast pa3Bsi3ka CUJIOBBIX U JIOTUYECKUX TIETIeH.

TpexypoBHeBasi apXUTEKTypa MUTAHUS

B Hameli cucteMe Mbl BHIAEISIEM TPU JEKTPUYECKH W3OJMPOBAHHBIX KOHTYpa. Kakbrii
pelaeT CBOIO 33/1a4y ¥ He MEIIAeT COCEHUM.

Konryp 1: CunoBoit («rps3HbIi»)

Haznauenue: nuranue motopoB uepe3 ESC.

Ncrounuk: ocHoBHas LiPo-6atapes — 3S (11.1 B) wim 4S (14.8 B).

OCOOEHHOCTH: 9TO CaMBIi «IITYMHBIN» KOHTYpP. TOKM 371eCh TOCTUTAIOT JeCATKOB aMIIep, Harpsi-
KEHUE TIPOCAXUBAETCS MPH PE3KOM YBEJMUEHUH TATH, a Ha MPOBOJAX MPHUCYTCTBYIOT BBHICOKOUA-
CTOTHBIC UMIYJILCHBIE TOMexH OT paboThl ESC. Hukakue 4yBcTBUTEIbHBIE KOMITOHEHTHI HE JOJIKHBI
MUTATHCS HATPSIMYIO OT 3TOTO KOHTYpA.

[MpakTryeckas peanuzaiusi: 6aTapes MOAKJIIOYAETCS K 1uiate pacnpeneneaus nutanus (PDB)
yepe3 pazbeM XT60. Ot PDB pacxoasatcs mpoBona k kaxaomy ESC. BaxkHo: mpoBojia JOIKHBI ObITh
MaKCHMaJIbHO KOPOTKMMH U TOJICTBIMH (KamuOp He meHee 18-20 AWG mis motopos 2205-2306
KJyacca). JJmHHBIE TTPoBOIa pabOTAIOT KaK aHTEHHBI, COOMpPast U U3JIydasi IOMEeXH.

Kontyp 2: Jloruku («4ucTblii»)

Haznauenue: nutanue mukpokonTposiepa (ESP32/Arduino), IMU u apyrux uudgpoBbix KOM-
MIOHEHTOB.

Ucrounuk: otnenshbiii BEC (Battery Elimination Circuit), MOIKJIIOYEHHBI K OCHOBHOM OaTa-
pee uepe3 PDB. BEC npeoOpasyeT Bbicokoe Harpsikenue Oarapeu (11.1-14.8 B) B cradmibabIe 5 B.

Kputnueckue napamerpst BEC:

- Tok: ne menee 3 A s ESP32 ¢ nepudepueit. [Tpu Henocratounom toke BEC Oyzet «1po-
CaXMBaTbCS» MPYU MUKOBBIX HArpy3Kax, BHI3bIBAsI COPOC MUK POKOHTPOJLIEPA.

- KadectBo cradmim3aium: myabcaliiy Ha BeIXoe He JO/KHBI npeBbimiats 50—-100 mMB (pas-
Max). Umnynscabie BEC natot 6osee Boicokwmii KITJI, HO co3aaioT 60biiie BRICOKOYACTOTHBIX ITOMEX,
YeM JIMHEeWHbIe CTAOMIN3aTOPBI.

BaxHoe mpaBmIio: MUKPOKOHTPOJUIEP JIOJKEH MUTaThes He yepe3 USB-mopt, a yepe3 BHIBO/bI
5V u "GND" Ha ero ruiate. USB-nopt nipenHazHaueH 1Jisi TPOIIMBKY U OTJIAJIKH, a HE JJIsI OCHOB-
Horo nuTanus B nonete. [oakmovenue yepe3 USB co3naer mapasuTHble MyTH AJ151 IOMEX W MOXKET
MIPUBECTH K MOBPEXKICHUIO TTOPTA TIPU OPOCKAX HAMPSKEHHUS.

Konryp 3: CmaptdoHa («CBEpXUUCTBIIN»)

Hasnauenue: nutanne cMapTgoHa — TJIABHOTO BHIYMCIUTENBHOTO Y3J1a.

PexomMenyeMblil BapraHT: MUTAHKE OT COOCTBEHHOTO aKKyMYyJIsiTopa cMapTgoHa. 1o odecre-
YMBAET MAKCUMAJIbHYIO YMCTOTY MTUTAHUS U TIOJHYIO TAIbBAHUYECKYIO PAa3BSI3KY OT CHJIOBBIX LIETICH.
Cmapton 3apsikaeTcsi 0 MojieTa, a B mpoliecce mnojiera ero d6arapes padoraer aBToHoMHO. Huka-
KHe MOMEXH OT MOTOPOB He TIOMaAaioT B cMapT(gOH, M HUKaKKe MPOCaIKU HAMPsKEHUsI HA OCHOBHOM
OaTapee He BIUSIOT HA €ro padoTy.

AnprepHatuBHblii BapuaHT: nurtaHuve uyepe3 USB OTG c¢ wunxkekumeil nutanust (Power
Injection).

ITOT BAPUAHT UCTIONB3YETCs, €CIIM CMapT(OH HYKHO MTUTATh OT OCHOBHOM OaTapeu (Harpumep,
IJIs1 ITTTETbHBIX TIOJIETOB, KOT/Ia COOCTBEHHOTO 3apsiAa TenedoHa HeaoctatouHo). CxeMa BHIIJISAUT
TaK:

ENXN

OcnosHas LiPo BEC (5B, 2-3A) USB-ka6ens (Y-kabenb ¢ unxekimei) Cmaprgon

ENXN
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KimoueBbie TpeGoBaHMS:

- CmaptoH 0/KeH NOAJEePKMBATh OJHOBPEMEHHYIO 3apsKy M Mepejadyy JaHHbIX uepe3
USB-C (coBpemeHHbIe MOJIEH MOIEP:KUBAIOT, cTapble ¢ Micro-USB — vacto Her).

- Ucnonbsyercs crienmaitbhbiil Y-kabens ni OTG-xab ¢ nonaepxkoit Power Injection.

- BEC nomxkeHn oOecrieunBarh cTaOWibHBIe 5 B ¢ TokOM He mMeHee 2 A (JUIsi COBpeMEHHbBIX
cMapT(OHOB).

[penocrepexenue: mpu ucrosab3oBanuu Power Injection BaxHo, uroObt BEC 1 6atapest cmapt-
(poHa He «KOH(IMKTOBAIM» 10 HANIPsKEHUIO. B naeane — ucnonb3oBaTh cMapT(gOH ¢ N3BJIEYEHHBIM
AKKyMYJISITOPOM (€CJIM 3TO KOHCTPYKTUBHO BO3MOXHO) WJIM YOeOUThCS, YTO CXeMa 3apsijia cMapT-
(oHa KoppekTHO 0OpadaThHIBaeT BHEIIIHEE MUTAHUE.

JOTIOTHUTETbHBIE MEPBI 3AIUTHI

Jlaxxe Tpu pa3ziesibHBIX KOHTYpax MHUTaHUsI IOMEXHM MOTYT IMPOHHUKATh MO OOIIMM MPOBOIAM
WX Yepes u3inydeHue. [ ux nogasBieHus UCIOIb3YeTCs KOMILIEKC Mep.

KonpeHcarop Ha GatapeifHbIX pazbeMax

It0 camas 3pdekTrBHAA U 00s3aTebHast Mepa. Hu3konMme qaHCHBIN 7IeKTPOTUTUIECKUI
KOHJIEHCATOp TMPUIIAUBAETCsl HeMmocpeACTBeHHO K nagaM XT60 (wmm k PDB, MakcumanbsHO OIU3KO
K MECTY MOJKJTIOUeHUs OaTapen).

Bri6op koHzeHcaTopa:

- O 3S—48S 6arapeii: 470-1000 mx P, 25 B.

- Ons 6S 6arapeit: 470-1000 mxd, 35 B.

- Tun: Low-ESR (Hu3KO€ 9KBUBaJIEHTHOE TMOCJIeI0BAaTEIbHOE CONPOTHUBRIEHUE) — Panasonic
FM, Nichicon UHW.

[TpaBmiio MOHTaXa: HOKKHU KOHJIEHCATOPA AOJDKHBI ObITh MAKCMMAIbHO KOPOTKMMU — MEHee
10 mM. JITMHHBIE HOKKM NPEBPAILAIOT KOHAEHCATOP B aHTEHHY M CHMKAIOT €10 3(P(PeKTUBHOCTD.

[TpuHIMI pabOTHI: KOHAEHCATOP MOIJIONIAET BHICOKOUACTOTHBIE MMITYJILCHBIE BHIOPOCHI, BO3HU-
katore ipy KommyTtaru MOSFET-TpansucropoB B ESC. Be3 Hero st BBIOPOCH pacnpocTpaHsi-
I0TCSI 110 BCEW IIMHE NIMTaHus1, BHI3bIBAs COOM B padOTE JIOTUKH.

LC-dunpTp 17151 4yBCTBUTEIBHOM JIEKTPOHUKU

KonpeHcarop Ha GatapeiiHbIX pazbeMax MOJABIseT HU3KOUACTOTHBIE MyIbCAIUH, HO HE CITPaB-
JISIETCSl ¢ BBICOKOYACTOTHBIMU TIOMEXaMH (COTHHM KWJIorepi; — mMerarepuisl). i ux rnopaBieHus
ucnonb3yercs: LC-puiabTp — mnocneioBatebHas Uelb U3 KaTyIIKU UHAYKTUBHOCTH (Ipoccens) U
KOHJIEHCaTopa.

Cxema BrioueHusi: LC-uibTp ycTaHaBIMBaeTCsl HA IMHUY MTUTAHUST 4yBCTBUTETbHBIX KOMIIO-
HEHTOB — HarpumMep, Ha Bxoae BEC 1151 TOruku nim Ha JTMHUM UTaHUS cMapTgoHa (€CIu UCTIOIb-
3yetcst Power Injection).

[TapameTpsr:

- UnnpyktuBHOCTB: 47—100 MKI'H, TOK He MeHee 2 A.

- Konpencarop: 470-1000 mx®, 35 B Ha Bxoge, 100-220 mx®P Ha BbIXOjIE.

I'otoBbie Monynu: cymectBytoT Hegoporue LC-guibrpsl (Hanpumep, iFlight LC Filter, Matek
LC Filter), KoTopble MOAKJIIOUAIOTCS IO CXEME «/Ba TPOBOJIA HA BXOI, JIBA HA BBIXOJI».

deppuTOBBIE KOJBLIA

deppuUTOBOE KOJIBLIO (IPOCCEIIb) HAAEBAETCSA HA ITyYOK ITPOBOJOB U MOAABJISAET BHICOKOYACTOT-
Hble CUH(A3HBIE IOMEXH.

I'ne npumeHsTS:

- Ha mpoBopax ESC (kaxapiii ESC mnu oOmwii my4ok).

- Ha USB-kaberne, coequHsionemM cMapToH ¢ MUKPOKOHTPOJIIEPOM.

- Ha ka6ensix nuranus BEC.

®eppur padortaeT Kak (pWIBTP BEPXHUX YACTOT: OH IMPOITYCKAET MOCTOSTHHBIA TOK U HU3KHUE
YacTOTBHI, HO TIOIJIONIAET BBICOKOYACTOTHBIE TIOMEXH, TpeBpalias ux B TEIUIO.
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3a3emJiieHue 3B€301

10 camoe BaXXHOE MPABKJIO MOHTaXa JJIsI JIIOOOW CHCTeMbI C HECKOJIBKUMU TIOTPEOUTEISIMHU.
Cytb: ipoBof, «3emiin» (GND) oT Kak1oro KOMIOHEHTA UeT UHIUBUIYaTbHBIM ITPOBOIOM K OTHOM
o011el TOuKe — OTpUIATESIbHON KJleMMe OaTapey Wid IeHTpasibHOW Touke Ha PDB.

[Touemy 3TO BasXHO: €CJIM COSTUHSATH «3eMJI» TIOC/IEIOBATENIBHO (IIETIOYKOI ), BOSHUKAET 3eM-
nsiHast newist (ground loop) — mapa3sUTHBIN KOHTYP, KOTOPBI padoTaeT Kak aHTeHHa, COOMparoIast
Bce nomexu. Pa3HOCTh MOTEHIIMAIOB MEKAY Pa3HBIMU TOUKAMM «3EMJI» MOXKET JIOCTUTATh AECSTKOB
MUJUTMBOJIBT, YTO 7151 aHanoroselx curHasios IMU u USB-nuddepenimanbHbIX nap — KPUTUYHO.

[IpakTnueckas peanusauus:

1. Bee cunobie «3emin» (ESC, BEC) cxongarcs B ogHoi Touke Ha PDB.

2. «3emisi» MUKPOKOHTPOJIIepa MOIKIIOYAETCS] K 9TOM Ke TOUKE OTJEJIbHBIM MPOBOJOM.

3. «3emusg» USB-kabens (3KkpaHUPOBKA) TakKe MOAKITIIOUAETCs K OOITeld TOuKe.

4. Curnanphble «3emyn» (IMU, naTunku) coeqUHSIOTCS ¢ «3eMJIel» MUKPOKOHTPOJLIEpa, a OT
HEero — K oOIIel Touke.

BaxHo: He co3maBaiiTe HECKOJIBKO TOYEK COSIMHEHUs «3eMJIU» MEkIy Pa3HbIMHU IJTaTAMHU.
OpnHa o01ast TOuka — Y HUKAKUX TeTelTb.

[MpakTryeckre peKOMEHJAIUY TI0 MOHTAXY

1. JlnivHa IpOBOJOB: AEPXKUATE CUJIOBBIE ITPOBOJA MAKCUMAJIBHO KOPOTKUMU. IIpoBon nimHHee
50 cm HaumHaeT paboraTh Kak anTeHHa. [{nsg BEC ontumanbhas gymuHa — 30-50 cm.

2. Cedvenue mpoBOIOB: it cuioBbIX Tieriell (6atapess PDB ESC) ucnone3yiite mpoBos He
tonbiie 18 AWG. s BEC u noruku — 20-22 AWG.

3. Pazniesnienne CUTHAJIBHBIX M CUJIOBBIX MPOBOAOB: curHajibHble juHuu (USB, I’C, UART,
[NM-curnanst ot ESP32 k ESC) nomkHbI MPOXOIXUTH HA PACCTOSIHUM HE MeHee 2—3 CM OT CHJIOBBIX
npoBooB. Ecii nepeceyeHre Hen30e:KHO — TiepeceKaiTe MO MPSIMBIM YIJIOM.
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KoHen 03HakoMuUTEJIbHOT0 (pparmMeHra.

Texkcr npenocrasinen OO0 «JIutpec».

IIpounTaiiTe 3Ty KHUTY LIEJIMKOM, KYIMB II0OJHYIO JIETaJIbHYIO Bepcuio Ha JluTpec.

BesomnacHo onnatuTh KHUTY MOKHO OaHKOBCKOM Kaprtoit Visa, MasterCard, Maestro, co cuera
MOOWIIBHOTO TenepoHa, C TUIaTeKHOro tepMuHana, B catone MTC wm Cesi3Hoii, yepes PayPal,
WebMoney, fAunekc.densru, QIWI Komesnek, 60HyCHbIME KapTaMu WX APYTUM YIOOHBIM Bam crio-
coOom.
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