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PosrnsinyTo mpoOiieMaTuky MoOyAOBH CHUTHAJIBHHX II€PETBOPIOBAYIB MAarHiTHOTO TPEKIHTY JUIs
CHCTEeM JIONIOBHEHOI peaibHOCTi. [HpopMaTHBHI CUTHAIM CHCTEM MAarHiTHOTO TPEKIHTY OMHCYIOThCS
(YHKI[IOHAJHHUMH 3AJIEKHOCTSIMU, OCHOBHI apryMEeHTH SIKHX — BiZICTAHb MIX aKTIOATOPHUMH Ta
CEHCOPHUMH KOTYIIKaMH Ta KyTH IX B3a€MHOI0 Haxwiy. [ po3paxyHKy MpOCTOPOBOrO MOJI0XKEH-
HSl BUKOPHCTOBYIOTh MaTeMaTHUYHI MOJIENI, SIKi OIMMUCYIOTh PO3IOJiN ChOPMOBAHHUX aKTHOATOPHUMHU
KOTYIIKAMHM MAarHiTHHX TIOJIiB Ta CUTHAJIB CEHCOPHHUX KOTYHIOK. CHTHAJBHHUH IEepeTBOpIOBAY
MIPUCTPOIB MAarHiTHOTO TPEKIHT'Yy pO3pO0JIEHO HAa OCHOBI IPOrpaMoBaHoi cucTeMu Ha kpucrani PSoC
cim’1 SLP Family Cypress Semiconductor. HaBezieHO pe3yabTaTi eKCIIEpUMEHTAIBHUX JTOCIIIKEHb
ciMeli CUTHaIIIB y pasi 3MiHM BiICTaHI MiXK KOTYIIIKAMH Ta KYTiB TX B3a€MHOT'0 TIOJIOXKEHHSI.

Karwu4osi ciioBa: macnimunuii mpexine, 66ydosana cucmema,; ceHcop 0ON08HEHOI peanrbHOCHIL.
YK 621.382

1. Beryn

Cucremu maraiTHoro Tpekinry (Magnetic Tracking, MT) — 1ie HOBITHIi HarpsiM PO3BUTKY CEHCOPIB
BHMIpPIOBaHHS IPOCTOPOBOTO TOJIOKEHHSI Y KOHIIENisX BipTyanbHoi (Virtual Reality, VR) ta mormoBaenoi
(Augmented Reality, AR) peambnocti [1]. BumiptoBaHHS BHKOHYIOTH 3a JOIOMOTOI 1HJIYKTHBHHX
KOTYIIOK, SIKi (pOPMYIOTh CHCTEMY B3a€MOIIOB’SI3aHUX IAp — aKTHATOPIB Ta CEHCOPIB. AKTHOATOPHI
koTymiku popmyroth AC (Alternative Current) MarHiTHi Mmojii HU3bKOYaCTOTHOTO CIIEKTPa, a CEHCOPHI —
TCHEPYIOTh 3YMOBJIEHY IIMMU TIOJISIMH €IEKTPOPYLIIHHY CHITy (Hampyry 3MiHHOTO cTpymy). BinTak iHmoro
HA3BOIO IIHOTO MeTONy € enekrpomarHiTHUl Tpekinr (ElectromagneticTracking, EMT) [2].

IcToTHI mepeBaru cucTeM MAarHiTHOTO TPEKIHTY BiJIHOCHO CHCTEM ONTHYHOTO TPEKIHTY — MOXKITHU-
BiCTh (PYHKIIIOHYBaHHS 11032 30HO0 IpsiMoro OadeHHs. I1lo70 cucreM iHEPIIITHOrO TPEKIHTY TepeBaramMu
CHCTEM MAarHITHOTO TPEKIHTY € MOXIUBICTh BHCOKOTOYHOTO BHMIPIOBAHHS IPOCTOPOBOTO IOJIOMXKEHHS
CEHCOPIB y CPOPMOBaHIli MATPHUIICIO aKTHATOPIB CHCTEMI KOOPIMHAT Ta BiACYTHICTH MOXHOOK, CIpPUYH-
HEHHX YaCOBUM JIpeii)oM CHTHATIB akcenepoMeTpiB [3] Ta ripockomiB [4].

CyyacHUMU pIlIEHHSMH CHCTEM MAarHITHOTO TPeKiHry B KoHueniisix VR ta AR e: yHiBepcanbHHIA
¢petimBopk (framework) ARIoT y koHIenmisx AonoBHEHOI peaiabHOCTI Ta IHTepHeTy pedelt (Internet of
Things, [oT) [5]; konuenmis cunte3y nanux (Data Fusion) y Meanuanx npuctposx Bizyamizainii (Medical
Imaging) [6]; mpucTpoi HaBiramii XipypriyHMX iHCTPYMEHTIB y MEAMYHIH amapatypi [7]; TexHomorii
OioMenMuHOI 1HXeHepii, 30KpeMa, Uil MOHITOPHUHTY KiHEMaTWKH oOnmyus [8]; 3aco0M MexaTpoHIKH
THYYKHX poOoTiB [9] ToIII0.

© 2021 Harionanbuuii yHiBepcuTeT “JIbBIBChKA HOJITEXHIKA”



82 P. I'onsaxka, T. Mapycenuxosa, M. Xinvuyk

VY poboti mpoaHalli3oBaHO CHTHAIM Ta PO3POOJIEHO MPHCTPOI MATHITHOTO TPEKIHTY U CHUCTEM
JIOTIOBHEHOT peanbHOCTi. HaBemeHi B mil myOmikamii pe3yiabTaTH € YacTHHOI poOIT 31 CTBOPEHHS
amapaTHO-TIPOrpaMHUX 3ac00iB MarHiTHOTO Tpekinry — Magnetic Tracking System Integrated Development
Environment (MTS IDE), sxuM 3afiMacTbCsl Halll KOJEKTHB Y MEXaX HHU3KH HAyKOBHX Ta TPUKIIaHUX
npoekTiB. Lle, 30kpema, po3poOJICHHS KOCTIOMIB TPEKIHTY PyXiB JIIOJWHHM, CTPIYKOBHX Ta IUTONIMHHHX
BUMIpIOBauiB (OpMH, IHCTPYMEHTAIBHUX TPEKEPIB MIKPOXipypril B KOHIIETIIIT JOTOBHEHOT PEaTbHOCTI.

2. AHaqi3 mpo06JieMu Ta MOCTAHOBKA 3a1ayi

[Mpuniyn (yHKIIOHYBaHHSI CEHCOPHUX CHCTEM MATHITHOTO TPEKiHTy IPYHTYEThCS Ha BHU3HAYCHHI
MPOCTOPOBOTO MOJIOKEHHS 00’ €KTIB 32 pe3yabTaTaMi BUMIPIOBaHHS BEKTOpa 1HIYKIIIl OMOPHUX MarHiTHHX
MOJIB Y HU3bKOYACTOTHOMY CIIEKTPi €JIEKTPOMArHiTHOrO BUIpOMiHIOBaHHS. [lepeBakHO ceHcopaMu Ta
aKTIOATOpaMH B TaKMX BHUMIPIOBAIBHUX CHUCTEMaX CIYTYIOTh MaJora0apuTHI KOTYIIKH Ta iX IBOBHMIpHI
2D (2-Dimention) uu TpuBumipHi 3D (3-Dimention) 36ipku (puc. 1).

Puc. 1. ITnanapni (1D) ma mpusumipni (3D) komywku cucmem MazHimHo20 mpeKiney

[HhopMaTHBHI CHTHAIM B3aEMHOI'O TIOJIOXKEHHS Y Mapax “aKTHaTop-CeHCOp” OMMCYIOThCS (YHKINO-
HAJTBHUMH 3aJIeKHOCTSIMH, OCHOBHUMH apTyMEHTaMH SIKUX € KOe(il[ieHT IHAYKTHBHOTO B3a€MO3B’ 3Ky B
napi Ta, BIlaCHE, BUMIPIOBaJbHI BEJMYMHH TPEKIHTY - BiJICTAaHb MK KOTYIIKAMH Ta iX HaxWJ OJHIi€i
BiTHOCHO iHIIOI. [IJis1 po3paxyHKy POCTOPOBOTO MOJOKEHHS BUKOPHCTOBYIOTh MaTEMAaTHYHI MOJICII PO3-
MOJILTY CPOPMOBAHMX HU3bKOYACTOTHUX MArHiTHUX moiiB. L{i Mogesi CHHTE3YIOTh Ha OCHOBI TEOPETHYHHUX
MPHUIYIICHb Ta PE3YNbTaTIB EKCIIEPUMEHTAIBHUX JOCHIKEHb. PI3HOBHIOM MaTeMaTWYHHX MOJENcH €
CUTHAIIbHI MOJIEI, SIKi OMHCYIOTh 3aJeXHICTh COPMOBAHMX BHUMIPIOBAIBHOIO CHCTEMOIO CHUTHAIIB Bij
MPOCTOPOBOTO TOJIOKEHHS Ta HAXHMITy CEHCOPHOI KOTYIIKH B CHCTEMI KOOPAWHAT aKTIOATOPHOI KOTYIIKH
[10].

[IpocTopoBuii po3Mmoail MarHITHOT'O MOJIST KOTYIIKH akTioartopa (Actuator) Ta po3MillleHHS B I[bOMY
oJIi KOTYIIKK ceHcopa (Sensor) B rwiomuHi (2-Dimention) HaBeIeHO Ha PHUC. 2, a B3aEMHE PO3MIIIICHHS
[IUX KOTYITIOK — Ha pHC. 3.

PosrisimaroTh OMOpHY Ta pyxXxoMy CHCTEeMH KoopauHaT. OINMOpHY CHCTEMY KOOpIMHAT 3a/1al0Th
MPOCTOPOBUM TIOJIOKEHHM aKTIOATOPHOI, & PyXOMY — CEHCOPHOI KOTYIIOK. [IJisi CIpOIleHHST BUKIJIAICHOTO
Jai aHayizy OOMEXHMOCH PO3TISIOM JABOBUMIpHUX 2D (TUIOMMHHUX) cUCTeM KoopauHat. [lnomuHa
KOTYIIKH aKTI0aTOpa po3MillleHa MapayiesbHo 10 oci X ,, a if HopMmanb N, 30iraerscd i3 Biccto Y, . Haxun
KOTYILIKMA aKTI0OATOpa BHU3HAYAETHCS KyToM 0. Haxwi miomuHu CeHCOpPHOT KOTYIIKH BiJHOCHO PYXOMOI
cucreMH KoopamHaT X Y, BH3Ha4acTbCa KyroM o . Skmo o =0, miaomwuHa F; CEHCOPHOI KOTYIIKH

30iraeTbes i3 Biccro X, a if Hopmainb — i3 Biccro Y .

3 MeTor0 MoOYI0OBH CEHCOPHUX MPHUCTPOIB MArHITHOTO TPEKIHTY HEOOXiJTHO BCTAHOBUTH aHATITHYHI
3aKOHOMIPHOCTI NPOCTOPOBOTO PO3MOALTY 3HA4eHb HOPMAJbHOI B, Ta TaHTEHUIANbHOI B, MHpPOEKIiH
BeKTOpa iHAyKUii Mar"itHoro moius. Lli npoekiii Bu3HauaroThCsl MOAyIeM iHAYKLII mond B,, = w/B}f, + Bﬁ
Ha BiACTaHi Ly, MDK CEHCOPHOIO Ta aKTIOATOPHOKO KOTYIIKAaMU Ta KyToM O MDK BEKTOPOM, LIO 3’€IHYE
LEHTPU [HMX KOTYIIOK, Ta IUIONMHOK KOTYIIKHM aKTiaTopa. MaKCHMMalibHI 3HAYCHHS HOPMaJlbHOL B,
IPOEKII] Ta HyJIbOBI 3HaYEHHS TaHTE€HLIANBHOI B, MPOEKIII CIOCTepiraloThesl B3I0BXK OCi Y, HAaTOMICTh

B3JIOBX OCi X , — HyJIbOBi 3HaUeHHS B, Ta MaKCHMajbHI 3Ha4eHHA B, .
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Puc. 3. Bzacmne po3miujenns Komywox y niowumi

IHaykmist monms akTiaTtopa XapaKTepU3yeTbCs MAarHiTHUM MoMeHtoM M =N, [,A,, 3Ha4yeHH:
SKOI'0 3a/a€ThCA JOOYTKOM KUTBKOCTI BMUTKIB, CTpyMy [, Ta miomli A, KoTymku aktioaropa [10]. 3
ypaxyBaHHSM IIbOTO NTapaMeTpa HOpMalbHA B, Ta TaHTeHLianbHa B, MPOEKIil IHAYKIi{ MarHiTHOTrO MO
BU3HAYAIOTbC OOEPHEHOI0 KyOiuHOK (YHKILI€O BifAcTaHi Ly, MK CEHCOPHOIO Ta aKTIOATOPHOIO

KOTYIIKaMH Ta KyToM 0 :
B, = kLM cos(0), B, kzzw s1n(9) (1)
'S4 'S4
ne kg, — KoedillieHT MPONOPIIHHOCTI.

[HopMaTHBHHI CHTHAJ IPOCTOPOBOTO MOJIOKEHHS y CUCTEMaxX MarHiTHOTO TPEKIHTY OTPUMYIOTh,
CENIEKTHBHO BHMIPIOIOYHM KOPUCHY CKIIQJIOBY HANPYTH, 0 (POPMYETHCS Ha BUBOJIAX CEHCOPHOT KOTYIIKH Ta
BHU3HAYAETHCS BHUIIE3TaJJAHUM IPOCTOPOBHUM PO3IMOJALIOM OIMOPHOTO MarHiTHOro monsi. CelneKTHBHE
BHUMIpPIOBaHHS Tiependavae MmiICHIICHHs HAPYTH CEHCOPHOI KOTYIIKH, ii CHHXPOHHE JIeTeKTyBaHHs, QiTbT-
pYBaHHSl Ta MOJANbIIEe MEPEeTBOPEeHHS Meronamu IHppoBoi oOpoOku curHamy. CHCTEMH MarHiTHOTO
TPEKIiHTY — Ile OaraTokaHajbHI amapaTHO-TIPOrpaMHi 3acO0H, IO MICTATh ONTHMI30BaHI MiJi KOHKPETHY
cnenudiky 3amaui Habopu 1D, 2D Ta 3D CeHCOpHHMX Ta aKTIOATOPHUX KOTYILIOK, BY3JH aHaJOroBOTO
(GpoHT-eHly, KOMYTAaTOpH, aHaJoro-nupoBi IeperBoproBadi, Mikporporecopu Tomo. KigbkicTh Ta
B3a€MHE PO3MIIIICHHS KOTYIIOK y WX Habopax MOBWHHI 3a0e3MeuyBaT MOKIIUBICTh PO3PaXyHKY MTPOCTO-
POBOTO TIOJIOKEHHS 13 33/1aHOI0 TOYHICTIO Ta Jiala30HOM BUMIpIOBaHHSL.

[IpobnemaTrka 1iel poOOTH 3yMOBJIEHA HEOOXIHICTIO CTBOPEHHSI IIPOrPaMHOTO 3a0e3MedeHHs s
PO3paxyHKy KOOPAWHAT MPOCTOPOBOTO MOJIOKEHHsI 00’ €KTIB 13 ypaxyBaHHSIM XapaKTepHUX (crienudiyamx)
MoxrOOK BUMIPIOBAHHS CUTHAIIIB, 1[0 BUHUKAIOTh Y CEHCOPHHUX CUCTEMaX MAarHiTHOro Tpekinry. Taki mo-
XHOKU CIIPUYMHEH] BIIXUJICHHSM 3HAYCHb PEAbHUX CHUTHANIB BiJ| iX BH3HAYCHUX CHUTHAIBHOIO MOJIEILTIO
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HOMIHAJILHUX 3Ha4eHb. Y CHCTEMaX MarHiTHOTO TPEKIHTY TaKi MOXUOKH MOXHa KiacH(iKyBaTH HA YOTHPH
tunu: ER1 — ammitynHa umn/Ta dazoBa HeysromkeHicts; ER2 — enekrpomarnitHi 3aBagu; ER3 — 3Mi-
mienHs (off-set) 6azoBoro piBHs; ER4 — oOMexkeHHs cUTHATY.

[Mpuunnoro moxubok tuny ER1 € BimxuieHHs mapamMeTpiB KOTYIIOK BiJl iX HOMiHAJIbHUX 3HAYEHb,
30KpeMa, KUTBKOCTI BHTKIB, Jomli, ¢popmu Tomo. B 2D Ta 3D 30ipkax mpUYHHOIO WX MOXHUOOK € Bil-
XHJICHHSI KYTiB B3a€MHOT'O IIOBOPOTY KOTYIIOK. HOMiHAJIbHO KOTYIIKK B 30ipKax MOBHHHI PO3MIIIyBaTHCS
MiJ OpSIMHMH KyTaMu. 3aBIaHHS MIiHIMI3allii MOXHOOK BHUPINIYETHCS MIABHIIEHHSIM TOYHOCTI BUTOTOB-
JICHHSI Ta YTOYHEHHSIM MapaMeTpiB ITiJ] yac KaniOpyBaHHS.

[ToxubOku Ty ER2 3yMOBIIEHI €IEKTPOMAarHiTHUMH 3aBajiaMd CTOPOHHIX (Hapa3uTHUX) JHKEpes
BUITPOMIHIOBaHHS, 3/1€0UIBIION0 — CHJIOBHX JIiHIH Ta TpaHchopMaTopiB Mepeki >KHBICHHS, IEpPETBO-
pIoBaviB BTOPUHHHX JDKEpENl >KUBJICHHS, TPHCTPOIB Pajio3B’si3Ky TOIIO. PiBEHb IIbOTO THITY MOXHOOK
BHM3HAYAETHCS CITIBBIAHOIICHHSAM CUTHAI — IryM. OCKIIBKYM aMILTITY1a iH()OPMATHBHOTO CUTHATY B CHCTE-
Max MarHiTHOro TPEKIiHT'y BU3HA4a€ThCs O0EPHEHOI0 KyOidHOK (yHKIIi€lo BicTaHl Ly, MiX CEHCOPHOO
Ta aKTIOATOPHOIO KOTYIIKAMH, CIIBBIAHOMICHHS CHTHAN — IOYM Pi3KO 3MEHIIYETHCS 31 301TbIICHHIM
BiacTaHi Lg, . Came 1s oOcTaBHMHA OOMEKye NalbHICTh MAarHiTHOro TpekiHry. YacTkoBO 3aBJaHHS 3011b-

HICHHS AaJbHOCTI BUPIIIYETHCS 301TBIIEHHSIM MarHiTHOI'O MOMEHTY KOTYILIOK Ta METOaMH 3aBaIOCTiHKO-
T'0 CHHXPOHHOT'O JICTCKTYBaHHL.

[oxubku Ty ER3 crnpuumHeHi mapa3wTHUM B3a€EMO3B’SI3KOM MDK BXIIHHMH Ta BHUXIJIHUMH
CUTHAJIFHAMHU KOJIAMH CEHCOPHOI cucTeMu. OCKUIbKM B CHCTEMaX MarHiTHOTO TPEKIHTY CIiBBiJIHOIICHHS
MK BUXITHUMH CHTHaJIAMU aKTIOATOPHHUX KOTYIIOK Ta BXiJHAMHU CHUTHAJIAMU CEHCOPHUX KOTYIIIOK JIOCSTAE
HIECTH MOPSKIB 1 OlIbIle, podiieMa MiHIMI3allil Tapa3uTHOTO B3a€EMO3B’SI3KY JIyKe akTyasibHa. YacTkoBe
BUpIIIEHHS 11i€i mpo0ieMn OCHOBaHE Ha SKICHOMY €KpaHyBaHHI CHTHAJIBHHX KT Ta eJIeKTPOMArHiTHIH
PO3B’sI311i 3eMIITHIX KOHTYPIB X KiJ.

[oxubku Tumy ER4 crnpuunHeHi OOMEXEHHSM aMIUTITYAM CHUTHAly 3a MalHMX BiJICTaHEH Mik
CCHCOPHOIO Ta AaKTIOATOPHOI KOTYIIKaMH. PiBeHb Takoro OOMEXKEHHS BU3HAYAETHCS JOMYCTHMHUM
PO3MaxoM Halpyr y CHTHAJbHMX KOJaX 1 THIIOBO HE MEPEBMINYE KUIbKOX BOJLT. OCOOIMBO aKTyalbHA
npobieMa 0OMEXEeHHsI CUTHAIIIB y HOBITHIN CEHCOPHIH anmapaTypi, IO 3a/I0BOJIbHSIE BUMOTH KUBJICHHS BiJl
HU3BKOBOJILTHHX (3 B 1 MeHIIIE) OMHOMONSAPHUX JHKEper JKUBIEHHS. 30KpeMa, Ie MPUCTPOi Y KOHIEMIIii
Iurepuery pedeii. YacTkoBe BUpIlIEHHS IIi€i MpoOIeMU TPYHTYEThCS Ha JWHAMIYHOMY TEpEeMHKaHHI
Koe(illieHTa TICHIICHHSI BXIJIHOTO CHTHAIly Ta BHKOPHCTaHHI aHAJIOTrOBOI KOMIIpecii cUTHAy Jiorapud-
MIYHUMH IT1ICHTIOBAYaMH.

OTmxke, CHTHAJIGHUN aHaNi3 y CEHCOPHHX MPHCTPOSX MATHITHOrO TPEKIHT'Y 3 ypaxyBaHHSIM iX
XapaKTePHHUX MMOXHWOOK Ma€e BaromMe 3HA4YCHHS JJIS MIABUINCHHS TOYHOCTI (PYHKIIOHYBAHHS IIMX CHCTEM.
BukoHaHHS Takoro aHajizy motpeOye CTBOPEHHS CHUTHAJLHOI MOJE Ta BUKOPUCTAHHS i€l MOACI s
BCTaHOBJICHHSI 3aKOHOMIPHOCTEH MK TOYHICTIO BUMIPIOBAHHSI ITPOCTOPOBOTO TIOJIOKEHHSI Ta BiJICTAHHIO
MK CEHCOPHOIO Ta aKTIOATOPHOIO KOTYIIKAMH.

3. CurnajibHa MoaejIb

[Tomana B poOOTI CUTHANIbHA MOJICb IPYHTYETHCS Ha pe3yJibTaTaX eKCIEePUMEHTAIBHUX TOCITIIKEHb,
MOBa MO SKi MiJi¢ B HACTYMHOMY MiZpo3aiii. BIAMOBIAHO A0 OTpUMaHUX EKCIEPUMEHTAIbHHUX TaHUX

MaKCHMaJlbHE 3HA4eHHsI HOPMaJbHOI MPOeKLii B,,, IHIYyKIil MarHiTHOro moJsis BJBIUi OUIbIIE BiJ MaKCH-
MaJIbHOTO 3HA4YeHHs TaHTEHIaldbHOI Mpoekuii B, . Biarak 3ammmeMo iX 3HaueHHS y HOPMOBAHOMY

BUTJISAL:

T
BNM=BN(9=EJ=1,BTM=Br(e=o)=o,5. @)

BusHaumBIIM TpUTOHOMETPHYHI (PYHKIIIT IPOCTOPOBOTO PO3MOLTY IUX MPOEKIIIH

B,(8)=B,, (sinB),B,(8) = B, (cos0)

9
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3aMMIIEMO BHPa3H 3aJISKHOCTEH MOIyns B,, BeKTOpa IHIYKIIl Ta KyTa y HOro HaXuiry

B, (0)=+B2(0)+B2(0),y = arctggr—((ee)).

Jani posriasHeMo KyTH HaXWIIy CEHCOPHOI KOTymKu o,(0), 3a skux ii miommHa 30iraetbes i3
BEKTOPOM 1HIYKIIIi oM. 3a TAKKX KYTIB CIIOCTEPIraeThcs HYIbOBHH PIBEHb IHPOPMATHBHOTO CUTHAITY

Ve =0@a(0)=0,(0) =9—\|/.‘

HaromicTh MakcHMalibHU PiBEHb CUTHAITY JOCSATAETHCS Y Pasi MOBOPOTY TUIOMIMHN CEHCOPHOI KOTYIIKH

Ha 5 BIJIHOCHO BEKTOpA THTYKIIi1 TTOJs (HOPMaIlb CEHCOPHOT KOTYIIIKHU 301ra€ThCs 13 BEKTOPOM TIOJIsT)

Vs =Vyux @a(0) =, (0) =0 —y _g-

3HayHa YacTUHA CUCTEM MArHITHOTO TPEKIHTY IPYHTYEThCS Ha KOTYIIKaxX i3 JeopMOBaHOIO (op-
MO0, 30KpeMa, sK Ioka3aHo Ha Qotorpadisx (puc. 1). Taka nedopmariis 3aIHCHIOETBCS 3 METOIO
ONTHUMAaJILHOTO BUKOPUCTAaHHS TUIOMIi (00’€MY) aKkTIoaTopa Ta ceHcopa, BOYJJOBYBaHHS KOTYIIIOK B 00’ €KTH
(30KpeMa, ofisiT, pyKaBHIIl M B3YTTS) CIPOIIEHHS TEXHOJIOTT] BUTOTOBJICHHS YM BUPINICHHS HU3KH THIINX
crenudiyHUX 3aBIaHb.

PosrisiHeMO OCHOBHI MigXOIU 0 MOOYAOBH CHUTHAIBHOI MOJETI TakuX Ie(pOpPMOBAHHMX KOTYIIOK.
s 1poro 3AiHCHUMO JEKOMIIO3HLI0 aKTUBHOI Mol A; CEHCOPHOi KOTYMIKH, NMOJABIIU i y BUIIIAAL

JBOX KOMIIOHEHTIB: Ay — LCHTPAIbHOI YaCTUHHM, MPOCTOPOBE MONOKEHHS SKOI y pasi IOBOPOTY 0L,
HABKOJIO LIEHTPA KOTYUIKH 3aIMIIAETHCS HE3MIHHUM Ta Ay — nepudepiiHuX 4acTuH, sKi y BUNIAJKY T10BO-

POTY 3MIHIOIOTH CBOE TojI0XxeHHS (puc. 4). [IoBOpOT HEeHTpaIbHOI YaCTHHU HE 3MIHIOE CHTHAI KOTYIIKH.
HatomicTs 3MiHa MPOCTOPOBOTO MOJOKEHHS Tepr(epifHUX KOMIIOHEHTIB MPU3BOJUTH JI0 MEBHOI 3MIiHH
CHTHAITy CEHCOPHOI KOTYIIKH, & OT)KE, IOBHHHA BPAXOBYBATHCS Y CHTHAIIBHIA MOJIEII.

J7ist moyaTKy 1mojaMo MEeBHY YacTUHY meprdepiifHOro KOMIIOHEHTa CEHCOPHOI KOTYIIKH TOUYKOBHM
Yy KpyroBUM cermMeHToM S, . Ilepmmii BapiaHT mHepeMillleHHsS TakKoro CerMeHra ceHcopa (Sensor)
BIJIMOBi1a€ PIBHOMIPHOMY PO3MOITY MOJS PO3MOALICHOr0 akTioatopa (Actuator) (puc. 5, a). Hatomicts
Ipyruii BapianT (puc. 5, 0) mpencraBise TOYKOBHH aKTIOATOp, M, aHAJIOTIYHO JIO CEHCOopa, TOYKOBE
MOJAaHHSI MOro cerMeHTa.

Sensors Sensor S,

7 . \OR /
R/ |y
X 1 N )

L | 2
C a2 A
£l %
= =]

Actuator Actuator

a o

Puc. 4. Ceamenmu komywiox i3 degpopmayicio gpopmu Puc. 5. Pyx mouxoeux cecmenmis Komyuiox

[TomaBimm pyx TOYKOBOTO CerMeHTa S, CeHcopa IO KONy 3 pajiycoM R BiIHOCHO IIGHTpa, po3-
TAalllOBAHOTO Ha BifACTaHi L. BiA IJIONMHHOTO YM TOYKOBOIO aKTI0ATOPa, OTPUMYEMO 3ajI€KHOCTI

BigcraHei Y, (o) Ta L(0,) BiX KyTa MOBOPOTY O :
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Yp(0,) =L, + Rsin(a,)
2
Leg(og) =[x + (Lo +9) 5 L (0) =/ R* + L.

x=Rcos(a,),y=Rsin(a,).

BpaxoByrouu, 1m0 IHAyKIiS MarHiTHOTO IOJs BHU3HAYAE€THCA OOCPHEHOI KyOIdyHOIH (YHKIIEO
BIICTaHI BiJl aKTI0aTOpa, oaMo koedinieHT mopynsanii K, curHamy S, HOro 3ajeXHICTIO Bi TOBOPOTY
Or TOYKOBOT'O CErMEHTa CEHCopa:

A YYCR(S’);
XP CR R
Sxp(0g) _ LCR(O)3
Si(0)  Leg(oy)
[Tpuknaam Takux 3aJIeKHOCTEH HaBeneHO Ha: puc. 6 — K, axkmo R=1, L. =10; puc. 7 — K,,,

— I TNIOONIUMHHOI'O aKTIoaTOopa,

Kw(Leg)= — U1 TOYKOBOT'O aKTHATOpa

akmo R=1, L.=3;tapuc.8— K, mma R=1, L.=2,3,4,5,10. Po3mipHicTs paxiyca R Ta BincraHi L.

B IIbOMY TIOJIaHHI 3HAUCHHS HE MalOTh. BaXkIMBE JHIIIE X CIIBBIIHOLICHHS.

—+— Kxr(Ycr)
== Kxp(Lcr)
L

R=1
Le=10]

» g, deg |Kxr(Yer)| Kxa(Ler)
> 0 1.000 1.000
~ - 50 | 0.751 | 0.763
: 180 | 1.000 | 1.000
270 | 1372 | 1392
b 360 | 1.000 | 1.000
0.8
07 -
0 00 Qp,deg 270 360

Puc. 6. Koegiyienmu mooynsyii cuenany Ky , axwyo R=1, L. =10

40 ;
a5 ||~ Kxa(Yer)
== Kyp(Lcr)
30 T
CE ) ) o des e Kantias)
0] 1000 | 1.000
%20 | | 90 | 0422 | 0.494
e ' 180 | 1.000 | 1.000
T T T L. L 270 | 3375 [ 3.953
- 360 | 1.000 | 1.000
1.0
0.5 o = = = gl
00
0 9% 180 270 360

QR,deg

Puc. 7. Koegiyienmu mooynsyii cuenany K v , axwyo R=1, L. =3

OtpuMaHi pe3ynbTaTi MOKa3yloTh, 10 (opMa 3aiexHocTed K,, BiX KyTa o, He BiIIoBimae rap-

MOHIYHOMY KOJIMBAaHHIO, a CHTHAJIbHA MOJIeTb IOBOPOTY CEHCOPHOI KOTYIIKH 3 JiehopMOBaHOK (HOpMOIO
ckianHima. Po3risHeMo NpUKIaaW CHHTE3y TaKUX MOJeNed JUis MpsIMOKYTHOI Ta KBaapaTHOl (opm
CEHCOpHUX KOTYyIIOK (puc. 9, 10).
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9.0

8.0 4

7.0 4

6.0 ¢

5.0

KXR

4.0 4

3.0

2.0

0 90 180 270 360
(R, deg
Puc. 8. Koeiyienm modynayii cuenany K
akwyo R=1, L. =2,3,4,5,10
(Ha 6cmasyi — 3a1eJCHICIb Y 102apu@mMivHoMy macuimaoi)
BinnoBigHO 10 BUILEPO3TISHYTHX MIpKYBaHb, KOS(IIEHTH MOAYISIIl CUTHATY JUIS TPSIMOKYTHOL
(hopMH CEHCOPHOT KOTYIIKH BH3HAYAIOTHCS CITiBBiMHOMIEHH I MH (puc. 11, a):
3 3
SX,P(CX’R) + SXZP(CX'R) _ YCR, 0)° + YCRZ (0)
- 3 3
Syp(O)+8,,(0)  Yep ()" + Y, (01z)

KZR(YCR) =

SX,D (o) + SXZD (ag) _ LCR, 0y’ + LCRZ (0)’
SX,D(O)+SX2D(O) LCR, (CX’R)3 +LCR2 (CX’R)3
VY3aranpHIOI0YH, KOSDIIIEHTH MOIYJISIIi cCUrHANY JJs iHIMX (opM KoTymok 3 N nepudepiinumu
cerMeHTaMH, 30Kkpema Juist kBaapatHoi popmu (N = 4) Bu3zHauaeMo sik (puc. 11, 6):

KZR(LCR) =

N N

2 Sip(@r) D Ley (0
KNR (LCR) = lle = A;=1
D28 p(0) DLy (o)
i=1 i=1

N N
DIRCI RS M0y
Ky (Yer) = lle = Allzl
2800 D Yo (oy)’
= =

Bei Bumiesragani koe(ili€eHTH MOIYJIAIIT BiIMOBINAIOTh JIUIIEC 3MiHAM CHTHAIy KOTYIIKH, IO

symoBiieHi ii mepudepiiinumu vactuHamu A . Haromicth curHam Bil LEHTPaibHOI 4acTHHH A

3aJUIIAEThC CTAMM. Binrak, cymapHa 3MiHa CHTHally BHU3HAYATHMETbCS HE JHIIE KoedillieHTamu
monymsnii Kxg, ane i criBBiTHONIEHHIM TUTONIi mepudepiifHol YacTHHH Ta CyMapHOi IUIONII CEHCOPHOI

S . . .

KOTYIIKM —*—— . ToOuHII MOAEN OTPUMYIOTh IEPEXOJOM Bl TOYKOBOIO A0 MATPUYHOIO [N M ]
5, T4,

MOJIAaHHS CErMEHTIB aKTUBHOI IUIOII KOTymKy (puc. 12, 13). Y TakoMy MaTpu4HOMY HOJaHHI PO3PaxyHOK

KOOPJMHAT MAaTPHIII BUKOHYIOTh 32 (OPMYJIaMH:

. N+1 . M+1
X,-o=0t(l— 5 j;lfjo:oc(J— j

2
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J 4c \/ L+Y2), O + 0y

88

L,=JXi+Y5:a, —arctan(

\/ L +Y2) s X =L;c08(0 ;)Y = L sin(a )

i

L

[O (&
<|
= g Sxs
2 5 ~
g £
2

Actuator Actuator

Puc. 9. Jlexomnosuyis ceHcopHOi KOMyWKU i3 NIOWUHHUM AKMIOAMOPOM

Actuator Actuator

Puc. 10. [Jlexomnosuyis cencopHOi KomywKu i3 mouko8um axmoamopom

25 1.15
20 1.10
815 & 1.05
Y o
10 1.00 < ® Y
== Koa(Yer) R=1 — K4'R(YCH)
== Km (Lcr) Le=3] == Kyp(Lcr)
05 ‘ 0.95
0 %0 180 270 360 0 %0 180 270 360
AR, deg (R, deg
a 6

Puc. 11. Koeghiyicumu mooynsyii cuenany K2R, sxwo R =1, LC = 3 (a), ma K4R, sxwpo R = 1, LC =3 (6)
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Ay
Ani As
Aw[o ocicio 0. 0.o.0o. 0.0 .0) Aw
M e
Q:!0I0N\0:0:0TO0:0:0:0:0:0 4~
0io:io o:0|0i0i0i0i0i0
A"Loooéo”oooooa o) A
—> 8
Lic\ |Lec Le
: Actuator Actuator
Puc. 12. Mampuune nooanHs niowi KomywKu
Y=aMi2
(AERNEN
Yio=a(-(M+1)/2) i

L 4

X=-aNi2 2

Puc. 13. Koopounamu ceemenmie y MampuuHomy noOaHHI
4. Peanizauisi, nocaigxeHHs Ta anpodamuisi NPUCTPOIB MATHITHOTO TPEKIHTY

BpaxoByrouu BUMOTH JI0 Cy4acHOI CEHCOPHOI MIiKPOEJIEKTPOHIKH, 30KpeMa JI0 MPUCTPOIB HaBirarii
00’€KTIB, y KOHIIEMIii JIOMIOBHEHOI peaJlbHOCTI BUMIpPIOBAJIbHUIN IEpETBOPIOBAaY anapaTHO-MPOrpaMHUX
MPHUCTPOIB MarHiTHOTO TPEKIHTY pealli3oBaHO Ha TuaTdopMi mporpaMoBaHuX cucteM Ha kpuctani PSoC
(PSoC — Programmable System on Chip). ¥ nocnignux 3pa3kax Bukopuctano cucremy PSoC cim’i SLP
Family (Cypress Semiconductor Corporation) [11], 30kpema wmoamymi CY8CKIT-059 Ha ocHOBI
CYS8CS58xxLP [12]. do crpykrypu PSoC Bxomsre mikpomporecop (32-bit Arm® Cortex® Mi-crocon-
troller MCU), By3nu nU(pPOBHUX Ta aHAJOrOBHUX CHUCTEM, CHEPro3ajc)kHa Ta CHEProHE3aJeKHa IaM’siTh,
CHCTEMHI PECypCH, a TaKOK BY3JIM NPOTrpaMyBaHHS Ta KEpPyBaHHsS EHeprocrnokuBaHHAIM. OCHOBOIO
nupoBHX BY3JIIB € MaTPUIld YHIBepcaJbHUX HU(GPOBUX OJIOKIB, CIeEliali3oBaHUX HHU(PPOBUX OJIOKIB,
30KpeMa JJIs pearnizanii inrepdeiiciB, TaiiMepiB, NIMPOTHO-IMITYIBCHUX MOJYJISITOPIB TOIIO. AHAJIOrOBUMH
By3iaMu PSoC € 0ok Ha mnepeMHKalbHUX KOHJIEHCATOpax Ta OJIOKH i3 HelepepBHHM CHTHAILHUM
MepEeTBOPEHHSM, 30KpeMa: OrepaiiiHi MmiJcuiIroBadi, KOMIIapaTopH, JDKepena OMOPHOI HANPYTH Ha MPHH-
Ui 3a00pOHEHOT 30HH, AHAOTOBI MYJBTUIUIEKCOPH TOINO. By3nmu 3’€IHYIOTBCS TpOrpaMHO KOH(i-
I'YPOBaHOI MEPEKEIO CUTHAJIbHUX JIIHIMH.

BusnauansHuMu koMroHeHTamu IuiaTdopmu PSoC5, Ha OCHOBI SIKMX peajli3oBaHa IpOrpaMoBaHa
CHCTEMa CUTHAJIBHOTO TPAKTy MAarHiTHUX CEHCOPIB TPEKIHTY, €: CHHTe3yBaIbHUI reneparop (8-bit Waveform
Generator, Wave DACS), mynpruyHKIiOHATBHUE Mikcep (Mixer), MiACHIIOBaY 13 TMPOrpaMOBaHUM
koedinienToM mincuitenHs (Programmable Gain Amplifier, PGA), anamorosi mynsrumiekcopu MUX Tta npa
TUMU aHanoro-udpoBux nepersoproBadiB — aenbra-curma AL[T (Delta-Sigma Modulation ADC) ta SAR
(Successive Approximation Register ADC). IlporpaMHe kepyBaHHS UMM KOMIIOHEHTaMH 3IIHCHIOETHCS 13
BUKOpHCcTaHHSM HabopiB BianoBiaaux API (Application Programming Interface) dbyHkuiii.

Ha puc. 14 HaBenena cxema yHiBepcaJbHOTO BUMIPIOBAIIBHOTO MEPETBOPIOBAYA, 0 MAKCHMAIBHO
BifoOpaskae MoxkIuBOCTI TaTdopmu PSoC5 mnst peamnizanii BOysmoBaHMX CHCTEM MarHiTHOTO TpekiHry. Ls
CXeMa pPO3rISIa€Thes JIMIIE sIK 0a30Ba CHCTEMa, IO MOXKE JIOTOBHIOBATHCS IHIIMMH KOMIIOHEHTaMH,
30KpeMa JioJJaMH YH TPaH3MCTOpPaMHU JUIsS JOorapu(MyBajIbHOTO TEepeTBOpEHHsI, macuBHUMH RC-komamu
GUIbTPIB, MOAYISIMH Padio3B’s3Ky TOIIO. 3aJal04YMid TEHEepaTop, IMIYJIbCH SIKOTO 3aJaf0Th YacTOTy
copMOBaHOTO CUTHANY, peanizoBaHo Ha Taitmepi Timer 1. [Ticns OykepyBanss Ha Tpurepi TFF immynbcn
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3aJal0u0r0 TeHepaTopa HaaxoasaTh Ha Bxin clock renepatopa WaveDACS, sxuit cunTesye ¢dopmy
curHaiy, Ta Bxin noainpauka yactotu (Frequency Divider) Freq Div_1, sikuii ¢opmye iMIysibcH KepyBaH-
HsI CHHXpOHHUM jeTekTopoM. KoedimieHT nmoainy yactor KD moBHHEH BiANOBIIATH KINBKOCTI BUOOPOK
NS 3a omauH mepion cuHTe30BaHOro curHany (Samples) reneparopa WaveDACS (y 1poMy npukiaii
KD = NS = 120). CunxpoHHe JIeTeKTyBaHHA 3/ilicHIOE Mikcep Mixer 1.

Bl
P15-5E| 2'|"15-4 : : ) . P23 -
PGA1 £ .E PGA_2 Mixer_1
PGA = B PGA Mixer
= 3 ;
| |
e + | L_vin ¥ Ein Faut
o |wref : |vref, Vref
[ F [ro
| ; ; : e [ Wttty
- ]
| FregDiv_1 |
Opamp_1 | iy et i e
Vodar27el-— [Opemp ] | oot J £OCSAR2  p22P20 P0.0
Pi.2 , | Oen div E e
Pin_Vr [u——e— | [0} reset % sAR &g
P3.7 | T & o _ Opamp 4
Pin_REF [ | clock o vref_out r Opamp
= .. .] |
. +120
g Timer_1 : : | l + -
a Timer Control_Reg_1 WaveDACS 1 10-bit
_%I y Control Reg WaveDACS gpamp 2 f et
o WS pamp 1
i interruptic) I ADC_SAR
A D DAC t + &
[0} reset bolock W1 [E! ~ | B
16-bit (UDB) we2 el H) vref_out
3
Ogamg 3 UART 4:‘ eoct)
QOpamp . UART ADC_DelSig_1 i:E. o5
i Rx_1 e i Tx 1 (ADCDeISig | gy
By An LED
[ : be_interruptf @ EAN——P—
L 5 nx_interrupt}e) I 0]
X o tx_enfel & <L—
& < - “reset . . eocls - g - Vs
o = — o
‘; - 115200 bps e
& P31 - P36 - :

Puc. 14. Cxema ynisepcanvHozo umipioganbHo2o nepemsopiogaia na ocnosi PSoC

Onepaniitauii migcmmosad Opamp 1 BHUKOPHUCTOBYIOTH JJsi (pOpMyBaHHSI Koja OMOPHOI HANpPYTH
VREEF, piBeHb K0T MOJKE MPOrpaMyBaTUCS 3aJIEKHO Bijl crienn ik CUTHAIILHOTO MEPETBOPEHHS. Y IbOMY
pillieHHI OMOpHY Hampyry (opMye MOALTPHUK HANpPYTH JKUBIICHHS aHAJOTOBUX Kin cucremu Vdda/2.
Onepaniftauit migcumoBady Opamp 1 y pexuMmi MOBTOpPIOBada HaNpyrd BHUKOPHCTOBYETHCS IS
¢dopmyBanHs cruH(pa3HOI CKIAJ0BOT BUXIIHOI HANPYTH, MO 3aCTOCOBYETHCS B AKTIOATOPaX MArHITHOTO
nons. Hatomicte omepamiiinnit migcuimoBad Opamp 2 B peXHMi iHBepTopa Hampyrud (pe3ucTopH
iHBEpPTOpa HE BXOIATHh Y CTPYKTYpPY UHIIA, a BIATAK HAa CXEMi HE BKa3aHi) BUKOPUCTOBYEThCS sl (hopmy-
BaHHS MPOTH(]A3HOT CKIIaJJOBOT BUX1THOI HATIPYTH.

BxiHe KOO CHCTEMH MICTHTH JBa IOCIIZIOBHO 3’€qHAaHI MPOrpaMOBaHi MIJCHIIIOBAYl CHUTHAIY
PGA 1, PGA 2 i3 cymapuum koedirienTom mincuieHHs y aianaszoni Big 1 go 50x50 = 2500. [yist mpoMi>KHOTO
GINbTpyBaHHS CHTHANy Ta 3MEHIIEHHS CYMapHOTO piBHSA [apa3dTHOI HANpyrd 3MIIIEHHS, HasBHOI Yy
mincumoBayax, Mk BuxogoM PGA 1 ta Bxomom PGA 2 BcTaHOBIIeHO cMyroBrid UIBTp Ha 30BHIIIHIX (SIKi HE
BXxomaTh y unn PSoC5) RC konax. 3aBmanHst GUIBTpYBaHHS CUTHANY Miciisi Mikcepa Mixer 1 cHHXpOHHOTO
JIeTEKTOpa BUPIIIYE aKTUBHUH QIIBTP JPYroro MopsaKy Ha onepariiaoMy migcumosadi Opamp 4.

Kpim BuIe3rajanux miJICUIFOBaYiB, BXiJHE KOJIO MICTHTh JUHAMIYHO KEPOBAHHUN YOTHPHUKAHATBHUM
aHaJIOTOBUI MyNbTHILIEKCOp AMux 1, sSIKUuil YMOXKITUBITIOE KOMYTAIlil0 CUTHAIB BiJ] YOTUPHOX CEHCOPHUX
KOTYIIOK. Ha mpakTuili onTUMAaIbHIIIMM PIlICHHSM € BUKOPHCTaHHS MYJIbTUILUIEKCY JJISl TPhOX CHTHAIB
OPTOTOHAJBHO PO3MIIIEHUX CEHCOPIiB Ta OJHOTO OMOPHOTo curHainy. Llei onopHuit curHan GopMyeTbes y
CUTHAJILHOMY KOJI aKTI0aTopa MAarHiTHUX TIOJIB Ta 3aCTOCOBYETBHCS JJISi KOMIICHCAIl MapaMeTpHyHOl
HecTabUTbHOCTI KOMIIOHEHTIB CHCTEMH, a BiAITaK MiIBUIIICHHS TOYHOCT1 BUMIPIOBAJILHOTO ITEPETBOPEHHSL.

VY cucremi nependaueno tpu aHanoro-nmudposi nmeperBoproBadi (ALII). OcHoBauit i3 HUX — 20-
oitHuit  mempra-curmMa ALl ADC DelSig 1 BHKOPHCTOBYEThCS JUIS BHCOKOTOYHOTO (TIOBLIBHOIO)
neperBopenHs. [IBa immi — 10-6itHi ALIl mocmimoBHoro HaGmwkeHHst (Successive Approximation
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Register) ADC SAR 1 ta ADC_SAR 2 BUKOPHUCTOBYIOTHCS JUIS SKCIpec-aHalizy (OpM CHTHAIIB Ha
BHUXO/I CHCTeMH (Ha aKTI0aTOpaX MAarHiTHOTO TOJs) Ta BUXOMI CHHXPOHHOTO JIeTeKTopa (Ha Mikcepi
Mixer_1). Take ekcripec-criocTepexxeHHs1 (opM CUTHaNIB BaXKIIMBE JUIsl HAJAIITYBAHHS CHCTEMH U 3yMOB-
JIeHe MOYIJIMBUMH CIOTBOpEHHSIMH (GOpMHU Ta a3y CHTHAIIB Iij Yac MporpaMyBaHHs (JOPMH CHTHAIIB,
MepeMHUKaHHs KOeQII[iEHTIB IMiJCUJICHHS, IIYHTYBAaHHS BUXITHUX KT CHCTEMH BXIJHUM IMIIEJAHCOM
AKTI0ATOPIB MarHiTHOTO ITOJIS TOIIIO.

ExcriepuMeHTanbHi  JOCHIIPKEHHST XapaKTEPUCTUK TPUCTPOIB MATHITHOTO TPEKIHTY, 30KpeMa
3aJIeKHOCT1 CUTHAJIIB BiJl BiZICTaHI MiXK KOTYIIKAMH Ta X B3a€EMHOTO HAaXMITy, BUKOHAHO i3 BUKOPUCTAHHIM
BUMIiptoBaNbHOTO creHna (puc. 15). CteHy peamizoBaHO i3 BUKOPHUCTAHHSM PO3TISTHYTOTO BHUIIIE YHIBEp-
CaJIbHOI'0 BUMIPIOBAJILHOTO TIepeTBOproBaya Ha ocHoBI PSoC.

Puc. 15. Bumiprosansruii cmeno anapamno-
npoepamHux
npucmpoie MacHimHo20 mpeKkinzy

[Mpuknax pe3ynpTaTiB EKCIEPUMEHTAIBHUX JOCTIHKEHb 3aJIGKHOCTEH MaKCHMalbHUX 3HA4YeHb
BUXITHOI Hampyru V,

out

BiJ BigcraHi L MDK KOTYIIKaMd B YOTHPBOX BapiaHTax KOTymok #1..#4 Ta ix
MOJTIHOMIaJIbHI anpoKcuManii y = f (x) HaBeNleHO Ha puc. 16. BumipioBaHHS 3[1iICHIOBAIIH 32 PO3MILIICHHS

CCHCOPHHMX KOTYIIOK B3/IOBX OCi Y, aKTIOATOPHMX KOTYILIOK Ta CIIBCIPSIMOBAHOCTI HOpMajeld N IuX
KOTymok. OTpuMaHi pe3yabTaTH JEMOHCTPYIOTH JOCTATHHO BHCOKY TOYHICTh amnpoKCUMAaIlii piBHS
CUTHATy OOCPHEHOI KyOiuHOH (YHKIIIEI BiACTaHI MK CCHCOPHOI Ta aKTIOATOPHOI KOTYIIIKAMHU.
[Ipuknan pesynbTaTiB AOCHIIKEHHsA 3aJ€KHOCTEH HOPMOBAHOTO CUTHANY S,,p, BUI KyTiB HaxXuiy
KOTYIIOK 6, o s 1BOX (piKCOBaHUX 3HaueHb BifcTaHi Ly, =50 cMm (onTtuManbHe QyHKIIOHYBaHHs) Ta
L¢, =15cm (HekopekTHe (YHKLIOHYBAHHS y pasi NEPEBMIINEHHS CUTHAJIOM Jiarna3oHy BHUMIPIOBaHHs, a

BiJITaKk — oro oOMexeHHsI) HaBeleHo Ha puc. 17. Li Ta mmpoke Koio IHIINX OTPUMAHHX JaHUX EKCIIEPH-
MEHTAIBHUX JOCIIKEHD MiTBEPKYIOTh KOPEKTHICTh PO3TIISIHYTOI BUIIE CHTHAILHOI MOJICITI.

1.E+04

B
= #2 Yy = 2E+07x3022
N ™ : = —— #3 Y = 2E+07x2994
—e— #4 y = BE+07x3.036

1.E+03

mV
/

T,
5 1E+02 e | T Do~

Vout

I

[

/

[
[

1E+01

%

1.E+00

20 40 60 80 100 120
L,cm

Puc. 16. Excnepumenmanvui Oani (mouxu) ma noniHOMIianbHa anpokcumayis (niini)
3anedcnocmel suxionoi nanpyeu V,,, 6i0 eiocmani L mioc komywxamu

Amnpo0arlito HaBeJIeHuX y poOOTi PUCTPOIB MarHITHOTO TPEKIHTY 3MIIICHEHO B YMCICHHHX MPOEKTAX
13 pO3pOOJICHHS KOMIIOHCHTIB JOMOBHEHOI PEANIbHOCTI B TEXHOJIONT 3MUTTS JaHUX 13 MOEIHAHHSAM CUTHAIIB
BUMIPIOBATBHUX TIepeTBOproBaviB MarHiTHOro tpekinry ta IMU (Inertial Measurement Unit) MomymiB Ha
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ocHoBi MEMS (Micro-Electro-Mechanical Systems) 3D akcenepoMeTpiB Ta TipockomiB. 30Kpema, Iie
MPUCTPOT BUMIPIOBAHHS ITPOCTOPOBOTO TPEKIHTY, apaMeTpiB pyxy Ta ¢popmu 00’ekTiB (puc. 18).

120 T 2500
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Puc. 17. Cim’s cuenanie Syopyy = f(Lgy»0,a) npu Lg; =50 cu (@) ma Lg, =15 cm (6)

et bt g st

T TTTTTTLLL

Puc. 18. puxnaou anpobayii anapamno-npocspamHux npucmpois MazHimHo20 mpeKiney

BucHoBku

[IpoananizoBaHo (YHKIIIOHYBaHHS Ta MPUHIMIIM CHTHAJIBHOTO IEPETBOPEHHS CHCTEM MArHITHOTO
TPEKIHTY JJIsl CHCTEM JIOMOBHEHOT peanbHOCTi. [IpocTopoBe monoxeHHs 00’€KTIB y TaKMX CHCTEMax BH-
3HAYaloTh 32 Pe3y/IbTaTAMH BUMIPIOBAHHS BEKTOpa 1HIYKIIii OMOPHUX MArHiITHUX MOJIB Y HU3BKOYACTOT-
HOMY CIIEKTp1 €IEeKTPOMAarHiTHOTO BUIIPOMiHIOBaHHS. [lepeBa)kHO ceHcopaMH Ta aKTI0ATOpaMH B CEHCOP-
HUX CHCTEMaxX MarHiTHOTO TPEKiHTY CIYTYIOTh MaioradapuTHi KOTymkH ta ix 2D um 3D 36ipku. Po3kpuro
CTPYKTYpPY CHTHAJIBHOI'O TPAKTy MPOrpamMoOBaHOI CHCTEMH MArHITHOI'O TPEKiHTy Ta WOro peamizalilo Ha
ocHoBi Ha PSoC cim’i SLP Family Cypress Semiconductor Corporation. HaBeneHno pe3ynbTaT ekcriepu-
MEHTaJIbHUX JOCHIiKEeHb CIM’1 CUTHAIIIB y pa3i 3MiHH BiJICTaHi MiXk KOTYIIKaMu Lg, Ta KyTiB iX B3a€MHOT0O
nojokeHHs 0,0 . 3 ypaxyBaHHSIM (Hi3MYHUX OCHOB (DYHKITIOHYBaHHS Ta JAHUX EKCTIEPUMEHTAIBHHUX JIOCITi-
JDKEHb PO3pO0JICHO CHUTHAIBHY MOJEb, 1[0 OMUCYE (PYHKIIIOHAIBHI 3aJISKHOCTI IH(HOPMATUBHUX CUTHAJIIB,
a came Hanpyru Vg = f(Lg,,0,0) . BukoprcTanHs HaBeIE€HOI CUTHAIILHOI MOJIeNi OXOIUTIOE 3aBJAHHS PO3-
poOieHHs Ta crerudikallii alrOpuTMIB PO3PaxyHKy MPOCTOPOBOIO MOJOXKECHHS, HAJIAroKEHHS Ta SKC-
MPECc-OIIHKA TOYHOCTI (PYHKIIOHYBaHHS CHCTEMH MAarHiTHOTO TPEKIHTY, ONTHMI3allii Mpoueayp
KamiOpyBaHHS TomO. ATpoOallifo OMUCAHUX Y POOOTI MPHUCTPOIB MArHITHOIO TPEKIHTY 3JIMCHEHO B
YUCJICHHHUX MPOEKTAX 13 PO3POOJIEHHS KOMIIOHEHTIB JOITOBHEHOT PeaabHOCTI B TEXHOJIOTT 3JIUTTS JaHMX 13

[HdoxomyHikamiiHi TexHOIOTIT Ta enekTpoHHa imxkeHepis. Ne 2 (2), c. 81-93 (2021)
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MO€EHAHHSIM CUTHANIB BUMIPIOBAJILHUX MEPETBOPIOBAYiB MarHiTHOro Tpekinry ta IMU mMoayniB Ha OCHOBI
MEMS 3D akcenepoMeTpiB Ta ripOCKOITiB.

[

[2]
[3]

[4]

[3]

(6]
[7]
[8]
191

Cnucox BUKOPHUCTAHUX T7KEPET

Hongtao W., Zhimin Y., Ping W., Santoso B., Lian O. (2018), “A novel method of motion tracking for virtual
reality using magnetic sensors”, in Asia-Pacific Magnetic Recording Conference (APMRC-2018), Shanghai.
DOI: 10.1109/APMRC.2018.8601108.

Singh M. and Jung B. (2017), “High-definition wireless personal area tracking using AC magnetic field for
virtual reality”, in 2017 IEEE Virtual Reality (VR), Los Angeles. DOI: 10.1109/VR.2017.7892250.

Fedasyuk D., Holyaka R., and Marusenkova T. (2019), “A tester of the MEMS accelerometers operation
modes”, in 2019 3rd Int. Conf. on Advanced Information and Communications Technologies (AICT), Lviv. DOI:
10.1109/aiact.2019.8847840.

Fedasyuk D., Holyaka R., and Marusenkova T. (2019), “Method of analyzing dynamic characteristics of MEMS
gyroscopes in test measurement mode”, in 2019 9th Int. Conf. on Advanced Computer Information Technologies
(ACIT), Ceske Budejovice, pp. 157—160. DOI: 10.1109/acitt.2019.8780058.

Jo D. and Kim G. (2016), “ARIoT: scalable augmented reality framework for interacting with Internet of Things
appliances everywhere”, IEEE Trans. Consum. Electron., Vol. 62, No. 3, pp. 334-340. DOI:
10.1109/tce.2016.7613201.

Reichl T., Gardiazabal J., and Navab N. (2013), “Electromagnetic Servoing — a new tracking paradigm”, IEEE
Trans. Med. Imag., Vol. 32, No. 8, pp. 1526—1535. DOI: 10.1109/tmi.2013.2259636.

Franz A. et al. (2014), “Electromagnetic tracking in medicine—a review of technology, validation, and
applications”, IEEE Trans. Med. Imag., Vol. 33, No. 8, pp. 1702—1725. DOI: 10.1109/tmi.2014.2321777.

Alves N. et al. (2015), “An MEG-compatible electromagnetic-tracking system for monitoring orofacial
kinematics”, IEEE Trans. Biomed. Eng., Vol. 63, No. 8, pp. 1709-1717. DOI: 10.1109/tbme.2015.2500102.
Song S., Li Z.,, Yu H., and Ren H. (2015), “Electromagnetic positioning for tip tracking and shape sensing of
flexible robots”, IEEE Sensors J., Vol. 15, No. 8, pp. 4565—4575. DOI: 10.1109/jsen.2015.2424228.

[10] De Angelis G., De Angelis A., Moschitta A., Carbone P. (2017), “Comparison of Measurement Models for 3D

Magnetic Localization and Tracking”, IEEE Sensors J., Vol. 17, No. 11. DOI: 10.3390/s17112527.

[11] PSoC® 5LP: CYS8CS52LP Family Datasheet: Programmable System-on-Chip. Available at: http://www.

cypress.com/documentation/datasheets/psoc-5Ip-cy8c5 2lp-family-datasheet-programmable-system-chip-psoc.

[12] CYS8CKIT-050 PSoC 5LP Development Kit Guide. Cypress Semiconductor Corporation. 2018. Available at:

http://www.cypress.com/file/45276/download.

DEVICES AND MODELS OF MAGNETIC TRACKING
FOR AUGMENTED REALITY SYSTEMS

R. Holyaka, T. Marusenkova, M. Khilchuk
Lviv Polytechnic National University, 12, S. Bandery Str., Lviv, 79013, Ukraine

The problems of developing of magnetic tracking signal transducers for augmented reality systems are considered.
The spatial position of objects in such systems is carried out by measuring the vector of reference magnetic fields
induction in the low-frequency spectrum of electromagnetic radiation. Small sensors and their 2D or 3D assemblies
are mainly sensors and actuators in magnetic tracking sensor systems. Informative signals of magnetic tracking
systems are described by functional dependencies, the main arguments of which are the distance between the actuator
and sensor coils and the angles of their mutual inclination. To calculate the spatial position, signal models are used,
which describe the distribution of magnetic fields generated by actuator coils and signals of sensor coils. The structure
of the signal-processing chain of the programmable magnetic tracking system and its implementation based on PSoC
family SLP Family Cypress Semiconductor Corporation are presented. The results of experimental studies of a
signals family when changing the distance between the coils and the angles of their relative position are obtained.
Taking into account experimental data the signal model describing functional dependences of informative signals is
developed. The use of the presented signal model covers the tasks of development and specification of algorithms for
calculating the spatial position, debugging and rapid assessment of the accuracy of the magnetic tracking system,
optimization of calibration procedures and more. Approbation of the presented devices of magnetic tracking is carried
out in numerous projects on development of augmented reality components in data fusion technology with a
combination of signals of measuring converters of magnetic tracking and IMU modules based on MEMS 3D
accelerometers and gyroscopes.

Key words: magnetic tracking; embedded system; augmented reality sensor.
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