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AKTYyaJIHOCT Ha npodJieMa

Ot neceruneruss Mukpoenekrpomexannunure cucremu (MEMS) ca B ocHoBata Ha HOBU
WHOBAIMK, HAIpUMEP B aBTOMOOMIIHATA UHAYCTPUS U aBHalMATa. MHepIuaNIHUTE CEH30pH,
n3pabOTeHH TO Ta3u TEXHOJOTHsA, MPEJU3BUKaXa PEBOJIONMS B TPAHCIOPTA, CUCTEMH C
BupTyasiHa peanHocT (VR), cucremute ¢ nobasena peanHoct (AR) u np. CeiiecTByBanmre
MHEpIUATHU CHUCTEMH 33 W3MEpBaHE Ha JHMHEWHU WM BIJIOBU YCKOpeHUs, OazupaHu Ha
MEXaHUYHU WM THE30€JeKTPUYHU CEH30pH, HMMaT UIMpOKa YeCTOTHA JIeHTa, HO ca
HENPWJIOKUMHU 32 U3MEPBAHE HA CTAaTUYHM HATOBAPBAaHUS WJIM HAKIOHM, UMAT CPABHUTEIIHO
rojemMu rabapuTHH pa3Mepd M H3HCKBAT M3MOJI3BAHETO HA JIOMBIHUTEIHU EIEMEHTH —
BHCOKOYYBCTBUTEIIHM HHCTPYMEHTAIHH ycuiBarenu, 0ydepu, ALl u moxynu 3a 06paboTka
u npenaBaHe Ha uHbopMmanusTta. [lopagu Te3wm NpUUYMHM C pa3BUTHETO Ha IHQpoBaTa
CXEMOTEXHHUKA Ca MPEIJI0KEHN HOB THII aKCEJIEPOMETPU | >KUpOcKomH, 6asupanun Ha MEMS
TEXHOJIOTUSITa, KOUTO MHTErpupar B cede CHU UYyBCTBUTEIHUTE €JIEeMEHTH, OydepHute U
ycunBarenHute crbrnaia, AL, mudposu Guntpu u mudpou nuaTEepdeEicu, KaTo ce OTIMYaBaT
C BHCOKa CTEMEH Ha WMHTErpalus W MO3BOJSBAT JUPEKTHO CBBbP3BaHE KbM APYrH IUGPOBU
cucremMu. Tunmuau (akTtopu, BAMSCHIM HETATHBHO BBPXY TOYHOCTTA HA HHEPIIMATHHUTE
CEH30pH, Ca — OTMECTBAHE B HYJEBOTO MOKa3aHHE, CIOXHA TEMIIepaTypHa 3aBHCHUMOCT OT
XUCTEPE3UCEH THI, YyBCTBUTEIHOCT KbM JIMHEHHHM YCKOPEHHUS IPH >KUPOCKOIUTE, IIyM,
HEOPTOTOHATHOCT MEKTy OCUTE IIPH MHOTOOCHU CEH30PH U Ap. BCsika HETOUHOCT OT aIUTUBEH
XapakTep HEMUHYEMO BOJAM JI0 HEOTPAaHMUYEHO HAapacTBaHE Ha IPEILIKATa B ONPEIENIIHETO Ha
napaMeTpuTe Ha JBIKEHHE CKOPOCT U mpemMecTBane. [lopanu Ta3u mpuynHa U3y4aBaHETO U
KOMIICHCUPAHETO Ha HETaTUBHUTE (AKTOPH W SIBJICHHSA, BIUSCIIM BHPXY TOYHOCTTA HA
CEH30pHUTE, € OCHOBHATA HACOKA B METOAMUTE U aIrOpUTMHUTE 32 00paboTKa Ha HHPOpMAIHITA
oT Tax. KakTo mpu Bceku peasieH CeH30p, Taka W IPU MHEPIHUAJIHUTE TAKUBA, U3XOJHATA
BeJIMYMHA (HAmpekeHue, KOoeUIMEHT Ha 3allbjIBaHE) BHHATU € CBIPOBOACHA C IIyM.
WNuTerpupane BbB BpemeTo Ha Osu1 ['aycoB 1rym BoJiu 70 NosiBaTa Ha IBJIEHUE, U3BECTHO KAaTO
Clly4aliHO “TiIaBaHe” B M3XOJHATa BEJIMYMHA. B HemocpeacTBeHa Bpb3Ka C TOBA SBIICHUE CE
SIBSIBA U YYBCTBUTEIHOCTTA HA MHEPLIMATHUTE CEH30PH KbM BUOpALIMHU, ThI KaTO T€ MOrar Ja
CE pasmiIekaar KaTo U3TOYHUK Ha IIyM.

B HyneBoTO 0TMecTBaHE Ha MHEPLIMATHUTE CEH30pH CE€ KPUE Hall - CHILECTBEHUSAT MPOOIeM
Ha MPWIOKEHUETO HAa MHEPLIUATHUTE CEH30PU — HEOTPAHUYEHOTO HATPYNBAHE Ha I'PELIKU OT
pa3iaMyueH XapakTep BbB BpeMeTo. TUNNYHM (paKTOpH, BIMSEIIN HEraTUBHO BbPXY TOYHOCTTA
Ha WHEPLHMAIHUTE CEH30pHU, Ca — OTMECTBAHE B HYJIEBOTO IIOKa3aHUE, CI0KHA TEMIIEpaTypHa
3aBUCHUMOCT OT XHUCTEPE3MCEH THII, YYBCTBUTEIHOCT KbM JIMHEMHM YCKOPEHHUS IpHU
KHUPOCKOIIUTE, IIIyM, HEOPTOIOHATHOCT MEX]y OCUTE IIPU MHOTOOCHHU CEH30pH M 1p. Bceska
HETOYHOCT OT aJWTHBEH XapaKTep HEMUHYEMO BOJM [0 HEOTrpaHMYEHO HapacTBaHE Ha
rpenikaTa B ONPEEIISIHETO Ha NTapaMeTPUTE Ha JBMJKEHUE CKOpOCT U npemecTBaHe. [lopanu
Ta3u IMPUYMHA H3YYaBAHETO M KOMIIEHCHPAHETO Ha HETaTUBHUTE (PAKTOPU M SIBICHUSA,
BIIUSIEIIN BEPXY TOUHOCTTA HA CEH30pUTE, € OCHOBHATA HACOKA B METOJUTE U AJITOPUTMUTE 3a
o0paboTka Ha UH(pOpPMALUSTA OT TAX.

OCHOBHUAT CTpEMEX MPHU pa3pabOTBaHETO U U3MOI3BAHETO HA HHEPIIMAIHU CEH30PH € KbM
o100psiBaHe Ha TEXHHUTE MapaMeTpH, KOETO BOAU J0 HaMmalliBaHE Ha IPELIKUTE OT TEXHUTE
M3MEPBaHUS U MPSAKO BIHsIE BbPXY MPOABIDKUTEIHOCTTa HAa TOYHA pab0oTa Ha MHEPIUATHUTE
cucremu. OT qpyra cTpaHa, NPUJIaraHeTO Ha aJIeKBaTHU METOJIU M alrOpUTMU 3a 00paboTka
Ha JaHHWUTE OT CEH30pUTE Ha CUCTEMHO HUBO CHIIIO BOJH JI0 MOA0OpsSBaHE HA MapaMeTPUTE Ha
CUCTEMHTE, B KOUTO T€ Ca HHTETPUPAHU.



O0ma xapakTepucTHKA HA JUCEPTALMOHHUS TPY/

Iles Ha qUCepTALMOHHMSI TPY/, OCHOBHH 32/1a44 U METO/IH 32 HU3cjeiBaHe

B pesynrar Ha HanpaBeHMst 0030p U IOCOYEHUTE OCHOBHU U3BOJIU OTHOCHO ChbBPEMEHHOTO
CHCTOSIHUE Ha MPoOJIeMaTHKaTa 10 U3CIEABAHETO € Mpelu3upaHa HeroBara OCHOBHA 1eJl:
AHalu3 ¥ CUHTE3 Ha HOBM IOJXOJHU, METOJH U aJIFOPUTMU 3a MOA0OpsBaHE Ha IapaMeTpUTe
Ha MEMS unepumanau ceH30pu, MOBUIIABaHE HA KAYECTBOTO HA JIAHHHTE, MOJTY4aBaHU OT
CEH30PHM CUCTEMHM U pa3pabOTBaHE Ha CUCTEMM 3a OINpE/eNIsIHE HA OPUEHTALUS U ChCTOSIHUE
Ha TIOJIBMKHU 00eKTH Ha Oa3zata Ha MEMS unepumanau ceH3opu.
3a u3nbIHEHUE Ha JeuHUpaHaTa 1iell ce pelaBar CIeIHUTE 3a1auu.

1.

Ananu3 Ha cbiiectByBaiii MEMS wunepumannu ceH30pHW, BKIIOYBAII M TAXHATA
0a30Ba apXUTEKTypa, U3CJIeIBaHEe HA TEXHUTE OCHOBHU XapaKTEPUCTUKU U TOUHOCTTA
Ha HUCKOOIO/KETHUTE CEH30pH, M3IOJ3BaHMU 3a M3MEpPBAaHE Ha JIMHEWHU U BIJIOBU
YCKOpPEHUS, MOJICNIUTE 32 TEXHUS aHAJIU3 U METOJIUTE 32 TSIXHOTO KOMIIEHCUpPaHE
PazpaGoTBane Ha METOIM M aJNTOPUTMH 3a MOAOOpSABAaHE HA XapAaKTEPUCTHKHUTE Ha
MEMS unepumanuu cenzopu

Pa3paboTBaHe Ha METOU U AITOPUTMH 3a CCTeMH Ha O0a3ata Ha MEMS unepumanan
CEH30pH 32 ONpEeIIiHE HAa OPUEHTALUATA B IPOCTPAHCTBOTO

Pa3paboTBaHe Ha METOM W AITOPUTMHU 3a CHCTeMH Ha 6a3ata Ha MEMS unepuunamau
CCH30pPH 3a aHAIW3 Ha JAMHAMHUYHOTO CHCTOSHHE HA TIOJABWKHH OOCKTH, TEXHH
MOJICUTEMH, KaKTO M ChCTOSIHUETO Ha ITbTHATa MpEXa B 00J1acTTa Ha aBTOMOOUITHUS U
KETE30MbTHHS TPAHCIIOPT

Cp3naBaHe Ha MPOTOTUNM HAa HMH(OPMALMOHHO — KOMYHUKAIMOHHM CHCTEMH Ha
ocHoBara Ha MEMS nHeprmamnu ceH30pu 1 TECTBAHETO UM B PEATHU YCIIOBHSI, KAKTO
Y TECTBaHE Ha AJITOPUTMH U MPOTPAMHU Cpeliu 3a 00paboTkaTa Ha HH(pOpMaLUTA.

Hay4yna noBocr

HayunaTta HOBOCT B JUCEPTallMOHHM TPYJ C€ ChCTOU B pa3pabOTBaHETO U MPUIIAaraHeTO Ha
HOBU METOJIM, MPAKTHYECKU TMOAXOAM W aJITOPUTMHU 3a MOJ00psBaHE HA TMapaMmMeTpuTe Ha
MEMS wunepimanHu CeH30pu 3a M3MEpBaHE Ha JIMHEWHO U BIJIOBO YCKOPEHHE, KaKTO U
MIPUJIOKEHUETO UM B CHCTEMH B cepaTa Ha aBTOMOOWJIHHS W KEJE30IMbTHUAT TPAHCIIOPT.
Hsxoun oT HayuHHTE HOBOCTH BKJIFOUBAT:

» Pa3zpaboTBaHe Ha METOH 3a MMOJOOPSIBaHE HA NMapaMeTPUTE Ha MHEPIIMATHHA CEH30pH,

BKJIFOUBAIIM KAKTO XapIyepHU (Upe3 M3MOJ3BaHE HA YETUPHUCEH30pPHA CTPYKTypa OT
CEH30pH), Taka W copTyepHH MeTonM Ha Oa3ata Ha 00pabOTKa HA CHUTHAIU OT
ceHzopute (yeiBier mpeoOpa3yBaHe, KOMIIEMEHTapHU (UITPH, KOMIIEHCHPaHE Ha
HYJICBOTO OTMECTBAHE U JIp.)

Ha ocHoBata Ha mpeiokeHaTa YETHPUCEH30pPHA CTPYKTypa ca MPEeIoKEeHU HOBH
PEXUMHU Ha pa60Ta, BKJI. CHHXPOHHH M ACHUHXPOHHU PEMUHKH, KOUTO ITO3BOJIABAT
nonoOpsiBaHe Ha TapaMeTpUTe Ha HOBaTa CTPYKTypa B CpaBHEHHE C €IWHUYCH
WHEpIalieH CEH30pP.

[Ipennoxenute ca cTpykTypu Ha KanMmanoB GuATHp U KOMIUIEMEHTapeH Gpuiatwp 3a
OTIpeJIeNIsTHE Ha MTPOCTPAHCTBEHOTO MOJIOKEHUE HAa OOCKTHTE, KAaKTO 332 CTATUYHH, TaKa
Y 32 IUHAMUYHH YCIOBHSI, KATO MOJYYCHUTE PE3YJITATH ca aHATIOTUYHH WIIH 110 — TOOPH
OT CBHIIECTBYBAIIUTE KOMEPCHAITHN CHCTEMH.

[IpennoxkeHa e cTpyKTypa Ha MYJITUIIPOTOKOJIHA MpeXa OT WHEPIHATHH CEH30pHU C
MOCTICIOBATETHO WJIM TapajelHO CBBbpP3BaHE Ha CEH30PHUTE, KOSATO TI03BOJISIBA



OTpesieiiHe Ha OTHOCHUTEITHOTO MPEMECTBAHE M CKOPOCTHTE Ha OTIEIHH JCTAlIN B
MIPEBO3HH CPEJICTBA, KATO I'PEIIKaTa P OMPEICIsTHE Ha OTHOCUTEIHOTO MPEMECTBAHE
nmoctura go £0.1mm.

[IpennoxeH € MeTOJ| 3a TMAarHOCTHKA Ha OKAYBAHETO HA aBTOMOOWIIM IO MPHHYACHH
KojeOaHUs C OIGHKa Ha BPEMETO Ha 3aTHUXBAaHE, CKOPOCTTAa Ha 3aTHMXBAaHE Ha
KOJIe0aHUsATa, OCHOBHUTE JOMUHHUPAIIN YECTOTH U TEXHUTE aMILTUTY/H, 3aBUCUMOCTTA
Ha ONpEICICHUTE YECTOTH M aMIUIUTYAH B 3aBUCUMOCT OT CBHCTOSHHETO Ha
u3cleABaHus 00CKT, ONpECIsIHE Ha CKOPOCTTa, MPEMECTBAHETO HA CJIEMEHTHTE M
WHTETPATHA OIICHKA HAa ChCTOSIHUETO HAa CUCTEMATA.

[IpennoxeH € METO] M aIrOPUTHM 3a U3MEPBAHE M OICHSIBAHE HA HAJBHMIICHUETO Ha
KEIIE3HUSIT T, KOUTO TO3BOJIIBAT aHAIM3 HA JMHAMUKATA Ha JABUKCHHE B PEAITHO
BpEME U CBOEBPEMEHHO OTKPHUBAaHE Ha KOMIPOMETHPAHU YYACTBIU OT YKEIC3HHS BT
3a MOBUIIIABaHE HA KOM(OPTTa ¥ 0€30IaCTHOCTTA MPH JIBHKEHUE.

HpaKaneCKa NPUHJIOKUMOCT

Pesynrarure ot Tasu nucepranys (B obnacTTa Ha HHEPUUATHATE CUCTEMH 3a ONPEACIISHE
Ha OpHUCHTAUUs M CBbCTOSHHE HAa IOABM)KHH OOCKTH) MpeaiaraT 3HAa4YMTeNHA U
MIMPOKOOOXBATHA MPAKTHYECKA MPUIIOKUMOCT B Pa3IMYHU PEATHH CLIECHAPUU:

>

3a mpousBogutenu Ha MEMS wunepumanHu ceHszopu 3a mnogoOpsiBaHe Ha
XapaKTePUCTHKHUTE Ha CEH30PHUTE Ype3 MpHIaraHe Ha YeTHPUCEH30pHA CTPYKTypa Ha
HUBO HMHTETPAJIHO M3IBJIHCHHE W TMpwiaraHe Ha oOpa0OTKa Ha CUTHAIUTE B
UHTErpUPAHUTE B CEH30pUTE 32-OUTOBU KOHTPOJIEPH;

3a omnpe/elsiHe Ha TIPOCTPAHCTBEHO MOJIOKEHUE HA PA3IMYHU MTOJIBUKHH O0CKTH, KaTO
poboToTexHHKa (B KOHTPOJIA HA KHHEMATHYHUTE JIBUKCHUS), CHCTEMH C BUPTYyallHA
peannoct (VR), cucremu ¢ mobaBena peannoct (AR), aBromoOmimoctpoene (mpu
CHCTEMUTE 33 JMHAMUYEH KOHTPOJI Ha IBUKEHUETO, CHCTEMH 33 CUTYPHOCT) H JIp.
CIOPT U MEIUIMHA (KOHTPOJI Ha JBU)KCHUATA HA CIIOPTUCTA/TIAIIMCHTA), OTPEACIISTHE
Ha JMHAMUKATa Ha JBW)KCHUE (CTATUYHO WU TUHAMHYHO CHCTOSHHUE), TTOJIOKEHUETO
Ha YOBEIIKOTO TSUJIO B MPOCTPAHCTBOTO, JETEKTUPaHE Ha CHOUTHSI (JTMHEHHO CBOOOTHO
najiaHe, pOTaIllMOHHO MaJiaHe, XOJIeHe, THYaHe U JIp.)

B aBTOMOOWJIHHMS TPAaHCIOPT 3a IIEJUTE HAa JIMArHOCTHKAaTa, OE30MacTHOCTTAa Ha
JBIDKEHUE, 3aMbPCSIBaHEe HAa OKOJIHATA Cpefa, MoA00psBaHe HA XapaKTEPUCTHKUTE Ha
CHCTEMHUTE 3a YIpPAaBJICHHE Ha OKAYBAaHETO, JBHTATENs U CHCTEMHUTE 3a aKTHBHA U
nacuBHA 0E30MacHOCT, OTKPHBAaHE HAa OMACHU yYAacTBIM OT ITBTS M H3IMpallaHe Ha
alapMeHu ChOUTHS (CBBpP3aHM C PA3BUTHETO HA HMHTEIUTCHTHUTE TPAHCIOPTHH
CHCTEMH), 33 pa3BUTHETO HA aBTOHOMHHM IIPEBO3HH CPEJICTBA U JIP.

B >kene30nmbTHUSI TPAHCIOPT 3a OMNpEEIsIHE Ha ChCTOSHUETO Ha KEJE3HUS MbT B
peasHo BpeMe ¢ Bb3MOXKHOCT 32 aHaJIM3 B PEaTHO BpeMe upe3 IpeaBaHe Ha JaHHUTE
B OTJAlIeYeH CHPBBHP, 3a ONpeleNsHe Ha KoMmdopTa MpU IBUKEHHE HA PEJICOBU
TPAHCMIOPTHH CPEJICTBA, 32 aHAJIN3 Ha ChCTOSTHUETO Ha TPAJICKH JKEJIC30ITbTHH JINHUH U
7p.

B HayuyHara 1 yueOHa JeHOCT B HAYYHU OpPTaHU3AIMH — MOCTUTHATUTE PE3YJITATH Cca
WHTCTPUPAHU KaTO YueOCH Marepuaj B pas3IdMuHU JUCHUIUIMHU 33 CTYACHTH
0anakaBbpCKa W MarucThpcKa CTENEH, KaTro ,,ABTOMOOWIIHA MHKPOCJIEKTPOHUKA H

UHTETUTeHTeH  TpaHCHopT®, ,,MUKPOMEXaHWYHH CHCTEMH C aBTOMOOWIIHO
MpWIOKEeHHe , ,,ABTOMOOMIIHU MHKPOEIEKTPOHHH CHCTEMHU U MPUIOKEHUS,
,,JIHTEJIMTeHTHN aBTOMOOMIIHM CHUCTEMH", ,,MHUKpO- U HAHOEIEKTPOHHH CHCTEMH 32
MHTEJIUTEHTHU apXUTEKTypU Ha MOABMKHU oOektu®, ,,CHUCTeMH 3a YIpaBlieHHE,

HaBUTALU U KOHTPOI*, ,,be3:KMUHN BrpaZileHu CUCTEMU U JIp.



Anpodanus

IyoaukyBane: Pesynrature oT nucepranusara ca myOJUKyBaHHu B 38 HAyYHHU CTaTHH, KaKTO
clie/iBa:

e 4 B crnucaHus Ha OBITAPCKU €3UK

¢ 1 Ha HanMOHANTHA KOH(EPEHIUs

e 5 B MEKIyHApOIHU crucanms ¢ kBapTui Q1;

e 28 Ha MEXIyHApOJHU KOH(]EpeHLINH.
Pesynrature oT nmuceprammara MPEACTAaBISBAT YacTH OT JCHHOCTUTE 1O 5 HAy4HO-

u3cienoBareiacku npoekra u 1 monezen mozaen (CBuaeTencTBo 3a noje3eH Mozen [larentHo
BemoMcTBO Ne5143/27.10.2020r. MHEPLIMAJTHA-HABUT'ALITMOHHA U3MEPBATEJIHA
CUCTEMA 3A OLIEHKA HA CBbCTOSHHUETO HA XEJIE3OITbTHATA MPEXA)

Hutupane: C orieq aHaau3 W OICHKA HA MOJydeHATa IMyOJUYHOCT HA MPEIIONKCHUS
JMCEPTAIMOHEH TPY, MOXKeE Ja ce 0TOenexH, ue kbM anpui 2026 ca 3abensa3anu 42 quTHupaHus
Ha aBTOPCKHU MyOJMKAINH, BKIIFOYCHU B AncepTanusTa, ot kouto 16 B SCOPUS.

CTpykTypa u 06eM HA TUCEPTAIUOHHUS TPY]

JlucepTalMOHHUAT TPy € ¢ 00eM 326 cTpaHHIM M Ce CbCTOM OT YBOJ, D IJIaBH, MPUHOCH,
CMHMCHK HA M3MOJI3BaHA JIMTepaTypa, BKIouBama 197 u3ToYHMKA, CIMCHK HAa MyOJIMKALUUTE,
CIUCHK HAa Hay4yHUTE M HAY4YHO — MPHJIOKHHUTE NMPUHOCH, CIIMCHK Ha IUTHpaHusta u 1
MIPHIOKCHHUE.

PaGorara BrurrouBa 0610 239 ¢urypu, 30 TaOIUIM U CIUCHK HA M3MOJI3BAHUTE O3HAYCHUS U
cbkpaienusi. Homepara Ha purypute u tabnuuure B aBTopedepara chOTBETCTBAT HA TE3U B
TUCEPTAIUOHHUS TPY/I.

JlucepTaliluoOHHUAT TPyl € 00CHAEH U HacOoueH 3a 3amuTa oT Pasmupen Karenpenus cbeer
Ha Kareapa ,,Pamnokomynukammu u Bugeorexunonoruu‘‘c Ilpotokon Ne3/01.06.2026r. u Ha
Pazmmpen ®akynreren cper or 10.06.2026r. kpm @Dakynrer Tenexkomynukanuu Ha TVY-

Codus.

[TyOnunuHaTa 3ammTa Ha AMCEPTAllMOHHUSA TpyA e ce chetou Ha 31.07.2026r. ot 11:009
yaca B Kondepentnara 3ana Ha BUIL] Ha Texnuuecku ynuepcuter — Codus Ha OTKPUTO
3acelaHe Ha HAy4yHOTO XKypH, ompezencHo c¢be 3amoBea Ne O)K-5.3-51 / 15.06.2026r. na
Pekropa Ha TY-Codus no npouenypa @TK78-HC2-098 B cheras:

BbTpeninu 4ioHoBe:

1. TIpod. n-p Unus Unues — TY — Codus — [Ipencenaren

2. TIpod. n-p Becka I'eopruesa (mencronep) — Hayden cekperap
3. Ilpod. nu Cedepur Mupues (neHcroHep)

Pesepgen unen: [Ipod. 1-p Kpacumup Henemues — TV — Codust

BbH1IHY uneHose:

4. TIpod. n-p Anekcauawp bekspcku (meHcHoOHED)

5. TIpod. n-p Mapun Mapunos — BBBY ,,I'eopru benkoBcku*
6. IIpod. n-p Cranumup CaauroB — TY I'abpoBo

7. Tlpod. n-p I'abpuena Atanacosa — KO3V , Heodut Puncku*
Pesepsen unen: [Ipod. a-p I'purop Muxaiinos - BYTII



I'JIABA 1
Omnpenessine Ha XapakTepucTukuTe Ha MEMS uHepuua Hu ceH3opu

1.1.0cHoBHu xapakTepucTuku Ha MEMS unepuuaanu censzopu

OCHOBHUSAT CTpEeMEX NP pa3pabOTBaHETO U U3IOJI3BAHETO Ha MHEPLIMAIHU CEH30PH € KbM
110/100psiIBaHE HA TEXHUTE NapaMeTpH, KOETO BOAU J0 HaMalliBaHE HAa IPELIKUTE OT TEXHUTE
M3MEPBAHUsS U MPSAKO BIMsIE BbPXY MPOABIKUTEIHOCTTA HA TOYHA paboTa Ha MHEPLHUAHUTE
HaBUTAlIMOHHU cucTeMu. OT Apyra cTpaHa, IpUIaraHeTo Ha aJleKBaTHU METOJIU U AJITOPUTMHU
3a 00paboTKa Ha JaHHUTE OT CEH30pUTE Ha CUCTEMHO HUBO CBHIIO BOJU 10 NOJ00psBaHE Ha
IapaMeTpUTe Ha CUCTEMUTE, B KOUTO T€ ca MHTErpupaHu. KakTo npu BCEKU peajieH CEeH30p,
Taka M IPU MHEPLUATHUTE TAaKMBA, M3XOJHATa BEIMYMHA (HAIlpeKeHHE, KOe(PUIMEHT Ha
3aIrbJIBaHE) BUHATU € CHIIPOBOZCHA ¢ IIyM. MHTerpupane BbB BpemeTo Ha Osu1 ['aycoB mym
BOJIM /IO TI0sIBaTa Ha sIBJICHHME, U3BECTHO KaTO ClIyyaiiHO “IiaBaHe” B M3XOJHATa BelU4YMHA. B
HENOCPEACTBEHA BPb3Ka C TOBA SIBJICHME CE SIBSIBA M YYyBCTBUTEIHOCTTAa Ha MHEPLUAIHUTE
CEH30pH KbM BUOpalMu, Thil KaToO T€ MOrar Ja ce pa3riiexJ1aT KaTo U3TOYHUK Ha LIyM.

B cpaBHeHue ¢ TpagUIIMOHHUTE BUCOKOKAYECTBEHW WHEPLMAIHU CEH30pU TE3H,
npousBeaeHn no MEMS texHosorusita, Bce olle ce XapakTepU3HpaT C TOJEMHU IPEIIKH.
ToyHOCTTa UM OCHOBHO 3aBHCH OT HApaCTBALIUTE C BPEMETO IPEHIKU M IO CHEUUAIHO OT
CTOXACTUYHUTE I'PEIIKH. 32 1a ce eJIMMUHUPAT TE€3U CIIy4aiiHU 110 CBOSITAa IPUPOJIa IPEIIKH ce
U3IMO0JI3BaT CTOXaCTUYHU METOJAM, KOWTO HE Ce XapaKTepu3upar ¢ rojsMo pazHooOpasue. 3a
OLIEHKA Ha IPELIKMTE Ha MHEPLMAIHU CEH30pU Ce M3IOJI3BAT HSKOJIKO BPEMEBU METOZa 3a
CTaTHCTUYECKO MOjieupane [5], Karo Hail - U3MOJI3BAHUAT OT TSAX € METOJa BbB BpeMeBara
obuacT upe3 aucnepcus Ha AJbH, KOWTO € pa3paboTeH B cpellaTa Ha MIECTAECeTTe FOAUHU Ha
MUHaJIMS BEK 3a U3CJIE[BAHE HA CTAOMJIHOCTTAa HAa YECTOTAaTa Ha BUCOKOTOYHU I€HEPATOPH.
Jucnepcusita Ha AJITbH € AUPEKTHO U3MEpUMa BeJIMUYMHA U MOJKE J1a OCUTYpU UH(pOpMaLus 3a
BUJA U TOJEMHHATa Ha Pa3jIMyHU IIYMOBHU CHCTaBSIIU. AKO NMPEACTaBUM YCKOPEHHUETO BbB
BUA:

a(t):iAcos(a)ngoi), (1.2)

TO CKOpPOCTTa BBB HaACH MOMCHT MOXKE Ja CC OIpcAciIn 4YpC3 HHTCIPUPAHCTO Ha
YCKOPEHUETO CBITIACHO U3pasa:

v(t)= [a(t)t =iNzlAjcos(wit+¢i)dt _
:g‘zcos(wit+¢i —%)

[TonydeHuaT aHANUTUYEH U3pa3 MOKa3Ba, Y€ aKO YCKOPEHUETO HE MPHUTEKaBa OTMECTBAHE
OT HyJIaTa WJIA MOCTOSIHHA ChCTAaBKa, TO M B CKOPOCTTA, PECIIEKTHBHO B IMPEMECTBAHETO I
JUTICBA TIOCTOSTHHA chcTaBka. Ha mpakTuka ob6aue mpu M34HUCISIBAHETO HA TE3U MapaMeTpH ce
W3II0JI3Ba YUCIICHO HHTETPUPaHe, KOSTO BHACS OIpeJieieHa Ipelika B 3aBUCUMOCT OT U30paHus
METO]l Ha UHTETpUpaHe, a OTTaM U €BEHTyaJlHa MOCTOSTHHA ChCTaBKa B CKOPOCTTA, KOETO MPHU
MTOCJICBAIIIO MHTETPUPAHE 3a U3YUCIISIBAHEe HAa TIPEMECTBAHETO IIe JOBEJIE /10 HATPyIBaHEe HA
Ta3u TpeIKa.

PesynTature oT 4nMCIEHOTO MHTETpUpaHe HA JIMHEHHNUTE yckopeHust or MEMS cenzop ot
Bucok kinac ADIS16405 mo merona Ha TpanenuTe ca aajaeHu B Tabnuma 1.1.

(1.3)



Ta6n.1.1. 3uncnenu cTaTUCTUYECKU TapaMeTPH CJe]l €THOKPAaTHO MHTErpUpaHe

IMapamersp | Cpeana croiinoct, M/s | CraHgapTHa AeBHanus, M/S
VX 2.154.10* 5.232.10°
Vy 6.196.10° 5.493.10°
Vz 2.170.10* 5.152.10°°

Beunuko ka3zaHo 10TYK ompenesns HeOOXOAMMOCTTa OT ONpeeisiHE Ha XapaKTepUCTUKUTE
Ha MEMS censzopure, Thil KaTo TAXHATA CTOMHOCT CHUIECTBEHO BJIMAE BBPXY TOUHOCTTA HA
CHCTEMHTE, PECIL. JIa C€ ThPCAT HAYMHU 3a TSXHOTO IOJOOpsABaHE ¢ IOMOIITA HA COPTYEpHU
(ape3 mudpoBa 00paboTKa HA CUTHAIIUTE) WITU XapIyepHU METOIH.

1.2.0npenesisine Ha IIYMOBHU XapaKTePUCTHKHU Ype3 AUcHepcHs HA AJIbH

JHucnepcusita Ha AnpH (JJA) ¢ aHanu3 BBB BpeMeBaTa 00JacT 3a ONpEIC/sHE Ha
XapaKTePUCTHKUTE Ha OCHOBEH CIIy4aeH MPOILEC, KOMTO JOMpHUHACS 32 HapacTBaHEe Ha IIyMa B
JaHHUTC. Karo TaKbB, TOM momara Ja ce I/IILCHTI/Iq)I/IIII/Ipa HU3TOYHHKA Ha JaJ€Ha ChbCTaBKa Ha
ryma B nanHuTte. [Ipu To3u MeTo ce omycKa, 4e HECUTYPHOCTTa B JaHHUTE € TeHepupaHa OT
M3TOYHUIIM HA IIyM ChC crienuduunu xapakrepuctuku. C JIA Morar ia ce onpenensir ceaeM
M3TOYHMKA HA IIyM OT MHEPIUAIHU CeH30pHu. Te ca: ciydaeH apeiid Ha CKOpOCTTa, cliydyacH
npeiid Ha Brbja, HECTAOMIIHOCT Ha HYJIEBOTO OTKJIOHEHHE, Jpeid Ha HynaTta, OIyM OT
KBaHTYBaHe, IPOMSIHA HAa CTOWHOCTTA Ha HAKIJIOHA, CHHYCOUJAJIEH IIYM U €KCIIOHEHI[UAIHO
kopesupad (MapkoBcku) nym [9-11].

I'padukara Ha JIA npu Hanuuue HA BCUYKM M3TOYHUIM Ha IIyM, UMa BUJA MOKa3aH Ha
¢urypa 1.17.

Jucnepcust Ha ATbH

o(T)

Cry4aeH npeiid Ha
ckopoctTa (brbiia)

CuHycouialieH ym

Haknon = +1

Hakon = -1

EKCIOHEHIMATHO KOPEIHpaH Jlpeii¢ na Hyata

(MapkoB) mrym

Llym oT KBaHTyBaHe

Haxson = -1/2 Ipomsina Ha
CTOMHOCTTA

Ha HaKJIOHa

H =0
aiion Haxmon = +1/2

Hecra6. Ha HyIeBOTO
OTKJIOHEHHE

@urypa 1.17. I'paduuno npeacrasue Ha CKOA [5]
1.3.ExcriepuMeHTAJIHO onpe/ie/isiHe HA IIyMOBH napameTpu Ha MEMS cen3zopu

3a eKCIIepUMEHTAITHO OmpeseiisHe Ha IIyMoBUTe mapamerpu Ha MEMS censopu ca
n30paHu HAKOJIKO THIA CeH30pH: 1/ ceH30pu B Mpon3BoAcTBO B iepuosa 2015-2020r. oT HUCHK
M BHCOK Kiac, pecr. TpuocHusi akcenepomerbp LIS3LV02DQ m 3D wmneprmanen ceHzop
ADIS16405; 2/ cenzopu B mpon3BoaAcTBO B iepuoaa 2020-2026r. oT cpeseH Kiac.



[IspBusT uzcnensan MEMS unepumanen cenzop e moaen LIS3LV02DQ, npousBonctso
Ha ¢upmara STMicroelectronics, ¢ mudpos usxox (12-6utos). M3uncieHuTe CTOMHOCTH Ha
OTMECTBAHE 32 ChOTBETHUTE OCH € JajzeHo B Tabmuma 1.3.

Tabmuna 1.3. CTaTHCTHYECKH CTOHHOCTH HA CEH30pa B IOKOM

IMapameTnp Cpenna croiiHocr, CrangapTHa neBuaumsi,
CIpPsIMO g CIPsIMO g
ax +0.0295 0.0035
ay -0.0297 0.0034
az -1.0059 0.0040

3a Aa CC ONpeCaACIAT HIYMOBUTC KOMIIOHCHTHU U TCXHUTC CTOMHOCTH B HU3XOJHUAT CUTHAJI

Ha tpuocHus akceinepomersp LIS3LV02DQ [6] e nHampaBen 3amuc mpu IOKOH, C
MpOoaBIDKUTETHOCT 8 daca. Uectorata Ha muckperusanus ¢ Fs=40Hz, a temmeparypara Ha
OKOJIHHMS BB3IyX IO BpeMe Ha ekcriepuMmeHTa ¢ 25°C. [lpenm na ce mpuiioku MeToAa Ha
oucriepcuaTa Ha AJ'bH, OT JAaHHWTE € W3BAJICHA IMOCTOSHHATa ChcTaBHA. DYHKIUATA 32
M3YHCIICHUE Ha JAUCIepcraTa Ha AJTbH € pealu3upana B cpena Ha Matlab.

________________________________________________

————————————————————————————————

_______________________________________________________
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AnpokcuMHupaliaTa npasa € onpezeaeHa ¢ u3pasa S(f )= § 061
Qurypa 1.23. Curnana u cekTpagHaTa IIBTHOCT 10 ocTa X

Bwpxy rpaduxute Ha cpenHo-kBagpaTHuHO OTkiIoHeHHMEe Ha AnbH (CKOA) cbec cunHM
MpPEeKbCHATU JIMHUM Ca HAHECEHW AalpOKCUMHPAIIUTE MpaBH C HAKJIOH, ChOTBETCTBAI Ha
IObJDKMHATa  HAa  KJIBCTEpa, IMpU  KOSATO €€  ONpeless  CbOTBETHUS  IIYMOB

napameThp.CTaHIapTHOTO OTKJIOHEHHUE Ha MoaydeHuTe Jannu 1o octa X ¢ o=0.001357 m/s?
. Curnana v cbOTBETCTBAIllaTa MY CIIEKTpaJiHa IUTBTHOCT ca noka3anu Ha Purypa 1.23. CKOA
Y anpoOKCHMHUPALIUTE TIPaBH ca oka3anu Ha Ourypa 1.24.

B nanHuTe ca npeacTaBeHH ClIeIHUTE U3TOYHUIIM HA IIyM: Ipei¢ Ha cKkopocTTa, apeid Ha
HyJlaTa, IIyM OT KBaHTYBaHE, HECTAOMJIHOCT HA HYJEBOTO OTKJIIOHEHHe. CTOHHOCTUTE UM ca
noka3anu B Tabnuna 1.4. 3a cpaBuenne Ha nonydenute CKOA oT gaHHUTE 1O TPTE OCH, T€ ca
npencraBenn Ha @urypa 1.29. CtoliHOCTUTE Ha NIYMOBHTE TapaMmeTpH Mo ocrra Z ca o
BHCOKH OT TE€3U IO JIPYTHTE OCH, KOETO Cc€ IBJKM Ha (pakTa, 4e 1Mo Ta3u OC € MPUII0KEHO
36MHOTO YCKOpEHHE.



CTaHaapTHOTO OTKNGHEHHE Ha ATbH

CT0AHOCT Ha CTEHAAPTHOTO OTKMOHEHNE Ha ANbH [mis*2]

@urypa 1.24. CKOA 1o ocra X

Tabnuna 1.4 CroiiHOCTH Ha LIyMOBUTE NIapaMeTpH

Cnydaen npeid .
HecrabuaHocT Ha Ha CKOPOCTTa I[Pel/z@ Ha HyJlaTa
HyJ'IeBOTO TKIIOHCHHUC 2 m/s
m/s? mis Jh
Jh
ITo ocra X 1.48+107* 1.02%107 2.1%10°
ITo ocra Y 1.927+10°* 1.02%1072 3%10°
ITo octa Z 6.385%107* 4.62%1072 7.4%10°°

10 L
no ocTa x

no octa Y
no octa 7

CTONHOGT Ha CTaHAAPTHOTO OTKOHEHIe Ha AMbH [

10° 10 10 10 10° 10 10 10
[omeuna va kcrepa B [s]

@urypa 1.29. CroitHoctn Ha CKOA 110 TpuTe ocu

3a nenuTe Ha aHAINM3a eANHUAT OT N30pAaHUTE CEH30pH € OT BHCOK Kiac - 3D mHepunanex
cenzop ADIS16405. 3a nenute Ha aHamM3a Ha MMapaMeTPUTE HA MHEPLUAIHUTE CEH30pH €
peann3upaHo HW3MEpBaHE Ha JIMHEHHHWTE M BIVIOBHTE YCKOPEHUS TPU IBJICH IOKOW MpH
MaKcHUMajiHaTa yecTora Ha auckperuzauus ot 819.2Hz, xaro ca cuerm 901 056 oruera.
[IpoabmxuTtennoctra Ha u3MepBaneto € 901056 / 819.2 = 1100s. 3mepBaHeTO € U3BBPIICHO




¢ momornra Ha pa3BoriHata cuctreMa ADISUSBZ u cnenmanusupanus copryep ISENSOR
Evaluation Tool. ITonyuenute pe3ynratu ca mokasanu Ha ®ur.1.31.

Ta6n.1.5
IHapamersp Cpenna croiiHoct, °/sec CranjapTHa qeBuanusi, °/sec
gyroX -0.0236 0.3314
gyroY +0.0838 0.3833
gyroZ -0.1515 0.3096
Ta61.1.6
Ilapamersp Cpenna croiinocr, 1/g CranpaptHa nesuanus, 1/g
acclX +0.0295 0.0035
acclY -0.0297 0.0034
acclZz -1.0059 0.0040

HuckoOwomxkernure wuHepurasinu  MEMS  cenzopu  (mampumep  CeH30pHUTE 32
aBTOMOOMIIHATA TPOMHUIIICHOCT) MNpPEIu €IHO JeCeTHWIeTHE CE€ OTJIMYaBaT C I0-BHCOKO
OTKJIOHEHHE Ha HyJIeBaTa CTOMHOCT, TEMIIEPATYPHO OTKJIOHEHHE U U3XOJIEH LIIyM, KOETO IIPABU
M3MEpBaHUATA UM MMO-HETOYHH U HaMaJlsiBa TSXHATa MPOU3BOAUTEIHOCT B CPAaBHEHUE C IPYTU
WHEPLMOHHU CEH30pU. AHAIU3BT Ha ThproBckure MEMS nHepiimonHu ceHsopu (3a TMHEHHO
U BIJIOBO YCKOPEHHE) OT CJEABAIl0 MOKOJeHHEe OOXBalla CEH30pU OT HSAKOJIKO H3BECTHU
npousBoautenu karo ST Microelectronics, TDK u Bosch, a umenno BMI270 (Bosch), ICM-
42688-P (TDK) u LSM6DSR (ST Microelectronics).

Tabnuna 1.7. CpaBHeHHE Ha MapaMeTPUTE HA JIMHEHHUTE aKCEeIEePOMETPHU

BMI270 [13] ICM-42688-P [14] LSM6DSR [15]
Paznenurenna 16-bit 16 ... 18-hit 16-bit
CIOCOOHOCT
O6xBar +2g ... +16g +2g ... +16g +2g ... +16g
HyneBo ormecTBane +20 mg +20 mg +10 mg
ITnpTHOCT Ha HmIyma 160 ug/NHz 70 ug/NHz 60 pg/VHz
ODR 12.5Hz...1.6 kHz | 1.5625 Hz ... 32 kHz| 1.6 Hz ... 6.667 kHz

Tabnuna 1.8. CpaBHeHue Ha MapaMeTPUTE HA KUPOCKOIUTE

BMI270 ICM-42688-P LSM6DSR
Paznenurenna 16-bit 16 ... 19-bit 16-bit
CIIOCOOHOCT
O6xBat +125dps ... £2000dps |£15.6dps ... £2000dps| +15.6dps ... £4000dps
Hyneso ormecTBane 0.5 dps 0.5 dps +1 dps
[LrpTHOCT Ha mIyMa 8 mdps/\Hz 2.8 mdps/VHz 5 mdps/NHz
ODR 25Hz ... 6.4 kHz 12.5Hz ... 32 kHz 12.5Hz ... 6.667 kHz

[TokazaHuTe Mo-rope CEH30pH ca MoI0PaHU U CPAaBHEHU CIIOPE] CIETHUTE KPUTEPUU, KOUTO
ca Hall-Ba)KHU 32 HABUTAIIMOHHM II€JTH, KaTO pa3JelInTEIHA CIIOCOOHOCT, HYJICBO OTKJIOHEHHE,
TUTBTHOCT HA M3XOJHUS IIYM U CKOPOCT Ha M3XOAHHUTE NaHHHW. CpaBHUTEITHO MPOy4YBaHE Ha
napameTpuTe (IeGuHUpaHU OT MPOU3BOIAUTENS) HA MPEIIOKEHUTE CEH30pH € TMOKa3aHO B
Tabnuma 1.7 u Tabnuma 1.8 ch0TBETHO 3a JMHEWHHM aKCEIEPOMETPU U CEH30pH 3a BIIOBa
CKOpPOCT, KaTO CPaBHEHMETO Ha MapaMeTPUTE HA CEH30pUTE MOKa3Bar, ye ceH3opbT ICM-
42688-P uma mo-no0pu HyleBH OTKJIOHEHUS M MO-BHUCOKH CKOPOCTH HA M3XOJHUTE JIaHHU B
CpaBHEHHE C IPYTHTE CEH30PH, KOSTO € MHOTO B)KHO 32 ITOBHUIIIABAHE HA TOYHOCTTA, Thil KATO

10




TPEUIKUTE TIPU YUCIOBOTO MHTETPUPAHE ca MPOMOPIIMOHATHN Ha OTKJIOHEHHETO Ha M3X0oAa U
A3, kp1IeTO At 0603HaUABA PELMIIPOYHATA CTOHHOCT HAa CKOPOCTTA HA H3XOJHHUTE JNAHHH.
[IymoBHTE XapaKTEpUCTHKH Ha CEH30PUTE Ca HM3KJIIOUMTEIHO BAXXHH INpH paboTa Ha
pa3nuyHu cucteMu, 6a3upanu Ha KanManoBu ¢uiitpu, peci. Ha KoBapHalMoOHHaTa MaTpuna R
Ha IIyMa MpU U3MepBaHe Ha yckopenusrta. [lopaau Tazu npuuumHa € HEOOXOAUMO Ja OblaT
KOJIMYECTBEHO OLICHEHM TE3M XapaKTepucTuku. [IpoyyBaHEeTO Ha HIYMOBHTE MapaMeTpu Ha
MEMS cenzopure nokassa, ue npeAsiaraHUTe Ha 1a3apa JIMHEHHU CEH30pU 32 YCKOPEHUE UMaT
NPUOIM3UTEIHO CXOJHM XapaKTePUCTUKH, KaTro Hampumep [HdpoBa pasaenuTesHa
crocobHocT oT 16 OuTa, AMAana3oH Ha U3MepBaHe A0 16 g, HyJIeBO OTKJIOHEHHE B Juana3oHa
oT £10 mg o £20 mg, mrymoBa mrbsTHOCT OT 70 ng/ VHz u croitrocti Ha ODR 0T exuHAIN 10
necetk kHz. B cb1110TO Bpeme ceH3opuTe 3a briioBa CKOPOCT C€ OTIMYABAT C TO-BUCOKH HUBA
Ha WWyM oT 8 mdps/\/Hz npu cbluTe croiHoctd Ha ODR. TeopeTMUHHAT aHaIU3 Ha
napameTpuTe Ha myma Ha MEMS ceHzopute naBa npeauMcTBO 3a u300p Ha ceHzopa ICM-
42688-P Bb3 0cHOBA Ha MMO-BHCOKAaTa My U(pOBa pazenuTeaHa crocodHocT 10 19 dura, mo-
Bucokata ODR 10 32 kHz u MHOTO HUCKATa IITBTHOCT HA LITyMa Ha CEH30pa 3a BII0Ba CKOPOCT
or 2,8 mdps/NHz. EKCIICpUMEHTAIIHOTO H3CIEIBAHE HA OTKJIOHCHHETO HA JUCIICPCHSATA HA
AJBH TOTBBpKJIaBa oOIKCaHaTa CUTyalus. M3uucieHUTe mnapaMeTpu Ha HOPMAaJIHOTO
pasmpesieieHre TI0Ka3BaT, ye CpejHaTa CTOHHOCT (W) e paBHa Ha npubmmsutenHo 107 3a
BCHUYKHU TECTBAHU JINHEHHU aKcelepoMeTpU. AHATM3BT Ha XapaKTEPUCTUKHUTE HA CEH30PHUTE 32
BIJIOBA CKOPOCT 00aye MoKa3Ba, 4e CpeHaTa CTOMHOCT (1) ¥ CTaHAAPTHO OTKJIOHEHHE (C) ca
pasuu Ha 101+1072 3a censzopa LSM6DSL u 107! 3a censopa BMI270, 10KaTo ChOTBETHHTE
croitHocTH 3a ceH3opa ICM-42688-P ca mpuOIM3UTETHO €IUH MOPSIBK 110 — HUCKH.

1.4. KomneHncupaHe Ha HYJIeBOTO OTMeCTBaHe HA CEH30pPUTe
1.4.1. C u3noa3BaHe HA TOMBJIHUTETHH CEH30PH

Kakro Oe mokazaHo B MpeauIIHUs naparpad eauH oT Hail — Ba)KHUTE MapaMeTpH, KOUTO
TpsiOBa ma Ob1e onpeneneH 32 MEMS cen3opuTe, € CTOHOCTTa Ha OTMECTBAHETO Ha HyJaTa.
Ta3u croiiHOocT o0Oaue HE € IOCTOSIHHa BBB BPEMETO M 3aBUCH OT TeMIepaTypara,
3aXpaHBaIIOTO HaNpekeHue u apyru pakropu [17-18]. CraTiuHaTa KOMIIEHCAIIUS HE € MHOTO
e(eKTHBEH MpoIlec, a HEeCTAOMIIHOCTTA Ha OTKJIOHEHUETO OT HyJlaTa ce OTHAcs JI0 aIuTUBHATA
rpemKka B HM3X0/Ja Ha JKAPOCKONMA ChC CTOXAaCTHYHH XapaKTEPUCTHKH. 3a JWHAMHYHO
KOMIICHCUPaHE Ha TOBa HYJEBO OTMECTBAaHE B JKUPOCKOIUTE MOXKE Ja C€ H3IO0J3BaT
MarHUTOMETPH, KOUTO AHAJIOTHYHO Ha >KUPOCKOIHTE OMPEACIST TMOCOKaTa Ha IBMKEHHE.
KomneHcanusaTa € MHOTO BaKHa, akoO JJaHHUTE 32 MarHUTHOTO MOJE ce 3aryoaT Win uma
MarHUTHH CMYIICHHS, MPUYMHEHH OT MAarHUTO-MEKH WM MarHUTO-TBBPIU eQeKTH. 3a
MIOCTUTaHEe Ha TaKOBA JMHAMUYHO KOMIIEHCHpaHEe ca pa3pabOoTeHH aJrOpUTMH U € HalpaBEeHO
EKCIIEpUMEHTAIHO U3CIIE/IBAaHE, 3a J1a C€ I0KaXke CIIOCOOHOCTTA Ha CHCTEMaTa J1a KOMIIEHCUpa
OTMECTBAHETO Ha OTKJIOHEHHUETO Ha JKUPOCKOIIA.

AJTOpUTHMBT 32 TMHAMUYHO KOMIIEHCUPaHE Ha HYJIEBOTO OTMECTBaHE ce 0a3upa Ha CIeIHUTE
cTbnku (Our.1.41).

11



Gx,Gy6z | Bijasoffset ¢
| compensation|
3D Gyro X » roll
Kalman
Filter
3D Accel » pitch
3D vaw
Magnetometer Compass > Y

®ur.1.41. biok — cxema Ha anrOpUTHM 3a JUHAMUYHO KOMIICHCUPAHE HAa HYJIEBOTO
OTMECTBaHE

C nomorra Ha Kanmanos puarep (KF) ce onpenensar primmre Ha HAKJIOH Ha 00EKTa - BI'bJI
Ha taHrax (roll) u sren Ha kpen (pitch). Tperust poranmoHeH BI'bJ Ha Kypca (yaw) ce
OTIpeJIelis C U3IOJI3BAaHE Ha JAHHUTE OT MarHUTOMETHP Ha 0a3aTa Ha Beue ONPEICICHUTE bIIIN
Ha TaHTaX M KPEH CBHIIACHO CIECTHUTE 3aBUCUMOCTH:

X, =M, cosg+ M, sin gsin @ — M, cosésin ¢
Y, =M, cosé+M, sind

kbaeTo O - roll, ¢-pitch. (1.11)

H i)

@, = arctg

H

@ = Py + Peclination

brenbT Ha AEKIUHALUSA Qdeclination 3@ Codus (bwnrapusi) e paBen Ha +4°20" [6]. Taka
MOJTyYEHHUSAT BI'bJI Ha Kypca ce CPABHSABA C U3UMCIIEHUS OT JKUPOCKOIIA U CE OTIpeIelis IpetKaTa
B pe3yJTaT Ha HYJEBOTO OTMecTBaHe Mo octa Z Ha >xupockona (Pwur.1.42). HyneBute
OTMECTBAHU 0 IPYTUTE JBE OCU CE KOMIIEHCHPAT Ype3 CpaBHEHHE Ha MTOJyUYEeHUTE CTOWHOCTH
Ha OTIPENICIICHNUTE BIVIM Ha TAHTAX U KPEH M CHOTBETHUTE BIJTU 32 KUpOCKoma. ['pemkara ot
CpaBHEHHETO ce mojaBa KbM m3mmaxmgani ¢puntbp (Smooth filter), karo wamp. MennaneH
GuITHp, KOWTO OTCTpaHsIBAa BHCOKOYECTOTHHTE KOMIIOHEHTH Tpeau OJoka Ha
nudepeniparopa d/dt. Kopurupanure AaHHH OT KHPOCKOIA ce MOJaBaT KbM (uiTbpa Ha
Kanman.

[IperioskeHUAT alropUTHhM 3a JUHAMUYHOTO KOMIEHCHPAHE Ha HYJIEBOTO OTKJIOHEHHE Ha
KHPOCKOMA € TeCTBaH EKCIEPUMEHTAIHO, KaTo JaHHUTE MpPH JBIKEHHETO CE 3allMcBaT Ha
MMC/SD xapra u ce oOpabdorBat upe3 nporpama B MATLAB. Cuctemara e pa3nosoxeHa
MEXTy PETHUTE CETAITKH B JICKHSI aBTOMOOMII, OJIM30 10 IIEHThPA Ha TeKECTTa Ha TIPEBO3HOTO
cpeactBo, a ocure Ha IMU ca opueHTHpaHu CIIPSIMO OCHTE Ha MPEBO3HOTO CPEJCTBO, KAKTO
cnenBa: X — ycropeaHa Ha HaJTb)KHATa 0c, Y — yCIopeIHa Ha HammpeyHaTa oc, Z — yCIopeaHa
Ha BepTHKaJHATa oc. Pe3ynTarure OT EKCNEpUMEHTAIHUTE W OOpabOTEeHHTE JaHHU ca
noka3anu Ha @urypa 1.46.
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@ur.1.42. AnropuTsbM 3a ONpeNEsTHE HAa IPEUIKaTa OT HYJEBO OTMECTBAHE
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®urypa 1.45. brei Ha Kypca, H34YUCIIEH OT ®urypa 1.46. brua Ha Kypca, H34UCIIEH OT
GPS naunu, EKF u unrerpupane Ha Z- GPS nannu, EKF u unrerpupane Ha Z-
JKHPOCKOIIa CHC CTaTHYHA KOMITEHCAIIUS JKHAPOCKOIa ¢ TMHaMUYHa KOMIICHCAllnA Ha
Ha OTMECTBAHETO OTMECTBAHETO

SIcHO ce BWKIAT TOYHUTE JIaHHM OT MHTErpalusaTa Ha KUPOCKONA — PAa3IUKATa MEXIY
nanHuTe 3a kypca Ha nBmwkeHue (COG) or GPS (3enena), proena Ha kypca oT EKF (uepna
JTUHUS) U BI'BJIA Ha Kypca OT KHPOCKoMa (YepBeHa) He HajaBwiaBa 2°. B chIIoTo Bpeme
CTaTUYHATa KOMIIEHCAllUs BOJM JIO0 Tpemka B Kypca Ao 20° W wHHTErpanmusara Ha
HEKOMIIEHCUPAHUTE JJAHHU € 3HAYUTEIHO BiiolIeHa B cpaBHeHHUE ¢ JaHHUTEe oT GPS COG u
n3xonuute nanHu Ha EKF. EkcniepuMenTuTe nokassar, 4e Ta3u TOUHOCT OCTaBa HEMMPOMEHEHA
npe3 uenusi 10-MUHYTEH TECTOB MEpPUOJ, JTOKATO CTAaTMYHATA KOMIIEHCAIUs MOXE J1a ce
M3MOJI3Ba 10 5 MUHYTH. B HSKOM cilydand M3MOJI3BAHETO HA MAarHUTOMETHP MOXKE Jia C€ SIBU
HEJOCTaThK Ha CHCTEMaTa, Thil KaTO M3WCKBA MPEABAPUTEIHO KaIUOpHUpaHe W NaHHUTE OT
MarHuTOMETHhpPAa MOXKE Jla C€ pa3InyaBaT OT PEaHUTE MPU HAJIMYUE HAa MArHUTO-MEKH W
MarHuToO-TBBPN e(eKTU. 3a MPeoA0IsIBAHE HA TO3U HEJAOCTAThK C€ M3MOI3BaT PEKUMUTE Ha
oOydenue u pabota Ha xupockoma. OTKpUBAHETO HA PEKUMHUTE CE OCHOBaBA HAa aHAM3a Ha
00II0TO TMHEIHO YCKOPEHUE Ha 00eKTa.

1.4.2. Ypes oneHka HA 001IOTO JINHEIHO YCKOpPEeHHe
ANTOpUTBMBT 32 KOMIIEHCUPAHE HAa OTKJIOHEHUETO CE OCHOBABA HA JaHHUTE OT JIMHEHHHUS

aKCceJIepOMEThp U eJIEKTPOHHUS KoMmac. CucTeMara W34HCIIsABa BIIINTE HA KPEH, TAaHTaX U
kypc (Pur. 1.47) ¢ momorra Ha puntbpa Ha Kanman (Kalman Filter) u enexrponnus kommnac
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(e-compass). Kopurupanure naHHu OT Z-KHPOCKONA CE M3YMCISABAT Ype3 M3BAXKIAHE Ha
HEOOpaOOTeHUTE NaHHU OT Z-KHPOCKOMa OT TIOCNeJHATa H3BECTHA CpEIHAa CTOWHOCT,
U3MepeHa MpH 3aTBOpeH mpeBkitouBaten (Switch control). Ako 00eKTHT € HEeMmOABHMKEH 3a
oIpejiesieH EPUo.I OT BpeMe (Njim H3MEPBaHus), peBKIItouBaTensaT ce 3arBaps (dur. 1.47) u
HEOOpabOTEeHUTE NAaHHH OT >KUPOCKONA Ce MHTErpUpaT 3a Bpeme Tu. AKO OOCKTBT HE €
HETOJBIDKEH, MOCJeIHaTa MOoJdy4YeHa CpelHa CTOMHOCT Ha KHPOCKONA HE C€ aKTyallu3upa,
JI0KaTO OOCKTHT HE CTAaHE OTHOBO Hemo/BIKeH. ChCTOSIHUETO Ha 00EKTa ce OTKpUBA CIOPEN

0611I0TO JHHEHHO yckopenue A= ./A’ + A; + A? (Dur.1.48). AKo TOBa YCKOPEHHE HaJBHILIHU

3ajaJicHaTa TparoBa CTOMHOCT Ajim, OOCKTBT C€ OIpeneiss Karo HECTalMOHAapeH |
IIPEBKIIIOYBATCIIAT CC OTBaps. B To3m C.]'[yqal\/ll KOpe€KkIusiaTa C€ H3BbpIIBAa BH3 OCHOBA Ha
IIocj€egHara U3B€CTHa CTOMHOCT Ha OTKJIOHEHHETO.
fotty
f —>@—‘ 1ty
to

Switch control
N Gyro data g
correction Z gyro
G " > » roll
yroscope
Kalman
Filter
3D i
Accelerometer pitcl
A A
3D Compass » Yyaw
Magnetometer
9 DoF Navigation
IMU system processor

@ur.1.47. brokoBa cxema Ha METO]I 32 KOMIIEHCAI[Us Ype3 OlIeHKa Ha 00II0TO YCKOpEHUe

AJTOpPUTHMBT 32 U3UUCIISIBAHE HA OTKJIOHEHHETO C€ M3IBJIHSABA ciell OJI0Ka 3a KOpEeKIUs Ha
xupockona (Gyro data correction). CpaBHWTEJIHHMAT aHAIW3 Ha KOMIICHCAIUATA Ha
OTKJIOHEHHETO C€ M3BBHPIIBA Ype3 TECTOBO JABIKEHHE Ha aBToMoOwWII. [IparoBute croifHOCTH
Alim ¥ nijim ca 3agagaedu crotBeTHOo Ha 0,1 u 1200.

[IpennoxeHUST METOl U aNTOPUTHM 3a AMHAMUYHA KOMIEHcanus ce 6a3upa Ha (akTa, ue
3a CPaBHUTEIHO KPaThK IMEPUOJT OT BpEME CTOWHOCTTA HAa HYJICBOTO OTMECTBAHE CE TIPOMEHS
HE3HAYUTENHO. THil Karo HYJIEBOTO OTMECTBAaHE OCHOBHO 3aBHCH OT TeMIieparypara u
3HAYUTEITHO MTO-CJIa00 OT IpYyTH (PakTopH (3aXpaHBaIllO HAMIPEKEHUE U JIP. ), TO KOMIICHCAIIUATA
MOXKe Ja ObJie M3BBPIIBAHA HA 3HAUMUTEIHO MO — TOJEMH HHTEpBAIM CIliel JTOCTHTaHe Ha
paboTHaTa TeMmIepaTypa Ha CeH3opa. Pe3yiTrathte OT CpaBHUTEIHHUS aHAIN3 MEXIY
MIPEIJIOKEHUST alTOPUTHM W CTaTMYHATa KOMIIEHcalus ca 3anmucanu B Tabmmma 1.16 u ca
wirocTpupanu Ha durypa 1.52.
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Ay, )
switch
Ay—f A=A A A closed

Az

@ur.1.48. AnropuThM 3a yIpaBicHUE HA KIFOYa

Tabmuna 1.16. [lomyyeHn ekcriepuMEHTATHI PEe3YITaTH

Gyro bias, deg/s
HNurepBan bes komniencanusa | Cwe ctatuuda komnencanus | C nuHaMuYHA KOMITEHCAIUS
1...6.10° 22,705 8,60.101 4,50.10°3
2.10%...6.10* 22,477 6,19.10! -1,79.10?
9.10*...2,4.10° 21,856 -7,48.10 1,55.10°°
3.10°...3,5.10° 22,229 3,72.101 2,62.10°
60
40
‘ H Dynamic A
ER | Static il
f -20 [~ |
-l i
E’ -40
<
-60
80O 2000 4000 6000 8000 10000 12000 14000 16000 18000
Time,s

®wur.1.52. I'paduka Ha BrIOBOTO yCKOpEHHE ChC cTatuuHo (Static) u aunamuuna (Dynamic)

KOMIICHCAalu Ha HYJICBOTO OTMECTBAHE

CraTnyHaTa KOMIIEHCAIUS CE OCHILECTBIBA Bb3 OCHOBA HA U3YHMCIICHUETO Ha OTKIIOHEHUETO
B amna3ona ot 9.10%...2.4.10°. B To31 MHTEpBa OTKIOHEHHETO ce KOMITIEHCHPA HAITBIIHO UPE3
CTaTUYHaTa KOMIIEHCAIMs, HO B OCTaHAJIMTE WHTEPBAIN CTOWHOCTUTE HAa OTKJIOHEHUETO
Bapupat ot 10~ 10 10° deg/s. B chImoTo Bpeme CTOHHOCTHTE Ha OTKIOHEHHETO ca Tox 1072
deg/s BbB BCHYKH TECTBaHU UHTEPBAIU. Pe3yiaTraTute OT CpaBHUTEIHUS aHAJIH3 TIOKA3BaT, ye
AITOPUTBMBT 3a TUHAMHWYHA KOMIICHCAIIUA HaMallsiBa CTOMHOCTHUTE Ha OTKJIIOHEHHUETO OT 101
10 10% mbTH B cpaBHEHHE ChC CTATHYHATA KOMIEHCAIUSL.
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I'JIABA 2
MeToau u aJrOpuTMH 32 NO00psiBaHe HA XapakTepucTukure Ha MEMS
HHEPUHAIHU CEH30pH

WueprmanHuTe CEH30pH, KUPOCKOMHUTE U AKCEIEPOMETPUTE ca IIMPOKO H3IOJ3BAHU B
CbBPEMEHHUTE €JIEKTPOHHU cucteMu. OCHOBHMAT CTpeMeX IpH pPa3pabOTBaHETO U
U3IIOJI3BAHETO HA MHEPIMATHU CEH30pH € KbM MOoJ00psBaHE Ha TEXHHUTE MapaMeTpH, KOETO
BOJM JI0 HAaMaJsBaHE Ha TIPEIIKUTE OT TEXHUTE H3MEPBaHUS U MPSKO BIMsIE BBPXY
IPOABDKUTETHOCTTa Ha TOYHAa paboTa HAa HMHEPLUUATHUTE HABUTAIlMOHHH cHcTeMH. JlBa
OCHOBHM IIapaMEThpa ONpPEAENAT KauyeCTBOTO Ha TE3U CEH30pPU — HYJIEBOTO OTMECTBAHE U
HEroBara HECTaOWJIIHOCT BBB BPEMETO M CIydYailHOTO ‘TiIaBaHe” Ha CKOPOCTTa IIpH
aKCeJIepOMETPUTE U BIVIOBOTO 3aBbPTaHE MpH KUpockonute. EQexThT 0T TAXHOTO HETOYHO
OTpeNieNITHE M KOMIIGHCHpPAaHE C€ CHhCTOM B KBAJPaTHYHO HApacTBaHE Ha TPEIIKUTE B
U3MEPEHUTE Pa3CTOSIHUS M JIMHEWHO IpU ompelensiHe Ha ckopocrtra. Ilopanm ToBa Te3u
(bakTOpH BUHArW C€ OMPEACIAT OT MMbPBOCTEIIEHHA BAXKHOCT B CTPEMEKa 3a oJ00psBaHe Ha
napaMeTpuTe Ha ceH3opuTe. Te3u ABa napaMerbpa Morar Ja ObAaT aHaJIU3UpaHu ¢ IOMOLITa
Ha JIBa METO/1a — YeCTOTeH aHanu3 [25-28] u MeTo/a 3a onpeeNsHe Ha AUCIIEpCUsITa Mo AjaH
[29-31].

MetoanTe 3a KOMIIEHCHpAHE Ha HETATUBHO BIHACIINTE (DaKTOpU MOTaT Aa ce 000Cco0sT B
JIB€ OCHOBHM TPYIHU - METOJU HAa HUBO BBTPEIIHA CTPYKTypa M IU3ailH U METOIU upe3
MaTeMaTHYeCKO MOJETHpaHe Ha pa3inuyHuTe mnporecu. OOCIMHIBAHETO HA BIMSHHETO Ha
BCUYKH ONHUCaHU (PaKTOPH B €/1Ha 001[a MaTeMaTHUECKa 3aBUCUMOCT € U3KIIFOYMTEIHO TPYAHA
3anava. Hsakou ot rpemkute, npuunaenu ot MEMS cen3opa, Morat a1a 0b/1aT KOMIIEHCUPaHU
Bb3 OCHOBa Ha Mojenupane [38-39] u obpaborka Ha curnana [40], mokato HIyMOBHUTE
XapaKTePUCTHKH 3aBUCAT CaMO OT CTPYKTypara Ha CeH30pa. YeWBleT TpaHcopmanusra €
e(eKTHBEH METO/]l 3a IpeMaxBaHe Ha IIyMa OT cUrHaja. M300pbT Ha MOAXOAINU TapaMeTpu
3a Tpolieca Ha TpEeMaxBaHEe Ha MIyMa 3aBHCH OT HM3TOYHWKA HA CHUTHAJAa W HETOBHTE
CTaTUCTHYECKH THapameTpHu. B cratusita ce oOchkIa alropurbM, KOMTO MOxke J1a uzbepe
ONTUMAITHUTE TapaMeTpH 3a Mpolleca Ha NpeMaxBaHe Ha IymMa OT CHTHAJIUTE Ha
akcenepomerspa [40]. TpamguuuoHuTe MeToM 3a 00E3IIyMsIBAHE Ca OCHOBHO 0Oa3MpaHH Ha
MPOBEXKIAaHE HA CUMYJANUS BbPXY OMPEAETICH MOJIEN MM CIIEKTPAJIeH aHallin3, KOUTO YeCTO
IIPU HECTAI[MOHApHU CUTHAJIM HE MOraT Ja ObJIaT NmpuiiokeHH ycnemHo. ChIIo Taka Te3H
MeToau ca O6azupaHu Ha nudpoBa 00pabOTKa Ha CUTHAIIMTE OCHOBHO MO ITBTS HA MIPHJIaraHe
Ha GunTpaius upes yensieru [41-42], cniektpaina oopadoTka [43], BUCOKOUECTOTHH (HUIATPU
u 1p. Benuky mocodyeHn Meronu obaye MPHUTEXKaBaT J0CTa OTPaHUYEHH BB3MOXKHOCTH IO
OTHOIICHHE Ha O00e3UIyMSBAaHETO, KAaTo B IOBEYETO CiIyyail MpUJIaraHeTO UM BOAMU J0
BJIOIIABAaHE HA MApaMETPUTE HA HHEPIIHATHUTE CUCTEMH.

2.1. XapayepHu MeTOH 32 MOA00pPsiBaHe HA XapaKTePUCTUKHUTE

3a mpeonosisBaHE Ha Te3M OTrPAaHUYEHHUs C€ Mpejjara 4eTHPUCEH30pHA CTPYKTypa OT
WHEpLUATHU CEH30pH, ChCTOSIIA C€ OT YETUPU TPUOCHU MHEPLUATHU CEH30pU OPUEHTUPAHU
Taka, 4e 3a Bcsika ot ocute X, Y, Z eATHOMMEHHHU OCH Ha JIBa OT CEH30PHUTE Ca OPUEHTHUPAHU
€IHOTIOCOYHO, a Ha JPYTUTE JIBa — B TIPOTUBOJIOXKHA ITOCOKA CIPSMO MbpBUTE NBa (Pur.2.1).

XapakTtepuctukute Ha uHauBUAyaTHuTe MEMS ceH3opu u yeTnpriceH30pHaTa CTPYKTYpa
ca HW3clelBaHU ¢ TomMolnra Ha uvectoreH aHanmu3 u Allan anamu3. 3a ompenensHe Ha
BB3MOXXHOCTUTE Ha YETUPUCEH30pHATAa CTPYKTYypa 3a MOTUCKAaHE HA IIYMOBETE € peau3upaH
TEOPETUYEH aHaju3, IMOCJIeABaH OT CHUMYJAIMOHHO W3CJEeIBaHE M EKCIIEPUMEHTAIHO
M3MEpBaHE W aHAJIN3 Ha TAHHUTE.
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UeTtuprceH3zopHaTa CTPYKTypa C€ CbCTOM OT YETUPH 3-OCHU MHEPLIMOHHU CEH30Pa, KAKTO €
nokazano Ha ®ur. 2.1. OpueHTaUUTe HA CEH30pUTE ca M30paHU O HAYMH, MPU KOWUTO
[I0COKaTa Ha JIBETE€ OCH Ha BCsAKAa MHEPLIMOHHA CEH30pHA JIBOMKA € IPOTUBOIOJIOKHA, JOKATO
MIOCOKaTa Ha TpeTaTa OC OCTaBa HEMPOMEHEHA.

&g

g &

@ur.2.1. YetupuceHnzopHa @ur. 2.2. JInHeliHn yCcKOpeHus B

cTpykTypa ot MEMS cenzopu WHEpLUMOHHATa CUCTEMaA

CewriacHo npencrtaBeHata cTpykrypa (Pur.2.1) u o3HaueHUSATa Ha OCUTE HAa CEH30pHUTE
(Pur.2.2) moxe aa ce 3anuIaT CICAHUTE YPaBHEHUS 3a IMHEUHUTE YCKOPEHHUS !
=0, +a, Ayx =—0yx +8,

a,=g,+a,; (211 a,, =g, +a, ; (2.1.2)
q,=9,+4a, a,, =—0, +a,

a3 =0y +8, a4x =0y tay

3, =-g,+a,; (213) a,, =—g, +a, (2.1.4)
a3, =0, +4a, a,,=-0,+a,

[TonoOHa cucrtemMa OT ypaBHEHHUS 3a M3UMCISBAaHE Ha YCKOPEHHsTa ay M d; MOXE Ja ce
3amuIlie U Ype3 ChOMpaHe Ha ChOTBETHHUTE ypaBHEeHus (2.1).

Heka o3HauMM HM3YUCICHUTE YCKOPEHUS OT ypaBHeHHS (2.2) ¢ X1, X2, X3, X4 CBIJACHO
I'BPBOTO, BTOPOTO, TPETOTO M YETBBPTOTO YPABHEHHUE U HEKA N3YHUCIUM CbOTBETHOTO JIMHENHO
YCKOpEHHE X KaTO CpeHa CTOHHOCT:
X, + X, + Xg 4 X,

4
Axo mpuemem, ue X;,i=1..4 ca ciy4ailHM He3aBUCUMHU IIPOMEHIINBH, TOTaBa CpeaHATa

X =

(2.3).

CTOI\/’IHOCT, BapuanuiaTa U CTAHAAPTHOTO OTKJIIOHCHHUE Ha PE3YJITAaHTHHUs CHUTHAJI X MOrar ga
6’bI[aT M34YHCJIICHU CBITIACHO YPAaBHCHMUA.

4
> Elx]
E[x]= E{Xl X Z Xo Xﬂ =12 Y cpejiHa CTOMHOCT (2.4.1)
4
2.Dlx]
D[X] _ D|: X+ X, Z X3 + X, :| _ =l T - Imcnepenst (242)
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olx]= \/B[;_l - CTaHJApPTHO OTKJIOHEHHE (2.4.3).
KoraTo nHepioHHNTE CEH30pH Ca OT €JIMH U CBIIM THUII, MOXKEM J1a IPEIOI0KUM, Ye
D[Xl] = D[Xz]: D[Xg] = D[X4]. ToraBa ypaBHenusra (2.4.2) un (2.4.3) ce mMomuduuupar,
KaKTo CJIe/IBa:

D[x]= DE(‘] (2.5.1)
olx]= # (2.5.2).

CnenoBaTenHO CTaHJAPTHOTO OTKJIOHEHHE CE HaMaJlsiBa JBa IbTHU MOpaan oOpaboTkara Ha
curHazia. M3BbpIeHo € CUMyJIallMMOHHO U3CIIEIBAHE, 3a [1a C€ TOKaXaT TECOPETUYHUTE U3BOIU
npu odpaboTrkara Ha curHanu upe3 MATLAB nporpama. Yetupure ciay4aiiHu NPOMEHINBU

X;,1=1..4 ce cp3maBar oT BrpajgeHata ¢ynkuus randn(N,1), kosTo Bpblia MaTpuna NxlI,

ChIbpKalla TCEBAOCTYYallHM CTOWHOCTH, W3BJICYEHH OT CTaHAAPTHOTO HOPMAIHO
pasnpeneneHue. Te3u mpoOMeHINBYA CUMYIIHpAT ymMma Ha uHepurnonanure MEMS cenzopu.
CratucTukaTta Ha CTOMHOCTHTE Ha MacHBa € rmokazana B Tabmuna 2.1.

Ta6J'II/II_[a 2.1. CraTuctrka Ha IFCHCPUPAHUTC CUTHAJIN U PC3YJITAHTHUA CUT'HAJI

ITpomennuBa | Cpenna croitHocT | [leBuanus | CtaHIapTHO OTKJIOHEHHE
X, -9.9750.10* 0.0099 0.0993
X, -6.2727.10* 0.0093 0.0966
X, +4.6021.10* 0.0105 0.1026
X, +14.000.10* 0.0104 0.1020
X 6.2333.10° 0.0025 0.0502

3a ompenensiHe Ha HYJEBOTO OTMECTBaHE M HeroBaTa HECTAOMJIHOCT BBB BpPEMETO U
CIIy4allHOTO “IIaBaHe” Ha CKOPOCTTa IPU AKCEIEPOMETPUTE € HM3IO0JI3BaHA M3MEpBATEIHA
CHUCTEMa, peaju3hpaHa OT HWHEpIUaTHa H3MepBaTeNiHa cucremMa [44] W KOMIIOTHP.
Wuepuuannara cucrema (Dur.2.7) Moxe 1a u3MepBa JIMHSHHN YCKOPEHUS U BIIIOBU CKOPOCTH
no Tpu ocu. Ts e peanu3upana Ha Oa3ara Ha 4yeTHpH uAeHTHYHH ceH3opa MPU-6000 [45]
npousBeaeHn o MEMS texHomnorusita. Te ca pa3nonio)keHH Ha €Ha IMe4yaTHA IUlaTkKa Io
oIpeJiesieHa CXeMa, Taka 4e MOCPEJACTBOM KOMOMHAIMS Ha CUTHAJIUTE OT TAX Ce IMoJlyyaBa
pE3yJITaHTEH CUTHAJ, KOUTO € C MO-MajKa IIyMOBa KOMIIOHEHTa, M0-100pa CTa0MIHOCT Ha
HYJIEBOTO OTKJIOHEHUE U NOJJOOPEHU CTaTUCTUYECKH MapaMeTpHu.

OcHOBHa XapaKTEpUCTHKA HAa CTPYKTypaTa € Bb3MOKHOCTTA 3a yIIpaBJIeHUE HAa BPEMETO Ha
JMCKpeTH3alMs, KOETO MO3BOJIsBAa U300p Ha pa3IMYHU peXUMH Ha paborta. ToBa mo3BossiBa
peaM3anMsITa Ha pa3iMyHU peXUMH Ha paboTa, BCEKM OT KOMTO ce OTiIMYaBa C pa3jinyHa
CUrHaJIHA 00paboTKa U BOJIU /10 MOA00psABaHE HA pa3IMyYHU [TapaMeTpU Ha CHCTeMara.

CucremaTa MOXke J1a pabOTH B HAKOJIKO pexXHMa:

e CHHXPOHEeH peKHM - peXHUM Ha paboTa, MpH KOMTO CTapTUpaHETO Ha Ipolieca Ha
M3MepBaHe Ha BCUUKU 4 CEH30pa ce M3BbpIIBA B €IMH U chLI MOMEHT (Pur.2.8a).

> ACHHXPOHEH PeKHM — TO3M PEKUM Ha paboTa c€ OCBIIECTBSIBA Ype3 ACHHXPOHHO
yrpaBiieHue Ha BXojoBeTe 3a ynpasiearne FSYNC na MEMS cen3zopuTte, KaTo BCEKH OT
TE3U BXOJOBE Ce TAKTyBa Ha PAaBHOMEPHHU (3a MOCTUraHe HAa PaBHOMEPHA TUCKPETU3ALIUSL
— @ur.2.8a) Wi HEpaBHOMEpPHHU (3a MOCTUTAaHE HA HEPAaBHOMEpPHA IUCKPETH3AlHS —
®ur.2.80) BpeMeBU HHTEPBAIIH.
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@ur.2.7. [TocTaHOBKA 32 €KCIIEPUMEHTATHO

H3CIICIBAHE HA MMapaMeTPUTE HA ®ur.2.8. Cxemu Ha JUCKpETU3AIUS TTPU
YETUPUCEH30PHA CTPYKTYypa ACMHXPOHEH U CHHXPOHEH PEXUM Ha paboTa

3a menuTe Ha eCHEPUMEHTATHOTO M3CIIEJIBAHE CE M3MO0JI3Ba CHUHXPOHHUST PEXKUM Ha
paboTa, KOITO ce OTIMYaBa ChC CTApTHpPAHE Ha Mpolleca Ha H3MEepBaHe Ha BCHUKH 4 CEH30pa
B €JIMH U ChIIM MOMEHT. TOBa ce peanu3upa uype3 eAHOBPEMEHHO MOaBaHe Ha aKTUBEH (PPOHT
Ha BxojoBere 3a ynpasieHue FSYNC wa MEMS censopute (®Pwur.2.9), Taka u derupure
MEMS cenzopa Q1+Q4 ce TakTyBaT CHHXPOHHO C TakToBa uectora 19.2MHz.
JIOIBIHNTETHO HHEPIMATHUTE CEH30PH Ca CBBP3aHHM 110 IBOMKM KBM JBaTa XaepayepHu 1°C
MopTa Ha MUKPOKOHTpPOJEpa, KOETO IMO3BOJISIBA €THOBPEMEHHOTO YETEHE Ha JaHHUTE 3a
YCKOPEHHSATA, a OTTAM U HaMaJIsiBaHE HA BPEMETO 3a MPOYUTAHE HA JAHHUTE.

ExcriepuMeHTaTHUTE JaHHU 3a ONpelessiHe Ha MapaMeTpPUTe Ha MHEPLUUATHUTE CEH30pU
ca TIOJTYYEeHH Ype3 M3IOJI3BaHE Ha CHHXPOHEH PEXMM Ha YETHPHCEH30pHATa CTPYKTYpa,
yectora Ha quckperusanus 20Hz u Bpeme Ha 3amnuc Ha nanaute ot 4h. Cnen npunarane Ha
00paboTKa Ha CUTHAJIHWTE OT YETUPUTE CEH30pa B YETHPHCEH30pHATa CTPYKTypa CHITACHO
u3pa3 (2.7) ce mocTura 3HaAYUTEIIHO HaMaJIsiBaHE Ha HUBOTO Ha CHEKTPAIHUTE ChCTaBKH, KaTO
peaylpaHeTo Ha HUBaTa UM Bapupa ot 6dB mnpu yectoru mexay 1 u 10Hz go 20dB mpu
MHOro Hucku yectotd (Pur.2.13). ToBa ce moctura Ha Oa3aTa Ha HaMmajsiBAHE Ha
JWCTIEpCUsATa W MaTEeMaTHYeCKOTO OYaKBaHE Ha pPE3yJATAaHTHUS CHUTHAI. AHAJIOTHYHH
pe3yaTatd ce TMOodydaBaT M 3a JIMHEHHUTE YCKOPEHHMsS W MO JpyTuTe JBE OCH Ha
akcenepomerspa. OlleHKaTa Ha IIYMOBHTE XapaKTEPUCTHUKH € peallM3upaHa H 4pe3
CTaTUCTMUYECKH aHAJIN3 aHAJIN3 Ha JJAaHHUTE OT BCEKH CEH30p M 0010 3a CTPYKTypaTa.

CLK | -~ 192mHz
GEN
= FSYNGC2
FSYNCT 1 l
RXDITXD
Serial INT1
(TTL) - N2 Qo 1 9@ M
< —
RTS/CTS “P o 7 5
12c2 1 1
|
Serial | ™D o Q4 |« -
(RS232)* INTa 1 @
FSYNC4 T T
FSYNC3

dur.2.9. biokosa cxemMa Ha cucreMara
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Bpemero 3a akTyanusupaHe Ha ceH3opuTe € 3amaneHo Ha 1 kHz (akcemepomerpu u
KUPOCKOIHM), IOKATO dYecToTara Ha JUcKperu3anus e 3aganeHa Ha 100Hz mnopanu
OTPaHUUYEHOTO BPEME 3a MIPEXBBPIISIHE HA MHEPLUOHHUTE JaHHU KbM KOMIIOTBP upe3 RS232
untepdeiic. Bpemero 3a u3mepBane e 3amaneHo Ha | uac.M3uucnenara gucnepcusi u
CTaHJAPTHOTO OTKJIOHEHHUE HAa BCHUYKU JIMHEHHU U BIIIOBU YCKOPEHHUS Ca JIaJICHH ChbOTBETHO B
Tabnmuna 2.2 u Tabauna 2.3, KpAeTo nmociaeaHaTa KOJIOHA ChAbPKa ChOTBETHATA JIUCTICPCUS U
CTaHJAPTHOTO OTKJIOHEHHME Ha TMOJIYYEHOTO YCKOPEHHE, KOETO C€ H3YHUCIsABA ChIJIACHO
ypaBHeHus (2.5a) u (2.50).

Ha ®wur.2.14 e nokazanu xucrorpama Ha CTOMHOCTUTE HA JIMHEMHUTE YCKOpPEHUs 1o oc X,
Ha ®ur.2.17 — xucTrorpaMuTe Ha CTOMHOCTHTE Ha BIJIOBUTE ycKopeHus, a Ha dwur.2.20 e
nokazan pesyartar 3a CKO Ha AnbH Ha WMHIMBHUIYAJIHUTE CEH30PUM M YETUPHUCEH3O0pHATa
cTpykTypa no oc X. OT nmosy4eHuTe pe3yiaTaTu ICHO ce BUXK/1a o100psiBaHe Ha MapaMeTpuTe
Ha CTpyKTypara (HYJCBOTO OTMECTBAaHE, IUCICPCHITA M IAHUCIEPCUATa Ha AJIbH) CHPSMO

HHAUBUAYAITHHUTC CCH30PH.

Tabnuma 2.2. 3uncieHy CTOMHOCTH Ha TUCTIEPCHUsITa
[TapameTsp Cenzop #1 Cenzop #2 Cenzop #3 Cenzop #4 CrpykTypa
Ax.10° 11.638 12.508 13.414 12.015 2.8255
Ay.10° 11.905 11.455 10.299 10.925 2.6920
Az.10° 30.839 21.804 33.855 25.214 9.923
Gx.10°® 13.1 15.9 11.9 14.3 4.7
Gy.107 14.6 18.2 12.8 19.6 2.8
Gz.10° 14.1 15.6 11.1 9.6 3.1
Tabnuna 2.3. M3uucienn CTOWHOCTH Ha CTaH/IapPTHOTO OTKJIOHEHUE
[Tapamersp Cenzop #1 Cenzop #2 Cenzop #3 Cenzop #4 Crpykrypa
Ax.107 3.4 3.5 3.7 3.5 1.7
Ay.10°® 3.5 3.4 3.2 3.3 1.6
Az.10°° 5.6 4.7 5.8 5.0 3.1
GXx 0.1144 0.1262 0.1092 0.1195 0.0688
Gy 0.1208 0.1350 0.1133 0.1400 0.0533
Gz 0.1188 0.1247 0.1054 0.0981 0.0559
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®wur.2.20. CKO Ha AbH Ha €IMHUYEH CEH30p M YeTHpUCceH30pHA cTpyKTypa (Oc X)

W3non3BaHeTo Ha pa3IMYHUTE PEKUMU Ha paboTa Ha YETUPHUCEH30pHATa CTPYKTypa JaBa
BB3MOXHOCT 3a:

¢ [IOBHMIIABAaHE HA MAKCHMAJIHATA 4YECTOTA HA JUCKPETU3ALNs HA HHEPLUAIHUTE CEH30PH

e HaMaJsIBaHE HA JUCIIEPCUATA U HUBATA Ha IIyma

e [pujaraHe Ha HEpPaBHOMEpHa JUCKpeTH3auus Opu o0paboTka Ha CUTHAJIMTE 3a

4eCTOTEH aHaJIu3 Haj yectoTaTa Ha Halikyucr

e ompenensHe Ha MECTONOJIOKEHUETO Ha M3TOYHUIINTE Ha BUOpAIIUH

Bcuukn nocoueHnM IpeauMcTBa  JaBaT BB3MOXKHOCT 34 IIMPOKO HWHTEIpUpaHE Ha
YEeTUPUCEH30pHATa CTPYKTypa B cbBpeMeHHM MEMS wuHepuumanHu cucTteMH, KakTo H
UHTETPUPAHETO ¥ B Pa3IMYHU MHUKPOEIEKTPOHHM CHCTEMHU C MOAOOPEHH HHMBA Ha LIyMa U
3HAYUTEIIHN Bb3MOKHOCTH 32 YIIPABJICHNE HA METOANTE 33 JUCKPETU3ALMATA.

2.2. MeTonu 3a noao0psiBaHe HA XapaKTePUCTUKHUTE Ype3 00padoTka Ha CHTHAJINTE

Nuepuunanuute cenzopu npousseaenu no MEMS texHonorusita nmputekaBat OTHOCUTEITHO
BHCOKO HMBO Ha myM. To3u mIyM ChIbpika HUCKOYECTOTHA M BUCOKOUECTOTHA YacT [47-49].
Te3u 1Be KOMIOHEHTH ce KOMOMHUpAT W BB3ACHCTBAT BBPXY TOYHOCTTA HA M3MEPBAHUSATA
mpaBeHH ¢ Tax. [[peMaxBaHETO Ha MPHUCHITUTE 32 WHEPIHUATHUTE CEH30PH, MPOU3BEICHH IO
MEMS TtexHonorus, myMoBH KOMIIOHEHTH € OT 0COOCHO 3HAYEHHE 32 TSXHOTO MPUIOKECHHE
3a u3MepBane B paznuuau obsactu [50]. 3a 1enta B MOCHEAHUTE TOAUHU MMa Pa3pabOTeHU
pa3muuHUd  MeToauM Ha Oasara Ha yeiBiaerute [42], [51-54]. EdexktuBHOCTTA Ha
00e3myMsIBaHETO 3aBUCU OT CTOMHOCTTa Ha MHOTO MapaMeTpH W OT TEXHHUTE KOMOWHAIWH,
KOETO 3aTpy/AHsBa M300pa HA ONTHMAHU CTOMHOCTH Ha MapaMeTpHuTe, MPU OMpeesieH BHI
CUTHAIH. B TIpeIOKEHUAT aITOPUTHM MMa BB3MOXKHOCT 32 TIPOMSHA CTOWHOCTTA Ha BCEKH
€IUH OT TapaMeTpUTe, HO OCHOBHMST aKIEHT € BbpPXY M300pa Ha METOJ 3a HM3YHCIICHHE
CTOMHOCTTA Ha TparoBaTa cToitHocT. Ha 6a3ara Ha uzcneaBanus [53-54] e uzbpano aa He ce
MIPOMEHST MPU M3BBPIIBAHE HA EKCIIEPUMEHTATHH OMHTH, CICAHHUTE MapaMeTpH: yeuBlera,
MoJIeJia Ha IITyMa, HUBOTO Ha JICKOMIIO3HIIHS, METO/1a 33 IIPHIaraHe Ha U34YKCIIieHaTa CTOMHOCT
Ha mpara. M300opa Ha onTUMAaleH METOJ € HamlpaBeH Ha 0a3aTa Ha KOJIMYECTBEH KPUTEPHUIA,
KOWTO B ciy4as € u30paH aa Obae KoehUIIMeHTa Ha HaMallsiBaHEe Ha ITyma. |paJuIlMOHHHUTE
METOJIM 3a 00e3lIyMsiBaHE Ca OCHOBHO Oa3MpaHM Ha MPOBEXKIAHE HAa CHUMYIAIUs BHPXY
orpesiesieH MOJICNI WJIM CHEKTpaJieH aHallu3, KOUTO YeCTO NMPH HECTAIMOHAPHU CHTHAIA HE
Morat aa ObaaT mpuiokeHH ycmemHo. CpaBHEH C TAX YeiBieT 00e3IIyMsIBaHETO € IO-
e(peKTUBHO M € MPIJIOKUMO B MHOT'O WHXCHEPHU TPUIIOKEHUS, 3aII0TO TTOKa3Ba JOKATHUTE
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XapaKTepUCTHKH Ha HECTAllMOHApHUTE CUTHAIM BBB BpeMeBaTa W 4YECTOTHA obiacTu. 3a
nmocTuraHe Ha Jo0pa e(eKTHUBHOCT MpU O0e3lIyMsSBaHETO € HEeOOXOAWMO Jla Ce HaIlpaBu
orntTuMasieH u300p B CIEIHUTE MET CTHIIKH OT arOpUThMa Ha 00€31TyMSIBAHETO:

e U3060p Ha BuJa yelBieT, ¢ KOMTO Aa ce U3BBPILU IPeodpa3yBaHETO

e OrmnpenensiHe HAa HUBOTO Ha JEKOMIIO3ULIMS HA CUTHAIA

e OmnpenensHe Ha CTOMHOCTTa Ha Ipara CHPSAMO, KOHTO KOE(HUIMEHTUTE OT

peoOpa3yBaHETO ce Hyaupar

e U3060p Ha MeTO[, O KOKMTO Aa ce MPUIIOKHU ONPEAETCHUST Ipar

e 13060p Ha HAUMH 3a JEKOMIIO3UpaHEe Ha CUTHAJIa

KonnuecTBeno pesynraTta OT U3BBPILICHOTO 00€3IIyMsIBaHE MOXKE J1a CE OMPEIEIIA U KaTo
Ce M3I0JI3BAa OTHOIIEHUETO CUTHAII-IIIYM, CPEAHOKBApaTHYHATA TPEIIKa WM Koe(UIIeHTa Ha
HamassiBane Ha myma. Konkoro croiinoctTuTe Ha SNR 1 CNR ca mo-rosemu u cToifHOCTTa Ha
MSE e no-maiika, TOJIKOBa M0-100po 00e3rymMsiBaHe uMame. 3a J1a ¢ce MPOBEPH MPaBUITHOCTTA
Ha TPEUIOKEHUIT KpUTEPUH 3a U300p Ha HUBO U Ja C€ OMpeesid ONTHUMAITHUS METOJ 3a
olpejessiHE Ha IIparoBaTa CTOHMHOCT ca IIPOBEJEHUM MHOXKECTBO OINUTH CBbC CUTHAIU
reHepupanu ot pyHkimsaTa Wnoise(xx, L, o). KM curnana e npubasen aautuseH 0sut ['aycoB
IIyM, Taka 4e Jia Ce IOJIy4d 3aJaJIieHO NPEABAPUTEIHO CHOTHOLIEHHE cuUrHain-mym. [lpu
JIEKOMIIO3UpaHe C JIUCKpPETHO YyeiBier mpeobpaszyBane (AYII) u crammoHapHO yeHBIeTHO
npeoOpasyBaHe, IparoBata CTOMHOCT Ce€ M3YMCISABA 32 BCAKO HUBO, C MUTEPATHBHO H30paH
METOJI, U MoJien Ha myMa. [Ipu u3non3BaHe Ha yeHBIET MaKETUTE TOBA CE OIpeaens ¢ u3bopa
Ha MeETOoJa 3a M3YHUCIEHHWE Ha MparoBata CTOWHOCT. OOe3lIyMsSBaHETO Ce€ H3BBPIIBA C
¢bynkusta wdencmp, koraro aekommnosupaneto e ¢ JIYII.

Ha ©0a3ara nHa mpoBeiaeHM ONWTH W pE3YylATaTH Ce€ MpUEMa, Y€ MpPU IPOBEXKAaHE Ha
CKCIIEPUMEHTHUTE, IIymMa € Osu1 ['aycoB, KOHTO ce nmpeMainadupa 3a BCiko HUBO SIN u MeToa 3a
MpuJlaraHe Ha IparoBara CTOMHOCT € ,,MeKk~ mpar. Kpurepuu 3a ontumMaieH MeETOI 3a
obe3nrymsiBane e Haii-manka croiiHocT Ha CNR. I'padmyno mpencraBsHe Ha IMONydeHHUTE
pe3yaTartu e HanpaBeHo Ha Ourypu 2.25, KaTo KaTto pe3yiTaTUTe ca KOMOMHUPAHU 110 HUBO Ha
OTHOIIEHHUETO CUTHAJI-IIIYM Ha BXOJIHUA CUTHAJ. SICHO ce BMXK/1a, 4e NOoCTUrHaTa e(eKTUBHOCT
e B rpanurure 0,5+2.5dB.

g i TTa Ha Y Ha peaned W CHHTE3NPaH CHrHaM, NP U3NON3B3HE HA Pa3NUYHN METOANW 33 OnpejensHe CTONHOCTTA Ha npara
Hugo Ha BxogHuat curkan 10dB
4 T T T
H —D— metod Ha aekomnozuumA WL - peaned curdan
[T} meroa Ha aekomnoauymn ST - peanew curkan
35— rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr —F meroa Ha aekomnoanya WP - peanen curvan
| metod Ha aekomnoauumA WL - curan wnoise(2,9,0.5)
D MeT0A Ha AekoMnoauumA ST - curHan wnoise(2,9,0.5)
I-- e |:| METOA Ha Aekomnoanuua WP - curian wnoise(2,.9.0.5) H

EdpexTueHocT Ha ofieswymAeaneto 8 [dB]
n
I

05--

- e . 3 e - — .

rigrsure sqgtwolog heursure minimaxi penalhi penalme penallo
METO,D, 3a onpejenAHe Ha CTOHOCTTa Ha npara 3a D5ESUJyMRBEHE

@ur.2.25. OTHOLIEHHE CUTHAT-IIIYM Ha BXoHUs curHain 10dB
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2.2.1. ApantuBHM GuiaTpu 3a curiagu or MEMS unepumnannm censopun

[IyMOMOTHCKAHETO € OCHOBEH METOJ 3a MPEMaxBaHe Ha IIyMa, ChIbPIKAI CC B MOJC3HU
curHaiau. B ciydail Ha HecTalmoHapHa cpefia U [BeTeH (POHOB IIyM, 00paboTKaTa cTaBa MHOT'O
0aBHO aKO TANTUBHHUAT QHITHD MOJIyYaBa CUTHAI C TOJISAM CIIEKTPAICH JUHAMHYCH 00XBar.
3a ;a ce mpeojoiee TO3U MPoOJIeM, Mpe3 MOCISTHUTE HAKOIKO JIECETHUIICTHS ca MPEATIOKECHU
pa3UYHM MOJIX0AM KaTo Hanpumep ¢untsp Ha Kanman, anropursmMbeT Ha Guntbpa Ha Wiener
[71] u amropurembT Recursive Least Square (RLS) [72]. B nucepraumonnust Tpyn ca
pasriielaHd HAKOJKO METO/a 3a MOTHCKaHe Ha [IyMa C afanTHBHU GuaTpu kato Ouirep Ha
Bunep, mapuuan 1 Minimum Mean Square Error (MMSE) ¢untsp, LMS anropurbma, NLMS
anroputbma, Affine Projection (AP) anroputbma u RLS anropurbma.

Pa3sctosnua - GPS, curian ¢ wym, obpaboTtexn
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®wur.2.29. Pa3crosHus, M34HCICHU ¢ JaHHU OT pe()ePeHTEH CUTHAJ, He(PUITpUpaH BXOACH
CUTHAJ ¥ U3XOJHU (DUIATPUPAHH CUTHAIIN

3a 1eMOHCTpaIys Ha Bb3MOXKHOCTUTE Ha aIaliTUBEH QPUITHp, u3nons3sail RLS anropursem
[74], ca u3non3Banu JaHHM 3a YCKOpEHHE 1O ocTa X, moaydeHu oT cersop ADIS 16405, a 3a
CUTHAJI IIyM ca MOJ3BaHU JaHHUTE Mo octa Y. Karo pedepeHteH curhan 3a cpaBHEHHE ca
M3IIOJI3BAHU JJAHHU OT CHTHAJI 32 CKOpocTTa 1o ocra X moxydeH ot GPS nmpuemuuk padorer
napanenHo ¢ MEMS ADIS 16405. Jlanuute noka3BaT pe3ynraT ¢ Hai-MaJKo OTKJIOHEHHE OT
pedepeHTHOTO pa3CcTOsTHUE MPH ,,3a0paBsii ¢pakTop™ A = 0.99695, koeTo mokazBa CTOMHOCTTA
Ha A ¢ Haii-BHCOKa e()eKTHBHOCT 3a KOHKPETHOTO mpmiiokeHne. Ha ®dur.2.29 e mokaszan
pe3yaTara OT TMPWIOKEHHUETO Ha AJaNTUBHUTE QWITPH TPH OINpENeNsHe Ha W3MHHATOTO
pasctosinue Ha 6a3a nHpopmanus oT GNSS npueMHUK 1 TOJTy4eHO OT IBYKPATHO MHTETpHUpaHe
Ha nanHuTe oT MEMS cenzopa. Crex oO6paboTka Ha JaHHUTE 32 CKOpPOCT ¢ m30panus RLS
JITOPUTHM Ce€ BIXK/A, Ue GUITPUPAHUTE JAHHU 32 CKOPOCT, TTOJTYUYEHU OT MHEPLIMATHUS CEH30D
ca TO-ONMM3KM 10 Te3W Ha pedepeHTHHs curHaiu. [locrenBamoTro WHTErpupaHe Ha
¢bunTpupaHuTe JAaHHU M CPAaBHEHHETO Ha IMOJYYECHOTO M3MHHATO PA3CTOSIHUE OIIE MO-5SCHO
MOKa3BaT TIoJ3aTa OT MPWIOKEHHS QHUIATHP, MOONIKABAWKK JMaHHUTE 33 W3MHUHATOTO
pa3CToOsHUE MAaKCHUMajiHO OJiM3Ko 10 pedepeHTHOTO. ToBa 1o0Ka3Ba e(eKTUBHOCTTa Ha
amanTUBHUS GUITHP IpH 00pabOTKa Ha JaHHU CIIe/ IPUJIaraHeTO My B MHEPITUATHU CHCTEMH.
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I'maBa 3

H3ciaenBaHe u pa3BuTHE HA ccTeMHu Ha 6a3ata Ha MEMS unepumnanHu ceHsopu 3a
onpee/siHe HA OPHEHTALMATA B IPOCTPAHCTBOTO

[Ipn ompenensHe Ha NPOCTPAHCTBEHOTO IMOJIOKEHHE KOMOWHAIUATA OT JAHHUTE OT
CEH30pHTE (AKCEIEPOMETHP U KHUPOCKOI) CE U3BBPIIIBA C TOMOIITA HA aNropuThma Ha Kanman,
KOWTO € J00pe Mo3HaT U € peasim3upad B MHOTo cucteMu [90-91]. MaremMaTnuecKkusIT MOJIeN Ha
o0eKTa mpueMa, ue JIEHCTBHTEIHOTO H3MEpBAaHE BBHB BCEKH €IMH MOMEHT € CBBP3aHO C
TEKYIIOTO ChCTOSIHAE M CHCTEMHUST MOJIST MOJKe J1a Ob/ie 3amuicad karo [92]:

Xk+1 — AXk + Wk (330)

Zy = HXk + Vk (331)
KBIETO Xk — 0003Ha4YaBa KOJIOHEH BEKTOp (nx1) Ha OIlEHKaTa Ha ChbCTOSHUETO, Zk — KOJIOHEH
BeKTOp (mx1) Ha u3MepBaHusTa, A — MaTpUIla Ha MIPEX0/1a Ha ChbCTOSHUATA (MXn), KOATO ce
npuwiara KbM NPeAXOoAHOTO cbecrosiHue, H — marpunarta Ha HaOmiogeHuero (mxn), KOATO
npeoOpa3yBa UCTHHCKOTO MPOCTPAHCTBO HA CHCTOSHUATA B HAOIIOAABAHOTO MTPOCTPAHCTBO Wk
— IIyMBT Ha MOJIeNa M Vk — IIYMbT Ha H3MEPBAHETO, KOUTO Ca HOPMAJIHO pa3mpe/esieHH U ca
HE3aBUCHMH.

B anroputmute Ha ¢QuiaThpa LIYyMBT ce€ IpeiAcTaBs upe3 marpuuurte Q (KoBapHallMOHHA
MaTpuiia Ha wk) U R (koBapualmoHHa MaTpHIIa Ha Vk), KOUTO C€ M3MOJI3BaT 33 H3YHCIIsIBAHE HA

P HT
HPl;kHT+R ' (3:32)

[TpakTrueckoTo mpuiarane Ha puiThbpa Ha Kanman yecto e 3aTpynHeHo Topaau TPYAHOCTTa
IIPH MIOJTyYaBaHETO HA J00pa OIEHKA HAa MAaTPUIMTE HA KOBapHalysTa Ha IIyMa. ApropHaTa
OIICHKA Ha cheTosiHKUETO ce m3uncisiea upes (3.33): K, = (1 — KX + Kz  (3.33)

B cwmioro Bpeme Q-Marpuiiata ce M3MOJI3Ba 3a IMOJydaBaHE Ha MPOTHO3HATA (ampuoOpHA)
KoBapuaius Ha rpemkara P, 1 P,y = AP AT +Q (3.34)
CucteMHUSAT MOJEN 3a M34YUCIsABaHe Ha brymTe Ha Oiiep ¢ KBaTEpHUOHH (() CE€ JaBa OT
ypaBuenwuero (3.35):

koeduimenta Ha Kanman: Ky =

q: O—-p—q-r](q1
qd: 1{fp 0 r—qj)q:
=|I+At= 3.35
ds 2l gq-r 0 p|)aq3 (3.35)
4/ 11 r q —p 01\44 k
KBJETO P, (, F 0003HaUaBaT BIIIOBUTE CKOPOCTH, U3MEPEHHU OT JKHPOCKOIIA.
Marpuriara Ha ipexoja ce onpenens ot (3.36):
O—-p—q-r
0 r—
A=T1+at2|P 1
2lq-r 0 p
r q —-p o0
(3.36)
CTOMHOCTHTE Ha KBATEPHHOHHUTE CE M3UUCIABAT OT briuTe Ha Oiiiep ChIiIacHO YpaBHEHHETO:
(cos2cos2cos? + sin2sinsin¥)
Qs 2 e2 2 2 % 2
qQ sin%coszcos% — cos%sinzsin%
=< > (3.37)
qs3 ¢ . 0 ¥ ) 6 . ¢
cos—sin-cos— + sin—cos-sin—
qQ4 2 29 2 2 : 2
kcosicos—sinE — sin2sin2 cos EJ
2 2 2 2 2 2

Axo briute Ha OWJiep ce M3nmoyiI3BaT KaTo OLEHKU Ha ChbCTOSHUETO, HETUHEUHHUAT MOJEN CE
npuiara ceriacHo ypasaenus (3.38) u (3.39):
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) p + qsin¢gtan® + rcos¢ptand

¢ = qcos¢p — rsing +w, =fx)+w
P gsin¢gsecO + rcosdpsecO
(3.38)
1 0 0 b
= [ 0t+vig =hf(x)+v (3.39)
010 ¥

Pasnukata MeXIy TOpHHS MOJCT M JMHEHHUS MOJEN Ce ChCTOM B TOBA, Y JMHEHHOTO
MaTpUYHO ypaBHEHHUE € MpeoOpa3yBaHO B HeluHeiHa Gopma, kakTo cieaa Axy kbpM T (X) u
Hxy xbM hf (X). 3a 1a ce peanusupa pasmmpen ¢punrbp Ha Kanman, TpsOBa 1a ¢ u3BecTeH

SIkobuansT Ha ypaBHenue (3.38). Toii ce neduHupa KakTo CiieaBa:
of;  ofy afl]

ap 090 Ay

_ [ o o

A= |a¢ 20 a¢| (3.40)
ap 090 Ay

W B nBara cucremHu Mozena briute Ha Oiinep, ompenesneHd Bb3 OCHOBA Ha JaHHHUTE OT
aKcelepoMeThpa, Ce M3IMOJI3BAT KaTO M3MEPBaHMU BeMMYMHH BBB (unrhpa Ha Kanman. Te ca
CTa0WJIHK BBB BPEMETO, HO C€ OTKIIOHSBAT 3HAYUTEIHO OT JCHCTBHTCIHHUTE CTOMHOCTH,
0COOCHO KOTaTo BBPXY TSAX BB3JCHCTBAT AOIBIHUTESIHH JIMHEHHU yeKopeHust (3.41):

ay u 0w —v][p sin®
ay[=1Vv]|+|-w o0 ul(q| + g|—cosOsin¢
a, w v—u O0llr —cosOcos¢

(3.41)
KBJETO U, V, W NIPECTABIABAT CKOPOCTHUTE. P, (, I — BIJIOBUTE YCKOPEHHMS, U ay,ay a, Ca
JTUHEHHHUTE YCKOPEHUs, § — IPaBUTALIMOHHOTO YCKOpPEHHE.

AKO cucTeMaTta € B TIOKOW WIIM C€ JIBIDKM C TOCTOSIHHAa CKopocT, ypaBHeHue (3.41) ce
ompoctsBa 110 cieanoro (3.42):

fx sin6
fy| = g|—cosBsin¢ (3.42)
f, —cosOcos}

B T03u cny4aii sraure ¢ u 0 ce onpenensat ot 3aBucumoctute (3.43) u (3.44) [93]:

0. — atan | — (3.43)
A (ay)2+(az)2
_ ay
b, = atan (signazﬂazﬂw(axﬂ) (3.44)

HapaMeT’bp’bT L € BKIIFOYCH B YPABHCHUCTO, 3a J1a CC n30eTHe ACJICHUC Ha HYJICBU CTOMHOCTH.
W3uncinennero Ha BIbjla Y HE MOXEC gda C€ onpcacjin BbB3 OCHOBA Ha OaHHHUTC OT
AKCCIICPpOMETHPA, TOpaau KOCTO TpSI6Ba Aa €€ U3MNO0JI3BAT JAHHUTC OT MArHUTOMETHpPA. Toii ce

M3YKCIIsBA ChITIACHO ypaBHeHueTo (3.45) [94]: P, = atan (;—h) (3.45)
h

kbeTo Yh u Xh o603HauaBaT chOTBETHO CTOMHOCTUTE Y M X HA MAarHUTOMETHPA, KOUTO CE
M3UYUCISIBAT Bb3 OCHOBA HAa JAHHUTE OT MarHUTOMETHPA, KOPUTHUPAHU C BIIUTE HA HAKIOH
cpritacHo ypaBHenue (3.46) u (3.47) [95]:

Xp = (by — Vy)cos0, + (by, — V,)sin®,sind, + (b, — V,)sin0,cosd,
(3.46)
Yy, = (b, — V,)sing, — (b, — V,)cosd, (3.47)
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N3mepenuTe mJaHHM OT MarHUTOMEThpPA ca M3KPUBEHU OT €PEKTUTE HA MEKOTO M TBBHPIOTO
KENA30, TOpaau KOETO € HeoOXOOuMO Ja C€ U3BbpPUIM KaluOpupaHe Ha JaHHUTE.
KanubpupaneTo Ha TaHHUTE OT MAarHUTOMETHPA CE OCHILECTBSIBA YPE3 AITOPUTHMA, ONMCAH B
[96]. IllecTTe CTOMHOCTH Ha JaHHUTE CC M3IOJ3BAT 3a M3YMCIABAHE HAa CTOMHOCTTa Ha X
chIyIacHO ypaBHeHHETO (3.48):

[bx[0] by [0] b,[0])

« — | bx[1] by[1] b,[1]| (3.48)
by[5] by[5] b,[5]
W36panuTe CTOMHOCTH HAa JAaHHHUTE C€ M3IOJ3BAT U 3a OLEHKA Ha mapamerspa Y ChITIACHO

ypaBHeHnue (3.49):
PDX[O]2 + by[0]? +bz[0]2]

y = |bx[1]? + by[1]* +b,[1]?| (3.49)

b,[5]% + by[5]° +bz[5]2J
Pesynrarure ot ypaBaenus (3.48) u (3.49) ce U3moa3Bar 3a OIieHKa Ha TapaMeThpa 3 ChrilacHO
ypasrenue (3.50): B = (XTX)"1xTy

(3.50)
W3uncnennte cTOMHOCTH Ha B ciel ToBa ce M3IOJ3BAT 32 M3YHCISABAHE HA CMYIICHHSATA B
JAaHHUTE OT MarHUTOMEThpa:

xx 1 BO
y | =3(B1 (3.51)
Vz BZ

Enun tunmueH npumep 3a npuiiokeHue Ha KanMaHoBHS QUIATHP € onpeeNssHe Ha BIIIUTe
Ha HAKJIOH, KOETO HaMHpa MPaKTUYECKO MPHUJIOKEHHE KAKTO 3a HAaBUTALMOHHU LIEJIH, Taka U
npu Apyru chepu Karo >KUPOCTAOWIM3UpPAaHU IIaTPOpMHU, HHKIMHOMETpU H ap. Taxa
HarpuMep OIpeIeNITHETO Ha MPOCTPAHCTBEHOTO MOJI0KEHNE Ha 00EKTUTE € OCHOBEH Ipobiem
npu JABuwkeHuero uM. [lapamerpuTe, KOUTO ONpeAeNsAT Ta3M XapakTepUCTHKa, ca
POTAIIMOHHUTE BIJIM [0 CbOTBETHUTE OCH, ITO3HATU B aHIVIOE3WYHATA JIUTEpaTypa Kato pitch,
roll m yaw (kpeH, TaHraxx ¥ Kypc), mokazanu Ha ®wur.3.10a.
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Magnetometer

P, = (I — K ,H)P"

(a) 6moxoBa cxema Ha KanmanoB

(0) anroputbM Ha pabota
buaTep

®ur.3.10. Ctpykrypa Ha KanmaHoBHS QUITHD 3a ONpe/eNisHe Ha bIIIMTE HAa HAKJIOH

[IpencraBeHusT anropurbM Ha GUITHpAa € peanusupaH B nporpamuara cpeaga MATLAB.
IIpoBepka Ha anropuThbMa € HM3BBPIIEHAa M Ha 0a3a CpaBHEHUWE Ha JAaHHUTE Ha M3X0Ja Ha
KanmanoBust GuiThp W JaHHWTE 33 CTOMHOCTTA Ha BIVIMTE HA HAKIOH, B3eTH oT MEMS
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uHeprmannus cenzop Ha Bosch BNOO5S5, ynuto mnTerpupan KanmmanoB Guiatsp ompenerns
T€3W BIVIM W THU 3allMCBa BBB BBTPEIIHUTE PErHCTPU Ha ceH3opa. MoayrabT 3a
EKCIIEpUMEHTAITHUTE U3CIICBAHUS € PA3IOIOKEH MPUOIM3UTEIIHO B IICHThPA HA TEXKECTTa Ha
aBTOMOOMIJI, KbJIETO OC Y € Haco4YeHa KbM HaJUThKHATa OC Ha aBTOMOOUIIA, oc X € HacoyeHa
KbM JSICHaTa Bparta, a oc Z couun Harope. Tpute broya Ha Oljep ce u34unuciasBaT Bb3 OCHOBA Ha
PETUCTPOBUTE JJAHHHU OT aKCEIEPOMETHPa, KUpOcKona u MmaruuroMerbpa Ha BNOOSS. Tpure
KPUBH IPEACTABAT YCKOPEHUATA, IPUYMHEHH OT rpaBuTanusara (Gravity Acc), TMHAMUYHHUTE
yckopenus (Lin Acc) u cymara ot nere yckopenus (real Acc). [lomydeHuTe cTOHHOCTH Ha
braute Ha OWiep OT MPeATIOKESHUS alITOPUTHM Ca CPAaBHEHHU C IOAOOHU CTOMHOCTH, N3YHCIICHU
oT BrpajeHara copryepHa omomuorexka Ha moayina BNOOSS, u ca npeacraBenn Ha ®durypa
3.15. Bxognure nanuu 3a ¢punrbpa Ha KanMan ce puintpupar ype3 HUCKOUECTOTEH (PUITHP C
4yecToTa Ha OTps3BaHe 5 Hz.

Angle of inclination Psi_Z_1_36
400 :

T
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—&— Pei without_Lin
........ i e | ——real_gravity
from BNONSS
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®wur.3.15. CpaBHHTENICH aHATIM3 HA BIJIMTE HA HAKIOH (M34ncienu crpsmo BNOO55)

CroiiHOoCcTTa Ha CTaHJApTHOTO OTKJIOHEHHWE Ha pas3jiukaTa B br'bia Psi, ompeneneH Bb3
OCHOBA Ha JIMHEWHUTE YCKOPEHUS U 3¢MHOTO ycKopeHue, € 2.60. Ts moxe 1a 0b/1e HamalieHa,
aKo ce MOHMKU YeCcToTaTa Ha OTpsA3BaHe Ha (PUIATHPaA U ce MPUIIOKU JOITBJIHUTENCH U3TIIaXK Jalll
GuATHp KbM HM3XOJHUTE JAHHU. B TO3u ciyyall MONyd4eHHWTE CTOMHOCTM Ha BIVIMTE ca
UACHTUYHU C U3YHCICHUTE OT BrpajieHus anropuTbM. PaboraTa Ha pa3paboTeHHs alrOpUTHM
Ha KajmaHOB QuiITBHp € TecTBaHA €CKIEPUMEHTAIIHO U B YCIIOBUATA HAa JUHAMUYEH TECT C
uznon3ane Ha MEMS unepumanen censop ot Bucok kinac ADIS16405. TecTsT ce u3BbpILIBa,
JIOKaTO MHEPLUUOHHUAT MOJYJ € MOHTHUpPaH Ha JE€TCKOTO CTOJIYE 3a KOJja, KOETO € CIEHUAIHO
npoeKTHpaHo 3a m3MepBaHusATa [98-99]. Ha uHepunoHHMS MOIyd € MOHTHPAH MaHEKEeH ¢
pa3mepurte u Tersoro Ha aere (Purypa 3.17).

[IbpBUAT TECT MpOBEPSBA CTATUYHUTE XapaKTEPUCTHKU Ha AITOPUTHMA U CPAaBHSABA BITINTE
Ha 3aBbpTaHE Ha CeJajKaTa ¢ U3MEpeHHUTe. TecThT ce M3MO0JI3Ba ChILO 3a KaluOpupaHe Ha
MarHUTOMETbpa U KOMIIEHCUPAHE Ha €PEeKTUTE OT MEKOTO U TBBPAOTO JKENA30. JJMHAMUYHUST
TECT C€ M3BbPIIBA, TOKATO WHEPLMOHHUAT MOAYJ € MOHTHpPAH Ha JETCKOTO CTOJYE 3a KOoJa,
KOETO € CIEIHMaJIHO MPOeKTHpaHo 3a u3MmepBaHuATa [98-99]. Ha unepumoHHHMs Moayn e
MOHTHPAH MaHEKEH C pa3MepuTe U TeroTo Ha aere (Purypa 3.17).

JIMHAMMYHOTO M3MUTBAHE CE NMPOBEK/A MO IUTAHUHCKH ITBT C MHOT'O 3aBOHM. Y YacCTBLIUTE OT
M3MUTBATEIHUS BT ca MOAOpaHU Taka, ye MOCOKaTa Ha JBUIKEHHE J1a € OT CEeBep Ha IorT, a
3aBOUTE J]a ca OT U3TOK Ha 3amaj. Tpaexropusara u ckopoctra ce 3anucsatr ¢ GPS npuemHuk,
KOWTO € WHTErpupaH B KOHCTPYKIMATA HA MHEpLHATHATa cucrema. brimre Ha Oinep ce
M3YHUCIABAT OT JMHEWHUTE YCKOPEHUS, KOUTO MPEMHHABAT Mpe3 HUCKOYECTOTEH (QHITHP C
rpannuHa yectora 20Hz. [lo-HucKaTa yecToTa Ha Cpe3 BOIM /0 YBEJIWYEHA JATEHTHOCT Ha
u3xoJa Ha puinTbpa Ha KanMaH cripsiMo JaHHUTE 32 YCKOPEHUETO.
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Wutepec npeacrasisiBa breia Ha Oiinep ¢, 3a110TO TOM MpeAcTaBiIsIBa bI'bjla HA BBPTCHE HA
JETCKOTO CTOJIYE 3a KOJIa, YUETO ABUIKEHUE C€ MPEIN3BUKBA OT CTPAHUYHUTE YCKOPEHHS B
3aBoute. UectoTara Ha BBPTEHE HA IETCKOTO CTOJIUE 32 KOJIA ChUIO € IIPEAMET Ha UHTEPEC, Thil
Karo CTOHMHOCTHTE mpenacTaBisBar komdpopra npu meryBane [100]. briuure ma Oiiep ce
M3UHUCIISIBAT Bb3 OCHOBA HAa MOJIENIa C KBAaTEPHUOHHU, a PE3yJITAaTUTE I10KAa3BaT, e HsIMa BUAUMA
pasiiiKa B CTOMHOCTUTE Ha BIJIMTE, OJYYE€HH MPU U3MOJI3BAaHETO HA BAaTa Pa3jaIudyHU MOJENa.

[IpoyudeHu ca 1 mapameTpuTe Ha MOJIENa 3a U3UUCIsIBaHE Ha brbjia Ha Oinep. [lpu nbpBus
tect (durypa 3.22, R=0,0001225, Q=0,16) ca u3nona3BaHu mapaMeTpuTe Ha IIIyMa, KOUTO ca
oueHenu B I'maBa 1. Koraro R HamansBa, a Q ce yBenu4aBa, IpUHOCHT Ha U3MEPBAHETO KbM
OLICHKAaTa ce yBenn4daBa. B To3u citydail pe3ysirature CbBIagaT ¢ I€UCTBUTEIIHOTO OTKIIOHEHUE
Ha JIETCKOTO CTOJYE 32 KOJIa, KOETO IMOKa3Ba HEOOXO0AMMOCTTA OT MPEABAPUTEIIHO ONPEICISIHE
Ha NIyMOBHTE XapaKTEPUCTUKHU HA CEH30PUTE.

Phi{deg]

a0 i
0 40 80 120 160 200 240 250
Time[s]

®urypa 3.22. breast Ha Oiinep ¢ 3aBUcH OT
croitHocTuTe HA Q U R

@urypa 3.17. Pa3nonoxeHneTo Ha
MHEPIUATHUS CEH30pP BBPXY JI€TCKOTO CTOIYE
3a KoJa

[TonyuenuTe pe3ynratu mokasBart, 4e MOJCIbT ¢ HeIMHEeH GuaThbp Ha Kanman u MmoaensT
C KBAaTEPHUOHM [aBaT CXOJHHM CTOMHOCTHM Ha BIVINTE HA HAKIIOH, PECI. NPEIIOKECHUSAT
QITOPUTHM 3a KaMOpUpaHe HA MarHUTOMETHbpPA U (UITPpUpPAHE HA JAHHUTE € MOJIXOJAIL 3a
BrpaKJaHe B CUCTEMH 3a ONpeeIisiHe Ha TPOCTPAHCTBEHOTO MOJOKEHUE HA Pa3TUYHU 00EKTH.
N3bpanara rpanwyna dectora Ha HUD or 20 Hz e onrtumMusmpaHa 1o OTHOIICHHE Ha
IOBEICHUETO Ha cucTtemara. [1o-Hrucka yectora BOM 10 yBEIMYEHA JATEHTHOCT Ha U3X0/1a Ha
¢dunThpa Ha Kanman cripsMo TaHHHUTE 32 YCKOPEHHUETO, a MO-BUCOKATa Y€CTOTA - 0 TOBUIIICHU
HMBA Ha LIyM OT [0 — IIMPOKATA YECTOTHA JICHTA.

3.4. OnpeneJisine HA NPOCTPAHCTBOTO MOJIOKEHH e Ype3 KOMILJIEeMEeHTapeH GuiIThbp

OnpenensiHeTo Ha MOJIOKEHUETO Ha 00EKT B IPOCTPAHCTBOTO € 3a7ja4a, KOATO MOXKe J1a Ob1e
pereHa KaTo ce M3IM0I3BaT Pa3IudHu METOJIU U TEXHUYECKHU cpencTBa. B mocmeqnuTe roquuau
KOraToO CTaBa BBIPOC 32 ONpENETsSHE Ha MECTONOJIOKEHUE B OTKPUTO IPOCTPAHCTBO
HEChbMHEHO TOBa C€ HM3BBPIIBA C M3MOJ3BAHETO HAa TJIOOATHUTE HABUTAIMOHHHW CATEITUTHHU
cucremu [102]. B 3akpuTu MOMEIICHUs BCE MO-YECTO CE M3MOJ3BAT HAJIUYHUTE JIOKATHU U
nepcoHanHu Oe3xudnu Mpexu karo Wi-Fi, ZigBee, Zwave, Bluetooth [103-104]. OcHoBHuTe
€JIEeMEHTH 3a peallu3UpaHe Ha TEe3M CHCTEMH Ca aKCEIEPOMETPUTE, KUPOCKOMHUTE U
MarHuToMeTpuTe. EMWH OCHOBEH HEJ0CTAaThK Ha TEXHOJIOTHATA, ¢ Ue mapamerpure Ha MEMS
CEH30pHUTE ca HECTAOWIIHU BbB BPEMETO U U3XOJHHST CUTHAT OCBEH MOJIE3HUS CUTHAN ChIIbpPKa
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U MHOTO INYMOBHM KOMIIOHEHTH. BcHuykOo TOBa Hamara Ja c€ H3IMO0JI3BAT PAa3In4YHU
CXEMOTEXHUYCCKH U CO(PTyepHU METOIM 3a HaMaJssBaHE Ha TE3W HeIOCTaThlM. EnuH oT
OCHOBHMTE HAYMHHU € KaTO C€ HM3I0J3Ba ChbBMECTHaTa paboTa Ha Pa3IMYHUTE CEH30pPH MpHU
OIIpEJIeJISIHE Ha €JIMH U ChIIM MMapaMeThp. [104TH BB BCHYKH CHCTEMH TOBA ChBMECTSIBAHE CE
u3BbBpIIBA ¢ momoinra Ha ¢uirbpa Ha Kamnman [93]. JIpyr HauuMH € Karo ce H3MOJ3Ba
KOMIUIEMEHTapeH QMIThp. Tol € ¢ MO-Malko CJIOXHA CTPYKTYpa M MOXKE IO-JIECHO Jia ce
BIPaJM B CHCTEMH PETM3UPaHH C MUKPOKOHTposiepu. CTpYKTypaTa v M3IM0I3BAaHETO HA TAKMBA
¢buntpu e pasrmemano B [105-108]. KommiemeHTapHUAT (UITBD CHBMECTSBA JAaHHH OT
Pa3IMYHKA CEH30PH C LI HaMaJlsiBaHEe HA HEXEJIAaHUTE ChCTaBKU B M3XOJHUTE MM CHTHAIU U
MoJTy4aBaHe Ha Pe3yJITaT Mo-0JIM3bK 10 HCTHHCKATa CTOMHOCT. ToBa o0ade MOXe Jia ce CITy4n
CaMo aKO YECTOTHHUTE XapaKTEPUCTHKH Ha CEH30pUTE ca KOMIUIEMEHTApHHU €HA Ha Japyra. 3a
M3MEpBaHEe Ha YCKOPEHUTA CE U3IOJI3BAT JIBA PA3IMYHK CEH30Pa, KATO CUTHAJIMTE Ha BCEKH OT
TSAX ce 00paboTBaT B OTHETHH (WITPH CIIe]] KOSTO C€ CYMHpAT 3a MOoJydaBaHE Ha KpaiHUS
pe3yJrar.

OmnpenemnstHETO HA BIIIUTE IIIE CTaHE C M3MOI3BaHE HA TAHHH OT )KUPOCKOII M aKCEJIEPOMETHP.
C Te3u J1Ba CeH30pa MOKe Jia ce onpeaessT a8a ot OisiepoBUTe BIiu — G(BI'bJIa HA 3aBBPTAHE
CIIPSIMO HaJUTBXKHATA OC Ha TSUI0TO - X) U O (bI'bJia Ha 3aBBPTAHE CIIPSIMO HampeyHara oc - Y).
OpueHTanusATa Ha OCHTE Ie ObJe IOKa3aHa NPU EKCIICPHUMEHTAIHHUTE pe3ylTaTH. 3a
OTIpeJIeNIsIHE Ha TPETHUS bI'bJl ca HEOOXOIMMH JaHHU OT TPETH CEH30p.

Axo Wi(s) u W2(S) ca npenaBarennute GyHKINU Ha QUITPUTE, U3IOI3BaHU 32 00paboTKa
Ha oTnenHuTe curHaau u Y() e KpalHUWST pe3ynTar OT H3MEpBaHETO, TO aKko Te ca
KOMILIEMEHTapHU:

W;(s) =1—-W(s) (3.53)
W,(s) = W(s) (3.54)

Tpancdopmarnus Ha Jlaruiac Ha U3XOAHUS CUTHAI MOXKE J1a O'bJIe IMOJIyueHa KaTo Ce U3I0JI3Ba
¢dakTa, 4e TOH € pe3yiTaT OT YMHOXKEHHETO Ha JiaruracoBaTra TpaHC(OpManus Ha BXOIHUS
CUTHAJI ¥ MpesiaBaTenHara GyHKuus Ha GuiatpuTte, uzpas (3.55):

Y(s) = X(s) + [1 — W(s)|N;(s) + W(s)N,(s) (3.55)

‘braure, onpeneneHy OT JaHHUTE MOJIyYEHH OT XKHPOCKOIMA, ca JEHCTBUTEIHU (TOYHH) 3a
KpaThK NEpUOJ OT BPEME, Clie] KOETO TOYHOCTTA CHIIHO CE BIJIOIIaBa. ToBa € paBHOCHIIHO Ha
HAJIMYMETO HAa HUCKOYECTOTEH IIYM B U3XOJHUAT MY CUTHAJI. ‘briuTe onpeeseH ¢ JaHHUTE OT
aKcelepoMeThpa ca NEHCTBUTENHU (TOYHM) 33 IBIIBI MEPHOJA OT BpEMe, IPOMEHAT Ce cCamo
KOraTo YCKOPEHHETO C€ INPOMEHH BHE3alHO, KOETO € pPAaBHOCHJIHO HAa HAJUYMETO Ha
BHCOKOYECTOTEH IIYM B M3XOTHHST My curHail. CIeI0BaTeHO ABaTa CEH30pa Cca IMOAXOISIIN
3a pealu3rpaHe Ha KOMIJIEMEHTapeH QpUITHP.

[IpencraBenu ca Be CTPYKTYPHH CXEMH, C KOUTO C€ peajn3upa TakbB GuinTsp. [IbpBara e
3HAYUTEIHO ONPOCTEHA, KOETO s MPABU MOJIXOAS]IIA 32 BIPaX/IaHE B CUCTEMH PEAIM3UPaHHU C
MHUKPOKOHTpoJiepu. briaure ¢ u 0 ce ompenensT ¢ AaHHUTE OT aKCeIepOMETbpa KaTo ce
usnossear uspasu (3.58) u (3.59):

Pace = sin (25)  (3.59); Oace = sin™" (£) (3.59)

KBJIETO C fy U f, Ca MpeaCTaBeHn yCKOPEHUATA M0 ChOTBETHATA OC.

ChIuuTe BITU CE ONPENeNAT U C JaHHUTE IMOJYYeHH OT KHPOCKOMA, KaTo ce HM3MOJ3Ba
YHCIIEHO MHTETPUPaHEe Ha BIVIOBHTE CKOPOCTH IO choTBeTHATa oc. Llle Ob1e mpeacraBeH camo

n3pasa (3.60) 3a onpesensHe Ha BI'bJa ¢, KaTo BI'bia ® Moxe J1a ObJIe ONPE/ICIICH ChC CHIHST
M3pa3 KaTo Ce U3IOJI3BAT JaHHUTE OT CEH30pUTE MO OcTa Y

b1 = Py + int(gyro(x)y) (3.60)
KBJETO C int e IpeICTaBeH METOJ] 3a YUCIEHO MHTETPHPAHE.
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Croitrocture gyro(x) TpsiOBa a ca MPEU3YUCICHH OT KOOpPAWHATHATA CHCTEMa Ha
TSJIOTO KbM WHEpIMAaTHATa CHCTEMa, KaTo HM3IOJI3BAT OMPECIICHUTE BTN OT MPEAXOIHATA
CTBIIKA.

CbBMeCTSIBaHE HA JaHHUTE OT JIBaTa CEH30pa Ce U3BBPIBA ¢ u3pasa (3.61):

b1 = a[g + int(gyro(x) )] + (1 — a)dgec (3.61)
KBJIETO A € (MOJIOKUTEIHA KOHCTAHTa) KOS(HUIIMEHT Ha BUCOKOUECTOTHUS HuinTep, a (1 —a) e
KoepuIMeHTa Ha HUCKodyecTOTHUs (unrhp. Cymara OT aBara KoedHIMEHTa € paBHa Ha
enuanna. CHOTHONICHHETO MEXAY TAX OIpenenss W BpPEMEKOHCTaHTata Ha QUIThpa
ompeneneHa ¢ uspas (3.62):

a

=t (3.62)

BropaTa Bp3MOXKHA CTPYKTYypHA CXeMa ce peaiu3upa Ha 6a3aTta Ha u3pasa [109]:
1 .
Om = [1= W] (dg) + W(s) g (3.63)
INpenaBarennara GYHKIMSA HA HACKOYECTOTHHS (QUIITHP CE ONMpPEIENs C U3pasa:
W(s) = W(s)up = oot (3.64)

Karo usnomssame 3aBucumoctra [1 — W(s)], ce monyuaBa npenaBarentara GyHKIus
Ha BUCOKOUYECTOTHUS QUITHP:

SZ
W(s)gup = TrskorK (3.65)

CrpykTypHarta cxema Ha (puiaThpa mosydeHa Ha Oa3aTa Ha TO3M M3pa3 € MOKa3aHa Ha
@urypa 3.25.

s2+sKp1 K;

+ /
+ Kv/s €—

+

ea—— P > K b AT
supockon | ——»] TIpeoSpasysane 7 > 1/s —)@
Ha koopanHatuTe] i

—
AKCEEPOMETHD Onpenensne
Ha BIVIHTE

®ur.3.25. CTpykTypHa cXxemMa Ha KOMIUIEMEHTapeH QUuiaThp

JlaHHUTE OT CTaTUYHUTE MU3MEPBAHUS Ca MOJYYEHH KAaTO CTOIYETO € OTKJIOHSBAHO Ha
orpezeneH bIei(mmo octa Y) U € OCTaBaJlo B TOBA ChCTOSIHHE U3BECTHO BpEMeE, Clie/] KOETO €
OTKJIOHSIBAHO Ha CBHIUS BI'BJI, HO B Apyrara mocoka. CTOWHOCTUTE HA BI'biia P ONpeaeieH!
¢ u3pasza (3.58) ca mokazanu Ha urypa 3.27.

CroiiHocTn Ha Brbjia ¢ ompeaeneHu ¢ u3pasza (3.65) ca nokazanu Ha Durypa 3.28. 3a
NpaBWIHA OIEHKAa Ha BI'hIa € HEoOXOIMMO Ja C€ HW3BBPIIM MpaBWIeH MOI00p Ha
CTOMHOCTHUTE Ha MPOMOPIHOHAIHO—MHTETPATHOTO 3BeHO 0T durypa 3.25. B KOHKpPETHUST
ciayyait croitHocTuTe Ha Koehunmentutre ca Kp=20 m K=10. JlaHHuTe 3a ITUHAMHYHO
OIICHSIBaHE HA BI'bJIa ¢ ca MOIYUYEHH KAaTO CTOIYETO € MOHTHPAHO B aBTOMOOMII, KOHTO ce €
nBwken B HanpasieHueto Codus-CanapeBa 6ana. CtoiiHOCTHTE Ha BI'biia ¢, OLIEHEHHU C
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¢unThpa peanusupad Ha 6azara Ha u3pas (3.63), ca nokazanu Ha Qurypa 3.29. Ouenenure
CTOMHOCTH Ha bI'bjia ¢ GUITHPA, peaau3upan no uspasa (3.65), ca mokazanu Ha durypa 3.30.
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®ur.3.29. brena ¢ onpenenen uspas (3.63) ®wur.3.30. bren ¢ onpenenen ¢ uzpas (3.65)

[TonyuyeHuTe CTOMHOCTH Ha bI'bjia P ONPENETEHU C IBaTa AITOPUTHhMA Ca MOYTH UACHTUYHH.
OuUnTHPHT peanusupan Ha 0azara Ha uzpas (3.65) oTunTa MoBeue KPaTKOTpaitHUTE MOMEHTHHU
OTKJIOHEHHS Ha cToi4eTo. CienoBaTeIHO KOHLENIUATA 32 pealu3upaHe Ha KOMIIJIEMEHTapeH
(GUATHP 32 CHBMECTSIBAHE Ha IaHHU OT aKCEIEPOMETHP U KUPOCKOT MMO3BOJISIBA OTPEeIIsiHE Ha
MOJIO)KEHUETO Ha OOEKTUTE B IMPOCTPAHCTBOTO, KaTo Ha Ta3u 0a3za ca MpPEAiOKEHU JBE
CTPYKTYpHU CXeMU Ha TakbB puntbp. EqHata oT T4X MMa HECIIOKHA CTPYKTYPa, KOETO s IPaBu
MOAXOAIIA 32 BIPaXJAaHe B CHCTEMH PEAIM3UPAHN C MUKPOKOHTpoJIepu. Bropara cTpykrypa
€ TI0-CJI0kHA, HO MOJIeTTupa GU3NYHHUTE MPOIIECH ITO-TOYHO. 32 BepUPHUIIUPaHE HA ATTOPUTMHUTE
Ha aBaTa GUATHPA Ca MPOBEICHU CTATUYHU W JUHAMHYHHA U3MEPBAHUS HA OTKJIOHEHHETO Ha
JETCKO cToNYe. 3a Mojy4yaBaHE HA MPABWJIHHU OICHKU Ha BIbJia OT QUITHpPa C MO-CIOKHA
CTPYKTypa € Heo0X0/IMMa BHUMATEIHA HACTPOiTKka Ha cToitHOCcTHTE Ha mapamerpute Kp u K.

31



I'maBa 4

HN3caenBaHe u Pa3BUTHEC HA CUCTEMH HaA 0azara na MEMS HHEPpUUAJTHHU CCH30PU 3a
onpeaejJssHe HA JTMHAMUYIHOTO CbCTOAHUE B aBTOMOOMJIHUS TPpaHCcnopT

ChbBpeMEHHHTE CHUCTEMH TIPUTEXABaT TOJIIM OpOW CEH30pH, KOUTO ClIeJ HM3MEpBaHE Ha
JUHEWHUTE U BIVIOBUTE YCKOPEHHUs TpsAOBa Ja mpeaanar Ta3u HHGOpManus Ha KOHTPOJIEH
MOJyJ, KOWTO ChOMpa, aHaIM3Mpa U MpeaaBa u3MepBareHaTa HHQopManus KbM OTAaNedeH
CbpBBp MO OexxkmueH uHTepdelic. 3a M3rpaxgaHe Ha TakaBa cHCTEMa € HEOOXOIMMO
IPOEKTUPAHE Ha:
e UueprmaneH MOy C HOJAPHKKA HA PA3IMYHU MPOTOKOIHM 32 KOMYHHUKAIIHS, PECI.
MOJIPHKKA HA MYJITUIIPOTOKOJIHA MPE’Ka 3a MpeiaBaHe Ha JaHHU
e MynTHIIPOTOKOIHA MpeXa Ha 0a3a MapaJieIHO CBBbP3aHU HHEPLUUATHH MOIYIH C
BB3MOKHOCT 3a ITPCJAaBaHC HAa HHCPUHUAJTHUTC JAaHHU 110 HAKOJIKO PAa3JIMYHHU ITPOTOKOJIa
(CAN, UART/TTL, UART/RS232 u np.)
e Auiroput™MH 3a yIpaBJICHHE HAa MpeKaTra — CUHXPOHM3aIWs, U30sirBaHe Ha KOJW3HH,
no006aBsiHE U OTIAJaHe HAa CEH30pH OT MpeXaTa U JIp.

4.1. MyJTHIIPOTOKOJHA MpPe’Ka 0T HHEPIUUAJIHU CEH30PH

MyATHIIPOTOKOIHATA CEH30pHA MpeXa C€ ChCTOM OT MHOXECTBO HWHEPUHUAIHU
M3MEpBATEIHU MOJYJa, KOUTO Ca CBBP3aHU KbM KOHTPOJIEH MOJYJ Ha 0a3ara Ha HIKOJKO
KOMYHUKaIMoHHU uHTepdeiica (Pur.4.1). M3non3BaneTo Ha HIKOIKO MPOTOKOJA TO3BOISIBA
Mpexara Ja paboTH 0e30TKa3HO JIOpU IpU HPEKbCBAaHE HAa HAKOH OT KOMYHUKAI[MOHHHUTE
uHTepdeiicn WM NP MOCIEeI0BATEIHO MpelaBaHe Ha MH(OpManusITa OTACTHHUTE 3BEHA Ja
M3BBPIIBAT 00PabOTKA HAa CUTHAJIA.

Tormosorusita Ha MyJITHIIPOTOKOJIHATA CEH30pHA MpeXka € u3rpajieHa Ha 6azara Ha RS232 u
CAN komyHuKanMoHHM uHTepdeiicu. JlBata uHTEepdelcHH CTaHTapTH HMaT CBOMTE
cnenu(UYHA TPEIUMCTBA, KOUTO B3amMHO Morar na ce gonbiaHsaT. CAN  mumHara
I'bPBOHAYAIIHO € pa3pabdoTeHa 3a U3IO0J3BaHE B TPAHCHOPTHU CPEACTBA, HO C€ M3MOJI3BA C
TOJISIM yCIeX B pa3IMuHU WHAYCTPHAIHH MPUIOKEHUs OJaroiapeHue Ha HeifHaTa cTaOMITHOCT,
I'bBKABOCT IO OTHOILIEHUE Ha CBbP3BaHE Ha Pa3JINYHU TUIIOBE YCTPOUCTBA U HUCKA IIeHa. pyru
MpeIMMCTBAa Ha Ta3W IIMHA Ca BB3MOXHOCTTA 3a TpeJaBaHe Ha MHQPOpPMAIUsS Ha HIKOJIKO
KUJIOMEeTpa,  Jo0paTa  €JIeKTpOMarHuTHa  ChbBMECTUMOCT M BB3MOXKHOCTTa 32
UMILICMEHTUPAHETO i B pa3InIHU MUKPOKOHTpoJepH, karo Microchip. Ot npyra ctpana CAN
[IMHATa KMMa JIMHEeWHA TOMOJOIUWsS M OrpaHWYeHa IbJDKMHA Ha y4YacThUUTE MEXIY 2
yerpoiictBa. RS232 unrepdeiichT ce m3mon3Ba 3a KOMyHHKalus Tan Point-to-point, karo
BpB3KU OT THma Point-to-multipoint ca HeBB3MOXKHH, THH KaTO MpelaBaTeIMTE Ca aKTUBHU
HETPEeKbCHATO.

[IpemioskeHata TOMOJIOTHS Ha MpekaTa KOMOMHHpa NpeJuMcTBaTa Ha JBara THIIA
TOTIOJIOTHH, KaTO M3IOJ3Ba BIPAJICHUTE PECYpCH Ha MUKPOKOHTPOJIEPUTE, KaTO MpekaTa ce
cbcToM OT enuH TiaBeH (master) m n momguumHeHu censopa (slave). ITppBata BB3MOXKHA
TomoJjiorus € nmokasana Ha ®ur.4.1. Tasu TOmoJIOrKs ce ChLCTOU OT 2 KIOHA — €AUHUS U3II0JI13Ba
RS232 unrepdeiica, a npyrust — CAN unrepdeiica. CBbp3BaHETO Ha MHOKECTBO CEH30pPH 32
peanu3upane Ha KomyHHKarws mo RS232 cranmapra ce u3BbpiiBa cBbp3Bane Ha RXD Bxoma
Ha (K+1)-Bust censzop ¢ TXD wusxoma Ha K-tus censop. CremoBaTenHo ycTpoiicTBara ca
CBBp3aHU TIOCIIEJOBATETHO Ha IIMHATA, KaTO JaHHUTE Ce TpenpeaaBar 1mo ¢opMmHpaHara
BepHra, ako JaJeHHs TaKeT He € MpeAHa3Ha4YeH 3a NaJeH CeH30p oT Hes. Jlpyra Bb3MOXKHA
TOIIOJIOTHUS Ha MpeXkara e rnokazaHa Ha ®ur.4.2.
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MaxkcuMaTHUAT OpOil Ha CEH30PUTE B MpekKaTa MOXKE JIa C€ ONPEIETH OT YCIOBUETO HUBOTO
Ha CHMTHaJIa Ha BXOJa Ha CeH30pa Ja Ob/ie T0 — BUCOKO OT HEOOXOIMMOTO HUBO. AKO ITpUEMEM
3a tunruHa cToitHocT 0.7Vpp (Vbb — 3axpaHBallo HaNpeKeHKe), TO HUBOTO HA BX0oJa TpsiOBa
na 6b1e Vin=0,7Vpp. CiienoBateaHo Oposi HA CEH30PUTE MOXKE J1a C€ OIPEIeTH OT U3pasa:

\Y R, /n

M >0,7, KbICTO R, <75Q - U3XOJICH UMIICIAHC Ha JpaiiBepa 4.2)
VDD Rout + Rin /n
Tosa YCJIOBHUEC OIIPCACIIA 1 MAKCUMAJIHHUA 6p01>i CCH30pH B MpexcaTa:
3 R
n<=, o (4.3)
7 Rout

HeoOxomumara ckopoCT Ha IpeaaBaHe Ha JaHHUTE npu u3noi3BaHe Ha USART mmHaTa
MOJKE JIa C€ OIPEICITH 110 IIOCOYSHUS HAaYMH. AKO IIpUeMeM, 4e 3alUTBAHETO 3a JaHHU ChIAbPKa
1 GaiiT (HOMepa Ha CEH30pa), a OTroBoOpa Chabpka M OaiiTa U ce 3amuTBa ceH30p ¢ Homep K,
TO BPEMETO 3a MpHUCTUTaHe Ha KoMaHaaTa 10 K-tus censop mie 0b/1e paBHO Ha KAL, kpreto At
€ BpeMeTo 3a mpenaBaHe Ha 1 Gaiit. Cnen moiryyaBaHe Ha KOMaHzaTa 3a 3anuTBane, K-tus
CeH30p M3Mpala no Bepurata M 0aiita, KaTo BpeMETO 3a JOCTHraHe Ha WH(oOpManusTa 10
ocHOBHUsI ceH3op e paBHO Ha (N-K+1) At. Karo kbM Te3u BpeMeHa Objie 100aBEHO 1 BPEMETO
3a IpeJlaBaHe Ha JaHHUTE KbM KOMITIOTHpa OT OCHOBHHS ceH30p (MAL) u OT 3anuTanus ceH30p
(MAL), To o61oro Bpeme 1ie 0b1e paBHo Ha (N+3)MAt-K(M-1)At. 3a usnpariane Ha JTaHHUTE
OT BCUYKH CEH30pH J0 KOMIIOTHpa € HE0OX0AMMO BpeMe, paBHO Ha cymMaTa OT BpeMeHaTa 3a
nperaBaHe Ha HHPOpMAIUATa OT BCEKU ceH30p. ToBa Bpeme 1ie Ob/ie paBHO Ha:

T =N(N +3)MAt - (M —1)AtiK = {N(N +3M — (M —1)N(NT+1)}M (4.4)

Bpemero 3a npenaBane Ha 1 OaiiT nmo nuHusTa € paBHo Ha 10/B, xbaero 10 e Opos Ha
outoBete npu npenasaHe Ha 1 Gaiit (1 crapt + 8 mannu + 1 ctom) Out, a B e ckopoctra Ha
npenaBane. CienoBaTeqHO HeOOXoauMaTa CKOpPOCT Ha IpeJaBaHe MOKE Ja ce OINpeNeNu OT
u3pasa:

T (4.5)
2 AT
KbaeT0 AT € meproia MeXx1y ABa OT4eTa
Axo master cenzopa usnpaina 3anutBade ¢ roiemuna 1 byte, a orroBopa ot i-THs CeH30p
ce cherom oT (M + 1) bytes, To Bpemeanarpamara Ha KOMyHHKaIUATa € Toka3ana Ha dur.4.3.

@ 6 6 6 6

0 At iAt (+DAt (n+2)At  (n+m+2)At (n+m+3)At t

BZ[N(N +3)M —(M _1)M} 10

.
Lad

®ur.4.3. Bpemennarpama Ha KOMyHHKaIUATa
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CeriacHo MpWIIOKEHATa BpeMeauarpama, OposT Ha CEH30pUTE B Mpexara U Opos Ha
OaiiToBeTe B OTroBOpa Ca OTPAaHHYCHU OT BPEMETO MEXIYy JBa OTYETa HA YCKOPCHHSITA
AT=1/Facq (Facq — data acquisition frequency):

(n+1)(m+1)At < AT (4.6)
CremoBarenHo 6post Ha Slave ceHzopuTe € OrpaHHuYEH OT H3MCKBAHETO:
n<_ AT 4. 4.7
10(m+1)

Ot mpyra ctpaHa J0KaTo 3anuTBaHETO KbM (i+1)-BHst CEH30p JOCTUTHE I-THS CEH30p, TOM
TpsiOBa J1a 3aBBPIIHM POIIcCaHa IpeIaBaHe Ha JaHHUTE OT U3MEPBAHETO HA YCKOPEHUSATA. I-THSI
CeH30p mpuema 3anmuTBaHeTo KbM (i+1)-Busi ceHsop B Momenrta (N+1+i)At, a 3aBbpiuBa
[peJaBaHeTo Ha JaHHUTE B MoMeHTa (M+1+i)At. 3a M3NbIHEHHE HA TOPHOTO M3HCKBaHE €
He00X0IuMO J1a ObJIe U3MBIHEHO YCIOBUETO:

(M+1+i)At<(n+1+i)At

CnenoBarenaHo n>m. (4.8)
[Tpu xomOuHupaHe Ha HepaBeHCTBA (4.7) u (4.8) ce noctura 10:

mil< /Blﬂ (4.9)

MpesxoBaTa KOMyHHKaIUsl MOXE Jla ce M3rpaau Ha 0azarta M Ha camMOOpraHu3upaiia ce
CcTpykTypa. B To3u ciydait master censopa He u3Mpaiiia 3anuTBaHe, a I-THS CEH30p CIeau
KOMYHHUKAIMsITa 1O IMHata U korato (i-1)-Bhs CEH30p 3aBbINU MPEIaBAaHETO HA CBOUTE
JaHHU, TO TOW 3aloyBa MPEJAaBaHETO HAa CBOMTE MaHHU. TO3W METOJ] M3HMCKBa Bceku Slave
CEeH30p Ja u3Mpaiia cBos yHukaneH ID HoMmep, koeTo yBennyaBa Opost Ha OaliTOBeTe B MaKeTa
1o (m+2). B To3u cirydaii ypaBaenue (4.1.8) ce mogudunumpa B:

n<_B8art (4.12).
10(m+2)

N3bpanara mpexka OT MHEPIMOHHHU CEH30PH € TEeCTBaHa BBHPXY JIEK aBTOMOOWII C 1€
oTpezieNisiHe Ha OTHOCUTEIIHOTO JBMKEHHE Ha KOMIIOHEHTHTE Ha OKauYBaHETO Ha aBTOMOOMIIA.
Mperkata ce ChCTOH OT TPU MHEPIIMOHHH CeH30pa, 6azupanu Ha 3D eqnounnos LIS3LV02DQ.

Kondurypanusta Ha ceH3opHaTa Mpexa e nokasaHa Ha @urypa 4.10, a OTHOCUTETHOTO
M3MECTBaHE MEX]TY JIBa CEH30pa € Mmokazano Ha durypa 4.12.

Amplitude,mm
£

-10

-12

) 5 10 15 20 25
®ur.4.10. MoHTa)x Ha CEH30pH OT fimes

CCH30pHAaTa MpCKa dur. 4.12. 3ynucneHo OTHOCUTETHO
MIPEMECTBAHE HA CEH30PUTE

OmnuncaHaTa cMCTEMAa MOXKE JIa Ce OKajke MoJe3Ha, KoraTo ce N3MCKBa BUCOKa CTEIICH Ha
HaJIeXKTHOCT MPH OTKa3 Ha cucteMara nopaau u3noisBaneto Ha CAN win USART muna. [pu
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ornagaHe Ha ocHoBHata CAN mmHa ganHuTe MoraT na ce npeaasar ype3 USART mumHarta.
Ta3u Bb3MOXKHOCT € OT roJIsIMO 3HaYE€HUE MPHU AUCTAHLMOHHO YIPABISBAHU YCTPOWCTBA KAaTO
oe3nmwtoTHu netarenuu amapata (UAV), pobotu u ap.

4.2. U3ceqBaHe HA TMHAMMKATA HA JIBUKeHHE U METO/IH 32 JUATHOCTHKA B
aBTOMOOMJIHUS TPAHCIIOPT

EnemenTuTe Ha OKauBaHETO Ha CBHBPEMEHHHUTE AaBTOMOOMIM ca OT TIpymnara Ha
HEPEMOHTUPYEMHUTE U3JICNINS U Bb3CTAHOBIBAHETO HAa pabOTOCIOCOOHOCTTA HAa aBTOMOOMIIA ce
OCBIIECTBSIBA 4pe3 3aMsHa. HampaBeHuTe 10 TO3M MOMEHT HAay4YHHM MW3CJIEABaHUS Ha
aBTOMOOWJIM B €KCILIOATallUs HE JaBaT SCEH W €IHO3HAuYeH OTrOBOp Ha MapaMeTpHuTe Ha
HaJEXKJAHOCTTA, BBIPEKH Y€ HW3CIEIBAHMS HA HANESXKIHOCTTa C€ U3BBPIIBAT OT
MIPOU3BOIUTENIUTE HA AaBTOMOOMIIN M PE3EPBHU YaCTH, IPU KOETO ce 0OSABSBAT CaMO KpailHUTE
peuieHus 3a 3aMsHa Ha OTJIEJIHU €JIEMEHTH WM Bb3JIM WU C€ MPEenopbyBa W3BBHPIIBAHE HA
perynupoBbYHH padoTu. ExcCriepuMeHTH 1 IPOYYBaHUS C U3IIOJI3BAHETO HAa aKCEIIEPOMETPH 3a
aHanu3 Ha paboTaTa Ha OKayBaHETO (aMOPTHCHhOpA) U TOTY4YaBaHE HA YCKOpPEHHs, a 4Ype3
UHTErpUPAHE - CKOPOCT M IPEMECTBAHE Ha aBTOMOOMIHOTO KyIE€ MU KOJIEJIOTO CIeACUKHU
BEpTUKAJIHATA KOMIIOHEHTA [ 125]. B nuHaMukarta Ha MPEBO3HOTO CPEACTBO aMOPTUCHOPUTE CE
M3II0JI3BAT 32 ONTHMH3HpaHe Ha KoM(popTa 1 6€30MacCHOCTTa P MOopHUpaHe, TOpaan KOETO €
HEOOXOIUMO Jla C€ ONpeAeNsaT XapaKTepUCTUKUTE Ha aMOPTUCBOPUTE B peaTHU
eKCIUIoaTallMOHHU ycnoBusA. lIpenBun BHCOKMTE KauecTBa M HuUcCKa 1ieHa Ha MEMS
aKCceJIepoOMETPU MHOTO U3CJIEIOBATENN Cca T U3MOJ3BAIM B PEeIulla OT CBOUTE Pa3padoTKH,
[126-128] 3a m3MepBaHe Ha YCKOPEHHS M BHOpAIMM MO TPUTE OCH HA EKCICPUMEHTATHU
YCTAaHOBKHU, HM3CJIEABAKH aMIUIMTYJHO-Y€CTOTEH AaHAJIMW3 Ha IMOJy4yeHuTe JaHHH. OCHOBEH
HEJO0CTaThK B rojiiMa 4acT OT M3CJICJBAHUATA, OTHACSIIU CE€ JO OLIEHKAa Ha TEXHUYECKOTO
CHhCTOSHUE Ha OKaYBAHETO HA aBTOMOOMIIU B €KCIUIOATAIIMS €, Y€ c€ KOHKPETH3UPa OCHOBHO B
CbCTOSIHUETO Ha aMOPTUCHOPUTE U MPYKUHUTE, & B PE3YJITaT OT TE€3U U3CJIE/BAHUS CE JaBaT
IIPENOPBKU 33 M3MEHEHMETO HA TEXHMYECKOTO CBCTOSIHME Ha OKAuyBAHETO KAaTo ILsJIO.
TexHUYecKOTO ChbCTOSTHUE Ha TYMEHO-METaJIHU CheJUHEHHS Ha HOCAUUTEe Ha aBTOMOOUIIUTE B
MHOT'O CIIy4aH He ce OIpeJieNsd WU ce ONpeAess Mo CyOeKTUBHU (akTOpH (Upe3 MEXaHUYHO
BB3/ICHCTBHE U YOBEIIIKA MPEIICHKA).

3a nenuTe Ha aHaM3a BUOPAIIMOHEH CTEH]I MPEAU3BUKBA BEPTUKAIHU KOJICOaHMUsI, KOUTO
ce Ipe/laBaT Ha €JIEMEHTUTE Ha OKauBaHETO MO PA3JIMYHU OCH 3aBHCEIU OT KOHCTPYKLUATA HA
OoKauBaHeTO, Oa3ara Ha aBTOMOOWMJIa M BHUCOYMHATA Ha BUOPAIMOHHHUTE IIIOMIAAKH.
Pasnonoxennero Ha aBTOMOOMIIA BBPXY TUIONIAIKUTE € TToKa3aHo Ha durypa 4.16.
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®ur.4.16. PaznonoxeHre Ha aBTOMOOMIIA BBPXY CTEHIA
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W3crenBaneTo e mpoBeieHO BBPXY NpeIHO okauBaHe TN MakdepcoH Ha aBromoOwmi Fiat
Bravo npu pasznuunu croitHocTn Ha xyabumHata — 0.0, 0.4, 0.8 u 1.2mm. Cnopexn HsKoU
nmpou3BoauTeNM Ha aBromMoOunu [129] rpannynara cTOWHOCT Ha XJjJabWHATa HA TOPHHUTE U
nonHuTe chepuyHu mapHupH (akcuanHa u paguansa) € qo 0,8 mm. 3a mpoBexgaHe Ha
€KCIIEPUMEHTAJIHUTE H3CIEABaHUS M ONPENCNIIHE HA JMHAMUYHUTE XapaKTEpUCTUKU Ha
cuctema (OKayBaHE Ha aBTOMOOWII) Upe3 aHaIM3 Ha KojeOaHusATa Ha TECTOBaTa IJIOLIAa/IKa ca
peanu3upanu 3 OmUTa 4ype3 BKJIIOYBAHE HA BUOPAIMOHHHS CTEHJ M TOCIEABAIIOTO MY
W3KJIIOUBaHE. 3a ompelesisHe Ha JWHAMUYHHUTE XapaKTepUCTUKU € HeoOXOoauMo na ce
peanu3upa CreKTpaaHa OlleHKa Ha KojeOaHHsTa, KaTo Bb3 OCHOBA HA TO3W aHalu3 TpsOBa Ja
ObJaT ONpEeNeNIeHH: BPEMETO Ha 3aTHXBaHE, CKOPOCTTAa Ha 3aTUXBaHE Ha KojeOaHUsATa,
OCHOBHUTE JOMMHHUpAIIX YECTOTU U TEXHUTE aMIUIUTYAH, 3aBUCUMOCTTAa Ha ONPEIEIICHUTE
YEeCTOTH M aMIUIUTYU B 3aBUCUMOCT OT ChCTOSIHUETO Ha U3CIlie[IBAaHUS 00EKT, ONpEeeNIsiHE Ha
CKOpPOCTTa M IPEMECTBAHETO Ha €JIEMEHTUTE Ha CHUCTeMaTa, WHTErpajlHa OllCHKa Ha
CHhCTOSTHUETO Ha cUcTeMaTa. AHAIM3BT HA IUCKPETU3UPAHUTE CUTHAIN BB BpeMeBaTa 00J1acT
HE BUHATrH € JIOCTaThY€eH, 3a JIa C€ OJIy4YH HeoOXoqumMara nHpOopMaIus 3a CbCTaBa Ha BXOIHUS
CUTHAJ.

[Ipu MHOTO MpaKTUYECKU CIy4yau € HE0OXO0IUM KOMILJIEKCEH aHaIM3 U BbB BpeMeBaTa U B
YyecToTHaTa o0acT. 3a peanu3alusara Ha ClIeKTpaHaTa Ol[eHKa B JINTepaTypara ca pasrieaHu
paznuunu criocodu, kato Short Time Fourier Transform (STFT) [130-131], Wigner-Villes
Transform (WVD) [131], Wavelet Transform [132], Linear decimation [133], Frequency
Response Functions (FRF) [134], Power spectrum density (PSD) [135], Auto-Regressive
Model [136] u ap., kaTo Haii — ToIsAMO pasnpocTpaHeHue ca moayuwan Short Time Fourier
Transform (STFT) u Wavelet Transform. Ha ®ur.4.18 e noka3ana BuOpoauarpamara BbB
BpeMeBarta ooisact, a Ha ®ur.4.20 - crekTpaiHaTa OleHKa Ha KojiebaHusTa upe3 STFT mpu
U3I0JI3BaHe Ha NPaBOBIbIIEH ,,lipo3opell” ¢ N=64 u crpika 16 oTtuera.

cTapTHpane Kpaii
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vesopuiane  mponce ®wur.4.20. CriekTpaHa OIeHKA TIPH TeCTa
®wur.4.18. OcHoBHM (a3u oT paboTara Ha
MOCTaHOBKATa

EnuH 0T OCHOBHMTE MOMEHTH IpH peau3alisiTa Ha aHainu3a € n30opa Ha mapaMeTpHuTe Ha
®dypue npeodpazyBaHETO — OpOi HAa TOUKHUTE B MPO30peLa U KoeduimeHTa Ha IPUITOKPHUBaHE
Ha OTIEJHHUTE Npo30puM. JIeTaWIHUAT aHaIW3 Ha CHEKTPOrpaMHUTE B 3aBHCHUMOCT OT
roJIEeMUHATa Ha MIPO30pela NoKa3Ba, e CIEeKTpaJHaTa OLEHKA CHJIHO 3aBUCH OT TO3M pa3Mep.
Koraro roniemunara Ha rnpo3opera e Majka KouebaTeaHus Mpoliec MOKe J1a ce pa3riekaa KaTo
KBa3M — CTalllOHApEH, a MPH rojsiMa rojeMHHa Ha IpOo30pela — KaTo HecTaluoHapeH. Jpyr
OCHOBEH HejocTaTbk Ha Dypue mpeobpa3zyBaHETO € 3aBUCHUMOCTTAa MEXAY pas3jeiuTesIHaTa
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CIOCOOHOCT BBB BpeMeBaTa M uecToTHara obnact. Te3n HemocTarhld MoraT jaa Obaar
MIPEOI0JICHH Upe3 U3I0JI3BaHe Ha YeHBIET nmpeoOpa3yBaHe.

[Ipu yecToTEeH aHANU3 C YEHBIETH UMa BH3MOXKHOCT 3a U300p HA METOJ 32 JACKOMIIO3HILIUS
Ha CUTHAaJIa, TUII Ha yeWBIIeTa, C KOMTO J1a ce 3BBPIIU IpeodpazyBaHETO, HUBO, /10 KOETO Ja Ce
JEKOMITO3Upa U3CIeABaHUAT curHail. OT pasriefaHuTe YeTHPU METOoJa 3a JCKOMIIO3ULIUS Ha
CUTHaJja Hail-noOpu pe3ynTaTH ce MoJyyaBaT [PH U3MOI3BAHE HA YEUBIIET MMaKeTUTE, KOETO €
pe3yaTar OT 3aBBPLICHO IBOMYHO JBPBO MPH JACKOMIIO3MpPAHE HAa CHTHAJIA U MPeI0CTaBeHaTa
BCJIE/ICTBHE Ha TOBAa BH3MOXKHOCT 3a M0-331bJ004eH aHanu3. [Ipu obe3nrymsBane Ha curHaiIu
yeHBIeTHT TPsiOBa Aa € opToroHajeH uin OuoproronaneH. OT ToBa U300pPBT Ce OrpaHUYaBa
mMexay yeinsner ot damunusara Daubechies, Haar, Symlets, Coiflets, BiorSplines,
ReverseBior u Dmeyer [132]. Ha ®ur.4.31 e mokazaHo BpeMeBO — YECTOTHO pa3Ipe/ie]ICHHE C
HEMPEeKbCHATOTO yEeUBIIET MpeoOpa3zyBaHe MPHU TPU OINHTA.

Ot enHa cTpaHa aHajM3a C HEMPEKBCHATO YEHBIIET TpeoOpa3yBaHe JaBa Hail — siCHa KapTHHA
Ha OCHOBHMTE YECTOTH, HO pa3IUTEIHATa CHIOCOOHOCT IPU BUCOKH YECTOTH € BIIOILIEHA, JJOKATO
IIpU HUCKH YECTOTH € TBBpPJIE BHCOKA. B 00imacTra Ha OCHOBHHTE CIEKTPATHH MAKCHMYMH
pazaenurenHara CocOOHOCT € OT nopsiAbka Ha 1HZ, K0eTo B HAKOU Clydan MOXE J1a Ce OKaxKe
HezmocTtaTbuHo. [opanu Ta3m npuvrHa ONTUMAJICH YEHBIIET MakeT € u30paH oT (haMuInsiTa Ha
Jlo6emn — db3 ¢ 5-To HUBO Ha JeKkoMo3uiys. TO3M TUI MAKETH Ce OTIMYaBaT ¢ GUITPH C
MUHHMaJHA JbDKMHA U CHUICBPEMEHHO YIOBJIETBOPSBAT YCIOBHETO 3a TIIAAKOCT. Taka ce
OCUTYpPsIBa TO-0BP30 U3UUCIICHNE HA CUTHAIU C TOJISIMA MIPOIBJIKUTEITHOCT.

CpOTBETCTBHETO MEXy MamabeH KoeQHuIueHT u rncesao-yectora 3a dur.4.31 e gageHo B
Tabmua 4.3.

Analyzed Signal
2 T T T T T

_2 1 1 1 1 1 1 1 1
&00 o0 1500 2000 2500 3000 3500 4000

FPercentage of energy for each wavelet coefficient
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®ur.4.31. BpemeBo — 4eCTOTHO pa3mpeielieHne C HEIPEKbCHATOTO YeHBIIEeT MpeoOpazyBaHe
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Ta6mn.4.3. ChoTBETCTBHE MEX/Ty MaIllaOeH KOSPHUIIMEHT U NICEBI0-YECTOTA

Pseudo-frequency, Hz Scales a
IIceBno-uecrora MarabeH KoeUIUeHT
26,67 1
13,33 2
8,89 3
6,67 4
5,33 5
4,44 6
3,81 7
3,33 8
2,96 9
2,67 10
2,42 11
2,22 12
2,05 13
1,90 14
1,78 15
1,67 16

JIpyr OCHOBEH BBIIPOC € 3aBHCUMOCTTa Ha CIIEKTpaJHATa OLIEHKAa OT ChCTOSHUETO Ha
OTIENTHU €JIeMEHTH Ha cucremara. CHeKkTpajHaTa OIeHKa Ha KoJIe0aHWsATa Ha TECTOBAaTa
IUIOIIAJIKa TI0Ka3axa, ue HE MOXE Jla Ce TOJy4YH aJeKBaTHAa OICHKA 3a CHhCTOSIHHETO H
JUHAMUKaTa Ha ABUXCHHUC HA CIICMCHTHUTC OT OKAYBAHCTO €IUHCTBCHO OT CBCTOAHHCTO HaA
TECTOBaTa IUIONIAJIKa W IUIOTO OKayBaHE, ThH KaTO KOJeOaHHWATAa HAa OTACITHH JICTaMIH
(pecopu, aMOPTHUCHOPH U JIp.) MOTaT Jla MAacKUpAT KoJieOaHUATa HA OcTaHAIUTE aeraimm. OT
HaKJIOHA Ha TIpaBaTta ce orpeness U KoeuilneHTa Ha 3aTUXBaHe Ha KoJeOaTeTHHs MPOIIec:

w=kf +n (4.27)
KBIETO W -HOMEp Ha mposopena; f -Tekyma dvectora Ha TpenTene; K-koehHmueHT Ha

3aTUXBaHe, N-O0TMECTBAaHE Ha XapaKTCPUCTHUKATA. Koeq)I/IIII/IeHTLT Ha 3aTHXBAaHC MOXEC 1a CC
OIpeaciiv OT nu3pasa:

k= % , KbJICTO (4.28)

KBAETO AW = W, —W, - pa3KiIMKa MeXIy HOMepaTa Ha IPO30pIUTE, B KOHTO Ce
Ha0o/1aBaT crekTpainu MakcuMmymu ¢ yectotu f,u f pecnexruno Af = f, — f,. Tsii kato
w = f (t), To e HeoOxoaMMO 1a 6bJie HaMEpeHa 3aBHCHMOCTTA Ha YECTOTATa Ha TPEITEHHE KaTo
dynkims Ha Bpemero f = f(t). OTTyk MOKe Ja ce onpesenu u KOeQUIHEHTHT Ha 3aTHXBAHE
Ha CHCTeMaTa:

(e Y} (4.30)
OV.NAf

3a ompenensHe Ha MpeMecTBaHEeTO € HeoOxoaumo mpunarane Ha HU®D 3a enumuHupane Ha
MOCTOSTHHOTO oTMecTBaHe. CHHTE3UPaHUAT HU(POB GUATHD € peaTu3upaH Mo anpoKCUMaIus
Ha bpThpyopa, THH KaTO TO3U TUI PUIATPU CE€ OTIIMYABAT ¢ JUHEIHa (a30Ba XapaKTePUCTHKA
1 BOJAT 10 MUHUMAJITHO U3KPUBSIBAHE HAa CUTHAJIA, BBIIPEKH N10JIy4aBaHETO HA MO-BUCOK pEJl Ha
¢bunThpa U yBenuyaBaHe Ha Opos Ha U3uMcieHusTa. ['abapuThT Ha CUHTE3UpaHUs QUITHD €
KaKTO CJIe[[Ba: JICHTA Ha MpolyckaHe — 6+24Hz; makcuManaHa HepaBHOMEPHOCT B JIEHTaTa Ha
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nponyckane — 1dB; nenta na 3ambpxkane — (0+3) — (32+80)Hz; mMuHMManiHO 3aTHXBaHE B
JIeHTaTa Ha 3aabpkane 400B.

MakcHMaTHOTO OTHOCHTEIIHO MPEMECTBAHE MEX]y OTIEIHHTE JCTAlIN Ce CpaBHSBA C
TEOPETUYHO M3MEpPEeHaTa XJIAOMHA W CPABHHUTEIHHUS aHAJIU3 Ha PE3YITATHTE NPH Pa3IHuHU
CTOMHOCTHU Ha XjabuHaTa € rnmokasad Ha ®dur.4.49.

1.4

Theoretical
+  Expl
L2l Expe
e  Exp3
11— Approximated /3:?

0.8

Distance,mm

0.6

0.41=

0.2

0 0.2 0.4 0.6 0.8 1 1.2 14
Distance,mm

@ur.4.49. CpaBHHTEJICH aHATN3 HA U3MEPEHA M M3YUCIICHA XJIa0nHA

Pesynrarure mokasBat, ye Mpu MpoMsHA Ha pa3zcrossHueTo B rpanuuure 0.6+1.0mm, to
rpelikara npu ompejessHe Ha xyiabuHata € B paMmkure Ha +0.1mm. KoeduuueHTsT Ha
KopeJanus MEeXIy alpoKCHMHUpaHaTa KpHBa /3€JIeH LBAT/ M €KCIEPUMEHTATHUTE TOYKH 3a
TpUTE onMTa ca KakTo ciensa: tectl - EXpl — 0.9732; tect 2 - EXp2 — 0.9903; Tect 3 - EXp3 —
0.9714.

[IpwiiokeHUTE  TEOPETMUYHM W E€KCHEPUMEHTAJIHM  W3CIEABAaHUS  JIEMOHCTpUpAT
BB3MOKHOCTTA 32 BHenpsiBane Ha MEMS cenzopute B crcTemMu 3a IMarHOCTHKA M yIIpaBlieHUE
KaKTO Ha OTAEJHH eJIEMEeHTH, Taka M Ha LIeJIM Bb3JIM U arperatu Ha 6a3ara Ha onpeieNsHe Ha
YCKOpPEHUs1, CKOPOCTH U PEMECTBAHUS B MaI[ad OT YaCTH OT MUJIMMETBPA J10 HAKOJIKO AECETKH
CaHTHMETPH.

4.3. NHepuuaIHH CHCTEMH 32 KOHTPOJI M YIIPABJIeHHe Ha IBUIATeH

YCBHBBPIICHCTBAHETO HA CHUCTeMaTa 3a TEXHHMYECKaTa eKCIIoaTanus Ha OyTaaHuTe
nBurarenu ¢ BeTpemHo ropeHe ([IBIY) e TsicHO cBBp3aHO ¢ pa3BUTHETO HAa METOAUTE U
cpencTBata Ha TexXHHMYeckata guarHoctuka [137]. VIMa mOCTOSHEH WHTEpec Ha
W3CIIeIOBAaTEINTe KbM BUOpPOJMArHOCTHKAaTa Ha OyTalHUTE MAalIWHHM, B 4acTHOCT Ha JIBT.
MHoro BaxkHa 3ajJadya Ha TEXHUYECKaTa JMarHOoCTUKa € OIpeAeNIIHeTO Ha Hai-
MH(OPMATUBHUTE NUAarHOCTUYHM MapaMeTpu. B enacTuyHO 3akpeneHuTe KbM IIACHTO Ha
TpaHCHOPTHOTO cpenacTBo JIBI' ce u3BBpLIBAT €IHOBPEMEHHO JBa KoOJIeOATENHU Ipolieca,
KOHMTO Ca OCHOBHHM IPUYMHHUTENIN Ha BUOpaliu Ha Oyioka uM (o6mmu Bubparu Ha JIBT") [138].
[Ipu Hait — pasznpoctpanenus tun Bl - 4eTHpULIMIUHIPOB YETUPUTAKTOB PEIOBU JBUTATEIN C
pen Ha pabota Ha nuiHHApPUTE 1-3-4-2 ¥ KOJIeHA Ha KOJISTHOBHSI BaJI, PA3OJI0KEHHU MO BI'bJ
180°, HopmasiHaTa cuiia, MpeAn3BUKBAIa BUOPAIIUH, MOXKE J1a C€ OTPEIENIN ChITIACHO U3Pa3UTe:

X, =% (431); X, =i (4.32)

1-(4sina)’ 1-(Acosa)’

N, = COSa( X, +X, ) - HOpMaJIHa cuiia (MHepIHaIHaTa KOMIIOHeHTa) oT | mopsibk (4.33)
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N, = Acos2a(X, — X, )- Hopmanua cuna (uHepuuanHara Komnonenta) ot 11 mopsask(4.34)
N =N, +N,, - cymapHa HopmaiHa cuia (4.35)
EqMHCTBEHATA HEYPABHOBECEHA KOMIIOHEHTA HA MHEPIMOHHHUTE CHIIM, PEIU3BUKBAIIA 00T

BHOpaIMY, € MHEPLIMOHHATA CUJIa OT BTopu nopsiabk [139]: ZFjII =4KAcos2a,  (4.36)

KBJIETO: 0. € BIVIOBOTO MOJIO’KEHUE Ha KOJSTHOBHS BaJl; K U A - KOHCTaHTH.

3a IMAarHOCTHYEH PeXuM e u30paH npase xoxn Ha JIBIT ¢ uectora Ha BEpTeHe 840 min™,
Cp0o0pakeHHETO 3a TO3W U300p €, Ue TOM MOKE JIECHO J1a ce mocTurHe, korato JIBI' e MoHTHpaH
Ha aBTOMOOWJI, KOETO 1€ T[O03BOJIM BHOPOAMAarHOCTHKATa Jla C€ OCBIIECTBABA 0e3
nemonTupanero my. C yectorta Ha nuckperusanus 640 Hz ca 3anucanu BuOpamuure 3a OK0JiIo
120 pabotHu nukbia (240 obopora Ha KoistHOBHsS Bas). HanpaBenwu ca nBa 3anuca: npu JIBIT
B J00p0O TEXHMYECKO CBCTOSHHUE; MpU CHUMYyJIUpaHa HeusnpaBHOCT. CumynupaHaTa
HEM3IPaBHOCT MPEACTaBIABAa HEPAOOTEI TPETH IIMIIMHABD (M3KIIOUEHO M0JaBaHe Ha TOPHUBO).

3D xapTtuna Ha BUOpoauarpamure € nokasana Ha @ur.4.62. OT npeacTaBeHUTE CIEKTPaIHH
aHann3u Ha curHainute (dur.4.64) scHO ce BWXKIa OCHOBHHUS XapMOHUK Ha 14Hz, xoiito
CHOTBETCTBA HA y/IBOEHATa CTOMHOCT Ha YeCTOTaTa Ha BbPTEHE HA KOJSHOBUS Bajl CHIVIACHO
u3pas (4.26), papaa na N=f*60=840 1/min. Chmo Taka n06pe ca BUAHH U CIEKTPATHHTE
MMUKOBE Ha Y€CTOTH, KpaTHU Ha yectoTa 7Hz, kato 21, 28, 35HZ u 1.1.

OB ot 100 4

150 4 ’
00 £ | 1

150 4

AunuTyan no oc 2

0.4

0z

Z acceleration, g

05 bl o 0
¥ acceleration, g ' acceleration, g

®wur.4.62. 3D kapTuHa Ha
BUOpOMArpamMuTe

[ 5 10 15
@ur.4.64. Bubpoauarpamu B 4eCTOTHATA
obuact

25

N3non3BaHara cucreMa Mo3BOoJIsIBa ¢ MIPOCTU CPEICTBA U BUCOKA TOYHOCT A CE€ ONPEIENIAT
oOmmre BuOpanuu Ha JIBI' u Bu3yanmusupaT BBB BHJ, MAaKCUMaJIHO YJ00€H 3a aHAIM3.
OcpliecTBABaHETO Ha 331bJI00UYEH aHAJIN3 Ha 3alMCcaHuTe OOIIM BHOpalUMU HM3MCKBA TOJISM
o0eM OT 3a1bJI004YEeHN U3CIIEABAHUS, C KOUTO Ja C€ YCTAaHOBU Bpb3KaTa MEXAY XapaKTepHU
HEM3NPAaBHOCTU M TMOpPaXJaHUTE OT TAX XapMoHMIM. HesaBucumo or TOBa, nopu u 0e3
HaTpymaHa royisiMma 0a3a JaHHW, HSAKOM TUMUYHU 3a Oyrtamamte JIBIT HewsmpaBHOCTH
(HampuMep HepaBHOMEpHa paboTa Mo LMIMHIAPU) MOTaT YCIEHIHO Ja OBbJaT KaueCTBEHO U
KOJIMYECTBEHO OLICHSIBAHU C IIOMOIITA Ha JIEMOHCTPUPAHUTE METOIU U CPECTBA.

4.4. nepuuajJHU CUCTEMH 32 KOHTPOJI HA IBUKEHHETO U yNpaBjeHue

OTHOCHO aBTOMOOMJINTE U NTOBUILIABAHE HA TAXHATa O€30M1aCHOCT Pa3BUTHETO € HACOUEHO B
JIB€ OCHOBHH HaIpaBJICHUs — CHCTEMHM 3a aKTMBHA M acuBHA Oe3onacHocT. OcurypsBaHeTo Ha
aKkTHBHAaTa O€30IacCHOCT INpU JBUKEHHE C€ peaJin3upa OCHOBHO Ype3 YIpaBICHHE Ha
JMHAMHYHATa YCTOMYMBOCT YpE3 CHCTEMA 3a MHTErPUPAHO YIPABJICHWE HA AMHAMUKATAa Ha
apromobmia (VDIM). OcuHoBHusT u3rouHuk Ha uHpopmauusa 3a VDIM cucremara ca
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censopure, Oasupanu Ha MEMS TtexHOmOTMH, KOWTO TO3BOJSBAT M3IIBIHCHUETO HAa
MHOXKeCTBO pasnuyau GyHKiud [140]. IIbpBUAT OCHOBEH MHpOOJIEM MU YIIPABICHUETO €
OTIPEICIITHETO HA MPOCTPAHCTBEHOTO MOJIOXKEHHE Ha 00eKkTa. [IbpBUTE 1Ba BI'bjla HA HAKIIOH U
kpeH (pitch u roll) morar na 6baat onpeaeneHu ¢ noMormrra Ha KaiMaHoB GUATHD MO CIIeTHHS

HayMH. AKO O3HaYuM MaTpuliaTa Ha chcTosHueto ¢ X =[angle bias]’, xosapumanchara

I:)OO PlO QOO QOl
MaTpula Ha I'pCuikara C P= , a Q = - KOBapHaHCHAaTa MaTpula Ha
POl I:)ll QlO Qll
myma W, TO 3a ChCcTOsiHMETO Ha KanmanoBus GUaThHp MOXKe J1a ce 3amuliie:
X=FXx+Bu+w (4.39)

Tpi Karo myma Ha KUPOCKONA M JIMHEWHMS aKCEIEpOMETHD Ca HE3aBUCHUMH, TO
CTOMHOCTHTE B IMAarOHAI'bT HAa KOBapHaHCHATa MaTpuua e 0baaT paBHH Ha 0:

1 0
P= , (4.40)
01
CrnenoBaretHO HOBOTO cheTOsiHME HAa KanmmaHoBus GpuaThp Moxe 1a Oblie OnpeneneHo mno

CIICAHUTC 3aBUCUMOCTH:

X = [anglé bias’] - IPOMSIHA HA CHCTOSHUETO (4.41)

anglé = gyro— gyro_bias- npoMsina Ha CTOHHOCTTA Ha BI'bJa (4.42)

KbeTO gyro_bias =0 (4.43)

Ciie10BaTeIHO HOBOTO CHCTOSIHME HAa KOBApUAIMOHHATA MATPHIIA €:

P=A*P+P.A+Q, kbzero (4.44)
d(anglé) d(anglé)

_ d(gyrgt bias') 3%85:8—3::3 = 8 _01 - MaTpuIa Ha SIkoOuaH Ha X [0 OTHOILICHHE

d(angle) gyro_bias

Ha CbCTOAHUCTO
OcHOBEH MOMEHT € ONPOCTABAHCTO HaA H3YUCICHUCTO Ha HOBOTO CBCTOAHHME Ha
KOBapHuaHCHATa MaTpulid, KaTO €€ U3II0JI3Ba CTOMHOCTTA Ha MaTpunara Ha SIkoOman:

Qangle - I:)01 - PlO - Pll

P= (4.45)
Pll ngro

angle = (anglé + gyro— gyro_ bias)dt (4.46)

P=P+P*dt. (4.47)

THil KaTo MaHHUTE OT M3XOJa Ha >KHPOCKOIA ChABPKAT MH(OpMAIKA 3a CKOPOCTTa Ha
BIIIOBOTO 3aBbPTaHE Ha O0EKTa, HO HE M 3a aOCONIOTHATAa CTOMHOCT Ha CaMUs BI'bJ, TO MPHU
HaJu4he Ha HIKaKBAa CTOMHOCT, pa3nuuHa oT 0, TpU HEMOJABMKEH O0EKT / T.Hap. OTMECTBAHE
Ha Hy/nara / ce ce MOJy4Yd HaTpylBaHE Ha Tpelikata B pe3yaTaT Ha HMHTETpUpaHETO. 3a
eKCIIEpUMEHTAITHO HW3Clie/IBaHe Ha paboTaTa Ha CHUCTeMara 3a KOHTPOJ W YIpaBleHHUE H
NPUHIMITBT HAa padora Ha KammanoBus QuiaThp 3a ompenensHe Ha BIVINTE HA HAKIOH U
MOCOKaTa Ha JIBI)KCHHE Ha aBTOMOOWIIA € MpoBe/ieH TecT ¢ u3non3Bane Ha 9DoF (crenenu Ha
cB00Ooma) nHepnuanHa cuctema ¢ MEMS censopu, kosto BriarouBa 3D akcenepomersp, 3D
XKUpockon v 3D MarHuTOMeTHp.

Cucremara 3a KOHTPOJI ¥ YIIpaBJ€HHUE U3I0JI3Ba TE3U JaHHU, 3a€/IHO C JAaHHUTE 3a bIioBaTa
CKOPOCT 110 OCTa Z, 3a onpeesisiHe Ha HaurHa Ha JBMKEHNE Ha aBTOMOOMIIA Clie]] CpPaBHEHHE C
JAHHUTE OT CEH30pa 3a bI'bJla Ha 3aBbPTaHE Ha BOJIAHA 32 OTKPUBAHE HA MPOLECHU KaTO
HeJ03aBHBaHe WM Tpe3aBuBaHe. CpaBHSBAWKU TMOJYYEHOTO CTPAHUYHO YCKOPEHHE AX H
JAHHUTE OT brioBaTa ckopocT Gz cucTeMara OTKPUBA M HACTBHIIUIO CTPAHUYHO XJIb3raHe Ha

41



KYIIETO BCIIEJICTBHE 3ary0a Ha CIICTJICHHE C TbTHATA HACTHIIKA. bjlokoBaTa cxema Ha cUCTeMara
3a aKkTHBHA 0€30MMacHOCT € mokazana Ha ®ur.4.70 [142].

la

a,
IIpeso3no -
? CpeacTEo ¢
F
M, AKTHEBeH JdetexkTop Ha
KOHTpO.IEp 32 ABH:KEHHETO
VOpaBIeHHe R

®ur.4.70. briokoBa cxema Ha CUCTEMU 332 TUHAMUYEH KOHTPOJI

MakcumManiHata 6e30macHa CKOPOCT B 3aBOM 3aBUCH OT TEOMETPHSITA Ha 3aBOM, ChCTOSIHUETO
Ha ITbTHATA HACTUIIKA, CTAOMITHOCTTA Ha IIPEBO3HOTO CPEJCTBO CPEILY IPEOOPBINAHE U OIIUTHT
Ha Bojaya. KrMHemaTnueH MoJea Ha Ha MPEBO3HO CPEJACTBO C BI'hJI HAa HAKIOHA HA ITBTS €
nokaszad Ha ®@wur. 4.71 [144].

®ur.4.71. Kuuemartrka Ha JBUKEHUETO

Haii-Bucokata CKOpOCT, KOSTO MPEBO3HOTO CPEICTBO MOXKE Ja NMpPEeMHHE B KpHBa 0e3
CTpaHWYHO MPUTLTB3BaHE, MOXKE J1a C€ M3UMCIIN Ype3 U3pasa:

Vmax = AY; gR/ulat ' (450)

U IIparosata CKOpOCT Ha IMIPEBO3HOTO CPCACTBO B KPpHBa 0e3 HpGO6p’I)HIaHC MOXKE Ja C€ U3YHCIIN

4upe3 u3pasa.
Vo = JgRtan Biim (4.51)

3a eKCIepUMEHTAIHOTO M3CJIE/IBaHE Ha CHUCTEMAaTa 3a akKTHBHA 0€30MacHOCT € U3BbpIICHA
OIIEHKa Ha CKOPOCTTA Ha TIPEBO3HOTO CPEJICTBO B PEATTHU YCIIOBHSI Upe3 ABIKEHIE HA PEBO3HO
CPEICTBO 1O TIOYTH Kpbrosa opma Ha Tpaekropusara. [1o To3u Hauun cramuoHsT (Pur. 4.72)
e n30paH 3a pedepeHTHa TPaCKTOpHUs, Thil KaTo opMaTa My € MHOTO OJIM3Ka A0 Kpbhropara.
CkopocTTa Ha KprBaTa Ha 0€30IIaCHOCT CHIIO CE H3UUCIABA ChIVIACHO ypaBHeHUETo (4.54). Ts
Ce CpaBHsIBa ChC CKOPOCTTa Ha MIOPHUpPaHE W MPOTHO3HUTE PE3yJTaTH ca IMPEICTABeHH Ha
@urypa 4.74. Gurypa 4.74a u Ourypa 4.74b npencTaBinsBaT MPOrHo3HATa CKOPOCT HA KpUBaTa
Ha 0e30MaCHOCT M TEKYyIlaTa CKOPOCT Ha Mo upaHe ChOTBETHO 3a 30Ha A u B (durypa 4.72).
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@ur. 4.72. dopma Ha eKClIepUMEHTAIHATA TPACKTOPHS
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@wr. 4.74. N3unciiena 6e30macHa CKOPOCT Ha JBUKCHUC

[IpencraBeHuTe pe3ynTaTy MOKa3BaT, 4e CKOPOCTTA Ha IBIKEHHUE € TI0-HUCKA OT CKOPOCTTA
Ha KpHuBaTa Ha 0€30MacHOCT. AKO OYaKkBaHaTa MaKCHMallHA CKOPOCT Ha KpWBa € HAJBUIIICHA,
cUCTeMara 3a KOHTPOJI Ha CIEIUICHHETO HaMajsBa CKOpPOCTTAa Ha JBMKCHHE W 3amasBa
cTabuaHOoCTTa HAa aBTOMOOMIIA. Pa3paboTenaTa cucrema € B ChbCTOSTHUE Ja OTpeieN HaKJIOHUTE
Y TIOCOKAaTa Ha JIEHCTBUTEITHOTO JIBMKEHUE HA IIPEBO3HOTO CPEACTBO B CPABHEHHUE C KEITAHOTO
JBUKEHHE W J1a OCHTYpU OOpaTHa Bpb3Ka Ha IUIOCTHHUS KOHTpOJIEp Ha CHCTeMara, 3a Ja
MPEOTBPATH ITBTHUTE UHIIMJACHTH. TOH CHIO TaKa M3ITBIHSIBA N3YHCICHHUATA B PEATHO BpEMe
Ha KpPUTHYHATa CKOPOCT, KOSITO OOMKHOBEHO ce mpuema paBHa Ha 70% OT MakCHMAaIHO
J0MyCTUMATa, onpeeieHa mo uspas (4.54), u e B ChCTOSHHUE Ja MOAaAC HpeAyIpeaUTEIeH
CUTHAJ 3a MbTHOOMACHHU YYaCTBIM U Ja OCUTYPH HEOOXOJMMAaTa akTHBHA O€30MacHOCT MpH
nemkenune (dur.4.75). To3u 3amac e NpoaAUKTYBaH OT GakTa, Y€ KOeHUIIHEHTHT Ha TPUEHE Ha
rymMara ¢ IbTHAaTa HACTWJIKA HE € U3BECTEH B pEallHO Bpeme M B u3pas (4.54) ce u3mon3par
HETOBH yCPEAHEHU CTOMHOCTH 32 Pa3IMYHUTE YCIOBUA (CyX/MOKBD IIBT H JIP).
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4.5. UHepuuaJHi CHCTEMH 32 OLleHKA HA Bb3/1eHCTBHETO HA AaBTOMOOMJIHUS TPAHCIIOPT
BbPXY OKOJIHATA cpeAa

[IpeBo3HUTE cpelcTBa ca OCHOBEH M3TOYHHMK Ha 3aMbpCsBaHe Ha BB3yXa, KOETO HE Ce
OrpaHMyaBa caMO JI0 €MHUCHUMTE Ha ra3oBe, a BKIIOYBA U IIPAXOBUTE YACTUIM, KAKTO U
tormmHHUTE emucun. Ot cenremBpu 2017 T. HOBHSAT €BPONMEHCKM LMKBJI Ha ImodupaHe
(NEDC) Gemre 3amenen ot CBeToBHATa XapMOHHM3UpaHa MPOIEAypa 3a U3MUTBAHE HA JIEKU
asromobu (WLTP) 3a Bcuuku nmpeBO3HU CpeCcTBa, MyCHATH Ha mazapa oT cenrteMmBpu 2018
r., kosito ce npuiara B uenust EC, kakto u B Kuraii, AAnonus, Uuaus, Kopes u npyru crpanu.
Boeexxnanero Ha WLTP TpsiOBa 1a nmokake mo-peaCTHYHMA JaHHH, Thil KaTO YCIOBHATa MY
ca OJIM3KH JI0 pEATHOTO MoQupaHe, KaTo MO-IbJIT0 PA3CTOSTHUE Ha M3MUTBaHE (6,8 MWK cpenry
14,4 Muin), MO-BUCOKHM YCKOPEHUS M ITO-BUCOKA CKOPOCT Ha JABMXKEHHUE (cpeaHo 21 Muim B yac
cpemty 28,9 munu B 4ac) u np. [146]. NEDC u WLTP ca nBa Tecra 3a THIIOBO 0/100peHHE C
€IHa U chlla IeJ: Ja u3MepBar HuBarta Ha emucuu Ha CO2 u JOpyru 3aMbpCUTENH
(CO/HC/NOx/¢prar yacTHIM), KaKTO H pas3xojla Ha TOPUBO HA IPEBO3HOTO CPEJICTBO.
Pernamentute Ha EBponelickus cbio3 3a emucuuTe npu peanno modupane (RDE) usucksar
M3IMO0JI3BaHETO HA MPEHOCHMa cucTema 3a usmepsane Ha emucuute (PEMS), npukpenena kbsm
MIPEBO3HOTO CPEACTBO, 32 U3MEPBAaHE HA €MUCHUUTE Ha 3aMBbPCUTEIHM, HO TOBA HE € MHOTO
MPAaKTUYHO 32 JBIArocpouHo Hadmoaenne. Ocsen ToBa PEMS u3nckBa OTHOCHTEITHO TEKKO U
o0eMucTo obopyaBaHe, YUATO paboTa MOXe Ja ObJe MOBIUSHA OT OKOJHUTE YCIOBHS KaTo
TeMIIepaTypa, HaIMOPCKa BHCOYMHA, BUOpALIMU U Jp. TI0 BpeMe Ha peanHo modupane [147].
Cwiio Taka PEMS He ca TonkoBa TOYHH, KOJIKOTO ITbJIHA JIAOOpaTOpHA cUCTEMa, Taka ye HsMa
Jla U3MEPBAT ChC CHIOTO HUBO HA TIOBTOPsieMa TOYHOCT KaTO JIAOOPATOPHUTE TECTOBE.

B oOnactra Ha €KOJOTMYHUTE W3CIEABAHUS, U TMO-CHEIUAIHO MPH MOHHUTOPHHTIA,
nHepruaiHaTta usMmeparenta cucrema (IMU) yecTo ce u3non3Ba B KOMOMHALIUS CbC CEH30pU
3a Ka4eCTBOTO Ha Bb3/yXa, 3a Jla ce MPOCIIeIBaT IBUKEHUETO U U3TOUHUKBT HA TE3U YACTHIIH,
0COOEHO KOraTo € MOHTHpaHa Ha IPOHOBE WJIM MOOMIIHU MaTgopmu. HepuuamHuTe CUCTEMH,
6asupanu Ha MEMS Texnonorus, morar aa ObAat 1IeHEH MOMOIIHUK B KOMOWHAIUS C IPYTH
CEH30pH 3a OLIEHKa Ha Bb3/ICHCTBUETO HA MPEBO3HUTE CPEACTBA BHPXY OKOJIHATA Cpe/a KaTo
MPEeIOCTaBAT IeHHa WH(OpMaIlUs 3a TUHEHHUTE U BIIIOBUTE YCKOPEHUS Ha aBTOMOOMIIA, Thil
KaTo ce JJ0Ka3Ba, ye Te ca B MpsKa 3aBUCUMOCT OT OTJENSIHETO Ha (DMHU MPaxoBU YaCTUILIUA OT
TYMHTE U OT CIMpayHaTa cucTema. 3a 1o — JeTaiIHa OleHKa Ha Bb3/I€HCTBUETO HHEPLIUATHUTE
CEH30PH Ce KOMOMHHUPAT ChC CeH30pH 3a puHu npaxoBu yactuim [151-153], enekrpoxuMudHmn
CEH30pH 3a U3MEpBaHe Ha 3aMbpCsIBalllM ra30Be, KaTo BbriiepoaeH okcul (CO), a30THU OKHCH
(NOy), meusropenu BorieBogopoau (CHy) u ap. [154], uadpauepBenn KaMepH 3a TepMUUEH
MOHUTOPHHT, HHCTAIMPAHU Ha JIpoHOBe [155] mnu komMOuHanus ot rope n30poeHUTe CEH30pH
[156].

Enna TakaBa cuctema 3a ornpesienisiHe Ha 3aMbpCsiBaHe Ha Bb3AyXa C (PMHU MPaxOBU YACTHUIIH
(®ITY) e peanusupana B [A4], kosTo cBbp3Ba oTAensHeTo Ha PM2.5 u PM10 ¢ nunelinute u
YIJIOBUTE YCKOpPEHHMs Ha aBTOMOOWIA. 3alucaHUTE YCKOPEHHUs JaBaT BB3MOXKHOCT 3a
CUMYJIUpaHe Ha PEATHOTO JIBI)KCHHE Ha aBTOMOOWMIT Ha CTEH/T 3a aHalu3 Ha oTaenenute OITY.
Cuctemara ce 6a3upa Ha SOC ESP-C3, cBbp3an kbM nHepiuaiieH u3Mepnaresnen moayn (IMU)
¢ 6 crenern Ha cBoOoaa (DoF) BMI160, npoussexman ot Bosch.

IIpoBeneHO € eKcrIepuMEHTAIIHO TPOYYBAHE UPE3 MOHTUPAHE HA IPEIOKEHATA CUCTEMA HA
6en3uHoB aBToMoOm1 Chery QQ, kaTo MbpPBUAT AATYUK 32 IPAXOBH YacTUIIM (0003HAUEH KAaToO
JaTYWK 32 TYMH) € MOHTHPaH O/ KaJTHUKa, a BTOPHUSAT, 0003HaUEH KaTo peepeHTeH JaTuuK, €
MOHTHpaH Ha MoKkpuBa Ha aBTroMoOuna (dur. 4.77). TectBanute rymu ca monen Hankook c
pasmepu 155/65R13 u cneruduxanms 73H. Temneparypata no Bpeme Ha Tecta € 100 °C, a
TECTOBATa 3aj1a € 3aTBOPEHa, 3a J1a C€ eTMMUHUPA BIUSHUETO Ha TOMBbJIHUTEIHATA BEHTUIALIHSL.
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®ur.4.76. biokora cxema Ha 6DOF INS n3mepBarenna cucrtema

3anucaHuTe YCKOPEHHsI B pe3yJITaT OT PEaHO IBUIKCHHUE CE MPE/IaBaT Ha TMHAMOMETPUYCH
CTEH]I, KOUTO eMyJIMpa peaHOTO JIBH)KEHHE Ha 0a3a Bpb3KaTa MEXY YCKOPEHHE — CKOPOCT Ha
JIBMDKEHUE — 000OPOTH Ha BaJla Ha CTCHIA.

@ur.4.77. Paznonoxxenue Ha cenzopute 3a OITY (n3mepBareneH u pedepeHTeH Ha TOKPHUBA)

[Tonxydenure pesynraTH TOKa3BaT, 4e NPEBO3HUTE CPEACTBA MOraT Aa OBJaT OCHOBEH
M3TOYHUK Ha (MHM MPAXOBH YACTUIM TIO BpEME Ha YCKOPEHHE W CIHpaHe, 0OCOOCHO Ha II0-
MaJIK{ YaCTHIU C TUaMeThp 10 2,5 um. Thi kKaTo GUHUTE MPaXOBH YaCTHIHU C AUAMETHP IO
2,5 um ce CBBP3BAT C aCTMa U pecnupaTopHu cuMitomu, emucunte Ha OITY tpsadBa na 6baat
HaMaJIeHU WIH KOHTpoJMpaHu. [IpobneMbT e 1mo-oce3aeM MpH eNeKTPUIeCKUTEe aBTOMOOWIH
Mopajid TO-TOJIIMOTO WM TErJIo, T.e. MO-TOJSIMOTO W3HOCBaHe Ha TymuTte. ClenoBaTelTHo
OBACIIMAT KOHTPOJI HA EMHCUHUTE OT NMPEBO3HHUTE CPEACTBA TPsOBa Ja ObJe pa3IIMpeH, KaTo
BKJTIOYHM EMUCHHTE Ha ()WHU MTPAXOBH YACTHUIIH.

Jlpyra cuctema, pa3paboTeHa OT aBTOpa, 3a U3CJIEABaHE Ha Bpb3KaTa MEXAY OTACISTHUTE
OIMY m naunHa Ha modupaHe € pas3riielaHa B JUCEPTAIMOHHUS TPyA. 3a aHamu3a Ha
JIBUKEHHETO cHUCTeMara OTHOBO € 6asupana Ha SOC ESP-C3, Ho BepXy coOCTBeHa XapayepHa
mwiardopma, koeto no3BossiBa 6D0F IMU cucremata 1a 0b1¢ mombiHeHa ¢ 3D MarHuTOMETHp
(®ur.4.78) 3a nopaButue Ha cucremara 10 10DoF ¢ 24-6utoB O6apomersp. B pazpaborenara
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cucrema 6DOF IMU monyna, ceerosi ce ot 3D nuHeeH akcenepoMeTsp u 3D akcenepomMeTsp
3a BriaoBa ckopocT (kupockorn), ¢ ICM-42688-P, ornmuaBam ce ¢ Hali-HHUCKO HHBO Ha
mrymoBeTte (Tab1.1.8). To3u censop e cebp3an ¢ unmna ESP32-C3 upe3 SPI unrepdeiic mopanu
HeoOxoMMaTa BHCOKAa CKOPOCT Ha MPEHOC Ha JaHHU. YecToTaTa Ha aKTyalld3alus MOXKeE J1a
opae B auanazona 40-400Hz. UsnomsBanusar IMU cenzop moxe na 6bae 3ameHen ¢ IMU
cemsopu BMI270 (Bosch), LSM6DSR (ST Microelectronics) mau WSEN-ISDS (Wurth
Electronics) mopaay CbBMECTUMHS UM JM3aiH HAa U3BOAMTE. 3a pa3iiMKa OT IIbpBaTa CHCTEMAa,
KBJIETO € EMYJIUPAHO PEaTHOTO ABH)KEHHUE HAa aBTOMOOMIIA HA 6a3a Ha 3alMCaHu YCKOPEHUs, C
Ta3u CUCTEMa ca MPOBEICHU EKCIIEPUMEHTAIHU U3CIIeIBaHM C peasiHo JABmkeHue. [Iposeneno
€ CeKCHEpUMEHTAJIHO NpOy4YyBaHE Ype3 MOHTHpAHE Ha MpeUIoKeHaTa CHCTeMa Ha JIeK
aBTomoOmi ,,I1Ikoga @abdwma II 1.4 TDI“. ABTOMOOHIBT € JTabopaTOpeH aBTOMOOUIT Ha KaTepa
,»Opranuzanus 1 yrnpapjieHHe Ha aBTOMOOUITHUS TpaHCopT B TeXHUUeCKusl YHUBEPCUTET B
Codust (Pur.4.79), a TecToBUs MapuIpyT € okazaH Ha ®ur.4.80.
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®ur.4.78. brnokoBa cxema Ha 9DOF cucrema 3a n3mepBane Ha otnenenure OI1Y Ha 6as3a Ha
YCKOpPEHHMSITA HA IBUKEHUE

Cucremara e 3amnucasna BCHUKYA U3MEPBATEIHU JaHHU, HO aHAJIM3BT 00XBallla CaMo pe3yJITaTUTEe
3a JMHEHHOTO yCKOpeHHe No HaanbkHata (Y) u HanpeuHata (X) oc, KAKTO M YCKOPEHHETO Ha
BIJIOBATA CKOPOCT 110 BEpTUKAIHATA (Z) OC Ha IPEBO3HOTO CPEACTBO, Thil KaTO T€3U YCKOPEHHUSI
JONIPUHACHT 3a MPOLIECUTE Ha 3aBUBaHe, ycKopsiBaHe U cniupane (dur.4.81).

3anucanuTe JaHHM ce ummnoptupaTr B cpenata Ha MATLAB, kbnero ce o6paborBar u
CUHXPOHU3UPAT, 32 [1a C€ CPABHAT JIMHEHHUTE YCKOPEHUS U YCKOPEHUATA Ha BIIIOBAaTa CKOPOCT,
MO3UIMATA HA IPEBO3HOTO CPEACTBO, CKopocTTa U croiHocTtuTe Ha PIIY. Bpb3kara mexny
CTUJIA Ha IO(HpaHe U U3ThYBAHUTE YACTHUIIM € BUUMA [TPH aHAJIM3a HA JAHHUTE OT TOUKH 1—
5 Ha ¢urypa 4.81. Touka 1 oTpa3siBa mpolecuTe Ha YCKOPEHHE W CIIMPaHEe, KOUTO SICHO Ce
Ha0JI0AaBaT B JAHHUTE 3a yCKOpeHueTo (Ay) u ckopocTTa. HUBOTO Ha M3TbUBAaHUTE YAaCTHILIN
Ce MOBUIIIaBa NOPAX TPUEHETO HA TYMUTE U CIIMPAYKUTE IO BpeMe Ha Te3M npouecu. Touka 2
IpeJCTaBs IMpolieca Ha 3aBUBaHe, KOMTO € BUJUM OT JaHHUTE Ha xupockona (Gz). B to3u
ciydyail OposiIT Ha YacTHIIUTE Ce yBelnyaBa 3HAUMTEITHO IMOpPaayd MHTEH3UBHOTO TPUEHE Ha
rymure. Touku 3 U 4 HpeaCTaBAT IMOCIEIOBATEITHOCTH OT Mpolecd Ha Obp30 M OaBHO
YCKOpEHHE, TOKATO TOUKa 5 MoKa3Ba KOMOMHALUATA OT YCKOPEHUE Ha IIPEBO3HOTO CPEJCTBO U
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mponec Ha 3aBUBAHC. BuB BCHUYKU CIIy4Yanl WUHTCH3UBHUAT WJIM CHHOPTCH CTUJI HaIHO¢HpaHC

BOJIU J10 yBenn4YeHu emucuu Ha OITY.

#1 PM values

-
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@ur.4.81. 'paduka Ha TMHEHHHUTE U BITIOBUTE YCKOPEHUS
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5. I/IHepunaan CHCTEMHU 34 U3CJIcABAaHEC HA JTUMHAMUKATA HA IBUKCHHEC U
34 JMArHOCTHKA B KCJIC30IMNbTHUA TPAHCIIOPT

5.1. MeToau 3a u3MepBaHe HA KeJIE3HUSAT IbT

N3mepBane u olieHsIBaHE HA HAJIBUIIIEHUETO HA JKEJIE3HUSAT ITbT, HETOBOTO XOPU30HTAIIHO, U
BEPTUKAIHO MOJAPABHSABAHE, KAKTO U TAXHOTO MPUBEXKIAaHE B HEOOXOAUMUTE HOPMH, Ca
OCHOBHUTE 33/1a4¥ Ha aJIMUHUCTPAIUUTE 32 KOHTPOJI U OE30MaCHOCT, ¥ MOABPIKAHETO HA ITHTH.
CeBmecTHO C HepaBHocTuTe Io Kojemara Ha IDKIIC, nemsmpaBHOcTHTE HOBEXIAT 10
BB30YyXJaHE HAa TPENTEHE Ha BJIaKa U IIbTS, U IPEAU3BUKBAHE HA CUJIU JICHCTBAIIIM HA KOHTAKTa
KOJIeJI0O—pelica ¢ BUCOKA YeCTOTa. AKO CHIIMTE UMAT XapMOHHYEH XapaKTep ¢ YecToTa Oim3Ka
no cobctBenara Ha IDKIIC, noBexxgar 1m0 UMKIMYHU JeQOpMaludU B IBTS HA HAKAKBO
pa3cTosiHUE Clie]] MSICTOTO C HEU3IpaBHOCT. ['ojeMu TMHAMUYHY CHIIM C€ MOJIy4aBaT HE CaMO
OT CHUHYCOWJAJTHW HEPaBHOCTH, a W OT MPOCTPAHCTBEHM KOMOWHAIIMM HA TIOKA3aHUTE
HEPaBHOCTH.

OneHnkata Ha JaJieH yd4acThbK OT JKEJE3HUST IIBT CE€ U3BBPIIBA 4Ype3 aHaIU3 Ha
npenaBarenHaTra QyHKIHs, C KOSTO ce U3pa3siBa Bph3KaTa MKy FT€OMETPUUYHUTE MapaMeTpu
Ha mbTa ¥ AuHamuyHata peakiusa Ha [DKIIC B uectoTHaTa obnact. [Ipumep 3a u3nos3BaHeTo
i 3a mpeMHUHaBaHe OT U3MEPEHO YCKOPEHUE KbM HUBO Ha HEPABHOCTH € mokasaH B [169]. Te3u
(GYHKIIUY ca KAJIMOpHUpPaHU TIOCPEICTBOM CPaBHSBAHE HA CIIEKThPA HA U3MEPEHUTE YCKOPCHHSI
U CIEKThpa HAa HM3MEPEHUTE HEPABHOCTH., MPU PA3NIUYHU CKOPOCTTH Ha JBIKeHUEe. B
EBpomneiickute cTanaapTy 3a OKa4eCTBsABAHE HA ITBTSA CE 33]]aBAaT IPAHUIM, KOUTO OOMKHOBEHHO
ca (GyHKIUMU Ha JbJDKMHATa Ha HepaBHOcTTa. [Ipumep 3a TakbB crangapt € EN 13231-3 3a
KOHTpOJI Ha pesicuTe ciien nuiadane [170].

HpenaBaTenHapa (bYHKI_II/IH Ha €JHa TakaBa CHCTEMa CC JaBa OT U3pasa.

2

W,
W(w)= Foa)z , KBJIETO (® € KpbIoBa YeCTOTA. (5.8)
0

To3u u3pa3 HU AaBa Bpb3KaTta MeXIy TpaHchopMmanusta Ha Dypue Ha yCKOpEHHETO Ha
OykcoBus Bw3en S, (w) m Tpancdopmanmsra Ha Pypue Ha HepaBHOCTHTE Ha WHTA S, ().

1,6-10°
506
Hz nm w, =1116584rad/s. Koepuruenta Ha mpenaBane e cbe croiiHocT 0 dB 3a MHOrO

TpumepHa cToliHocT Ha W, 3a Kosieno ¢ Maca 506kg u k., =1,6-10° e f, = =1778

IIAPOK YecToTeH obxBat. PazoBarta xapakrepuctrka e 0 [rad/s] 3a MHOTO MIMPOK YECTOTEH
obxBaTt. ToBa moka3Ba, 4ye ako HAMEPHUM CIIEKTPaTHATA ITBTHOCT Ha YCKOPEHUETO B OYKCOBUSAT
BB3€N, upe3 TMpefaBaTeNHaTa (QYHKIMS IIe TMOJYyYMM M CHEKTpajdHaTa IUTbTHOCT Ha
Sy (@)
W(w)
YeCTOTeH Jauamna3oH. Taka ChIO OT MOJy4YeHaTa CHEKTpaliHa TUTBTHOCT Ha YCKOPEHHETO U
npenaBareHaTa (QYHKIHUS MOXE Jla Ce TOJydd JUCIepCUsATa Ha HEPABHOCTUTE HA ITBTA C
u3pasa:

o’ = T[\N(a)]z S (w)}dw. (5.9)

HepaBHOCTHTE HA IBTH S (w) = . Te3u cneKTpaJIHU TUTBTHOCTH Ca UICHTUYHU 32 IIUPOK

5.2. U3mepBaTtesiHa cucTeMa Ha 6a3ata Ha MEMS uHepuuaanu ceHzopu

3a ompesieNisiHe Ha TapaMeTPpH, XapaKTepU3upaIly JHHAMUKaTa Ha JKeJIe30ITbTHHA BO3UJIA U B
YaCTHOCT bI'bJIa HA 3aBbPTAaHE HA KOJOOCUTE WJIM TAJIUTHUTE, € KOHCTpyHUpaHa U3MepBaTelHa
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CHCTEeMa C BH3MOXKHOCT 32 UMEpBaHE 10 TPU OCH, Ha YCKOPEHHE, BIIIOBA CKOPOCT, MAaTHUTHATA
WHIYKIIAS Ha 3eMHOTO MarHUTHO I0JI€. 3a JJOKAIM3UpaHe Ha MECTOITOIOKEHUETO U CKOPOCTTa
Ha JIBIDKEHHE HA TPAHCIOPTHOTO CPEACTBO, B cucremara ¢ BrpageH GPS mnpueMHUK.
WNueprmanauTe naHHu ce monydaBar ¢ dectora 240Hz, kM TiIX ce 100aBAT JaHHUTE 3a
Mmecronoioxenne or GPS ¢ uwecrora 1HzZ m cweBMectHO ce 3amucBatr Ha SD kapra.
EnnoBpemenHo ¢ ToBa nanuute ce npenasat no GPRS kananm 1o cobcTBeHMKa Ha cucTeMara.
brokoBara cxemMa Ha YCTPOHCTBOTO U MSICTOTO HA MOHTUPAHETO MY B KOHKPETHUST CIy4ai €
nmokaszaHo Ha ¢urypa 5.4.

Xaccl
I I | Yaccl
: : Zaccl LA 4
I I 3
—ZZZ3 ngro‘ LPF
Ygyro

Kalman
filter

A

» PSD
————= |Xmagn

I
| L.
Zgyrd I
I 1] - I I
| Roll[ Pitch | Results

A |
[ !
: : Ymagn | | pr }Kalman/r
| |
[ |

Zmagr[ I filter Yaw
=7

: GPS data
|
|

SD card

o @ur.5.5. Cxema 3a 00paboTKa Ha

®ur.5.4. U3mepBaTenHa cucrema u CUTHAJINTE
Pa3noJIOKEHUETO 1

TbpceHUAT Br'bJl Ha 3aBbpPTaHE Ha Tajurara ce Ompeness cliel KaTo JaHHUTE ObaaT
IPOYETEHH U TPEBbPHATH B CHOTBETCTBAIIUTE UM (PU3MYHM BEIMYUMHM U C€ MPUIOXKHU
aIropuThMa 3a TAXHaTa 00paboTKa MoKazaH Ha ¢urypa 5.5.

YecToTUTE, KOUTO TNPEJICTABIISABAT MHTEpEC B KOHKpETHaTa pa3paboTKa, ce HaMUpar B
HHUCKOYCCTOTHHA CIICKTHP 3aTOBA 3a Ja C€ CJIMMHUHUpAT HGHHq)OpMaTI/IBHI/ITe BHUCOKOYECTOTHHU
CbCTaBKH, IIOJIyYCHUTE JIaHHM OT JKUPOCKONAa M MarHuToMeTbpa ce (QuiITpupaTr ¢
HUCKOYECTOTEH (PUITHP ¢ yecToTa Ha cpe3a 20Hz, a nanuTe OT akceaepoMeTbpa ¢ YeCTOTa Ha
cpe3a 1Hz CobBMmecTsiBaHETO Ha JaHHUTE OT MHepHHanHuTe ceH3opu U GPS ce ocwiectsaBa oT
nBa KaaMaHoBH ¢puinTbpa (KD), Bceku 0T KOUTO € ¢ 10 BE ChCTOSIHUS. ANIPHOpHATA OLIEHKA Ha
CBCTOSIHUETO CE OIpEAEs C u3pasa:

Xk = AXk-1+ Bu, 4,
KBIAETO Xk € MaTpula Ha CbCTOAHUCTO, A e nxn MaTpullia KOATO CBBpP3Ba IMIPOMCHIIMBUTC Ha
CBbCTOAHUCTO OT MNMpE€AvIIHaTa CTBIIKA k-]. CbC CBCTOSAHUETO B CTBHIIKA k, Ipu JMAIca U Ha
YyIipaBJIsABaIlio B’bSI[eI‘/’ICTBI/Ie H Ha IIyM B IIponcca. ManI/ILIaTa Bec PasMEPHOCT nxl u CBBp3Ba
yIpaBiIsBalus BX0 U CbC ChCTOSHUETO X. Ha momydeHusT Ha n3xoaa Ha GUIATHPA CUTHAT ce
HU3BBbPHIBA CIICKTPAJICH aHAJIN3 IMOCPCACTBOM MCTOAA HAa ICPUOAOTPAMUTE UITN yeleJ'IeT aHaJinu3.
W3non3Banero Ha yeiiBieT mnpeoOpa3yBaHETO € 3a MpEANOoYMTaHe MOopaau Mo-godpara My
pas3pciiaaBaliia CIIOCOOHOCT CAHOBPECMCHHO BbB BPEMCBATA U YCCTOTHA obOmactu. 3a IpOBEpPKa
Ha MPCATIOKCHUA METO e IMPOBCACH CKCIICPUMCEHT C TM kostTo 1o BpPEMC Ha CKCIICPUMCHTA
Oemre Oe3 IO'BbTHUIIA. ITo H3CJICABAHOTO TpacC € MPEMHUHATO CaMO BCAHDBIK IOpaJAu HAJIOXKCHU
OrpaHN4CHUs.

(5.10)
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Jannute ca oOpaboTenu B mporpamuara cpeaa Matlab. Onpenenena e croTBeTcTBamaTa
KpUTHYHA YecToTa Ha 6a3a Ha naHHuTe oT GPS npueMuuka, napamerpute Ha TM u nb14. Crien
npujaraHe Ha anropuTbMa oT ¢purypa 5.5 e monydeH broja Ha 3aBbpTaHe Ha Tanurara Ha TM,
nokaszaH Ha ¢urypa 5.8. KpaTkoTpaiiHuTe rojieMu CTOHHOCTH Ha bI'bjla, KOUTO ce 3a0esa3Bar
Ha YETUPU MECTa BbpXY (purypara ca BCJaeICTBHE Ha TOJIEMH yJIapHU BB3JICHCTBUS HA KOJIenaTa
BBPXY PEJICOBHSI BT, KOUTO ca JIOBEJH 10 rOJEMU CTOMHOCTH Ha JaHHUTE OT MHEPLHATHUTE
ceHzopu. Pezynrarure OT mocneaBamiys 4eCTOTEH aHAIN3 ca MpeIcTaBeHu Ha purypu 5.9.
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@ur.5.8. 'brea Ha 3aBBpTaHE HA TaTUraTa
5.3. AiropuTsM 3a 00padoTKa HA JAaHHUTE OT HHEPUHMAIHU CEH30PH

Crnen mocturaHe Ha ellaH OT HAac Opoil MpeMHHaBaHUS IO ONPE/EICHO HAaIpaBlICHHE,
3anucanuTe 1aHHU B SD kapTtara ce mpouuTaT U ce nojajgaraT Ha o0paboTKa 3a MoTydyaBaHe Ha
WHTEepecyBamara HU HWHPopmanus. LlsuocTHO mpomeca Ha OTKpUBaHE Ha MecTara C
HEM3NPaBHOCTH € MoKa3aH ¢ 6okoBara cxema Ha @urypa 5.11.

CrpImecTByBalMTe CHCTEMH 33 KOHTPOJ Ha IThTYBaHETO M CHOTBETCTBAIIHUTE WM
cTaHmapTu wu3nomsBar edektuBHata croHocT (RMS) u mmkoBara croiiHoct (P2P) Ha
W3MEPEHHUsl CHTHAJ, 32 Jla OTKPHAT OTKIIOHEHHWATa OT mpennucanute HopMmu.llparoBute
CTOMHOCTH Ha YCKOPEHHUsTa B KOIIAa HA BO3UJIOTO BB BEPTUKAIHO U CTPAHUYHO HAIIPABICHHUE
ca neUHUPAHH OT PA3IMIHHTE JKEJIEC30IIbTHN aJIMUHUCTPAIINHN 32 TSAXHA yrnoTrpeda 1 B 0OIIus
Cllydaid Te ce pa3inuaBaT nomexay cu. B [164] ca naneHn HacTosmure CTaHJapTHU CTOMHOCTH
U TPETNOPBUYUTEIIHUTE HOBH CTOMHOCTH 32 aMEPUKAHCKUTE KeNe30mbTHH JUHUH. OT
HalnpaBeHUTE U3BAJKU OT CTAHAAPTU € BHJHO, Y€ 32 BEPTUKAIHOTO YCKOpeHHe Ha OyKCOBHUs
BBb3€Jl HE € Mpe/BUJIeHAa HOpMa, OTKBJAETO HE MOXKE Ja C€ ONpeiesu €IHO3HAYHO Iparona
CTOMHOCT, CPSMO KOATO Jia ce MpaBsT OlleHKH. Tps0Ba a Ob/ie onpeiesieHa TakaBa.

ExcriepuMeHTBT ¢ eJeKTpryeckaTa MOTprca Ha SIeMens e mpoBe/IeH MO HAIPaBJICHUETO
Codus-banks. B paMkure Ha eMH JeH MOTpHCaTa MPEMHHABA MO HAIPABICHUETO HSAKOJIKO
IBTH, KOETO € JOCTAaThYHO 32 MoJTydaBaHe Ha HEOOXOAMMHUTE JaHHU. J[BeTe ycTpoiicTBa Osixa
3aKperneHy Ha OyKCOBUTE BB3JIM Ha e/lHa OT KOJIOOCHTE Ha IpeaHara tanura. OpueHTanusaTa Ha
aKceJepoMeThpa Ha €JHO OT U3MEpPBATEIHUTE YCTPOUCTBA CIIPSMO MOTpHUCaTa € MoKa3aHa Ha
Qurypa 5.12.

50

1500



OTKpI/IBaHe Ha MECTa
C HCEU3NPAaBHOCTHU OT I'BTA

YeTeHe HA JaHHA
or SD kaprara

v

Onpe;[en;me Ha UHTCTPAJIHATE OLICHKH
3a U3CJICABaHUs YIaCTbK

v

M3060p HA MSCTO OT ydacThKa
C JIOIIa MHTETPAJIHA OLIEHKA
¥ U3BJIMYAHE HA JAHHUTE 32 HEro

v

AHamm3 Ha JAHHUTE 3a BCIKO €IHO
MpEeMHUHABaHe TIpe3 N30paHOTO MSICTO

Y
asneyarBane Ha GPS koopauHarure
Ha OTKPUTUTE MECTa, B KOUTO CE
IIPEBUIIABA 3a/IA/ICHUS IIpar Ha
YCKOPEHHETO, I10 u30paHara o
v
HW3uepraBaHe Ha ydacThbKa H
MecTara BbpXy HETo, B KOUTO C€
MPEBHIIIABA 3aa[CHUS Ipar Ha
YCKOPEHHETO, 110 n30paHara 0oc
v

Kpaii

@ur.5.11. biokoBa cxema Ha alropurbMa 3a 00pab0TKa Ha MOTyYEHUTE TaHHU

®wr. 5.12. I3MepBaTerHo YCTPOMNCTBO MOHTHPAHO BEPXY OYKCOB BB3EI
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@ur. 5.15. CpaBHeHHe HA yyacThIUTE, B KOUTO C€ NPEBUILABA 3a/1aICHUAT Tpar,
IIOJIyUYEHU C U3MEPBATEIHO YCTPOUCTBO 1 1 2

Ha ®urypa 5.15 ca nokazanu pe3ynrature oT 00padoTKaTa Ha BCHUKUTE JAHHU OT JIBETE
yCcTpoiicTBa, 6€3 na ce OTAENAT NPEeMHUHAaBaHUATA B CHOTBETHATa IMOCOKa. 3abens3BaT ce
y4acThIM, KOUTO CE MOBTAPAT U IIPU JABETE YCTPOUCTBA. 3a IO-TOYHA OL[EHKA € HE0OXOJUMO OT
oOlINTE TaHHU Ja ce OTAENAT OTIACIHUTE MPEeMUHABAHUA U Ha TAX JIa C€ HAIIPaBH MHTETpaliHa
orieHKa. OT NOJYyYEHUTE y4acThIM C IPEBUILIEHA IPAaroBa CTOMHOCT Ha YCKOPEHUETO € U30paH
3a moApoOeH aHaIM3 TO3H, KOWTO € B HETOCPECTBEHHA OJIU30CT 10 cnupka MBaHsHe, mopaan
0JM30CTTa My 10 aBTOMOOWJIHMS ITBT M MO-JIECEH JOCThI 10 Hero. [Ipe3 Hero e mpemMuHaro
001110 IIeCT MbTH, HO 32 aHAJIM3 ca U30paHU TpUTE MPEMUHABAHUS HAa y4acThKa B IOCOKA OT
banks kpM Codus. AHaIU3BT HA JaHHUTE B YECTOTHATa 00JACT € M3BBPUIEH 110 METoJa Ha
NEPUOJOTPAaMUTE M C U3NON3BaHE Ha YyeuBiner nakerute. [lomydyeHuar pesynarar oT
MEPHOIOTPAMHUTE € ToKa3aH Ha durypa 5.26.

PaanpeseneHie Ha YeCTOTHHAT CNEKTER BLE BYHKUMA Ha reorpadckata AenMHa —Z1_gsm.
CurHaneT e obe3WYMEH KaTO Ca M3NON3BAHW CNEAHATE HAcTpOikK —-Stationary Wavelet-rigrsure--sin-s

HectoTa B [Hz]

23.1684 231743 23.1841 23.196623.167
Feorpafcka fenxuHa
PaznpegeneHie Ha YBCTOTHUAT CNEKTEA BLE DYHKUMA HA re0rpahickaTa AbnxuHa —I2_gsm
CurHaneT e ofie3lWyMEH KATO Ca UENONIBAHA CNEJHATE HACTpOAKK --Stationary Wavelet-rigrsure—sln-s

Hectota B [Hz]

23,1692 231738 231836 231952 231671
Feorpadcka 4MKHHE
Paznpefenciie Ha YeCTOTHUAT CNEKTER BLE BYHKUMA Ha reorpadickarta AbMxuHa —L3_gsin
CurHaneT e ofie3lWyMEH KATO Ca U3NONIBAHA CNEJHATE HACTROAKK --Stationary Wavelet-rigrsure—sln-s

HectoTa B [Hz]

23,1685 231735 231834 23.1943 23167
Feorpadcka 4MKHHE

@wur. 5.26. CriekTporpamMu Ha YCKOPEHHETO B U3CIICIBAHHS YIACTHK
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[IpoBenenuTe M3cneaBaHMs MOKa3BaT, 4ye pa3zpaboTeHUTe cucTeMHu Ha Oa3ara Ha MEMS
MHEpLUaIHU CEH30pU MOraT Ja Ce M3II0J3BaT KaTO CHUCTEMH 3a aHajlu3 Ha JMHAMMKaTa Ha
JBIKEHHUE B PEaTHO BpeMe, KaKTo 3a OTKPUBAaHE HA KOMIPOMETUPAHU yYaCTBIH OT JKEJIC3HUS
I'bT, TAKA ¥ 32 MOHUTOPHUHT Ha IOIIYCTUMUTE YCKOPEHUS NIPH ABUKEHHE HA MOABHIKHUS ChCTAB
3a IOCTUTaHEe Ha HEOOXOIUMUS KOM(DOPT MPH NMPEBO3 HA MBTHHUIIN CHIVIACHU U3UCKBAHUATA HA
crannaprure Ha EC.

5.4. I3MepBaHe M aHAJIN3 HA CHCTOSTHHETO HA TPAJICKH
JKeJIe30IbTHH JIMHUY HA 0232 TUHAMHKATA HA IBHKEHHE

bezonacHo 1 KOM(pOPTHO IBMKEHUE HA TPAMBAHUTE OT TPAJICKUS TPAHCIIOPT CE OIPEIesis OT
ChCTOSIHUETO Ha JKeJIE€3HUs IIbT U OT IMHAMUYHOTO UM B3aliMoJielicTBue ¢ Hero. B npoueca Ha
HEroBOTO M3IIOJ3BAHE HapacTBaT OTKJIOHEHHUATA OT MbPBOHAYAIHOTO My IPOEKTHO
noJjioxkeHue. HemsnpaBHOCTUTE, KOUTO CE IIOIy4aBaT B HEroBaTa reOMETpUsITa, MOraT Jja Obaar
MEPUOJNYHH, alEPUOJUYHU WIK ciiydaliHu. CBbBMECTHO C HEPaBHOCTHTE IO KoJiejaTa Ha
TpaMBasi, HEM3MPABHOCTUTE JOBEXkAAT A0 Bb30YXKJIaHE HAa TPENTEHUs HA TpamMBas U MbTS, U
IIPEJU3BUKBAHE HAa CHJIM JEHCTBAIlM HA KOHTAKTa KOJEJIO—pelIca C BHCOKA YECTOTa.
M3mepBaHe Ha TEKYIIOTO CBbCTOSHHME Ha JKEJIe3HUs IMbT MOXE Ja Ce M3BbpPIIM C
IbTEU3MEPBATEIIHM MOTPUCH OT TuHa Ha pasrienanure B [187], mocpeacTtBoM, KOWUTO
reoOMeTpHUsATa Ha MbTA MOXE I[EePHOAMYHO Jla C€ OLEHsIBa JAUPEKTHO OT HaIpaBEeHHUTE
n3MmepBanus. Ho Te3u n3amepBaHus M3UCKBAT Jja UMa CKbIIOCTPYyBallla MOTPHCA, 3a U3BbPILIBAHE
Ha M3MepBaHe Ha peyicoB MbT ¢ Mexaypencue 1009 mm, koiTo € chbC CpaBHUTETHO Majka
IBbJKUHA. 3aTOBA OLIEHKA 3@ CbCTOSTHUETO Ha KEJIE3HUSI BT CE ONPEEII OT PbUHU U3MEPBaHUS
Ha TreoMeTpusiTa Ha IbTS. Ta3u OleHKa Ha NbTS MMa MHOIO ciaba Kopesanus MExXIy
MOJTyYCHNUTE KOJIMYECTBEHH OLCHKH M MPEIN3BUKAHUTE CHIIM OT IBTS B TpamBasi, a KompopTa
Ha I'bTYBAHE C€ OIpeelis OT JMHAMUYHUTE CHJIM ACHCTBAIM Ha MbTHUKA. ToBa € mpuYMHaTa
Ja ce Ch3JajaBaT HM3MEpBaTEeHU CHUCTEMHU 3a M3MEpBaHe Ha JUHAMHYHUTE pEakIuu Ha
TpamBasi, OT B3aUMOJEUCTBUETO MY C ITBTS.

5.4.2. UHepuMAaJHM CHCTEMH 32 H3MePBaHe U AHAJIM3
M3MepBaTenHOTO YCTPOMCTBO MpeACTaBiIsABa CaMOCTOSATENEH MOJIYJ, KONTO MoiydaBa

3axpaHBaHe OT €JEKTpUYECKaTa CHCTeMa Ha TpamBas. HeroBara BBTpeIIHA apXHTEKTypa €
pasrienana B [186], a ocHOBHHTE eleMeHTH OT cucTeMara ca npejcraBeHu Ha durypa 5.32.

-f

GPS cuctema

Oneparopcka CTAHIHA

Tpameait Crpepp - baza aHHU
®ur.5.32. CtpykTypa Ha U3MepBaTeIHaTa CUCTEMA

yCTpOﬁCTBOTO CC MOHTHpa BBPXY 6YKCOBI/I$IT BB3CJI HAa TpaMBasdA, KaTO CC B3E€MaT MCPKU
KOHTaKTa MEXKAYy TIAX [da € cTaduIeH U Ja JIMIICBAaT MCEXIHWHHH CIICMCHTH, KOHTO ouxa
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NPOMEHMIIM BHUAa Ha mpenaBarenHara ¢(yHkuus. CamMo MO TO3M HAYMH MPEIU3BUKAHUTE
YCKOpEHHs ca BCIIEACTBUE JTUHAMHKAaTa Ha TpamBas, a HE OT IPEMECTBAHE HAa yCTPOUCTBOTO
cpsimo OykcoBust Bb3en. C Brpagenust GSM moznem ce usnpamar nanau, no GPRS kanan u
Internet, no cepBBpa oOCTyX)Bal] MOTPEOUTENS HAa CHCTeMaTa. Taka B pealHO BpeMe MOKe J1a
ce moiydd WHPOpMAlMsA 3a MECTOIOJIOKEHHETO Ha BO3MJIIOTO, CKOPOCT Ha JBIKCHHE,
YCKOPEHHS TI0 ChOTBETHUTE OCH, KOUTO Ca MO-TOJIEMH OT MPEABAPUTEIHO 33/1aICHU PAaroBH
CTOMHOCTH.

5.4.3. AaropuTbM 3a 00padoTKa HA NOJTyYeHUTe JAHHH

AnropurnsMma, 1Mo KOWTO ce oOpaboTBar maHHuWTe € TMoka3aH Ha Durypa 5.33. Bpb3kara
MeX1y rojieMUHaTa Ha YCKOPEHHETO W3MEPEHO OT aKCEeJIePOMETHP U YeCTOTaTa, C KOSITO TON
ce ImpeMecTBa, ce onpeens ¢ uspasa [188]:

3—éx(t)<—>(j27zf X (1), (5.12)

KBJETO X(t) € MPEMECTBAHETO Ha aKceJIepoMeThpa BbB BpeMeBaTa 00JacT, a X(f) e
oOpasa Ha X(t), noJiyueH ¢ npeobpazyBaneto Ha Dypue.

Pesynrarure noka3par, 4e BUCOKOYECTOTHUTE YCKOPEHUS CE€ MOJIy4yaBaT OT MHOTO MaJIKU
IIPOMEHU B CKOPOCTTA U HE3HAYUTEIHU [IPEMECTBAHMS, JOKATO HUCKOYECTOTHUTE CUTHAJIM CE
OTHACAT KBbM TOJEMH NIPOMEHH B CKOpPOCTTa W TpemecTBaHeTo. [IpemecTBaHeTo BBHB
BEPTUKAJIHA M1OCOKA MPU JBM)KEHUETO Ha TpamBas MOXeE Jla ce MPEeIU3BUKBA OT HEJIMHEHHU
€JIEMEHTH B OKauBaHETo. J[aHHW OT M3MEepBaHUs MMOKA3BaT, Y€ BUCOKOUECTOTHH BUOpAIMU Ce
1ojlyyaBaT IpU IPEMUHABAHE HAa HACTaBUTE Ha peyicuTe. Te3u KOMIOHEHTH B CHUTHala OT
aKcelepoMeThpa MOJIyYeHHU OT ''TIIaBallld’ HACTaBU U HEJIMHEWHU YAapH ca MO-MajJKO BaXXHU
OT PE30HAHCHUTE SIBJICHUS MPU JBMXKEHUETO Ha BO3MJIOTO. 3a J1a ce M3CJIeABaT MOJIy4YeHHUTE
JIAHHU 32 HAaJM4YUe Ha PE3OHACHU SBICHHS M MPE00JIagaBalIiTe YECTOTHA ChCTaBKH B TAX, C€
M3II0JI3BAT CHEKTPOrpaMu, MOJIYYEeHHU KaTo ce U3IouI3Ba mpo3opeuHara Oypue tpanchopmarus,
yelBIeT NakeTu U MapaMeTpUUeH CIIEKTPaIeH aHaIN3.

3HauMMHU NpeMecTBaHus ce Habmogasat B quana3ona 0—10Hz | 3aroBa nomydeHust curHan
ce puntpupa ¢ HuckouectoTeH Guarep. Tol e peanusupan ¢ Gpynkiusta Low_fft filter_f. 3a
Jla ce MOJy4H ToJIEeMUHATa Ha IPEMECTBAHETO U CKOPOCTTa Ha OYKCOBHSI Bb3€l, OT MOJTy4YEHOTO
YCKOpEeHHe, € U3BbPIICHO 1i(poBo uHTerpupane [189]. [Ipu uHTErpUpaHeTo € OT CHIECTBEHO
3Ha4YeHHe Ja ce IMpeMaxHe MOCTOsSHHATa ChCTaBKa M Jipelda B CUTHaia OT aKcelepoMeThbpa
[190]. 3a nenTa e U3MOI3BaH BUCOKOUYECTOTEH PEKYPCHBEH (QUITHP OT BTOPH pPell, peaiu3upan
c ¢ynkuusta Hi pass modif f. M3mepeHusT curHai e HopMalHO ¢ HpeoOagaBal
BHUCKOYECTOTEH IIIYM, AbJDKAIL C€ HA CTpyKTypara Ha BUOpauuute. C moMoIra Ha METoIu OT
yeiiBrieT npeobpasyBaHeTo [191] ce u3BbpIIBa MpeMaxBaHe Ha MpeoOIaJaBalliTe TYMOBU
KOMIIOHEHTH B CHTHAJIA.

[IpemecTBaHeTO BBHB BEpTHUKaHA IOCOKA NpPU JBM)KEHHUETO Ha TpaMBas MOXE Ja ce
MPEIN3BUKBA OT HEIIMHEHHM €JIEeMEHTH B OKayBaHeTO. J[aHHM OT M3MepBaHWs MMOKa3BaT, 4e
BHCOKOYECTOTHU BHOpAIMM Ce MOJIydyaBaT pU IpeMUHABaHe HAa HACTaBUTE Ha penicute. Te3n
KOMITOHEHTH B CHUTHaJIa OT aKCceJIepOMeTbpa MOIYYeHH OT »IIaBallli» HACTaBU M HEJIMHEHHU
yJapu ca Mo-MaJIKO BaKHU OT PE30HAHCHUTE SIBJICHUS MPU JIBUKEHUETO Ha BO3UIIOTO, HO TE ca
C Mpeobi1afaBanii aMIUTATYIH TP OTPEACIITHETO Ha TTMKOBHUTE M €()eKTUBHUTE CTOWHOCTH Ha
curHaja. 3a Ja ce M3CleABaT MOJy4YeHUTE JaHHM 3a HaJMYMEe Ha PE30HACHU SIBICHUS U
npeo0JiagaBaliuTe YeCTOTHU ChbCTAaBKU B TAX, CE€ U3MOJI3BAT CIEKTPOrpaMu, MOJIYyYeHH KaTo ce
u3non3Ba mnpo3opeuHara Dypue TpaHcPopmainus, yeHBIET MaKeTH W IapaMeTpUudeH
CHEeKTpaJieH aHaiu3. B anropuTbma Te ca peaau3upaHd CHOTBETHO C (YHKIHUHUTE -
Fft_spgrama_f, WP_spgrama_f, ACF_fft_draw_f.
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v
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@ur.5.33. AnroputsM 3a 00paboTKa Ha TaHHUTE
[IpoBepkara Ha IPeITOKEHUAT aJTOPUTHM € IIPOBEJIEH Ha 6-0CHA TpaMBaitHa MoTpuca T6M
400. Pa3npeneneHue Ha MecTaTa MO y4acTbKa, B KOMTO C€ MPEBUIIA M3UMCICHHUAT Ipar 3a

JaIeHOTO M3MEepBaHe, ca moka3anu Ha Purypa 5.35.
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@ur. 5.35. MaTerpaiHa olleHKa Ha YCKOPEHUSITA 110 TPACETO
5.5. U3ciieqBaHe U OlleHKa HA BUOpanuuTe B TpaMBaiiHa MOTpUCA

PencoBust Tpancnopt mpejiara mo-KOM(OPTHO MbTyBaHE B CPaBHEHUE C OCTAHAIUTE
BUJIOBE TpaHCHOPT. BepXy KoM opTa Ha MbTyBaHe BAMSIST MHOTO (JaKTOPU KaTo: TEMIIEpaTypa,
IIyM, yI0OCTBO Ha CEAJIKUTE U APYrd, HO OCHOBHO BIIMSHHME MMaT BuOpauuute. TexHute
OCHOBHM TapaMeTpH ca aMILIUTY/1a U 4eCTOTA U 3aBUCAT OT KOHCTPYKLUATA HAa TPAHCIIOPTHOTO
CpPEeACTBO, TEXHHYECKOTO MY ChCTOYHHUE, ChCTOSHUETO Ha ITbTHATA MPEXka, KBATU(UKAIIATA HA
BOJIa4ya U JIp.

Llen Ha m3cIeaBAHETO € Jla Ce ONpeAeNd HMBOTO HAa BHOpAIMMTE HA I0/a HA TpamBaiiHa
MOTpHCa U /12 CE HAIIPaBH OlLIEHKa 3a KOM(OPTa Ha MPABOCTOSIIIUTE IbTHUIM. 32 U3MEpPBaHe Ha
BUOpalMUTE O TPUTE OCH € peau3rupaHa U3MepBaTeIHa CUCTEMa, ChCTOSAIIA CE OT CUCTEMA 3a
pazeute EK3LVO02DL Ha ¢pupmara STMicroelectronics [197] u nepconanen koMnotsp. B
cucremara e usnoispan akcenepomerbp LIS3LVO02D peanusupan no MEMS texnonorusra.
Herosara uwyBctButenHoct € Img. Cucremara 3a pazsurue EK3LVO02DL e moHTHpaHa Ha oza
B IIEHThpa HaJ 3aJBM)KBalllaTa KOJOOC Ha TpamBaiiHaTa MOTpHCa U HEWHUTE OCH ca
opueHTHpaHu chriacHo cranaapta ISO 2631-1:1997 3a npaBocrosiy nsTHHK, (Durypa 5.41).
[TonydyeHuTe naHHU 3a YCKOPEHHSTA MO CHOTBETHUTE OCH ca 0OpabOTEeHM IO aJrOpUThMA,
noka3zaH Ha Purypa 5.42.

OcHoBHaTa XapakTepUCTUKAa M3MOJ3BaHA 3a OIEHKAa Ha KoMdopTa mpu MBTYyBaHE €
eeKTUBHATAa CTOMHOCT Ha MpPETErIeHoTo yckopeHue. HeroBata croifHOCT ce ompenens 3a
BCsKa OC MOOT/AETHO ¢ U3pasa:

2

a,,rms = %ZN:(awj(n)) ,
n=1

KbAeTO N € OposIT Ha OTYETHUTE, ] YCKOPEHUETO 110 ChOTBETHATA OC.
B ciydaiiTe koraro mMamMe BHE3aITHU yIapy ce U3I0J3Ba BbpXoBust paxTop (crest factor), 3a
Jla ce MpELeHW Jalld J1a CE€ M3IOJI3BAaT JONBIHUTEIHU XapaKTEPUCTUKU 3a OLCHSABAaHE Ha

KoMmdopTa:
cF - |maxa,) (5.14)
a,;rms

3a 1a ce B3eMe MpEaBU MOMEHTHHMTE BHOpAIlMM U yAapH Ce U3I0J3Ba MHTErpHpaHe 3a
KpaTko Bpeme. B crannapra [192] ce npenopbuBa ToBa J1a Obje 1s U ce onpeaens oT u3pasa:
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ny+fs 2
MTVV, = max | 3 (a, (n)) (5.15)

S n=n,

KbeTO fS e yecroraTa Ha qUCKpeTU3alys Ha curHaia, no= 0,1,2....N-fs-1.

Tz

%
W

| Triaxial acceleration on the floor |

v
| Frequency weighting W, or W, ‘

No Yes

A4

v
| MTvv || vDV |

¥ v
SUM Arms |SUM mtvy| |SUM vav |
¥ ¥

X |Compare with values given in ISO 2631 and 2002/44/EC |
®ur.5.41. OcHOBHHU OCH Ha YOBEUIKOTO ®ur.5.42. AnroputhbMm 3a U3MEpPBAHE U
TS0 OIICHKA Ha BH3JICHCTBUETO HA BUOPAITUUTE

BBPXY YOBCUIKOTO TAJIO

Bropara xapakrepucThka € CTOHMHOCTTa Ha BHOpamuonara mo3za VDV (vibration dose
value). Ta3u xapakTepuCTHKa € I0-4yBCTBUTEIHA HA MUKOBU CTOMHOCTH B CHI'HAJIA OTKOJIKOTO
MTVV. Usmepsarennara efennna e m/s™’°. Onpenens ce ¢ u3pasa:

(5.16)

I[OH’I)J'IHI/ITGJ'IHI/ITC XAPaAKTCPUCTUKU CC€ B3C€MaT IMPEABHU IPU OKOHYATCIIHATA OLCHKA Ha

BB3/ICCTBUETO HAa BUOPALIMUTE BbPXY YOBEKA KOTaTO CIETHUTE U3PA3H Ca U3IIbIHEHHU:
MTVV, VDV

=15  (5.17)
a,;rms

— 1 _-175 (5.18)
1/4
a4 @, rmsT

HOHy‘leHI/ITe e(l)eKTI/IBHI/I CTOMHOCTHU IO OTACIHUTE OCH CE KOM6I/IHI/IpaT 3a I10JIy4aBaHC Ha
o61uaTa e(l)eKTI/IBHa CTOMHOCT C nu3zpasa:

a, = \/(kfawX rms)2 + (kfaWy rms)2 + (kfawZ rms)2 (5.19)

kpaeto K., K, _K, ca koehumeHTH, 9MUTO CTOWHOCTH 3aBUCST OT MO3HIUATA HA YOBEKA

y
U OT HamnpaBJIeHUETO Ha BUOpalusITa. 3a ciiydas KOraro 4YoBeKa € B IPaBO MOJI0KEHHE TEXHUTE
cToiiHOCTH ca 1. 3a orieHka Ha koM¢opTa MpU IHTYBAHE CE U3MOI3BAT MOTYYSCHUTE CTOMHOCTH
U ce cpaBHABAT ¢ pe)epeHTHUTE MO CTaHAAPT.

3a oleHKa Ha BB3JACHCTBHETO HA BUOpAIMUTE BBHPXY YOBEUIKOTO TSAJIO Ca MPOBEIACHH
eKCIICpUMEHTAITHA M3CIEABAaHUSA, KaTO aHHUTE ca IOJIy4YeHHW OT JIBE MPEMUHABaHUS Ha
TpaMmBail Mo €IHO U ChIo Tpace. [IpoabKUTENHOCTTa HA ABaTa 3amuca € u3bpana na Obae
JOCTaThbUYHO ABJra 3a Ja ObJe CTaTUCTUYECKH NpPEICTaBUTENIHA U 3a Ja € CUTYypHO, ue
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M3MEpEeHUTe BUOpAIMM ca THUIMYHH 32 OlIEHEHarTa 1103a, U € 25 MuHyTH. 3a o0paboTka Ha
IIOJTyYEHUTE JJaHHM € U3II0JI3BaH alropurbMa oT Purypa 5.42, koifto e peanuzupad B Marial.
[Iperernenara CTOMHOCT Ha YCKOPEHHUETO IO ocTta Z Ipu BTopaTa OOMKOJIKA,
ChOTBETCTBAIlATa MYy MaKCHUMajHa CTOMHOCT Ha MoMmeHTHUTe BuOpamuu (MTVV) u
cToiiHocTTa Ha BHOpauuonata no3a (VDV) ca nokazanu Ha @urypa 5.44.
[TomyyeHuTe CTOMHOCTH 3a BBPXOBHS KOE(QUIMEHT ca IO-TOJIEMH OT 9 M IO TPUTE OCH
MTVV;, i
(®urypa 5.46). Cpmo taka ———— >1.5 1 —————;- >1.75 ce usnbnnsasar. Topa Hanara
a,;rms a,,;rmsT
7la ce OIpPEeIeNaT U JOI'bIHUTEIHUTE XapaKTePUCTUKHU 3a HAallpaBa Ha OLlEHKaTa Ha KoM¢opTa.

[Tonyyenure pe3yiaTaTd 3a €QPEKTHBHUTE CTOWHOCTHM HA IMPETErJICHOTO YCKOpPEHHE,
MaKCUMAaJIHUTE CTOMHOCTH Ha MOMEHTHUTE BUOpaLUU U CTOMHOCTUTE HAa BUOpPALIMOHUTE 103U
M0 BCAKA OT OCHTE M OOIIMTE MM CTOMHOCTU ca mokazanu Ha Purypa 5.47. Ilomydenute
CTOMHOCTH HE IPEBUIIaBaT MAKCUMAJIHO JAOIYCTUMHUTE CTOMHOCTH, KOETO € OCHOBAHHE /1a ce
HampaBu OlEHKa 3a KoM(popTa Karo ,,HeKOM(pOpPTHA™ W CTOHHOCTHTE Ha BHOpAIIUUTE KaTO
HEPUCKOBH 3a 3/IpaBeTO Ha IIbTHUKA.

Ha 6a3ara na ISO 2631-1:1997 u EBpomneiickara mupextuBa 2002/44/EC e pa3paboTeH
METOJ 3a OlleHsBaHe KoMmdopTa IpH MbTyBaHE Ha NpaBOCTOSLl MbTHUK. [IpencraBeHu ca
Pa3IMYHK XapaKTEPUCTHKH M3IOI3BaHM MIPH OIICHKaTa Ha KoM(opTa MpH MbTyBaHE KAaKTO U €
pasriefaHo M3I0J3BAaHETO Ha CHILUTE TE3M XapaKTePHCTUKU 3a OLEHSABAaHE Ha pHCKa OT
HeOJIaronpusATHOTO BB3/ICHCTBHE Ha BUOpAIIMHUTE BBPXY 3/paBeTO HA yoBeKa. CHIIUAT MOXE
na Ob/ie U3MO0JI3BaH U IpU 00paboTKaTa Ha JaHHU OT U3MEpPBaHUATA Ha BUOpALIMK HA CeAajKa
Ha IbTHHUK. [lomydeHuTe pe3ynraTu moka3BaT, 4e BUOpAIMKTE Ha [10/1a Ha TpaMBaliHa MOTpHUCA
He ca AUCKOM(OPTHHU 3a IPABOCTOSIIL ITbTHUK M HE Ca PUCKOBU 32 HETOBOTO 3/IpaBe.

CF

W CF: 7157 B CF: SUM:15.7

e LB
B CF;X; 10,6
B CF; ¥,5,02
WY
. i
sUmM

®ur.5.46. U3unucnenu croitnoctu 3a Crest factor

M VOV [mis*1.75]; M VDV [m/s™1 75];
Z: 3,203 SUM:; 3,208

B MTVV [m/s*2]; B MTVV [mis"2];
1,069 SUM; 1,071

- VDV [mfs“1 75]; ™ vDV [rm's*1 75);
X, 0,112
l MTVV [m.’s"Z]l MTWY [m.fs"Q] Y;
f —

B Acceleration m  pcceleration ™ Acceleration
[M/S"2] ¥ [mys+2); Z;0,2459 [mis"2], SUM;
0,0104 ' 0,2463

®ur.5.47. Onpenenenu croitHocTH 3a Awjrms, MTVV u VDV
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IIpuHocH B nucepTALIlMOHHNS TPYA

HayuHnuTte npuHOCH ca CBbp3aHU ChC Ch3JaBaHE Ha HOBU MeTOaU (IOAXOAM), a HAYYHO -
IPUIIOKHUTE IPUHOCH Ca CBBbP3aHU C pa3pabOTBaHE HA AITOPUTMHU, METO0JIOTUH, Xapayep U
coTyep Ha MHEPIMATIHU CUCTEMH Ha 0a3aTa Ha pa3pabOTEHUTE METOIM KaKTO CIIeBa!

I'nasa 1
Hayuynu npuHocHu

1. IlpennoxkeHu ca METOAM 3a KOMIIEHCHpPAaHE Ha HYJEBOTO OTMECTBAaHE HA MHEPLUATHUTE
CEH30pU 4Ype3 H3IMOJ3BaHE Ha JOMBIHUTEIHU CEH30pH, kKaTo mMarnutomerpu (dwur.1.41),
KaKTO M aJITOPUTHM 3a OIpEAeIIIHE Ha rpeliKkaTa oT HyJleBoTo oTMecTBaHe (Pur.1.42), win
ype3 OlEeHKa Ha 00moTo yckopeHue Ha obekta (Pur.1.47) xaTo cpaBHUTEIHHUS aHAINU3
MOKAa3Ba, Y€ MPEIOKEHUTE METOU 3a JTUHAMUYHA KOMIICHCAIUs TI03BOJISIBAT HaMalisiBaHe
Ha CTOMHOCTUTE Ha OTKIOHeHHmeTo or 10' 10 10* mBTH B cpaBHeHHe ChC CTaTHYHATA
KOMITCHCAITHSI.

Hay4Ho — nNpHJI05KHH IPUHOCH

2. Tlpemnoxen e anroputhM (dur.1.48) 3a mpuiarane Ha MeTOJa Ype3 OICHKAa Ha 00IOTO
yCKOpEeHHE Ha 00€KTa 3a KOMIIEHCHPaHe Ha HYJIeBOTO OTMECTBAHE

3. OmpenensHu ca IIyMOBHUTE XapaKTEPUCTUKH YPE3 CTATUCTUICCKU aHAIH3 U UYPe3 TUCTICPCHs
Ha AnrbH Ha MEMS uHeprmaaHu CEeH30pH OT pas3lIMYHU KJIACOBE M MOKOJIeHUS (T.1.3) u e
aHAJIM3MPAHO HEHYJIETOBO OTMECTBAHE U HETOBaTa HECTAOMIIHOCT.

I'naBa 2
Hayuynu npuHocu

4. llpennoxeH e MeToa 3a MoJ0OpsiBaHE HA XapaKTEPUCTUKUTE HAa MHEPLMATIHU CEH30pH Ha
0a3ara Ha IpujaraHe Ha YETHUPUCEH30pPHA CTPYKTYpa OT TAaKHWBa CEH30pPHU C MOAXOJAIIA
opueHTanuss Ha ocute UM (Pur.2.1), kKaro ca U3BEAECHU TEOPETUYHH 3aBUCUMOCTU 3a
JMCTIEpCUsATa U CTAaHIAPTHOTO OTKJIOHEHHE Ha pe3yJNTaHTHUTE YCKOpEeHMs B u3pasu (2.5),
KOUTO ca MOTBBPJECHU CUMyJalnoHHO (T.2.1.2 — Tab6n.2.1) u ekcnepumenTanso (1.2.1.3 —
®ur.2.12 u dur.2.13).

5. Ilpemnoxenu ca crnenupuYHU peXUMH Ha paboTa Ha YETHUPUCEH30pHATa CTPYKTypa
(®dur.2.8), KaTo CHHXPOHEH M ACHMHXPOHHM pPEXUMH Ha paboTa, KOUTO BOJAAT M0
o100psiBaHe Ha MapaMeTPUTE B CPABHEHHE C €IMHUYEH UHEPIUAJIEH CEH30p, KaTo:

5.1. HamansBaHe Ha NIYMOBHUTE XapaKTEPHUCTUKU MPU CUHXPOHEH PEXUM

5.2. yBenmm4aBaHe Ha YECTOTAaTa HA AUCKPETH3ANUS 4 ITHTH MIPH ACHHXPOHEH PEXUM
C PaBHOMEPHA AMCKPETU3ALINS

5.3.  BB3MOXKHOCT 32 UECTOTEH aHAIM3 HaJl YecToTata Ha HallkyucT nmpu acCHHXpOHEH
PEXHUM C HEPAaBHOMEPHA JUCKPETU3ALUS

6. Ilpemmoxen e meron (T.2.2) 3a momoOpsiBaHE HA XapaKTEPUCTUKUTE HA CEH30PHUTE Upe3
00paboTKa Ha CUTHAIMTE Ha 6a3aTa Ha yeWBIeT MpeoOdpa3yBaHe, KaTo ca pas3rieaHu u36opa
Ha HUBOTO Ha Jexkommo3unus (2.2.1.1), u3bopa Ha MeTOJ 3a U3YUCIIEHHWE Ha IMparoBaTa
croitHocT (2.2.1.2) 1 u36opa Ha METOJl 3a MpUJlaraHe Ha M34MCIEeHaTa MparoBa CTOMHOCT
(2.2.1.3).

Hay4Ho — npu/10:KHN NPUHOCH

7. Tlpennoxen e anroputbM (dur.2.24) 3a nogobpsBaHe Ha XapaKTEPUCTUKUTE HA CEH30PUTE
ype3 o0OpaboTka Ha curHaaute Ha Oa3zata Ha yeiiBier mnpeoOpa3yBaHe Ha 0a3a Ha
npeaioxKeHuss Metos (T.2.2).

8. Paszpaborena e u3MepBaTenHa cHucTeMa Ha 0a3aTa Ha UYETHPUCEH30pPHA CTPYKTypa OT
MHEPLMAIHU CEH30pH 32 EKCIEPUMEHTAIHO U3CJe/IBaHe Ha MapaMeTpUTe Ha CTPyKTypaTa
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10.

11.

12.

13.

14.

15.

16.

(1.2.1.3) c BB3MOXKHOCT 32 U3CJIEBAHE HA pEXKUMUTE HAa paboTa Ha CTPYKTypaTa (CHHXPOHEH
1 aCHHXPOHEH).

Peanu3upan e cpaBHHTENEH aHAIW3 Ha pE3yNTaTUTe OT WHAMBHIYaJCH CEH30p U
YEeTHPUCEH30pHA CTPYKTYpa OT HHEPIUATIHH CeH30pH (T.2.1.4) 10 OTHOLIEHUE HA ITYMOBUTE
napaMeTpu Ha 6a3aTa Ha YECTOTEH aHaJIN3 M aHAJIN3 Ha TUCIIEPCHITa Ha AJBH.

I'maBa 3
Hay4ynu npunocu
Pazpaboren e momen nHa KammaHoB ¢uiaTbp 3a ompenensHe Ha MPOCTPAHCTBEHOTO
pasnonioxkeHue Ha o0ekTH (T.3.3), KaTo Mojena € MPOBEPEH EKCIEPUMEHTATHO Ha
crenuanuiupana nocraHoka (®Pur.3.11) u cpaBHEH ¢ aHAJIOTMYHU MOJENIN Ha HIMPOKO
m3non3Banu ceHzopu (BNOO5SS5 u ADIS16405). HanpaBenute u3cieaBaHus 10Ka3Bar, 4e
MOJIENBT € KOPEKTEH, NMPUJIOKHUM U pabOTH yCIIEUIHO KaKTO ¢ M3noi3BaHe Ha OlnepoBu
BIJIM, TAKa U Ha KBATEPHUOHHU.
[Mpennoxena e crpykrypa (Pwur.3.25) Ha KOMIUIEMEHTapeH (QWITHP 3a OINpeaeisHe Ha
MIPOCTPAHCTBEHOTO PA3MOJIOXKEHUE Ha OOEKTH,  KOSTO TIO3BOJSBA MOJE/IUpaHe Ha
Gu3NYHATE TPOIECH TO-TOYHO B CpPaBHEHHE CBbC CTPYKTypaTa, ONpeersia
MPOCTPAHCTBEHOTO TMOJIOKEHHE caMO Ha 0a3aTa OT JaHHUTE 3a CEH30pa Ha JUHEHHU
YCKOPEHHUS.
Hay4Ho — npHJI05KHH IPUHOCH
Pazpabotena e cucrema 3a eKCIIEpUMEHTATHO M3CJeaBaHe Ha padoraTa Ha pa3pabOTeHHS
anroputbM Ha KanmaHoOB GuiThp B CTaTUYHM U JUHAMUYHM ycinoBus (1.3.3), xaTo ca
onpeneneHu uzpasu (ctp.141), KouTo xapakTepu3upar ABETE ChbCTOSHHUS.

I'maBa 4
Hayuynu npuHocu

[IpeuiockeHa € CTPYKTypa Ha MYJITHIPOTOKOJIHA MpeXa OT HHEPIHATHH CEH30pH C
nocnenosarenHo (dur.4.1) wim napanenno (Pdur.4.2) cBbp3BaHe Ha CEH30pUTE, KaTO ca
M3BEJCHU W3pa3d 3a MaKCUMajaHusi Opoil cBbp3aHu ceHzopu N (4.3), KakTo U 3a
MaKCUMaliHaTa CKOpPOCT 3a MpeJjaBaHe Ha JaHHU 1o Mpexara B (4.5), kato B TabIW4eH BUA
e npeacTaBeHa 3aBucumoctta B(n) (Ta6m.4.1). M3Benena e u oopatHara 3asucumoct N(B) B
uzpas (4.12).

[IpemtoskeH € METOIl U METOJIOJIOTHS 33 AMAarHOCTHKA Ha OKaYBAHETO HAa aBTOMOOWIIH IO
NpUHYJIEHH KosiebaHus (T.4.2) ¢ OlleHKa Ha BpEeMETO Ha 3aTMXBaHe, CKOPOCTTA Ha 3aTUXBaHE
Ha KOJICOAHUATA, OCHOBHHUTE JOMUHHUPAIIN YECTOTH M TEXHUTE aMIUIUTY/IH, 3aBUCIMOCTTa
Ha OIpEeJeNIEHUTE YeCTOTH U aMIUIUTYAU B 3aBUCUMOCT OT ChCTOSIHUETO Ha M3CIIeABAHUS
00EKT, OTIpe/ieNsTHEe Ha CKOPOCTTA, TPEMECTBAHETO Ha €JIEMEHTHTE M MHTETPaIHa OllEHKa Ha
ChCTOSTHMETO Ha cHcTemara Ha Oa3zata mHa Short Time Fourier Transform (STFT) ananu3 u
BPEMEBO — YECTOTHO DPA3IMpe/eiCHNE C YSHBIIET MaKeTH, KaTo ca HM3BEICHU H3pa3 3a
KoeHIMeHTa Ha 3aTUXBaHe Ha KonebanusTa (4.30) u pecIl. 3a peluIpoyHaTa My CTOHHOCT,
KOSITO OTIpeJIeNIsi CKOPOCTTa Ha TIPOMSIHA Ha YeCTOTaTa Ha TPENTeHE.

Hay4yHo — nIpu/10:KHHU IPUHOCH
Pazpabotena e cucrema 3a aHalM3 Ha JMHAMMKATa 10 METOJA Ha BUOPAIIMOHHMS CTEH] C
MEMS censopu (1.4.2.3), KOSTO 1MO3BOJISIBA ONpEEITHE HA OTHOCHTEIHOTO TPEMECTBaHE
MEXIy OTAETHM JeTaau B CyOMWIMMETPOBHS JMama3oH, KaTro NpU CpaBHEHUE Ha
TEOPETUYHO U3MEpeHaTa XJ1abuHa U CpaBHUTEIIHUS aHAJIU3 Ha Pe3yJATaTUTE OT CUCTeMara B
rpanunute 0.6+1.0mm rpemkaTa npu onpeneisiHe Ha xJ1labuHaTta € B paMkute Ha £0.1mm.
Pazpaborena ca nHepruaaIHU CUCTEMH 3a KOHTPOJ U yrpaBiieHne Ha apurarenu (T1.4.3) 3a
orpeJiesii Ha ChCTOSHUETO MM Ha 0a3a Ha BPEMEBM M YECTOTEH aHAIU3 Ha BHOpaLUUTE,
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17.

18.

19.

20.

21.

22.

23.

MPEeIN3BUKAHN OT HEYPaBHOBECCHHUTE WHEPLMATHH CUJIHM, KaTO TOJydeHara OICHKAa Ce
0a3upa Ha CpaBHEHHUE Ha 3allMCaHy BUOpoIuarpaMu Ha U3MPaBeH U HEU3MPaBEH JABUTATENl.
Pa3paborenu ca xapayep u copTyep Ha MHEPIUATHA CHCTEMH 32 KOHTPOJI Ha JBUKCHUETO
W yrnpaBjieHue Ha aBToOMOOWH (T.4.4), 6a3upanu Ha KaiMaHoB GuaThp, 3a onpenensHe Ha
MIPOCTPAHCTBEHOTO MOJIOXKECHHE C IPUIIOKEHUE B TTACHBHYU M aKTUBHU CHCTEMU 332 KOHTPOI
Ha CTaOUIHOCTTA.

Pa3paborenu ca xapayep u codpTyep Ha HHEPIIMAIIHNA CUCTEMH 32 OLICHKA Ha BB3JACHCTBHETO
Ha aBTOMOOWIHMS TPaHCHOPT BBPXY OKoiHata cpena (T.4.5), KOUTO TO3BOJSBAT
WHTETPUPAHE Ha JOMBIHUTEIHN CEH30pU, KaTO CeH30p 3a (puau npaxosu yactuim (DITYH)
WIH €IEKTPOXUMUYHHU CEH30pU 32 MOHUTOPHHI Ha OTAEJIEHUTE TOKCHYHU Ta3oBe, KOUTO
MO3BOJISIBAT Ja C€ YCTAHOBH BPB3Ka MEKIY YCKOPCHHSITA HA aBTOMOOWIA U OTACICHUTE
OITY w/unm oTneneHuTe TOKCUYHHU ra30BeE.

Pa3zpaboren e xapayep u codTyep Ha MHEPIUAICH MOMYJ 32 MYJITHUIIPOTOKOJIHA MpEka
(1.4.1.2) u anroputhbM 3a pabora Ha ocHOBHHs (Master) cenzopa (Pur.4.7).

I'naBa 5
Hayynu npunocu
IIpemioxken e merox (T.5.1) 3a U3MepBaHe M OLICHSABAHE HA HAJBUILEHUETO HA KEJIE3HUAT
IIBT, KOUTO ITO3BOJIABAT AHAJIN3 HA IMHAMMKATA Ha JIBHKCHUE B PEATHO BPEME U OTKPUBAHE
Ha KOMIIPOMETUPAHU y4acCThLHU OT JKEJIE3HUS ITbT.

Hay4Ho — npuJI05KHH IPUHOCH
[Ipemnnoxen e anroputrbMm (dur.5.11) 3a u3mMepBaHe U OIEHSBAHE HAa HAJBUILICHUETO Ha
KEJIe3HUSIT BT, KOUTO MO3BOJIABAT aHAIN3 HA JUHAMUKATA Ha JABM)KEHUE B PEATTHO BpEMe U
OTKpHBAaHE HAa KOMIIPOMETHPAHU y4YacThLM OT XKEJIE3HHs MbT Ha Oa3aTa Ha MPEIJIOKECHUS
meron (1.5.1).
Pa3paborena e nHepuMagHa CUCTEMA 3a U3CJIEJIBAaHE HA B3aMMOJECHCTBUETO KEJE3€H MbT —
BO3MJIO U 3a U3MEPBAHE U OLICHABAHE Ha HAJBUUICHUETO HA JKEJIE3HUAT IBT (T.5.2), KOSITO
MO3BOJISIBA aHAJIM3 Ha JUHAMHKaTa Ha JBW)KEHHE B peajlHO BpeMe, OTKpHUBaHE Ha
KOMITPOMETUPAHU Y4aCThIU OT JKEJIE3HUS I'bT U MOHUTOPHHT Ha JOIYCTUMHUTE YCKOPEHUS
IIpU JBUKEHHE Ha MO/ABIKHUSA ChCTAB 33 IOCTUTaHE HA HEOOX0IMMUS KOM(OPT MPH MPEBO3
Ha MBTHULIM ChIVIACHU W3MCKBaHUATa Ha cranaapTute Ha EC (¢ uznaneHo CBuaeTencTBo 3a
nosie3eH Mozen Ne5143/27.10.2020r.)
Pazpa0oteHa e uHepLMaNHa CUCTEMa 3a U3MEPBaHE M aHAJIU3 Ha ChCTOSHUETO Ha IPaJCKH
KEJIe30II'bTHU JIMHUM Ha 0a3za JAMHaMUKaTa Ha JBMXKeHHE (T.5.2), KaKTO U aJrOpUThM 3a
obpaboTka Ha ganHuTe (Pur.5.33), Ha ocHOBATa Ha KOSTO MOJKE J1a C€ OIPEeIeNId HUBOTO Ha
BUOpalMMTe Ha MOJa Ha TpaMmBaiiHa MOTpHCa U Jia C€ HalpaBH OILlIEHKa 3a KoMQopTa Ha
MIPAaBOCTOSIIMTE MBTHULIM Ha 0a3aTa Ha chliecTByBauuTe crangapti B EC.
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Introduction

For decades, micro-electromechanical systems (MEMS) have been at the heart of new
innovations, for example in the automotive industry and aviation. Inertial sensors manufactured
using this technology have revolutionised transport, virtual reality (VR) systems, augmented
reality (AR) systems, and more. Existing inertial systems for measuring linear and angular
accelerations, based on mechanical or piezoelectric sensors, have a wide frequency range, but
are unsuitable for measuring static loads or inclinations, have relatively large dimensions and
require the use of additional components — highly sensitive instrumentation amplifiers, buffers,
ADCs and modules for processing and transmitting the information. For these reasons, with the
development of digital circuitry, a new type of accelerometer and gyroscope based on MEMS
technology has been proposed, which integrates the sensing elements, buffer and amplification
stages, ADCs, digital filters and digital interfaces, characterised by a high degree of integration
and allowing direct connection to other digital systems. Typical factors adversely affecting the
accuracy of inertial sensors include zero-point drift, complex hysteresis-type temperature
dependence, sensitivity to linear acceleration in gyroscopes, noise, non-orthogonality between
axes in multi-axis sensors, and others. Any additive inaccuracy inevitably leads to an unlimited
increase in the error in determining the motion parameters of velocity and displacement. For
this reason, the study and compensation of the negative factors and phenomena affecting sensor
accuracy is the main focus of the methods and algorithms for processing the information from
them. As with any real-world sensor, including inertial ones, the output value (voltage, duty
cycle) is always accompanied by noise. Integration over time of white Gaussian noise leads to
the emergence of a phenomenon known as random ‘drift’ in the output value. Closely related
to this phenomenon is the sensitivity of inertial sensors to vibrations, as these can be regarded
as a source of noise.

The zero offset of inertial sensors conceals the most significant problem in the application
of inertial sensors — the unlimited accumulation of errors of various types over time. Typical
factors that negatively affect the accuracy of inertial sensors include: zero-point drift, complex
hysteresis-type temperature dependence, sensitivity to linear acceleration in gyroscopes, noise,
non-orthogonality between axes in multi-axis sensors, and others. Any additive inaccuracy
inevitably leads to an unlimited increase in the error in determining the motion parameters of
velocity and displacement. For this reason, the study and compensation of the negative factors
and phenomena affecting sensor accuracy is the main focus of the methods and algorithms for
processing the information from them.

The primary aim in the development and use of inertial sensors is to improve their
performance, which reduces measurement errors and directly influences the duration of
accurate operation of inertial systems. On the other hand, the application of appropriate methods
and algorithms for processing sensor data at the system level also leads to an improvement in
the performance of the systems in which they are integrated.



General description of the thesis

Aim of the thesis, main objectives and research methods

As a result of the review conducted and the main conclusions drawn regarding the current
state of the research problem, its main objective has been refined:
Analysis and synthesis of new approaches, methods and algorithms for improving the
performance of MEMS inertial sensors, enhancing the quality of data obtained from sensor
systems, and developing systems for determining the orientation and state of moving objects
based on MEMS inertial sensors.

To achieve the defined objective, the following tasks are addressed:

1. Analysis of existing MEMS inertial sensors, including their basic architecture, an
examination of their key characteristics and the accuracy of low-cost sensors used to
measure linear and angular accelerations, models for their analysis and methods for their
compensation

2. Development of methods and algorithms to improve the performance of MEMS inertial
Sensors

3. Development of methods and algorithms for systems based on MEMS inertial sensors
for determining orientation in space

4. Development of methods and algorithms for systems based on MEMS inertial sensors
for analysing the dynamic state of moving objects, their subsystems, and the condition
of the road network in the field of road and rail transport

5. Creation of prototypes of information and communication systems based on MEMS
inertial sensors and their testing under real-world conditions, as well as testing of
algorithms and software environments for information processing.

Scientific novelty

The scientific novelty of the thesis lies in the development and application of new methods,
practical approaches and algorithms for improving the performance of MEMS inertial sensors
for measuring linear and angular acceleration, as well as their application in systems within the
field of road and rail transport. Some of the scientific innovations include:

» Development of methods for improving the performance of inertial sensors, involving both
hardware (through the use of a four-sensor array) and software methods based on signal
processing (wavelet transform, complementary filters, zero-offset compensation, etc.)

» Based on the proposed four-sensor configuration, new operating modes are proposed,
including synchronous and asynchronous modes, which allow for an improvement in the
performance of the new configuration compared to a single inertial sensor.

» Kalman filter and complementary filter structures are proposed for determining the spatial
position of objects under both static and dynamic conditions, with the results obtained
being comparable to or better than those of existing commercial systems.

» A structure for a multi-protocol network of inertial sensors with serial or parallel sensor
connections is proposed, which allows the determination of the relative displacement and
velocities of individual components in vehicles, with the error in determining relative
displacement reaching £0.1 mm.

» A method is proposed for diagnosing vehicle suspension based on forced vibrations,
involving an assessment of the damping time, the damping rate of the vibrations, the main
dominant frequencies and their amplitudes, the dependence of the determined frequencies
and amplitudes on the condition of the object under investigation, the determination of the
velocity and displacement of the components, and an integrated assessment of the system’s
condition.



» A method and algorithm are proposed for measuring and assessing track deflection, which
enable real-time analysis of motion dynamics and the timely detection of compromised
sections of track to improve travel comfort and safety.

Practical applicability

The results of this thesis (in the field of inertial systems for determining the orientation and
state of moving objects) offer significant and wide-ranging practical applicability in various
real-world scenarios:

>

For manufacturers of MEMS inertial sensors to improve sensor performance by
implementing a four-sensor structure at the integrated circuit level and applying signal
processing within the 32-bit controllers integrated into the sensors;

For determining the spatial position of various moving objects, such as in robotics (for
the control of kinematic movements), virtual reality (VR) systems, augmented reality
(AR) systems, automotive engineering (for dynamic motion control systems and safety
systems), and others.

sport and medicine (monitoring the movements of athletes/patients), determining
movement dynamics (static or dynamic state), the position of the human body in space,
event detection (linear free fall, rotational fall, walking, running, etc.)

in road transport for the purposes of diagnostics, road safety, environmental pollution,
improving the performance of suspension control systems, engine and active and
passive safety systems, detection of hazardous road sections and transmission of alarm
events (related to the development of intelligent transport systems), for the development
of autonomous vehicles, etc.

In rail transport, for determining the condition of the track in real time with the
possibility of real-time analysis via data transmission to a remote server, for determining
the ride comfort of rail vehicles, for analysing the condition of urban rail lines, etc.

In scientific and educational activities within research organisations — the results
achieved have been integrated as teaching material in various disciplines for
undergraduate and postgraduate students, such as ‘Automotive Microelectronics and
Intelligent Transport’, ‘Micromechanical Systems with Automotive Applications’,
‘Automotive Microelectronic Systems and Applications’, ‘Intelligent Automotive
Systems’, ‘Micro- and Nanoelectronic Systems for Intelligent Architectures of Mobile
Objects’, ‘Management, Navigation and Control Systems’, ‘Wireless Embedded
Systems’, and others.

Validation

Publication: The results of the thesis have been published in 38 scientific articles, as follows:

4 in journals in Bulgarian

1 at a national conference

5 in international journals with Q1 quartile;
28 at international conferences.

The results of the thesis form part of the activities under S research projects and 1 utility model
(Utility Model Certificate, Patent Office No. 5143/27.10.2020) INERTIAL NAVIGATION

AND

MEASUREMENT SYSTEM FOR ASSESSING THE CONDITION OF THE

RAILWAY NETWORK)



Citations: With a view to analysing and assessing the publicity received by the proposed
doctoral thesis, it can be noted that as of April 2026, 42 citations of the author’s publications
included in the thesis have been recorded, 16 of which are in SCOPUS.

Structure and length of the thesis

The thesis comprises 326 pages and consists of an introduction, 5 chapters, contributions, a
bibliography comprising 197 sources, a list of publications, a list of scientific and applied
scientific contributions, a list of citations and 1 appendix.

The work includes a total of 239 figures, 30 tables and a list of symbols and abbreviations used.
The numbers of the figures and tables in the abstract correspond to those in the thesis.

The dissertation was reviewed and approved for defense by the Extended Departmental Council
of the Department of Radio Communications and Video Technologies, as recorded in Minutes
No. 3/June 1, 2026, and by the Extended Faculty Council on June 10, 2026. at the Faculty of
Telecommunications, Technical University of Sofia.

The public defense of the dissertation will take place on July 31, 2026, at 11:00 a.m. in the
Conference Hall of the Business and Innovation Center at the Technical University of Sofia
during an open session of the academic jury appointed by Order No. OZh-5.3-51 / June 15,
2026, issued by the Rector of TU-Sofia under procedure FTK78-NS2-098, composed of:

Internal members:

1. Prof. Dr. Ilia Iliev — TU-Sofia — Chair

2. Prof. Veska Georgieva, Ph.D. (retired) — Scientific Secretary

3. Prof. Seferin Mirchev, D.Sc. (retired)

Alternate Member: Prof. Krasimir Nedelchev, Ph.D. — TU — Sofia

External Members:

4. Prof. Dr. Alexander Bekyarski (retired)

5. Prof. Dr. Marin Marinov — “Georgi Benkovski” Military Academy

6. Prof. Dr. Stanimir Sadinov — Technical University of Gabrovo

7. Prof. Dr. Gabriela Atanasova — South-West University “Neofit Rilski”

Alternate Member: Prof. Dr. Grigor Mihaylov — University of Transport and Communications



CHAPTER 1
Determination of the characteristics of MEMS inertial sensors

1.1.Basic characteristics of MEMS inertial sensors

The primary aim in the development and use of inertial sensors is to improve their
performance, which reduces measurement errors and directly influences the duration of
accurate operation of inertial navigation systems. On the other hand, the application of
appropriate methods and algorithms for processing sensor data at the system level also leads to
an improvement in the performance of the systems in which they are integrated. As with any
real-world sensor, including inertial ones, the output value (voltage, duty cycle) is always
accompanied by noise. Integration over time of white Gaussian noise leads to the emergence of
a phenomenon known as random “drift’ in the output value. Closely related to this phenomenon
is the sensitivity of inertial sensors to vibrations, as these can be regarded as a source of noise.

Compared to traditional high-quality inertial sensors, those manufactured using MEMS
technology are still characterised by significant errors. Their accuracy depends primarily on
errors that increase over time, and in particular on stochastic errors. To eliminate these errors,
which are random in nature, stochastic methods are used, though there is not a great variety of
them. Several time-domain methods for statistical modelling are used to estimate the errors of
inertial sensors [5], the most widely used of which is the time-domain method using Allan
variance, which was developed in the mid-1960s to study the frequency stability of high-
precision oscillators. Allen’s variance is a directly measurable quantity and can provide
information on the nature and magnitude of various noise components. If we express the
acceleration in the form:

a(t)=ﬁA[ cos(wt+¢,), (1.2)

then the velocity at a given moment can be determined by integrating the acceleration
according to the expression:

v(t)zja(t)dt =ZV:A[Icos(wit+¢i)dt =
i=1
:Z\/l“zzcos(a)it+(oi —%)

The resulting analytical expression shows that if the acceleration has no offset from zero or
constant component, then the velocity, and consequently the displacement, will also lack a
constant component. In practice, however, numerical integration is used to calculate these
parameters, which introduces a certain error depending on the chosen integration method, and
hence a possible constant component in the velocity; this will lead to the accumulation of this
error during subsequent integration to calculate the displacement.

The results of the numerical integration of the linear accelerations from a high-end
ADIS16405 MEMS sensor using the trapezoidal method are given in Table 1.1.

(1.3)

Table 1.1. Calculated statistical parameters after a single integration

Parameter | Mean value, m/s Standard deviation, m/s
Vx 2.154°10"° 5.232°10°
Vy 6.196 * 10° 5.493 *10°
Vz 2.170 10" 5.152 x10°




Everything stated so far highlights the need to determine the characteristics of MEMS
sensors, as their performance significantly affects the accuracy of the systems, and to seek ways
to improve them using software (through digital signal processing) or hardware methods.

1.2.Determination of noise characteristics using Allan variance

Allen’s variance (AV) is a time-domain analysis used to determine the characteristics of a
primary random process that contributes to noise in the data. As such, it helps to identify the
source of a given component of noise in the data. This method assumes that the uncertainty in
the data is generated by noise sources with specific characteristics. AD can be used to determine
seven sources of noise from inertial sensors. These are: random velocity drift, random angular
drift, zero-bias instability, zero drift, quantisation noise, tilt value change, sinusoidal noise and
exponentially correlated (Markovian) noise [9-11].

The DA plot in the presence of all noise sources is shown in Figure 1.17.
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Figure 1.17. Graphical representation of the RMS [5]

1.3.Experimental determination of noise parameters of MEMS sensors

Several types of sensors were selected for the experimental determination of the noise
parameters of MEMS sensors: 1/ sensors manufactured between 2015 and 2020, comprising
low-end and high-end models, namely the LIS3LV02DQ triaxial accelerometer and the
ADIS16405 3D inertial sensor; 2/ mid-range sensors manufactured between 2020 and 2026.

The first MEMS inertial sensor studied is the LIS3LV02DQ model, manufactured by
STMicroelectronics, with a digital output (12-bit). The calculated displacement values for the
respective axes are given in Table 1.3.

Table 1.3. Statistical values of the sensor at rest

Parameter Average value, Standard deviation, relative
relative to g tog
ax +0.0295 0.0035
ay -0.0297 0.0034
az -1.0059 0.0040




To determine the noise components and their values in the output signal of the
LIS3LV02DQ triaxial accelerometer [6], a recording was made at rest, lasting 8 hours. The
sampling frequency is Fs= 40 Hz, and the ambient air temperature during the experiment was
25 °C. Before applying Allen’s variance method, the constant component was subtracted from
the data. The function for calculating Allen’s variance was implemented in the Matlab

environment.
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Figure 1.23. The signal and spectral density along the X-axis

On the graphs of Allen’s root mean square deviation (RMSD), the approximating straight
lines are plotted with a slope corresponding to the cluster length at which the respective noise
parameter is determined.The standard deviation of the data obtained on the X-axis isc=

0.001357 m/s* . The signal and its corresponding spectral density are shown in Figure 1.23.
The RMSR and the fitting lines are shown in Figure 1.24.

The data show the following sources of noise: speed drift, zero drift, quantisation noise, and
zero-offset instability. Their values are shown in Table 1.4. To compare the RMSE values
obtained from the data along the three axes, they are presented in Figure 1.29. The values of
the noise parameters along the Z-axis are higher than those along the other axes, which is due
to the fact that gravitational acceleration is applied along this axis.
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Figure 1.24. RMSE along the X-axis



Table 1.4 Values of noise parameters

- N Random'velomty Zero drift
Zero-drift instability drift 5
5 5 m/s
m/s m/s

7 Vi

Along the X-axis 1.48%107* 1.02%107 2.1%107°
Along the Y-axis 1.927%107* 1.02%107 3%107°

Along the Z-axis 6.385%10 462107 7.4%107°

Ha AnbH [mA]

BHAEPTHOTO OTKNGHEHME:

107 10" 10° 10" 10° 10° 10 10°
[emxna va knwcrepa g [s]

Figure 1.29. RMS values along the three axes

For the purposes of the analysis, one of the selected sensors is a high-end 3D inertial sensor,
the ADIS16405. For the purpose of analysing the parameters of the inertial sensors,
measurements of linear and angular accelerations at complete rest were carried out at the
maximum sampling rate of 819.2 Hz, with 901,056 readings taken. The duration of the
measurement is 901,056 / 819.2 = 1,100 s. The measurement was carried out using the
ADISUSBZ development system and the specialised iISENSOR Evaluation Tool software. The
results obtained are shown in Fig. 1.31.

Table 1.5
Parameter Average value,® /sec Standard deviation,® /sec
gyroX -0.0236 0.3314
gyroY +0.0838 0.3833
gyroZ -0.1515 0.3096
Table 1.6
Parameter Mean value, 1/g Standard deviation, 1/g
acclX +0.0295 0.0035
acclY -0.0297 0.0034
acclZ -1.0059 0.0040




The low-cost MEMS inertial sensors (such as those used in the automotive industry) a
decade ago were characterised by higher zero-point drift, temperature drift and output noise,
which made their measurements less accurate and reduced their performance compared to other
inertial sensors. The analysis of next-generation commercial MEMS inertial sensors (for linear
and angular acceleration) covers sensors from several well-known manufacturers such as ST
Microelectronics, TDK and Bosch, namely the BMI270 (Bosch), ICM-42688-P (TDK) and
LSM6DSR (ST Microelectronics).

Table 1.7. Comparison of the parameters of linear accelerometers

BMI270 [13] ICM-42688-P [14] LSM6DSR [15]
Resolution 16-bit 16 ... 18-bit 16-bit
Range +2g ... £16g +2¢g ... £16g +2g ... £16g
Zero offset +20 mg +20 mg +10 mg
Noise density 160 pg/\NHz 70 ng/\NHz 60 pg/NHz
ODR 12.5Hz...1.6 kHz [1.5625 Hz ... 32 kHz|1.6 Hz ... 6.667 kHz
Table 1.8. Comparison of gyroscope parameters
BMI270 ICM-42688-P LSM6DSR
Resolution 16-bit 16 ... 19-bit 16-bit
Range +125 dps ... £2000 dps| +15.6 dps ... £2000 | £15.6 dps ... £4000 dps
dps
Zero offset +0.5 dps +0.5 dps +1 dps
Noise density 8 mdps/\Hz 2.8 mdps/VHz 5 mdps/NHz
ODR 25Hz ... 6.4 kHz 12.5Hz ... 32 kHz 12.5Hz ... 6.667 kHz

The sensors shown above have been selected and compared according to the following
criteria, which are most important for navigation purposes, such as resolution, zero drift, output
noise density and output data rate. A comparative study of the parameters (as defined by the
manufacturer) of the proposed sensors is shown in Table 1.7 and Table 1.8 for linear
accelerometers and angular velocity sensors respectively; the comparison of the sensor
parameters shows that the ICM-42688-P has better zero drifts and higher output data rates
compared to the other sensors, which is very important for improving accuracy, since errors in
numerical integration are proportional to the output drift and At’, where At denotes the
reciprocal of the output data rate.

The noise characteristics of sensors are of paramount importance in the operation of various
systems based on Kalman filters, or more specifically on the covariance matrix R of the noise
during acceleration measurement. For this reason, it is necessary to quantitatively assess these
characteristics. A study of the noise parameters of MEMS sensors shows that commercially
available linear acceleration sensors have approximately similar characteristics, such as a digital
resolution of 16 bits, a measurement range up to 16 g, zero drift in the range from £10 mg to
+20 mg, a noise density of 70 pg/VHz, and ODR values ranging from single to tens of kHz. At
the same time, angular velocity sensors are characterised by higher noise levels of 8 mdps/NHz
at the same ODR values. Theoretical analysis of the noise parameters of MEMS sensors favours
the selection of the ICM-42688-P sensor based on its higher digital resolution of up to 19 bits,
the higher ODR of up to 32 kHz, and the very low noise density of the angular velocity sensor
of 2.8 mdps/VHz. Experimental investigation of the Allan variance confirms the described
situation. The calculated parameters of the normal distribution show that the mean () is
approximately'?“for all tested linear accelerometers. However, analysis of the angular velocity
sensor characteristics shows that the mean (u) and standard deviation (o) are equal to'"*1%* for
the LSM6DSL sensor and'®" for the BMI270 sensor, whilst the corresponding values for the
ICM-42688-P sensor are approximately one order of magnitude lower.
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1.4. Compensating for sensor zero drift
1.4.1. Using additional sensors

As shown in the previous paragraph, one of the most important parameters that must be
determined for MEMS sensors is the value of the zero offset. However, this value is not constant
over time and depends on temperature, supply voltage and other factors [17-18]. Static
compensation is not a very effective process, and the instability of the zero offset contributes to
an additive error in the gyroscope’s output with stochastic characteristics. To dynamically
compensate for this zero offset in gyroscopes, magnetometers can be used, which, like
gyroscopes, determine the direction of motion. Compensation is very important if magnetic
field data is lost or if there are magnetic disturbances caused by soft-magnetic or hard-magnetic
effects. To achieve such dynamic compensation, algorithms have been developed and
experimental research has been conducted to demonstrate the system’s ability to compensate
for the gyroscope’s bias offset.

The algorithm for dynamic zero-offset compensation is based on the following steps (Fig. 1.41).

Gx,Gy,Gz . Bias offset
compensation <

3DGyro |- > ol

Kalman

Filter
3D Accel > pitch

A
3D
> Yaw
Magnetometer Compass

Fig. 1.41. Block diagram of the algorithm for dynamic zero-offset compensation

A Kalman filter (KF) is used to determine the object’s inclination angles — roll angle and
pitch angle. The third rotational angle, the yaw angle, is determined using data from a
magnetometer based on the previously determined roll and pitch angles according to the
following relationships:

X, =M, cos¢p+M,singsind - M, cosfsin¢
Y, =M, cos@+M,sinf

( Y, j , where0 — roll,¢ — pitch. (1.11)
Dy = arctg M_

H

(0 = (00 + ¢d€clinati0n

The declination angle@gectinaionfor Sofia (Bulgaria) is equal to +4°20' [6]. The heading angle
thus obtained is compared with that calculated by the gyroscope, and the error resulting from
the zero offset along the gyroscope’s Z-axis is determined (Fig. 1.42). Zero offsets along the
other two axes are compensated for by comparing the obtained values of the determined pitch
and roll angles with the corresponding gyroscope angles. The error from the comparison is fed
to a smoothing filter (e.g. a median filter), which removes high-frequency components prior to
the d/dt differentiator block. The corrected data from the gyroscope is fed to the Kalman filter.
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The proposed algorithm for dynamically compensating for the gyroscope’s zero bias has
been tested experimentally, with the motion data recorded onto an MMC/SD card and processed
using a MATLAB programme. The system is positioned between the front seats of the car,
close to the vehicle’s centre of gravity, and the IMU axes are aligned with the vehicle’s axes as
follows: X — parallel to the longitudinal axis, Y — parallel to the transverse axis, Z — parallel to

the vertical axis. The results of the experimental and processed data are shown in Figure 1.46.

Smooth .ﬂ ;12;\;;

filter

.

d/dt f

Z Gyro
- aw
Z Gyro data
corrected «——— Z Gyro
data

Fig. 1.42. Algorithm for determining the zero-offset error
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Figure 1.45. Heading angle calculated Figure 1.46. Heading angle calculated
from GPS data, EKF and integration of the from GPS data, EKF and integration of the
Z-gyroscope with static offset Z-gyroscope with dynamic offset
compensation compensation

The accurate data from the gyroscope integration is clearly visible — the difference between
the Centre of Gravity (COG) data from GPS (green), the heading angle from the EKF (black
line) and the heading angle from the gyroscope (red) does not exceed 2°. At the same time,
static compensation leads to a heading error of up to 20°, and the integration of the
uncompensated data is significantly worse compared to the GPS COG data and the EKF output.
Experiments show that this accuracy remains unchanged throughout the entire 10-minute test
period, whilst static compensation can be used for up to 5 minutes. In some cases, the use of a
magnetometer may be a drawback of the system, as it requires prior calibration and the
magnetometer data may differ from the actual values in the presence of magnetically soft and
magnetically hard effects. To overcome this drawback, the gyroscope’s training and operating
modes are utilised. The identification of these modes is based on the analysis of the object’s
total linear acceleration.
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1.4.2. By estimating the total linear acceleration

The algorithm for compensating for the deviation is based on data from the linear
accelerometer and the electronic compass. The system calculates the roll, pitch and heading
angles (Fig. 1.47) using the Kalman Filter and the electronic compass ( ). The corrected data
from the Z-gyroscope is calculated by subtracting the raw data from the Z-gyroscope from the
last known average value measured with the switch closed (Switch control). If the object is
stationary for a certain period of time (nimmeasurements), the switch is closed (Fig. 1.47) and
the raw data from the gyroscope is integrated over a time interval oft u. If the object is not
stationary, the last average value obtained from the gyroscope is not updated until the object
becomes stationary again. The state of the object is determined based on the total linear

acceleration 4 =,/ 47 + Aj +A? (Fig. 1.48). If this acceleration exceeds the set threshold value

Aiim, the object is identified as non-stationary and the switch is opened. In this case, the
correction is performed based on the last known value of the deviation.

oy
f 4’@—‘ l/ty
t0

A
Switch control
Gyro data o +
correction Z ayro
Gyr?)]s)cope o » roll
Kalman
Filter
3D -
Accelerometer » Dpitc
3D
C » yaw
Magnetometer ompass
9 DoF Navigation
IMU system processor

Fig. 1.47. Block diagram of a compensation method using total acceleration estimation

The algorithm for calculating the deviation is executed after the gyroscope data correction
block. A comparative analysis of the deviation compensation is carried out using a test drive
of the vehicle. The threshold values Ajim and niim are set to 0.1 and 1200 respectively.

The proposed method and algorithm for dynamic compensation are based on the fact that,
over a relatively short period of time, the value of the zero offset changes insignificantly. Since
the zero offset depends primarily on temperature and to a much lesser extent on other factors
(supply voltage, etc.), compensation can be performed at significantly longer intervals once the
sensor has reached its operating temperature. The results of the comparative analysis between
the proposed algorithm and static compensation are recorded in Table 1.16 and illustrated in
Figure 1.52.
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Table 1.16. Experimental results obtained

Gyro bias, deg/s
Interval Without With static compensation With dynamic compensation
compensation
1...6.10° 22.705 8.60 10 4.50 710
2.10*...6.10* 22.477 6.19 710! -1.79 7 102
9.10*...2.4.10° 21,856 -7.48 1074 1.55°10°
3.10°...3.5.10° 22.229 372710 2.62710°
60
40
‘ ‘ Dynamic J
% sobLll Static A
£ o
-l | | }
§7 -40
<
-60

-80
0 2000 4000 6000 8000 10000 12000 14000 16000 18000
Time,s

Fig. 1.52. Graph of angular acceleration with static and dynamic zero-offset compensation

Static compensation is performed based on the calculation of the deviation in the range from
9.10% ...2.4.10° . In this interval, the deviation is fully compensated by static compensation,
but in the remaining intervals the deviation values range from 10~ to 10°deg/s. At the same
time, the deviation values are below 1072 deg/s in all tested intervals. The results of the
comparative analysis show that the dynamic compensation algorithm reduces the deviation
values by a factor of 10! to 10* compared to static compensation.

14



CHAPTER 2
Methods and algorithms for improving the performance of MEMS inertial
sensors

Inertial sensors, gyroscopes and accelerometers are widely used in modern electronic
systems. The main aim in the development and use of inertial sensors is to improve their
performance, which reduces measurement errors and directly affects the duration of accurate
operation of inertial navigation systems. Two main parameters determine the quality of these
sensors — zero offset and its instability over time, and the random ‘drift’ in velocity for
accelerometers and angular rotation for gyroscopes. The effect of their inaccurate
determination and compensation consists of a quadratic increase in errors in measured
distances and a linear increase in speed determination. For this reason, these factors are always
considered of paramount importance in the quest to improve sensor performance. These two
parameters can be analysed using two methods — frequency analysis [25-28] and the Allan
variance method [29-31].

Methods for compensating for adverse factors can be divided into two main groups: methods
at the level of internal structure and design, and methods involving mathematical modelling of
the various processes. Combining the influence of all the factors described into a single general
mathematical relationship is an extremely difficult task. Some of the errors caused by the
MEMS sensor can be compensated for on the basis of modelling [38—39] and signal processing
[40], whilst the noise characteristics depend solely on the sensor structure. The wavelet
transform is an effective method for removing noise from the signal. The selection of suitable
parameters for the noise removal process depends on the signal source and its statistical
parameters. The article discusses an algorithm that can select the optimal parameters for the
process of removing noise from accelerometer signals [40]. Traditional noise reduction
methods are primarily based on simulation on a specific model or spectral analysis, which often
cannot be successfully applied to non-stationary signals. Furthermore, these methods rely on
digital signal processing, primarily through the application of wavelet filtering [41-42],
spectral processing [43], high-pass filters, and so on. However, all the methods mentioned have
rather limited capabilities in terms of noise reduction, and in most cases their application leads
to a deterioration in the performance of the inertial systems.

2.1. Hardware methods for improving performance

To overcome these limitations, a four-sensor inertial sensor configuration is proposed,
consisting of four triaxial inertial sensors oriented such that, for each of the X, Y, Z, the axes
of the same name on two of the sensors are oriented in the same direction, whilst on the other
two they are oriented in the opposite direction to the first two (Fig. 2.1).

The characteristics of the individual MEMS sensors and the four-sensor structure were
investigated using frequency analysis and Allan analysis. To determine the noise suppression
capabilities of the four-sensor structure, a theoretical analysis was carried out, followed by a
simulation study and experimental measurement and data analysis.

The four-sensor structure consists of four 3-axis inertial sensors, as shown in Fig. 2.1. The
orientations of the sensors have been chosen such that the direction of the two axes of each
inertial sensor pair is opposite, whilst the direction of the third axis remains unchanged.
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Fig. 2.1. Four-sensor array of Fig. 2.2. Linear accelerations in the inertial

MEMS sensors system

Based on the structure shown (Fig. 2.1) and the designations of the sensor axes (Fig. 2.2),
the following equations for the linear accelerations can be written:

a,,=8,ta, a,,=-8,ta,
a,=8,+a,; (2.11) a,,=g,+a, ; (2.1.2)
a,.=§.ta, a,.=-g.+a,

as, =—8,ta, a,, =g, +a,
a,,=-g,+a,; (2.1.3) a,, =-g,+ta,. (2.1.4)
a,.=8g.ta, a,. =-g.+a,

A similar system of equations for calculating the accelerations ay and a. can also be written
by combining the corresponding equations (2.1).

Let us denote the accelerations calculated from equations (2.2) by x1, x2, x3and xsaccording
to the first, second, third and fourth equations, and let us calculate the corresponding linear
acceleration x as an average value:

co SN X,
4
If we assume thatx,;,i=1...4 are random independent variables, then the mean, variance
and standard deviation of the resultant signal x can be calculated according to the equations:

3 Elx ]

2.3).

E[x]= E{xl M Bk } SN - mean (2.4.1)
4 4
4
2. Dlx,]
Dlx]= D{x‘ R R x“} = - variance (2.4.2)
4 16
O'[x] =4D xl - standard deviation (2.4.3).

When the inertial sensors are of the same type, we can assume that
Dlx,|= D[x,]= D[x,]= D|[x,] . Then equations (2.4.2) and (2.4.3) are modified as follows:

D[x]= # (2.5.1)
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olx]= 0[2""] (2.5.2).

Consequently, the standard deviation is reduced by a factor of two due to signal processing.
A simulation study was carried out to verify the theoretical conclusions regarding signal
processing using a MATLAB programme. The four random variables " x,,i=1..4 ° are
generated by the built-in function ‘randn(N,1)’, which returns an Nx1 matrix containing
pseudo-random values drawn from the standard normal distribution. These variables simulate
the noise of the inertial MEMS sensors.

The statistics of the array values are shown in Table 2.1.

Table 2.1. Statistics of the generated signals and the resulting signal
Variable Mean Deviation Standard deviation
X, -9.9750.10* 0.0099 0.0993
X, -6.2727.10% 0.0093 0.0966
X, +4.6021 * 10" 0.0105 0.1026
X, +14.000.10 0.0104 0.1020
X 6.2333710° 0.0025 0.0502

To determine the zero offset and its instability over time, as well as the random ‘drift” in
velocity in the accelerometers, a measurement system comprising an inertial measurement unit
[44] and a computer was used. The inertial system (Fig. 2.7) can measure linear accelerations
and angular velocities along three axes. It is based on four identical MPU-6000 sensors [45]
manufactured using MEMS technology. These are arranged on a single printed circuit board
according to a specific layout, so that by combining their signals, a resultant signal is obtained
which has a lower noise component, better zero-drift stability and improved statistical
parameters.
A key feature of the structure is the ability to control the sampling time, which allows for
the selection of different operating modes. This enables the implementation of various
operating modes, each characterised by different signal processing and leading to
improvements in various system parameters.
The system can operate in several modes:

e Synchronous mode — an operating mode in which the measurement process for all 4
sensors is initiated at the same moment (Fig. 2.8a).

> Asynchronous mode — this operating mode is achieved through asynchronous control of
the FSYNC control inputs of the MEMS sensors, with each of these inputs being clocked
at uniform (to achieve uniform sampling — Fig. 2.8a) or non-uniform (to achieve non-
uniform sampling — Fig. 2.8b) time intervals.
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Fig. 2.7. Setup for experimental investigation
of the parameters of a four-sensor structure Fig. 2.8. Sampling schemes for asynchronous
and synchronous operating modes

For the purposes of the experimental study, synchronous operation mode is used, which is
characterised by the measurement process of all 4 sensors starting at the same moment. This
is achieved by simultaneously applying a rising edge to the FSYNC control inputs of the
MEMS sensors (Fig. 2.9), so that all four MEMS sensors Q1-Q4 are clocked synchronously
at a frequency of 19.2 MHz. Additionally, the inertial sensors are connected in pairs to the
microcontroller’s two hardware I?C ports, which allows for the simultaneous reading of
acceleration data, thereby reducing the data read time.

The experimental data for determining the parameters of the inertial sensors were obtained
using the synchronous mode of the four-sensor configuration, a sampling rate of 20 Hz and a
data recording time of 4 hours. After processing the signals from the four sensors in the four-
sensor configuration according to equation (2.7), a significant reduction in the level of the
spectral components is achieved, with the reduction in their levels ranging from 6 dB at
frequencies between 1 and 10 Hz to 20 dB at very low frequencies (Fig. 2.13). This is achieved
by reducing the variance and the mathematical expectation of the resultant signal. Similar
results are obtained for the linear accelerations along the other two axes of the accelerometer.
The assessment of the noise characteristics is also carried out through statistical analysis of
the data from each sensor and for the structure as a whole.

CLK | “192mHz
GEN |
x FSYNC2
FSYNCT { l
RXDITXD]
Serial [¢ INT1
(TTL) g N2 s 1 @ M
RTsicTs
uP 12C1 il t
12C2 1 1
|
Serial | ™D INT3 Q4 |- ) L
(RS232)[* INT4 as
FSYNC4 T T

FSYNC3

Fig. 2.9. Block diagram of the system
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The sensor update rate is set to 1 kHz (accelerometers and gyroscopes), whilst the sampling
rate is set to 100 Hz due to the limited time available for transferring the inertial data to a
computer via the RS232 interface. The measurement time is set to 1 hour.The calculated
variance and standard deviation of all linear and angular accelerations are given in Table 2.2
and Table 2.3 respectively, where the last column contains the corresponding variance and
standard deviation of the resulting acceleration, which is calculated according to equations
(2.5a) and (2.5b).

Fig. 2.14 shows a histogram of the values of the linear accelerations along the X-axis, Fig.
2.17 shows the histograms of the angular acceleration values, and Fig. 2.20 shows the results
for the Allan variance of the individual sensors and the four-sensor structure along the X-axis.
The results clearly show an improvement in the structure’s parameters (zero offset, variance
and Allan variance) compared to the individual sensors.

Table 2.2. Calculated values of the dispersion

Parameter Sensor #1 Sensor #2 Sensor #3 Sensor #4 Structure
Ax.10° 11.638 12.508 13.414 12.015 2.8255
Ay.10¢ 11.905 11.455 10.299 10.925 2.6920
Az.10¢ 30.839 21.804 33.855 25.214 9.923
Gx.107 13.1 15.9 11.9 14.3 4.7
Gy.1073 14.6 18.2 12.8 19.6 2.8
Gz.103 14.1 15.6 11.1 9.6 3.1

Table 2.3. Calculated values of the standard deviation

Parameter Sensor #1 Sensor #2 Sensor #3 Sensor #4 Structure
Ax.10° 34 3.5 3.7 3.5 1.7
Ay.1073 3.5 3.4 3.2 33 1.6
Az.10° 5.6 4.7 5.8 5.0 3.1

Gx 0.1144 0.1262 0.1092 0.1195 0.0688

Gy 0.1208 0.1350 0.1133 0.1400 0.0533

Gz 0.1188 0.1247 0.1054 0.0981 0.0559
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Fig. 2.14. Histogram of the acceleration
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Fig. 2.20. Allan variance of a single sensor and a four-sensor structure (0s X)

The use of the various operating modes of the four-sensor configuration enables:

e increasing the maximum sampling rate of the inertial sensors

e reducing dispersion and noise levels

e applying non-uniform sampling when processing signals for frequency analysis above

the Nyquist frequency

e determining the location of vibration sources

All these advantages enable the four-sensor structure to be widely integrated into modern
MEMS inertial systems, as well as into various microelectronic systems with improved noise
levels and significant possibilities for controlling sampling methods.

2.2. Methods for improving performance through signal processing

Inertial sensors manufactured using MEMS technology have a relatively high noise level.
This noise comprises low-frequency and high-frequency components [47—49]. These two
components combine and affect the accuracy of the measurements made with them. The
elimination of the noise components inherent in MEMS-based inertial sensors is of particular
importance for their application in measurement across various fields [50]. To this end, various
methods based on wavelets have been developed in recent years [42], [51-54]. The
effectiveness of noise reduction depends on the values of many parameters and their
combinations, which makes it difficult to select optimal parameter values for a given type of
signal. In the proposed algorithm, it is possible to change the value of each parameter, but the
main focus is on selecting a method for calculating the threshold value. Based on studies [53—
54], it was decided not to alter the following parameters during the experimental trials: the
wavelet, the noise model, the decomposition level, and the method for applying the calculated
threshold value. The selection of the optimal method was made on the basis of a quantitative
criterion, which in this case was chosen to be the noise reduction coefficient. Traditional noise
reduction methods are primarily based on simulation of a specific model or spectral analysis,
which often cannot be successfully applied to non-stationary signals. Compared to these,
wavelet denoising is more effective and applicable in many engineering applications because it
reveals the local characteristics of non-stationary signals in the time and frequency domains.
To achieve good performance in denoising, an optimal choice must be made in the following
five steps of the denoising algorithm:

e Selection of the type of wavelet to be used for the transformation
e Determining the level of signal decomposition
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e Determining the threshold value at which the transformation coefficients are set to zero
e Selection of the method by which the specified threshold is applied
e Selection of the method for decomposing the signal

The effectiveness of the noise reduction can be quantified using the signal-to-noise ratio
(SNR), the mean square error (MSE) or the noise reduction coefficient (NRC). The higher the
SNR and NRC values and the lower the MSE value, the better the noise reduction. To verify
the validity of the proposed criteria for level selection and to determine the optimal method for
setting the threshold value, numerous experiments were conducted using signals generated by
the function “wnoise(xx, L, o ). Additive white Gaussian noise was added to the signal to
obtain a predefined signal-to-noise ratio. When decomposing using discrete wavelet transform
(DWT) and stationary wavelet transform, the threshold value is calculated for each level, using
an iteratively selected method and noise model. When using wavelet packages, this is
determined by the choice of method for calculating the threshold value. Denoising is performed
using the wdencmp function when the decomposition is carried out using DWT.

Based on the experiments conducted and the results obtained, it is assumed that, during the
experiments, the noise is white Gaussian, which is rescaled for each level sln, and the method
for applying the threshold value is a ‘soft’ threshold. The criterion for the optimal denoising
method is the minimum CNR value. A graphical representation of the results is shown in Figure
2.25, where the results are grouped by the signal-to-noise ratio of the input signal. It is clearly
seen that the achieved efficiency is in the range of 0.5-2.5 dB.
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Fig. 2.25. Signal-to-noise ratio of the input signal 10 dB

2.2.1. Adaptive filters for signals from MEMS inertial sensors

Noise suppression is a fundamental method for removing noise contained in useful signals.
In the case of a non-stationary environment and coloured background noise, processing
becomes very slow if the adaptive filter receives a signal with a large spectral dynamic range.
To overcome this problem, various approaches have been proposed over the last few decades,
such as the Kalman filter, the Wiener filter algorithm [71] and the Recursive Least Squares
(RLS) algorithm [72]. This thesis examines several methods for noise suppression using
adaptive filters, such as the Wiener filter, also known as the Minimum Mean Square Error
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(MMSE) filter, the LMS algorithm, the NLMS algorithm, the Affine Projection (AP) algorithm
and the RLS algorithm.
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Fig. 2.29. Distances calculated using data from a reference signal, an unfiltered input signal,
and filtered output signals

To demonstrate the capabilities of an adaptive filter using the RLS algorithm [74],
acceleration data along the X-axis obtained from an ADIS 16405 sensor were used, whilst data
along the Y-axis were used for the noise signal. Data from the X-axis velocity signal obtained
from a GPS receiver operating in parallel with the MEMS ADIS 16405 was used as the
reference signal for comparison. The data show the result with the smallest deviation from the
reference distance for a ‘forget factor’ ofA = 0.99695 , which indicates the value ofA with the
highest efficiency for the specific application. Fig. 2.29 shows the result of applying adaptive
filters to determine the distance travelled based on information from a GNSS receiver and
obtained by double integration of the data from the MEMS sensor. After processing the velocity
data using the selected RLS algorithm, it can be seen that the filtered velocity data obtained
from the inertial sensor are closer to those of the reference signal. The subsequent integration
of the filtered data and the comparison of the resulting distance travelled further demonstrate
the benefit of the applied filter, bringing the distance travelled data as close as possible to the
reference value. This demonstrates the effectiveness of the adaptive filter in data processing
following its application in inertial systems.
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Chapter 3

Research and development of systems based on MEMS inertial sensors for determining
orientation in space

When determining the spatial position, the combination of data from the sensors
(accelerometer and gyroscope) is carried out using the Kalman algorithm, which is well known
and has been implemented in many systems [90-91]. The mathematical model of the object
assumes that the actual measurement at any given moment is related to the current state, and
the system model can be written as [92]:

X1 = Axg + Wy (3.30)

Zy = HXk+Vk (331)
where xx — denotes a column vector (nx1) of the state estimate, zx —a column vector (mx1) of
the measurements, A — a state transition matrix (mxn) applied to the previous state, H — the
observation matrix (mxn), which transforms the true state space into the observed space wi —
the model noise and vi — the measurement noise, which are normally distributed and
independent.

In filter algorithms, the noise is represented by the matrices Q (covariance matrix of wg) and
R (covariance matrix of vi), which are used to calculate the Kalman gain:

P HT
The practical application of the Kalman filter is often hampered by the difficulty in obtaining
a good estimate of the noise covariance matrices. The prior state estimate is calculated using
(3.33):

),Zk = (1 - Kk)f(; + Kk Zk (333)
At the same time, the Q-matrix is used to obtain the predicted (prior) covariance of the error
Py : Py = ARCAT +Q (3.34)

The system model for calculating Euler angles using quaternions (q) is given by equation (3.35):
d1 O—-p—q—-r1] (%

qz _ ifp 0 r—qj)a
Qs = I+At2 q-r 0 p|)as (3.35)
Aa) pq r g —p 01\94/y
where p, g, r denote the angular velocities measured by the gyroscope.
The transition matrix is defined by (3.36):
0O—p—q-r
_ ifp 0 r—gq
A—I+At2 q-r 0 p (3.36)
r q —p 0
The values of the quaternions are calculated from the Euler angles according to the equation:
(cos 2 cos gcos v + singsingsinb
QU 2 92 2 2 % 2
q singcos—cosE - cosgsin—sinE
=1 5.0 4 A (3.37)
43 cos—sin-cos— + sin—cos-sin—
4 2 26 2 2 92 2
cosLcos Isin ¥ — singsin—cos%
2 272 27 2 2

If Euler angles are used as state estimates, the non-linear model is applied in accordance with
equations (3.38) and (3.39):

¢ p + gsindtan® + rcos¢dtand

Ot = gcosd — rsing +wy =f(x) +w (3.38)

y gsingsecH + rcosdpsechd
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¢
7= [(1) (1) 8] {e} +v = hf(x) +v (3.39)
1)

The difference between the above model and the linear model lies in the fact that the linear
matrix equation is transformed into a non-linear form as follows: Axx to f(x) and Hxx to hf(x).
To implement an extended Kalman filter, the Jacobian of equation (3.38) must be known. It is
defined as follows:

af, of; ofy

ap 98 oY

_ot, of, of,
A= 26 0 o (3.40)

afs  ofy ofy

ap 98 oY

In both system models, the Euler angles, determined on the basis of the accelerometer data, are
used as measured variables in the Kalman filter. They are stable over time but deviate
significantly from the true values, particularly when subjected to additional linear accelerations

(3.41):

ay u 0w —v]rp sinB

[ay] =|v|l+|-w 0 u [q]+g —cosesincl)] (3.41)
az w v—u O0llr —cosBcosd

where u, v, w represent the velocities; p, q, r represent the angular accelerations; anday, ay a,
are the linear accelerations; g is the gravitational acceleration.

If the system is at rest or moving at a constant velocity, equation (3.41) simplifies to the
following (3.42):

fx sin@
fyl=g [—cosesincb] (3.42)
f, —cosBcosd
In this case, the angles ¢ and 8 are determined by the relations (3.43) and (3.44) [93]:
0, = atan [ —=— (3.43)
J@y) +@?
— ay
$a = atan (signazx/(az)zw(ax)z) (344)

The parameter p is included in the equation to avoid division by zero. The angle y cannot be
determined from the accelerometer data; therefore, the magnetometer data must be used. It is

calculated according to equation (3.45) [94]: Y, = atan (;—h) , (3.45)
h

where Yh and Xh denote the magnetometer readings Y and X, respectively, which are
calculated on the basis of the magnetometer data, corrected for the tilt angles in accordance
with equations (3.46) and (3.47) [95]:
Xy = (by — Vy)cosB, + (by - Vy)sinE)asincl)al + (b, — V,)sinB,cosd, (3.46)
Yy = (b, — V,)sin, — (b, — Vy)cosd, (3.47)
The measured data from the magnetometer are distorted by soft and hard iron effects, which is
why it is necessary to calibrate the data. The magnetometer data is calibrated using the
algorithm described in [96]. The six data values are used to calculate the value of X according
to equation (3.48):

by[0] by [0] b,[0]

by[1] by[1] b,[1]

X = (3.48)

by [5] by [5] b, [5]
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The selected data values are also used to estimate the parameter Y according to equation (3.49):
[bx[0]? + by [0]? +b,[0]?

:
_ !bxmz + by[1]? +bz[1]2!

v (3.49)

Lby[512 + by[5]? +b,[5]?]
The results from equations (3.48) and (3.49) are used to estimate the parameter f§ according to

equation (3.50): B = (XTX)"1xTy (3.50)

The calculated values of B are then used to calculate the disturbances in the magnetometer data:
vx 1 BO
vy | = > By (3.51)
VZ BZ

A typical example of the application of the Kalman filter is the determination of inclination
angles, which has practical applications both for navigation purposes and in other fields such
as gyro-stabilised platforms, inclinometers, etc. For example, determining the spatial position
of objects is a fundamental problem during their movement. The parameters that determine this
characteristic are the angles of rotation about the respective axes, known in the English-
language literature as pitch, roll and yaw, shown in Fig. 3.10a.

Bias offset
compensation
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P, = (I - K H)PD

(a) Block diagram of a Kalman filter
(b) Operating algorithm

Fig. 3.10. Structure of the Kalman filter for determining the angles of inclination

The filter algorithm presented has been implemented in the MATLAB software environment.
The algorithm has also been verified by comparing the data at the output of the Kalman filter
with the data for the values of the tilt angles taken from the Bosch BNO055 MEMS inertial
sensor, whose integrated Kalman filter determines these angles and records them in the sensor’s
internal registers. The experimental research module is positioned approximately at the
vehicle’s centre of gravity, where the Y-axis is aligned with the vehicle’s longitudinal axis, the
X-axis is aligned towards the right-hand door, and the Z-axis points upwards. The three Euler
angles are calculated based on the register data from the BNO055’s accelerometer, gyroscope
and magnetometer. The three curves represent the accelerations caused by gravity
(Gravity Acc), dynamic accelerations (Lin_Acc) and the sum of the two accelerations
(real _Acc). The Euler angles obtained from the proposed algorithm are compared with similar
values calculated by the BNO055 module’s built-in software library and are shown in Figure
3.15. The input data for the Kalman filter is filtered through a low-pass filter with a cut-off
frequency of 5 Hz.
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The standard deviation of the angle difference Psi, determined on the basis of the linear
accelerations and the acceleration due to gravity, is 2.60. This can be reduced by lowering the
filter’s cut-off frequency and applying an additional smoothing filter to the input data. In this
case, the obtained angle values are identical to those calculated by the built-in algorithm. The
performance of the developed Kalman filter algorithm has been tested experimentally and under
dynamic test conditions using a high-end ADIS16405 MEMS inertial sensor. The test is carried
out whilst the inertial module is mounted on a child car seat, which has been specially designed
for the measurements [98-99]. A dummy with the dimensions and weight of a child is mounted
on the inertial module (Figure 3.17).

The first test verifies the static characteristics of the algorithm and compares the seat rotation
angles with the measured values. The test is also used to calibrate the magnetometer and
compensate for the effects of soft and hard iron. The dynamic test is carried out whilst the
inertial unit is mounted on a child car seat specially designed for the measurements [98-99]. A
dummy with the dimensions and weight of a child is mounted on the inertial unit (Figure 3.17).

The dynamic test is conducted on a mountain road with many bends. Sections of the test
track are selected so that the direction of travel is from north to south, and the bends are from
east to west. The trajectory and speed are recorded by a GPS receiver integrated into the inertial
system’s structure. The Euler angles are calculated from the linear accelerations, which pass
through a low-pass filter with a cut-off frequency of 20 Hz. The lower cut-off frequency results
in increased latency at the output of the Kalman filter relative to the acceleration data.

Of particular interest is the Euler angle ¢, as it represents the angle of rotation of the child
car seat, whose movement is caused by lateral accelerations during cornering. The rotation
frequency of the child car seat is also of interest, as the values represent travel comfort [100].
The Euler angles are calculated based on the quaternion model, and the results show that there
is no discernible difference in the values of the angles obtained using the two different models.

The parameters of the model for calculating the Euler angle have also been investigated. In
the first test (Figure 3.22, R=0.0001225, Q=0.16), the noise parameters estimated in Chapter 1
were used. As R decreases and Q increases, the contribution of the measurement to the estimate
increases. In this case, the results match the actual deviation of the child car seat, which
highlights the need to pre-determine the noise characteristics of the sensors.
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the child car seat

The results obtained show that the model with a non-linear Kalman filter and the quaternion
model yield similar values for the tilt angles, respectively, and that the proposed algorithm for
magnetometer calibration and data filtering is suitable for integration into systems for
determining the spatial position of various objects. The selected cut-off frequency of the low-
pass filter (LPF) of 20 Hz has been optimised in terms of system behaviour. A lower frequency
leads to increased latency at the output of the Kalman filter relative to the acceleration data,
whilst a higher frequency leads to increased noise levels due to the wider frequency band.

3.4.Determining spatial position using a complementary filter

Determining the spatial position of an object is a task that can be solved using various
methods and technical means. In recent years, when it comes to determining location in open
spaces, this is undoubtedly achieved using global navigation satellite systems [102]. Indoors,
existing local and personal wireless networks such as Wi-Fi, ZigBee, Z-Wave and Bluetooth
are increasingly being used [103—104]. The main components for implementing these systems
are accelerometers, gyroscopes and magnetometers. A major drawback of the technology is that
the parameters of MEMS sensors are unstable over time and the output signal contains a
significant amount of noise in addition to the useful signal. All this necessitates the use of
various circuit design and software methods to mitigate these shortcomings. One of the main
approaches is to utilise the combined operation of different sensors when determining the same
parameter. In almost all systems, this integration is carried out using the Kalman filter [93].
Another method is to use a complementary filter. It has a less complex structure and can be
more easily integrated into systems implemented with microcontrollers. The structure and use
of such filters are discussed in [105-108]. The complementary filter combines data from
different sensors in order to reduce unwanted components in their output signals and obtain a
result closer to the true value. However, this can only occur if the frequency characteristics of
the sensors are complementary to one another. Two different sensors are used to measure
accelerations, with the signals from each being processed through separate filters and then
summed to obtain the final result.

The angles will be determined using data from a gyroscope and an accelerometer. With these
two sensors, two of Euler’s angles can be determined — ¢ (the angle of rotation about the body’s
longitudinal axis — X) and 0 (the angle of rotation about the transverse axis — Y). The orientation
of the axes will be shown in the experimental results. Data from a third sensor is required to
determine the third angle.
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If Wi(s) and Wa(s) are the transfer functions of the filters used to process the individual
signals and y(t) is the final measurement result, then if they are complementary:

W;(s) =1—-W(s) (3.53)
W, (s) = W(s) (3.54)

The Laplace transform of the output signal can be obtained by using the fact that it is the
result of multiplying the Laplace transform of the input signal by the transfer function of the
filters, expression (3.55):

Y(s) = X(s) + [1 — W(s)]N;(s) + W(s)N,(s) (3.55)

The angles determined from the data obtained from the gyroscope are valid (accurate) for a
short period of time, after which the accuracy deteriorates significantly. This is equivalent to
the presence of low-frequency noise in its output signal. The angles determined by the data
from the accelerometer are valid (accurate) for a long period of time; they change only when
the acceleration changes suddenly, which is equivalent to the presence of high-frequency noise
in its output signal. Therefore, the two sensors are suitable for implementing a complementary
filter.

Two block diagrams are presented for implementing such a filter. The first is significantly
simplified, making it suitable for integration into systems implemented with microcontrollers.
The angles ¢ and 0 are determined from the accelerometer data using equations (3.58) and
(3.59):

byee = sin~? (g;ﬁ@) (3.58); Qe = sin”? (f;) (3.59)

wheref, u f,, represent the accelerations along the respective axis.

The same angles are also determined using data from the gyroscope, by numerically
integrating the angular velocities along the respective axis. Only expression (3.60) for
determining the angled will be presented; the angle ® can be determined using the same
expression with data from the sensors along the Y-axis:

¢K+1 = ¢K + int(gyro (x)k) (360)

whereint represents a method for numerical integration.

The valuesgyro(x) must be converted from the body coordinate system to the inertial
system using the angles determined in the previous step.

The data from the two sensors are combined using the expression (3.61):

¢K+1 = a[d)K + int(gyro(x)k)] + (1 - a)q)acc (361)
wherea is (a positive constant) the high-pass filter coefficient, and(1 — a) is the low-pass filter
coefficient. The sum of the two coefficients is equal to one. The ratio between them also

determines the filter time constant, defined by equation (3.62):
a

U= o (3.62)
The second possible block diagram is implemented based on the expression [109]:
O = [1= W] (5dg) + W(s)da (3.63)
The transfer function of the low-pass filter is determined by the expression:
— _ _SKp+Kip
W(s) = W(S)uug = e (3.64)

Using the relationship[1 — W(s)] , the transfer function of the high-pass filter is
obtained as:
S

W(s)gup = v (3.65)

The block diagram of the filter derived from this expression is shown in Figure 3.25.

2
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Fig. 3.25. Block diagram of a complementary filter

The data from the static measurements were obtained by tilting the chair to a specific angle
(along the Y-axis) and leaving it in that position for a certain time, after which it was tilted
to the same angle but in the opposite direction. The values of the angled , determined by
expression (3.58), are shown in Figure 3.27.

The values of the angled , determined by expression (3.65), are shown in Figure 3.28. For
a correct estimation of the angle, it is necessary to select the appropriate values for the
proportional-integral element from Figure 3.25. In this specific case, the values of the
coefficients are Kp =20 and K; =10. The data for the dynamic estimation of the angle¢d were
obtained whilst the seat was mounted in a vehicle travelling from Sofia to Sapareva Banya.
The values of the angle¢ , estimated using the filter implemented on the basis of expression
(3.63), are shown in Figure 3.29. The estimated values of the angle using the filter
implemented according to expression (3.65) are shown in Figure 3.30.
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The values of the angled obtained using the two algorithms are almost identical. The filter
implemented based on expression (3.65) accounts for the shorter-term momentary deviations
of the chair. Consequently, the concept of implementing a complementary filter for fusing data
from an accelerometer and a gyroscope allows the position of objects in space to be determined;
on this basis, two block diagrams of such a filter are proposed. One of them has a simple
structure, making it suitable for integration into systems implemented with microcontrollers.
The second structure is more complex but models the physical processes more accurately. To
verify the algorithms of the two filters, static and dynamic measurements of the deviation of a
child seat were carried out. To obtain correct angle estimates from the filter with the more
complex structure, careful tuning of the parameter values Kpand Kiis required.
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Chapter 4

Research and development of systems based on MEMS inertial sensors for determining
the dynamic state in road transport

Modern systems are equipped with a large number of sensors which, after measuring linear
and angular accelerations, must transmit this information to a control module that collects,
analyses and transmits the measurement data to a remote server via a wireless interface. To
build such a system, the following must be designed:

e An inertial module supporting various communication protocols, or a multi-protocol
network for data transmission

e A multi-protocol network based on parallel-connected inertial modules with the
capability to transmit inertial data via several different protocols (CAN, UART/TTL,
UART/RS232, etc.)

e Network management algorithms — synchronisation, collision avoidance, adding and
removing sensors from the network, etc.

4.1. Multi-protocol network of inertial sensors

The multi-protocol sensor network consists of a number of inertial measurement modules
connected to a control module via several communication interfaces (Fig. 4.1). The use of
multiple protocols allows the network to operate without failure even if one of the
communication interfaces is interrupted, or if the individual nodes process the signal during
serial data transmission.

The topology of the multi-protocol sensor network is based on RS232 and CAN
communication interfaces. The two interface standards have their own specific advantages,
which can complement each other. The CAN bus was originally developed for use in vehicles,
but is used with great success in various industrial applications thanks to its stability, flexibility
in connecting different types of devices, and low cost. Other advantages of this bus include the
ability to transmit information over several kilometres, good electromagnetic compatibility, and
the possibility of implementing it in various microcontrollers, such as Microchip. On the other
hand, the CAN bus has a linear topology and a limited length for the sections between two
devices. The RS232 interface is used for point-to-point communication, whilst point-to-
multipoint connections are not possible as the transmitters are active continuously.

The proposed network topology combines the advantages of both types of topology by
utilising the built-in resources of the microcontrollers, with the network consisting of one
master and n slave sensors. The first possible topology is shown in Fig. 4.1. This topology
consists of two branches — one uses the RS232 interface, and the other the CAN interface.
Connecting multiple sensors to implement communication via the RS232 standard is achieved
by connecting the RXD input of the (k+1)th sensor to the TXD output of the kth sensor.
Consequently, the devices are connected in series on the bus, with data being relayed along the
formed chain unless the packet in question is intended for a specific sensor on the bus. Another
possible network topology is shown in Fig. 4.2.
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The maximum number of sensors in the network can be determined by the condition that the
signal level at the sensor input must be higher than the required level. If we take 0.7Vppas a
typical value (Vpp— supply voltage), then the input level must be Viz> 0.7Vpp. Therefore, the
number of sensors can be determined by the expression:

Vi = _R,/m >0,7, where g <75Q is the output impedance of the driver (4.2)
VDD R{ml + Rin /l’l
This condition also determines the maximum number of sensors in the network:
3 R
n<—,— 4.3)
7 R

The required data transmission rate when using the USART bus can be determined as
follows. Assuming that the data request contains 1 byte (the sensor number) and the response
contains M bytes, and that a sensor with number K is being queried, the time taken for the
command to reach the Kth sensor will be equal to KA t, whereA t is the transmission time for 1
byte. Upon receiving the query command, the Kth sensor transmits M bytes along the chain,
with the time for the information to reach the master sensor being equal to (N-K+1)A t. Adding
to these times the time taken to transmit the data to the computer from the master sensor (MA
t) and from the queried sensor (MA t), the total time will be equal to (N+3)MA t-K(M-1)A t. To
send the data from all sensors to the computer, a time equal to the sum of the transmission times
for each sensor is required. This time will be equal to:

T =N(N+3)MAt— (M - I)AtiK = {N(N +3)M — (M - 1)%}& (4.4)

The time required to transmit 1 byte over the line is equal to 10/B, where 10 is the number
of bits in the transmission of 1 byte (1 start + 8 data + 1 stop) and B is the transmission rate.
Therefore, the required transmission rate can be determined by the expression:

N(N +1)] 10

B> [N(N +3)M — (M - 1)—} AT (4.5)

2
where AT is the period between two clock cycles
If the master sensor sends a 1-byte request and the response from the i-th sensor consists of
(m + 1) bytes, then the communication timing diagram is shown in Fig. 4.3.
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Fig. 4.3. Communication timing diagram
According to the attached timing diagram, the number of sensors in the network and the

number of bytes in the response are limited by the time between two acceleration reportsA
T=1/Facq (Facq — data acquisition frequency):
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(n+1)(m+1)At< AT (4.6)

Consequently, the number of slave sensors is limited by the requirement:
n< £ -1.
10 (m + 1)

On the other hand, whilst the query to the (i+1)th sensor reaches the i-th sensor, the latter
must complete the process of transmitting the acceleration measurement data. The i-th sensor
receives the request to the (i+1)-th sensor at time (n+/+i)A ¢, and completes the transmission
of the data at time (m+1+i)A ¢. To satisfy the above requirement, the following condition must
be met:

(m+1+i)At<(n+1+i)At

Therefore, n> m. (4.8)
Combining inequalities (4.7) and (4.8) yields:

mil< |BAT (4.9)
10

The network communication can also be based on a self-organising structure. In this case,
the master sensor does not send a request, but the i-th sensor monitors the communication on
the bus and, when the (i-1)-th sensor has finished transmitting its data, it begins transmitting its
own data. This method requires each slave sensor to send its unique ID number, which increases
the number of bytes in the packet to (m+2). In this case, equation (4.1.8) is modified to:

n< BAT (4.12).
10(m +2)

The selected network of inertial sensors was tested on a light vehicle to determine the
relative motion of the vehicle’s suspension components. The network consists of three inertial
sensors based on the 3D single-chip LIS3LV02DQ.

The configuration of the sensor network is shown in Figure 4.10, and the relative
displacement between two sensors is shown in Figure 4.12.

4.7

Amplitude,mm
A

5 10 15 20 25
Time,s

Fig. 4.10. Installation of sensors from the

sensor network Fig. 4.12. Calculated relative displacement
of the sensors

The system described may prove useful when a high degree of reliability is required in the
event of a system failure caused by the use of the CAN or USART bus. In the event of a failure
of the main CAN bus, data can be transmitted via the USART bus using the ¢ ’ function. This
capability is of great importance for remotely controlled devices such as unmanned aerial
vehicles (UAVs), robots, etc.
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4.2. Investigation of motion dynamics and diagnostic methods in road transport

The suspension components of modern cars belong to the category of non-repairable parts,
and the vehicle’s operational capability is restored through replacement. Scientific research
conducted to date on vehicles in service does not provide a clear and unambiguous answer
regarding reliability parameters, although reliability studies are carried out by car and spare
parts manufacturers, in which only final decisions on the replacement of individual components
or assemblies are announced, or adjustments are recommended. Experiments and studies using
accelerometers to analyse the operation of the suspension (shock absorber) and obtain
accelerations, and through integration — the speed and displacement of the vehicle body and
wheel by monitoring the vertical component [125]. In vehicle dynamics, shock absorbers are
used to optimise driving comfort and safety; therefore, it is necessary to determine the
characteristics of shock absorbers under real operating conditions. Given the high quality and
low cost of MEMS accelerometers, many researchers have used them in a number of their
studies [126—128] to measure acceleration and vibrations along the three axes of experimental
setups, investigating the amplitude-frequency analysis of the obtained data. A major
shortcoming in a large proportion of the studies concerning the assessment of the technical
condition of the suspension of vehicles in service is that they focus primarily on the condition
of the shock absorbers and springs, and as a result of these studies, recommendations are made
for changes to the technical condition of the suspension as a whole. The technical condition of
the rubber-to-metal joints on vehicle suspension components is in many cases not determined,
or is determined based on subjective factors (through mechanical impact and human
judgement).

For the purposes of the analysis, a vibration test rig induces vertical vibrations which are
transmitted to the suspension components along various axes depending on the suspension
design, the vehicle’s wheelbase and the height of the vibration platforms. The positioning of
the vehicle on the platforms is shown in Figure 4.16.
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Fig. 4.16. Position of the vehicle on the test rig

The study was conducted on a MacPherson-type front suspension of a Fiat Bravo vehicle at
different play values — 0.0, 0.4, 0.8 and 1.2 mm. According to some car manufacturers [129],
the limit value for the play in the upper and lower spherical joints (axial and radial) is up to 0.8
mm. To conduct the experimental studies and determine the dynamic characteristics of the
system (car suspension) through analysis of the vibrations on the test rig, three tests were
carried out by switching the vibration test rig on and then off. To determine the dynamic
characteristics, a spectral analysis of the vibrations must be carried out, and based on this
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analysis, the following must be determined: the damping time, the damping rate of the
vibrations, the main dominant frequencies and their amplitudes, the dependence of the
determined frequencies and amplitudes on the state of the object under investigation, the
determination of the velocity and displacement of the system elements, and an overall
assessment of the system’s condition. Analysis of the sampled signals in the time domain is
not always sufficient to obtain the necessary information about the composition of the input
signal.

In many practical cases, a comprehensive analysis is required in both the time and frequency
domains. Various methods have been discussed in the literature for implementing spectral
analysis, such as the Short-Time Fourier Transform (STFT) [130-131], the Wigner—Ville
Transform (WVT) [131], Wavelet Transform [132], Linear decimation [133], Frequency
Response Functions (FRF) [134], Power spectrum density (PSD) [135], Auto-Regressive
Model [136] and others, with the Short Time Fourier Transform (STFT) and Wavelet
Transform being the most widely used. Fig. 4.18 shows the vibration diagram in the time
domain, whilst Fig. 4.20 shows the spectral analysis of the vibrations using STFT with a
rectangular ‘window’ of N=64 and a step size of 16 samples.
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- Fig. 4.20. Spectral analysis during the test
Fig. 4.18. Main stages of the experiment

One of the key aspects in carrying out the analysis is the selection of the Fourier transform
parameters — the number of points in the window and the overlap coefficient of the individual
windows. A detailed analysis of the spectrograms as a function of window size shows that the
spectral evaluation is highly dependent on this parameter. When the window size is small, the
oscillatory process can be regarded as quasi-stationary, whereas with a large window size, it is
regarded as non-stationary. Another major drawback of the Fourier transform is the dependence
between the resolution in the time and frequency domains. These drawbacks can be overcome
by using a wavelet transform.

In frequency analysis using wavelets, it is possible to select the method of signal
decomposition, the type of wavelet to be used for the transformation, and the level to which the
signal under investigation is to be decomposed. Of the four signal decomposition methods
considered, the best results are obtained using wavelet packs, which is a result of a complete
binary tree during signal decomposition and the consequent possibility for more in-depth
analysis. For signal denoising, the wavelet must be orthogonal or biorthogonal. Consequently,
the choice is limited to wavelets from the Daubechies, Haar, Symlets, Coiflets, BiorSplines,
ReverseBior and Dmeyer families [132]. Fig. 4.31 shows the time-frequency distribution with
continuous wavelet transformation for three trials.
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On the one hand, analysis using the continuous wavelet transform provides the clearest
picture of the fundamental frequencies, but the resolution at high frequencies is poor, whilst at
low frequencies it is too high. In the region of the main spectral peaks, the resolution is of the
order of 1 Hz, which in some cases may prove insufficient. For this reason, an optimal wavelet
package was selected from the Dobes§ family — db3 with a 5th level of decomposition. This type
of package is characterised by filters of minimal length whilst satisfying the smoothness
condition. This ensures faster computation of signals of long duration.

Analyzed Signal
2 T T T T T T T T

[ ew

_2 1 1 1 1 1 1 1 1
500 1000 1500 2000 2500 3000 3500 4000

Percentage of energy for each wavelet coefficient

0.12

0.1

0.08

Scales a

0.06

0.04

i i i i 3 i : i 0.0z
500 1000 1500 2000 2800 3000 3500 4000
Space b

Fig. 4.31. Time-frequency distribution with the continuous wavelet transform

Table 4.3. Correspondence between scale factor and pseudo-frequency

Pseudo-frequency, Hz Scale factor
Pseudo-frequency Scale factor
26.67 1
13.33 2
8.89 3
6.67 4
5.33 5
4.44 6
3.81 7
3.33 8
2.96 9
2.67 10
242 11
2.22 12
2.05 13
1.90 14
1.78 15
1.67 16

36



The correspondence between the scaling factor and the pseudo-frequency for Fig. 4.31 is
given in Table 4.3.

Another key issue is the dependence of the spectral analysis on the condition of individual
system components. Spectral analysis of the vibrations on the test rig showed that an adequate
assessment of the condition and motion dynamics of the suspension components cannot be
obtained solely from the condition of the test rig and the entire suspension, as the vibrations of
individual components (springs, shock absorbers, etc.) can mask the vibrations of the other
components. The slope of the line also determines the damping coefficient of the vibration
process:

w=kf +n (4.27)
where w is the window number; / is the current vibration frequency;k is the damping
coefficient; n is the characteristic offset. The damping coefficient can be determined from the
expression:

k=2 Where (4.28)
Af

where Aw = w, —w, is the difference between the numbers of the windows in which
spectral maxima with frequencies f, and f, are observed, respectively Af = f, — f, . Since
w= f(t) , it is necessary to find the dependence of the oscillation frequency as a function of
time f = f (t) . From this, the damping coefficient of the system can also be determined:

— (t2 _tl)Fd (430)
OV .NAf

To determine the displacement, it is necessary to apply a low-pass filter to eliminate the constant
offset. The synthesised digital filter is implemented using Butterworth approximation, as this
type of filter is characterised by a linear phase response and results in minimal signal distortion,
despite the higher order of the filter and the increased number of calculations. The specifications
of the synthesised filter are as follows: passband — 6+24Hz; maximum unevenness in the
passband — 1dB; stopband — (0+3) — (32+80)Hz; minimum attenuation in the stopband — 40dB.

The maximum relative displacement between the individual components is compared with
the theoretically calculated clearance, and a comparative analysis of the results for different
clearance values is shown in Fig. 4.49.
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Fig. 4.49. Comparative analysis of measured and calculated clearance
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The results show that when the distance varies within the range 0.6—1.0 mm, the error in
determining the clearance is within 0.1 mm. The correlation coefficient between the fitted
curve (green) and the experimental data points for the three experiments is as follows: Test 1 —
Expl —0.9732; Test 2 — Exp2 — 0.9903; Test 3 — Exp3 — 0.9714.

The theoretical and experimental studies presented demonstrate the potential for integrating
MEMS sensors into diagnostic and control systems for both individual components and entire
assemblies, based on the measurement of accelerations, velocities and displacements on a scale
ranging from fractions of a millimetre to several tens of centimetres.

4.3. Inertial systems for engine control and management

The improvement of the technical operation of internal combustion piston engines (ICEs) is
closely linked to the development of technical diagnostic methods and tools [137]. There is a
constant interest among researchers in the vibration diagnostics of piston engines, particularly
ICEs. A very important task of technical diagnostics is the determination of the most
informative diagnostic parameters. In ICEs elastically mounted to the vehicle chassis, two
oscillatory processes occur simultaneously, which are the main causes of block vibrations
(general ICE vibrations) [138]. In the most common type of internal combustion engine — a
four-cylinder four-stroke in-line engine with a cylinder firing order of 1-3-4-2 and crankshaft
journals spaced at an angle of 180° — the normal force causing vibrations can be determined
according to the expressions:

X, = sin o : 431); X, = cosa :
1-(Asina) 1-(Acosa)

N, =cosa (X X, ) - normal force (inertial component) of the first order (4.33)

(4.32)

N, = Acos2a(X, — X, )- normal force (inertial component) of the second order (4.34)

N =N, + N, - total normal force (4.35)
The only unbalanced component of the inertial forces causing general vibrations is the second-

order inertial force [139]: z Fjp =4KAcos2a,  (4.36)

where: o is the angular position of the crankshaft; K and 4 are constants.

For the diagnostic mode, the engine is selected to run at idle with a rotational speed °f 840
min" The rationale for this choice is that it can be easily achieved when the engine is mounted
on a vehicle, which will allow vibration diagnostics to be carried out without dismantling it.
With a sampling frequency of 640 Hz, the vibrations were recorded for approximately 120
operating cycles (240 crankshaft revolutions). Two recordings were made: one with the internal
combustion engine in good technical condition; the other with a simulated fault. The simulated
fault consists of a non-functioning third cylinder (fuel supply cut off).

A 3D plot of the vibration diagrams is shown in Fig. 4.62. From the spectral analyses of the
signals presented (Fig. 4.64), the fundamental harmonic of 14 Hz is clearly visible, which
corresponds to twice the value of the crankshaft rotational frequency according to expression
(4.26), equal to n = * 60 = 840 1/min-'. The spectral peaks at frequencies that are multiples of
7 Hz, such as 21, 28, 35 Hz, etc., are also clearly visible.
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Fig. 4.62. 3D plot of the vibration spectra Fig. 4.64. Vibration diagrams in the

frequency domain

The system used enables the overall vibrations of the internal combustion engine to be
determined with simple means and high accuracy, and visualised in a format that is as
convenient as possible for analysis. Conducting an in-depth analysis of the recorded overall
vibrations requires a large volume of detailed research to establish the relationship between
characteristic faults and the harmonics they generate. Nevertheless, even without a large
accumulated database, some faults typical of reciprocating internal combustion engines (e.g.
uneven operation across cylinders) can be successfully assessed both qualitatively and
quantitatively using the methods and tools demonstrated.

4.4. Inertial motion control and management systems

With regard to motor vehicles and improving their safety, development is focused on two
main areas — active and passive safety systems. Active safety during driving is primarily
achieved through the control of dynamic stability via a Vehicle Dynamics Integrated
Management (VDIM) system. The main source of information for the VDIM system is sensors
based on MEMS technologies, which enable the performance of a wide range of functions
[140]. The first major problem in control is determining the spatial position of the object. The
first two angles of pitch and roll can be determined using a Kalman filter as follows. If we

Boo Plo}

denote the state matrix by x = [angle bias]" , the error covariance matrix by P = {P P
01 11

andQ = {QOO Qm} — the noise covariance matrix w , then the state of the Kalman filter can be
QIO Qll
written as:
x=Fx+Bu+w (4.39)

Since the noise from the gyroscope and the linear accelerometer are independent, the values
on the diagonal of the covariance matrix will be equal to 0:
P= bo (4.40)

- O 1 . .

Consequently, the new state of the Kalman filter can be determined by the following
relationships:

x =[anglé  bias]- state change (4.41)
anglé = gyro — gyro _bias - change in the angle (4.42)
where gyro bias =0 (4.43)
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Therefore, the new state of the covariance matrix is:

P=A*P+P.A +Q, where (4.44)
d(angle) d(angle)
_ dt d(gyro_bias) | |0 -1 i . . o
A= d (gyro B biaé) d (gyro B biaé) = {0 the Jacobian matrix of X with respect to the
d (angle) gyro _bias
state

A key point is the simplification of the calculation of the new state of the covariance matrix
by using the value of the Jacobian matrix:

P: Qangle_POl_PIO _])11 ] (445)
Pll ngm

angle = (angle' + gyro— gyro_bias)dt (4.46)

P=P+P*ds. (4.47)

Since the data from the gyroscope output contains information about the angular velocity of
the object, but not about the absolute value of the angle itself, if there is a value other than 0 for
a stationary object / so-called zero offset /, an error accumulation will result from the
integration. To experimentally investigate the operation of the control and management system
and the working principle of the Kalman filter for determining the vehicle’s roll angles and
direction of motion, a test was conducted using a 9DoF (degrees of freedom) inertial system
with MEMS sensors, which includes a 3D accelerometer, a 3D gyroscope and a 3D
magnetometer.

The control and management system uses this data, together with the angular velocity data
along the Z-axis, to determine the vehicle’s motion pattern after comparison with data from the
steering wheel angle sensor to detect processes such as understeer or oversteer. By comparing
the measured lateral acceleration Ax and the angular velocity data Gz, the system detects lateral
slip of the body resulting from a loss of traction with the road surface. The block diagram of
the active safety system is shown in Fig. 4.70 [142].
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Fig. 4.70. Block diagram of dynamic control systems
The maximum safe cornering speed depends on the geometry of the bend, the condition of

the road surface, the vehicle’s roll stability and the driver’s experience. A kinematic model of
a vehicle with a road inclination angle is shown in Fig. 4.71 [144].
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Fig. 4.71. Kinematics of motion

The maximum speed at which a vehicle can negotiate a bend without lateral slip can be

calculated using the expression:
Vmax = V gRlulat ’ (450)
and the threshold speed of the vehicle on a curve without overturning can be calculated using

the expression:
Vmax = V gR tan ¢lim (45 1)

For the experimental investigation of the active safety system, an assessment of the vehicle’s
speed under real-world conditions was carried out by having the vehicle travel along a nearly
circular trajectory. Thus, the stadium (Fig. 4.72) was selected as the reference trajectory, as its
shape is very close to a circle. The safety curve speed is also calculated according to equation
(4.54). It is compared with the driving speed, and the predicted results are shown in Figure 4.74.
Figure 4.74a and Figure 4.74b show the predicted speed of the safety curve and the current
driving speed for zones A and B respectively (Figure 4.72).

Fig. 4.72. Shape of the experimental trajector;/
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Fig. 4.74. Calculated safe driving speed

The results presented show that the vehicle speed is lower than the speed indicated on the
safety curve. If the expected maximum curve speed is exceeded, the traction control system
reduces the vehicle speed and maintains the vehicle’s stability. The developed system is capable
of determining the slopes and direction of the vehicle’s actual motion compared to the desired
motion and providing feedback to the system’s main controller to prevent road accidents. It also
performs real-time calculations of the critical speed, which is typically taken to be 70% of the
maximum permissible speed as defined by equation (4.54), and is capable of issuing a warning
signal for hazardous road sections and ensuring the necessary active safety whilst driving (Fig.
4.75). This margin is dictated by the fact that the tyre-road friction coefficient is not known in
real time, and equation (4.54) uses its average values for different conditions (dry/wet road,
etc.).

4.5. Inertial systems for assessing the impact of road transport on the environment

Vehicles are a major source of air pollution, which is not limited to gaseous emissions but
also includes particulate matter and thermal emissions. Since September 2017, the New
European Driving Cycle (NEDC) has been replaced by the Worldwide Harmonised Light
Vehicle Test Procedure (WLTP) for all vehicles placed on the market from September 2018,
which applies throughout the EU, as well as in China, Japan, India, Korea and other countries.
The introduction of the WLTP is intended to provide more realistic data, as its conditions are
closer to real-world driving, including a longer test distance (6.8 miles versus 14.4 miles),
higher acceleration and higher average speed (21 mph versus 28.9 mph), and so on [146]. The
NEDC and WLTP are two type-approval tests with the same objective: to measure the levels
of CO2 emissions and other pollutants (CO/HC/NOx/particulate matter), as well as the
vehicle’s fuel consumption. The European Union’s Real Driving Emissions (RDE) regulations
require the use of a portable emission measurement system (PEMS) attached to the vehicle to
measure pollutant emissions, but this is not very practical for long-term monitoring.
Furthermore, PEMS requires relatively heavy and bulky equipment, the operation of which can
be affected by environmental conditions such as temperature, altitude, vibrations, etc. during
real-world driving [ 147]. Furthermore, PEMS are not as accurate as a full laboratory system, so
they will not measure with the same level of repeatable accuracy as laboratory tests.
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In the field of environmental research, and particularly in monitoring, inertial measurement
units (IMUs) are often used in combination with air quality sensors to track the movement and
source of these particles, especially when mounted on drones or mobile platforms. Inertial
systems based on MEMS technology can be a valuable aid in combination with other sensors
for assessing the environmental impact of vehicles, as they provide valuable information on the
vehicle’s linear and angular accelerations, as it has been demonstrated that these are directly
dependent on the emission of fine particulate matter from tyres and the braking system. For a
more detailed assessment of the impact, inertial sensors are combined with fine particulate
matter sensors [ 151-153], electrochemical sensors for measuring pollutant gases such as carbon
monoxide (CO), nitrogen oxides (NOx ), unburned hydrocarbons (CHx ) and others [154],
infrared cameras for thermal monitoring installed on drones [155] or a combination of the
above-mentioned sensors [156].

One such system for determining air pollution by fine particulate matter (PM) has been
implemented in [A4], which links the emission of PM2.5 and PM10 to the vehicle’s linear and
angular accelerations. The recorded accelerations enable the simulation of a vehicle’s actual
motion on a test bench for analysing the emitted PM. The system is based on an ESP-C3 SoC
connected to a 6-degree-of-freedom (DoF) BMI160 inertial measurement unit (IMU)
manufactured by Bosch.

An experimental study was conducted by installing the proposed system on a Chery QQ
petrol car, with the first particulate matter sensor (designated as the tyre sensor) mounted under
the mudguard, and the second, designated as the reference sensor, mounted on the car roof (Fig.
4.77). The tyres tested were Hankook model 155/65R13 with specification 73H. The
temperature during the test was 100 °C, and the test chamber was sealed to eliminate the
influence of additional ventilation.
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Fig. 4.76. Block diagram of a 6DoF INS measurement system
The accelerations recorded as a result of actual motion are transmitted to a dynamometer,

which emulates the actual motion based on the relationship between acceleration, speed of
motion and the rotational speed of the dynamometer shaft.
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Fig. 4.77. Arrangement of the FPC sensors (measuring and reference on the roof)

The results show that vehicles can be a major source of fine particulate matter during
acceleration and braking, particularly of smaller particles with a diameter of up to 2.5 um. As
fine particulate matter with a diameter of less than 2.5 um is linked to asthma and respiratory
symptoms, PM emissions must be reduced or controlled. The problem is more pronounced in
electric vehicles due to their greater weight, i.e. greater tyre wear. Consequently, future vehicle
emissions control must be expanded to include fine particulate matter emissions.

Another system developed by the author to investigate the relationship between PM
emissions and driving behaviour is discussed in the thesis. For motion analysis, the system is
again based on the ESP-C3 SoC, but on a proprietary hardware platform, which allows the
6DoF IMU system to be supplemented with a 3D magnetometer (Fig. 4.78) to upgrade the
system to 10DoF with a 24-bit barometer. In the developed system, the 6DoF IMU module,
consisting of a 3D linear accelerometer and a 3D angular velocity accelerometer (gyroscope),
is the ICM-42688-P, which is characterised by the lowest noise level (Table 1.8). This sensor
is connected to the ESP32-C3 chip via an SPI interface due to the required high data transfer
rate. The update rate can be in the range of 40400 Hz. The IMU sensor used can be replaced
with BMI270 (Bosch), LSM6DSR (ST Microelectronics) or WSEN-ISDS (Wurth Electronics)
IMU sensors due to their compatible pinout design. Unlike the first system, where the actual
movement of the vehicle was emulated based on recorded accelerations, experimental studies
involving actual movement were conducted with this system. An experimental study was
carried out by installing the proposed system on a ‘Skoda Fabia II 1.4 TDI’ passenger car. The
car is a laboratory vehicle belonging to the Department of Organisation and Management of
Road Transport at the Technical University of Sofia (Fig. 4.79), and the test route is shown in
Fig. 4.80.
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Fig. 4.78. Block diagram of a 9DoF system for measuring emitted PM based on motion
accelerations

The system recorded all measurement data, but the analysis covers only the results for linear
acceleration along the longitudinal (Y) and transverse (X) axes, as well as the angular velocity
acceleration along the vertical (Z) axis of the vehicle, as these accelerations contribute to the
processes of cornering, acceleration and braking (Fig. 4.81).
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Fig. 4.79. System layout
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Fig. 4.81. Graph of linear and angular accelerations

The recorded data is imported into the MATLAB environment, where it is processed and
synchronised to compare the linear accelerations and angular velocity accelerations, the
vehicle’s position, speed and PM values. The relationship between driving style and emitted
particles is evident in the analysis of the data from points 1-5 in Figure 4.81. Point 1 reflects
the acceleration and braking processes, which are clearly observable in the acceleration (Ay)
and speed data. The level of emitted particles increases due to tyre and brake friction during
these processes. Point 2 represents the turning process, which is visible from the gyroscope data
(Gz). In this case, the number of particles increases significantly due to intense tyre friction.
Points 3 and 4 represent sequences of rapid and slow acceleration processes, whilst point 5
shows the combination of vehicle acceleration and a turning manoeuvre. In all cases, an
aggressive or sporty driving style leads to increased PM emissions.
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5. Inertial systems for investigating vehicle dynamics and
for diagnostics in the railway sector

5.1. Methods for measuring the railway track

Measuring and assessing track superelevation, its horizontal and vertical alignment, as well
as bringing them into compliance with the required standards, are the main tasks of the
authorities responsible for control, safety and track maintenance. Together with irregularities
on the wheels of railway rolling stock, these defects lead to the excitation of vibrations in the
train and the track, and induce high-frequency forces acting on the wheel-rail contact. If these
forces are harmonic in nature with a frequency close to that of the rolling stock, they lead to
cyclic deformations in the track some distance beyond the point of failure. Significant dynamic
forces arise not only from sinusoidal irregularities but also from spatial combinations of the
irregularities shown.

The assessment of a given section of the railway track is carried out by analysing the transfer
function, which expresses the relationship between the geometric parameters of the track and
the dynamic response of the rolling stock in the frequency domain. An example of its use to
convert measured acceleration to a level of unevenness is shown in [169]. These functions are
calibrated by comparing the spectrum of the measured accelerations with the spectrum of the
measured unevenness at different speeds. European standards for road quality specify limits
that are usually functions of the length of the unevenness. An example of such a standard is EN
13231-3 for the inspection of rails after grinding [170].

The transfer function of such a system is given by the expression:

2
W(a)) = % , where @ is the angular frequency. (5.8)
W, —@
This expression gives us the relationship between the Fourier transform of the acceleration

at the axle boxS,(w) and the Fourier transform of the track irregularitiesS (@) . An

approximate value ofw, for a wheel with a mass of 506 kg andk, =1,6-10" is

9
fo= 1’1,650160 =1778 Hz orw, =11165,84 rad/s. The transfer coefficient has a value of 0 dB

over a very wide frequency range. The phase response is 0 [rad/s] over a very wide frequency
range. This shows that if we find the spectral density of acceleration at the box node, we will
S (o)
W(w)
These spectral densities are identical over a wide frequency range. Similarly, from the obtained
spectral density of acceleration and the transfer function, the variance of road irregularities can
be obtained using the expression:

ol = T|W(a))|25k (). (5.9)

via the transfer function.

also obtain the spectral density of road irregularities S, (@) =

5.2. Measurement system based on MEMS inertial sensors

To determine parameters characterising the dynamics of railway vehicles, and in particular
the angle of rotation of the axles or bogies, a measurement system has been designed capable
of measuring acceleration, angular velocity and the magnetic induction of the Earth’s magnetic
field along three axes. A GPS receiver is integrated into the system to determine the vehicle’s
location and speed. Inertial data is acquired at a frequency of 240 Hz; location data from the
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GPS, acquired at a frequency of 1 Hz, is added to this, and both are recorded together on an SD
card. At the same time, the data is transmitted via a GPRS channel to the system owner. The
block diagram of the device and its installation location in this specific case are shown in Figure
5.4.
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Fig. 5.5. Signal processing diagram

w
Fig. 5.4. Measurement system and its
layout

The desired angle of rotation of the bogie is determined after the data has been read and
converted into the corresponding physical quantities, and the algorithm for their processing
shown in Figure 5.5 has been applied.

The frequencies of interest in this particular study lie in the low-frequency spectrum;
therefore, to eliminate uninformative high-frequency components, the data obtained from the
gyroscope and magnetometer are filtered using a low-pass filter with a cutoff frequency of 20
Hz, and the data from the accelerometer with a cut-off frequency of 1 Hz. The fusion of data
from the inertial sensors and GPS is performed by two Kalman filters (KF), each of which has
two states. The prior estimate of the state is determined by the expression:

Xk :Axk71+Buk_1, (5.10)
where x; is the state matrix, A is an nxn matrix that relates the state variables from the previous
step k-1 to the state at step £, in the absence of both control input and noise in the process. The
matrix B has dimensions nx/ and relates the control input u to the state x. A spectral analysis is
performed on the signal obtained at the filter output using the periodogram method or wavelet
analysis. The use of the wavelet transform is preferable due to its superior resolution in both
the time and frequency domains. To verify the proposed method, an experiment was conducted
with a tram that was unoccupied during the experiment. The route under investigation was
traversed only once due to imposed restrictions.

The data were processed in the Matlab software environment. The corresponding critical
frequency was determined based on data from the GPS receiver, the TM parameters and the
track. After applying the algorithm from Figure 5.5, the angle of rotation of the TM bogie was
obtained, as shown in Figure 5.8. The short-lived large values of the angle, which are observed
at four points on the figure, are due to large impact forces of the wheels on the track, which
have led to large values in the data from the inertial sensors. The results of the subsequent
frequency analysis are presented in Figures 5.9.
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5.3. Algorithm for processing data from inertial sensors

Once the desired number of passes in a specific direction has been reached, the data recorded
on the SD card is read and processed to obtain the information of interest. The overall process
of detecting fault locations is shown in the block diagram in Figure 5.11.

Existing track inspection systems and their corresponding standards use the root mean
square (RMS) and peak-to-peak (P2P) values of the measured signal to detect deviations from
the prescribed standards. The threshold values for vertical and lateral accelerations in the vehicle
body are defined by the various railway administrations for their use and, in general, differ from
one another. [164] provides the current standard values and the recommended new values for
American railway lines. It is evident from the excerpts from the standards that no standard is
provided for the vertical acceleration of the axle box assembly, from which a threshold value
against which assessments can be made cannot be unambiguously determined. Such a value
must be determined.

The experiment with the Siemens electric multiple unit was conducted on the Sofia—
Bankya route. Over the course of a single day, the multiple unit travelled along the route several
times, which was sufficient to obtain the necessary data. The two devices were mounted on the
axle boxes of one of the axles on the front bogie. The orientation of the accelerometer on one
of the measuring devices relative to the railcar is shown in Figure 5.12.
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Fig. 5.12. Measuring device mounted on a axle box
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Fig. 5.15. Comparison of the sections in which the set threshold is exceeded,
obtained using measuring devices 1 and 2

Figure 5.15 shows the results of processing all the data from both devices, without
separating the passes in the respective direction. Sections that are repeated in both devices can
be observed. For a more accurate assessment, it is necessary to separate the individual passages
from the overall data and perform an integrated assessment on them. Of the sections identified
where the acceleration threshold was exceeded, the one in the immediate vicinity of the
Ivaniane stop was selected for detailed analysis, due to its proximity to the road and easier
access to it. A total of six passages were recorded through this section, but the three passages
in the direction from Bankya to Sofia were selected for analysis. The analysis of the data in the
frequency domain was performed using the periodogram method and the Wavelet packages.
The result obtained from the periodograms is shown in Figure 5.26.
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Fig. 5.26. Acceleration spectrograms for the studied section
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The studies conducted show that the systems developed on the basis of MEMS inertial
sensors can be used as systems for real-time analysis of motion dynamics, both for detecting
compromised sections of the railway track, and for monitoring permissible accelerations during
rolling stock movement to ensure the necessary passenger comfort in accordance with EU
standards.

5.4. Measurement and analysis of the condition of urban
rail lines based on traffic dynamics

The safe and comfortable operation of trams in urban transport is determined by the
condition of the track and their dynamic interaction with it. During its use, deviations from its
original design position increase. The defects that occur in its geometry can be periodic,
aperiodic or random. Together with irregularities on the tram wheels, these defects lead to the
excitation of vibrations in the tram and the track, and induce high-frequency forces acting on
the wheel-rail contact. Measurement of the current condition of the track can be carried out
using track inspection vehicles of the type discussed in [187], by means of which the track
geometry can be periodically assessed directly from the measurements taken. However, these
measurements require an expensive railcar to carry out track measurements on a 1009 mm
gauge track, which is of relatively short length. Therefore, the assessment of the track condition
is determined by manual measurements of the track geometry. This track assessment has a very
weak correlation between the quantitative estimates obtained and the forces exerted by the track
on the tram, whilst ride comfort is determined by the dynamic forces acting on the passenger.
This is the reason for developing measurement systems to measure the dynamic responses of
the tram resulting from its interaction with the track.

5.4.2. Inertial measurement and analysis systems

The measuring device is a standalone module powered by the tram’s electrical system. Its
internal architecture is discussed in [186], and the main elements of the system are shown in

Figure 5.32.
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pamreaﬁ CrpErp - baza gaHHK
Fig. 5.32. Structure of the measurement system

The device is mounted on the tram’s axle assembly, with measures taken to ensure that the
contact between them is stable and that there are no intermediate elements that would alter the
form of the transfer function. Only in this way are the accelerations caused by the tram’s
dynamics, rather than by the device’s movement relative to the axle assembly. Data is
transmitted via the built-in GSM modem, over a GPRS channel and the Internet, to the server
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serving the system user. This allows real-time information to be obtained on the vehicle’s
location, speed, and accelerations along the relevant axes that exceed pre-set threshold values.

5.4.3. Algorithm for processing the received data

The algorithm used to process the data is shown in Figure 5.33. The relationship between
the magnitude of the acceleration measured by the accelerometer and the frequency at which it
moves is determined by the expression [188]:

?x(t)ﬁ(ﬂﬂf)z)f(f), (5.12)

where " x(t) " is the displacement of the accelerometer in the time domain, and * X (1)
" is the image of * x(¢) °, obtained by the Fourier transform.

The results show that high-frequency accelerations result from very small changes in speed
and minor displacements, whilst low-frequency signals correspond to large changes in speed
and displacement. Vertical displacement during tram movement may be caused by non-linear
elements in the suspension. Measurement data show that high-frequency vibrations occur when
passing over rail joints. These components in the accelerometer signal, resulting from ‘floating’
rail joints and non-linear impacts, are less significant than the resonance phenomena during
vehicle motion. To investigate the obtained data for the presence of resonance phenomena and
the predominant frequency components therein, spectrograms are used, obtained by applying
the windowed Fourier transform, wavelet packages and parametric spectral analysis.

Significant displacements are observed in the 0—10 Hz range, so the obtained signal is
filtered using a low-pass filter. This is implemented using the Low fft filter f function. To
obtain the magnitude of the displacement and the speed of the box joint from the resulting
acceleration, digital integration is performed [ 189]. During integration, it is essential to remove
the constant component and drift in the signal from the accelerometer [190]. For this purpose,
a second-order high-pass recursive filter, implemented using the Hi_pass _modif f function,
was used. The measured signal is typically dominated by high-frequency noise due to the
vibration structure. Using methods from the wavelet transform [191], the predominant noise
components in the signal are removed.

Vertical displacement during tram movement may be caused by non-linear elements in the
suspension. Measurement data indicate that high-frequency vibrations occur when passing over
rail joints. These components in the accelerometer signal, arising from ‘floating’ rail joints and
non-linear impacts, are less significant than the resonance phenomena during vehicle motion,
but they have dominant amplitudes when determining the peak and root-mean-square values of
the signal. To investigate the obtained data for the presence of resonance phenomena and the
dominant frequency components therein, spectrograms are used, obtained by applying
windowed Fourier transform, wavelet packages and parametric spectral analysis. In the
algorithm, these are implemented by the functions Fft spgrama f, WP spgrama f and
ACF _fft draw_f, respectively.
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The proposed algorithm was tested on a 6-axle T6M 400 tram. The distribution of locations
along the section where the calculated threshold for the given measurement is exceeded is
shown in Figure 5.35.
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Fig. 5.35. Integral assessment of accelerations along the route

5.5. Investigation and assessment of vibrations in a tram

Rail transport offers a more comfortable journey compared to other modes of transport.
Many factors influence journey comfort, such as temperature, noise, seat comfort and others,
but vibrations have the greatest influence. Their main parameters are amplitude and frequency,
and they depend on the vehicle’s design, its technical condition, the state of the road network,
the driver’s skill, and so on.

The aim of the study is to determine the level of vibrations on the floor of a tram carriage
and to assess the comfort of standing passengers. To measure vibrations along the three axes, a
measurement system has been implemented, consisting of an EK3LV02DL development kit
from STMicroelectronics [197] and a personal computer. The system utilises a LIS3LV02D
accelerometer based on MEMS technology. Its sensitivity is 1 mg. The EK3LV02DL
development system is mounted on the floor in the centre above the drive axle of the tramcar,
and its axes are oriented in accordance with ISO 2631-1:1997 for a standing passenger (Figure
5.41). The data obtained for the accelerations along the respective axes are processed using the
algorithm shown in Figure 5.42.

The main parameter used to assess ride comfort is the effective value of the weighted
acceleration. Its value is determined for each axle separately using the expression:

1 ’
s =130, 0)
n=1 kwhereN is the number of readings, jthe acceleration along the

respective axis
In cases where there are sudden impacts, the crest factor is used(crest factor),to assess
whether additional characteristics should be used to evaluate comfort:

max(a, )

CF = (5.14)

awrms
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To take into account instantaneous vibrations and shocks, short-time integration is used. In

standard [192] it is recommended that this be 1 sand is determined by the expression:
1 ny+ fs 2
MTVV, =max| |— > (a,,(n)) (5.15)

n=n

where f5 is the sampling frequency of the signal, no=0,1,2....N-fs-1.
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Fig. 5.41. Main axes of the human body Fig. 5.42. Algorithm for measuring and
assessing the impact of vibrations on the
human body

The second characteristic is the vibration dose value VDV(vibration dosevalue). This
characteristic is more sensitive to peak values in the signal than MTVV. The unit of
measurement is m/s'7>. It is defined by the expression:

17, =45 e, ) 5.16)

Additional characteristics are taken into account in the final assessment of the impact of

vibrations on humans when the following conditions are met:
MTVV, VDV,

1/4
a,,rms a,,rmsT

=15 (5.17)
i

=175 (5.18)

The effective values obtained for the individual axes are combined to obtain the overall
effective value using the expression:

a, = \/(kfawxrms)2 + (kfawrms)z + (kfarwzrms)2 (5.19)
wherek,, k,

the direction of the vibration. For the case where the person is in an upright position, their values
are 1. To assess travel comfort, the obtained values are used and compared with the reference
values specified in the standard.

To assess the impact of vibrations on the human body, experimental studies were conducted,
with data obtained from two tram journeys along the same route. The duration of the two

_k_ are coefficients whose values depend on the position of the person and
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recordings was chosen to be sufficiently long to be statistically representative and to ensure that
the measured vibrations are typical of the assessed dose, and is 25 minutes. The algorithm
shown in Figure 5.42, implemented in MATLAB, was used to process the data.

The weighted value of the acceleration along the Z-axis during the second revolution, the
corresponding maximum value of the instantaneous vibrations (MTVV) and the value of the
vibration dose (VDV) are shown in Figure 5.44.

The values obtained for the peak coefficient are greater than 9 along all three axes (Figure

.. MTYY, VDV,
5.46). Furthermore, the conditions———~ >1.5 andﬁ>l .75 are satisfied. This
a,;rms a,,rms

necessitates the determination of additional characteristics for the assessment of comfort.

The results obtained for the effective values of the weighted acceleration, the maximum
values of the instantaneous vibrations and the values of the vibration doses along each axis and
their total values are shown in Figure 5.47. The values obtained do not exceed the maximum
permissible values, which provides grounds for assessing the comfort as ‘uncomfortable’ and
the vibration values as posing no risk to passenger health.
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Fig. 5.47. Determined values for Awjrms, MTVV and VDV

Based on ISO 2631-1:1997 and European Directive 2002/44/EC, a method has been
developed for assessing the comfort of a standing passenger during travel. Various
characteristics used in the assessment of travel comfort are presented, and the use of these same
characteristics to assess the risk of adverse effects of vibrations on human health is examined.
This method can also be used when processing data from passenger seat vibration
measurements. The results obtained show that the vibrations on the floor of a tram carriage are
not uncomfortable for a standing passenger and do not pose a risk to their health.
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Contributions in the doctoral thesis

The scientific contributions relate to the creation of new methods (approaches), whilst the
applied scientific contributions relate to the development of algorithms, methodologies,
hardware and software for inertial systems based on the developed methods, as follows:

Chapter 1
Scientific contributions

1. Methods are proposed for compensating for the zero-offset of inertial sensors by using
additional sensors, such as magnetometers (Fig. 1.41), as well as an algorithm for
determining the zero-offset error (Fig. 1.42), or by estimating the total acceleration of the
object (Fig. 1.47); a comparative analysis shows that the proposed methods for dynamic
compensation allow a reduction in deviation values from 10! to 10* times compared to static
compensation.

Scientific and applied contributions

2. An algorithm (Fig. 1.48) is proposed for applying the method by estimating the total
acceleration of the object to compensate for zero-offset

3. Noise char cts are determined through statistical analysis and Allan variance of MEMS
inertial sensors from different classes and generations (Section 1.3), and the non-zero offset
and its instability are analysed.

Chapter 2
Scientific contributions

4. A method is proposed for improving the characteristics of inertial sensors based on the
application of a four-sensor structure comprising such sensors with appropriate orientation
of their axes (Fig. 2.1), with theoretical relationships for the variance and standard deviation
of the resultant accelerations derived in expressions (2.5), which have been confirmed by
simulation (Section 2.1.2 — Table 2.1) and experimentally (Section 2.1.3 — Fig. 2.12 and Fig.
2.13).

5. Specific operating modes of the four-sensor structure are proposed (Fig. 2.8), namely
synchronous and asynchronous operating modes, which lead to an improvement in
performance parameters compared to a single inertial sensor, such as:

5.1. areduction in noise characteristics in synchronous mode

5.2. a fourfold increase in the sampling rate in asynchronous mode with uniform
sampling

5.3. the possibility of frequency analysis above the Nyquist frequency in
asynchronous mode with non-uniform sampling

6. A method (Section 2.2) is proposed for improving sensor performance through signal
processing based on wavelet transformation, covering the selection of the decomposition
level (2.2.1.1), the choice of method for calculating the threshold value (2.2.1.2) and the
choice of method for applying the calculated threshold value (2.2.1.3).

Scientific and applied contributions

7. An algorithm (Fig. 2.24) is proposed to improve sensor performance by processing signals
using wavelet transformation based on the proposed method (Section 2.2).

8. A measurement system has been developed based on a four-sensor structure of inertial
sensors for the experimental investigation of the structure’s parameters (section 2.1.3), with
the capability to investigate the structure’s operating modes (synchronous and
asynchronous).
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9.

10.

11.

12.

13.

14.

15.

16.

17.

A comparative analysis of the results from a single sensor and a four-sensor structure of
inertial sensors (section 2.1.4) has been carried out with regard to noise parameters based on
frequency analysis and Allan variance analysis.

Chapter 3
Scientific contributions
A Kalman filter model has been developed to determine the spatial location of objects
(Section 3.3), with the model being experimentally verified on a specialised setup (Fig. 3.11)
and compared with similar models of widely used sensors (BNOO055 and ADIS16405). The
research conducted demonstrates that the model is correct, applicable and operates
successfully using both Euler angles and quaternions.
A structure (Fig. 3.25) of a complementary filter for determining the spatial location of
objects is proposed, which allows for more accurate modelling of physical processes
compared to a structure that determines spatial position solely on the basis of data from a
linear acceleration sensor.
Scientific and applied contributions
A system has been developed for the experimental investigation of the operation of the
developed Kalman filter algorithm under static and dynamic conditions (section 3.3), with
expressions (p. 141) defined that characterise the two states.

Chapter 4
Scientific contributions

A structure for a multi-protocol network of inertial sensors with serial (Fig. 4.1) or parallel
(Fig. 4.2) sensor connections has been proposed, with expressions derived for the maximum
number of connected sensors 7 (4.3), as well as for the maximum data transmission rate over
the network B (4.5), with the dependence B(n) presented in tabular form (Table 4.1). The
inverse dependence n(B) is also derived in expression (4.12).

A method and methodology are proposed for the diagnosis of vehicle suspension based on
forced vibrations (Section 4.2), including an assessment of the damping time, the damping
rate of the vibrations, the main dominant frequencies and their amplitudes, the dependence
of the determined frequencies and amplitudes on the condition of the object under
investigation, determination of the velocity and displacement of the elements, and an
integrated assessment of the system’s condition based on Short Time Fourier Transform
(STFT) analysis and time-frequency distribution using wavelet packages, with expressions
derived for the damping coefficient of the vibrations (4.30) and, respectively, for its
reciprocal value, which determines the rate of change of the vibration frequency.

Scientific and applied contributions
A system for analysing dynamics using the vibration test bench method with MEMS sensors
(Section 4.2.3) has been developed, which allows the relative displacement between
individual components to be determined in the sub-millimetre range; when comparing the
theoretically measured clearance and the comparative analysis of the system’s results within
the range 0.6—1.0 mm, the error in determining the clearance is within £0.1 mm.
Inertial systems for engine monitoring and control (section 4.3) have been developed to
determine their condition based on time and frequency analysis of vibrations, caused by
unbalanced inertial forces, with the resulting assessment based on a comparison of recorded
vibration diagrams of a sound and a faulty engine.
Hardware and software for inertial systems for vehicle motion control and guidance (section
4.4) have been developed, based on a Kalman filter, to determine spatial position with
applications in passive and active stability control systems.
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18.

19.

20.

21.

22.

23.

Hardware and software for inertial systems to assess the environmental impact of road
transport (item 4.5), which allow the integration of additional sensors, such as a fine
particulate matter (FPM) sensor or electrochemical sensors for monitoring emitted toxic
gases, enabling a correlation to be established between the vehicle’s accelerations and the
emitted FPM and/or toxic gases.

Hardware and software for an inertial module for a multi-protocol network (Section 4.1.2)
and an algorithm for the operation of the master sensor (Fig. 4.7) have been developed.

Chapter 5
Scientific contributions
A method (Section 5.1) has been proposed for measuring and assessing track deviation,
which enables real-time analysis of movement dynamics and the detection of compromised
sections of track.

Scientific and applied contributions
An algorithm (Fig. 5.11) is proposed for measuring and assessing track superelevation,
which enables real-time analysis of motion dynamics and the detection of compromised
sections of the track based on the proposed method (Section 5.1).
An inertial system has been developed to investigate the track-vehicle interaction and to
measure and assess track superelevation (Section 5.2), which enables real-time analysis of
motion dynamics, detection of compromised sections of the railway track, and monitoring
of permissible accelerations during rolling stock movement to achieve the necessary comfort
for passenger transport in accordance with EU standards (with Utility Model Certificate No.
5143 issued on 27 October 2020).
An inertial system has been developed for measuring and analysing the condition of urban
railway lines based on motion dynamics (section 5.2), as well as a data processing algorithm
(Fig. 5.33), on the basis of which the vibration level of the tram floor can be determined and
an assessment made of the comfort of standing passengers based on existing EU standards.

64



