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1 IMepiinyn

Ytov onpuepwvo TEYVOAOYIKE TTponyuévo kOGO, 1 (tnon o akpipr ko agdmioto
ocvotiata TAonynong ouvveyiler va avéavetor. H mapodoo Simhopatikny epyacio
TOPOVGIALEL 10L OAOKANPOUEVT] LEAETT) GYETIKA LE TO GYESLOGUO, TNV VAOTOINGN KoL
™V avdAvon HoG cLOKELTG adpavelokod cvotiuatog mhonynong (INS). H épevva
0T TEPIOTPEPETAL YOP® OO Tn OlEPEVVNON TG AETovpyiag TV oisOntpov
pKponiektpopunyovikav cvotnudtov (MEMS), v katavonon Bspeowdov evvormv
Ao YNoNG Ko TN dlepebivnom adlyopiBuwv cuyydvevong actnmpov. H cvokevn INS
ov avantoyOnke aflomoiel v TeYVoloyia oicOnmipov MEMS yioa T cviioyn
dedopéEvmV Kivnong, EMTPENOVING TNV EKTIUNOT TG B€omg, NG TOYLTNTOS Kol TOV
TPOCAVOTOAIGLOV TNG GLOKELNC GE TPAYLATIKO XPpOvo. To LVAIKO Ko To AoYIGHKO TOV
INS oyedtdomkav pe otoY0 vo S1acPaAcTel 1 PEATIOTN AmOS00N KOl 1] ATPOCKOTTY|
ovyyovevon Oedouévov. Tuvolkd, m  mapovoo Swtpip]  mopovoldlel  pia
0AOKANPOUEV HEAETN TOL TePAUPAveEl TO oyedoond, TNV LAOTOINOTN KOl TNV
avdAivon pog svokeung INS, diepeuvavtog ™ Aettovpyia Tov aictnpov MEMS kot
TOVG ahyopifuovg cuyymvevong aistntpov. Ot YVOCELS TOV amoKTHOnKaY 0md 0T
v £pguvo GLUPAALOVY OTNV TPOOSO TV OOPAVEINKADY GUCTNUAT®V TAONYNOTG Kot
TapEYovv pia otabepn o Yo LEALOVTIKEG PEATIDGEIC KO EPOPLOYEG GTOV TOUED TNG
TAOMYNOTG KOl TOV EVIOTIGLOV BEomC.

Aééeig-klewona:  Ilonynon,  Emroyvvoioucstpo,  Moyvntouetpo,  [vpookomio,
2oyywvevon Aedouévay
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2 Abstract

In today's technologically advanced world, the demand for accurate and reliable
navigation systems continues to grow. This thesis presents a comprehensive study on
the design, implementation, and analysis of an Inertial Navigation System (INS)
device. The primary focus of this research revolves around investigating the operation
of Microelectromechanical Systems (MEMS) sensors, understanding fundamental
navigation concepts, and exploring sensor fusion algorithms. The INS device
developed in this research leverages the MEMS sensor technology to gather accurate
motion data, enabling the estimation of position, velocity, and orientation of the
device in real-time. The hardware and software aspects of the INS device are
meticulously designed and integrated to ensure optimal performance and seamless
data fusion. Overall, this thesis presents a comprehensive study that encompasses the
design, implementation, and analysis of an INS device, exploring MEMS sensor
operation, navigation concepts, and sensor fusion algorithms. The insights gained
from this research contribute to the advancement of inertial navigation systems and
provide a solid foundation for future improvements and applications in the field of

navigation and positioning.

Keywords: Navigation, Accelerometer, Magnetometer, Gyroscope, Sensor Fusion
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3 Evyaprotieg

e avtd 10 oNUELD, LE TNV OAOKANPMOOT TNG SUTAMUATIKNG LoV EPYACING KOl GUVALLY

TOV TPOTTVYIK®V LoV 6ToVd®V, Bo NOela va guyoploTHGm OAOVG TOVG AVOPMTOVS

7oV pe Pondnoav va eTécm 6to onueio Tov Ppickopot oruepa:

1.

Tnv unTépa oL Kol TOV TOTEPC LoV, TOL NTOV TAVTO SiTAa LoV OAa OVTA T
YPOVIOL.

Tov emPAémovta kabnynt) ¢ epyaciog Lov K. Xpiotopopov yio. Tnv fondeia
TOV KOl TV gukaipio va cuvepyaoTd pali Tov.

Tov k .Xvkd ko tov K. Mapoaykod yio to xpovo mov diébecav yo v e€étaon
NG EPYOCIOG KOl KUPIWS Y10 TIC YVAGELS TOV EAaPa omd To paldnpata Toug.
Tnv adeipn pov, v Avta, v EBeiiva, tov Tdoo kou v Nepéhn yio
BonBeta Tovg KoTd TNV EKTOVNOTN TG EPYACILAG LLOV KOl TV DTOGTNPIEN TOVG,.
Tov @iko pov MiydAn yio tnv Ponbeio. Tov KoL TNV ATICTELT GLVEPYUGIN LLOG
Ta TeEAEVTOLN 3 Y¥pOVIa.

Tovg pilovg pov I'dvvn, ®odwpn, Opeéa, INdpyo kot Hiio wov oy dimha pov

Omo TIC TPMTEG LEPEG OTT GYOAT.
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1. Ewcoyoyn

Ta televtaio ypdvia, avtdvoua oY LT, OTMG TO CLTOKIVNTA Kol T AEPOSKAPN, KePOIlovv GO
KOl TTEPIOCOTEPO £0(POG AdY® NG OLVATOTNTAG TOVS VA PEPOVY U0 VEX EMOVACTACT] OTO
CUGTHLOTO LETAPOPDV Kol VO BEATIOCOVY TNV OCQAAELD KOL TNV OTOTEAEGUATIKOTNTA TOVG. Eval
aTt0 TOL KPLGILOTEPO GTOLYEID Y10l T CWGT AEITOVPYIO TOV AVTOVOU®MY OYNUAT®V EIVOL T TKOVOTN T

axpifovg ektipnong g Béong Kol Tov TPOGAVUTOMGHOD TOLG, 1 omoin amottel e&eArypéva

CLGTNLOTO TAOT YOG,

Figure 1.1 Almost all satellites, planes, ships, and cars have are equipped with an INS [1]

Ka’ 6An ) dudpkela g 1otopiag,  EEMEN TOV GLOTNUATOV TAONYNONG EXEL LETALOPPDCEL TOV
TPOTO e ToV omoio dtavhovpe Tov kdopo. Ola Eexivioay pe v vovsurioio, 6Tov vouTikol Kot
eEepevvntég Pacilovtav ota actépia Yo va mAonynbodv otovg ayaveic mkeavois. Tov 160 aidva,
n €éAevon TOL VROAOYIGHOU oTiypoatog €€ avaperpricemg(dead reckoning)emétpeye GTOVG
VOUTIKOVG VO EKTIUNCOVY TNV TpéYovco Béom tovg mpofdrioviag v mopeion Tovg pe Pdon
yvootég Béoeig, Aapupdvovtag vroyn mapdyovieg 6mwg M todTnTa Kot o xpoévos [2]. O 190g
aLOVOG EQEPE TNV OVATTLEN TOV YVPOOKOTIMV, T OTOlN TOPELYOV Lo GTAOEPT AVOPOPA YidL TN
HETPTOT| TOV TPOCAVOTOMGHOD KOt TNG TEPICTPOPNS, PEPVOVTOS EMOVAGTACT) GTT) VOLGUTAOTN Kol

183img oV aepomopia.
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Figure 1.2 Litton LN-3 Inertial Navigation System what [3]

Qo1000, 1 CNUAVTIKOTEPT] TTPO0OOG MNPBE e TNV EGAYMYN TOV OOPAVEWNKDOV CLGTNUATOV
mionynone (INS) xatd ™ dudpkewn tov B' IMoaykoopiov TToAéuov [4]. Ta INS cvvdvdlovv
EMTAYVVOIOUETPA KOl YVPOOSKOTLO Y10 TOV GLUVEYT VTOAOYIGUO TG BEomg, TG TohTNTag Ko TG
otdong xopig eEmtepikég avapopéc. Ta INS, mov apyud ypnolonombnkay 6€ aepOCKAPT Kot
vroPpdyta, Edwacav T duvaTOTNTA TAONYNONG UE akpifeta akdun ko 6tav Ta onuota GPS dev
Nrav dtbécia 1 vInPYaV TAPEUPOAEC, EVIGYDOVTOS CNLOVTIKA TIC OLVATOTNTEG TOVG Y10 TTTHOELG

LEYOA®V OTOCTAGEMV Kol VITOPPVYLES EMLYEPNOELS.

>t oekoetio Tov 1970, Ta yvpookoma doktudiov Aélep (RLG) gppaviotnkov ©¢ onuovTikn
eEEMEN, aVTIKOOIOTOVTOC TOL UNYOVIKO YUPOOKOMO. KOl EMITPEMOVING OKPIPESTEPES KO O
afomoteg petpnoelg [S]. Xt cvvéyela, ota téAn Tov 2000 adva, To INS evoopatddnke pe to
[Moykdéopo Xvomuo Evtomicpov Oéong (GPS) [2]. Avty n ovyyovevon mapeiye Evav
ATPOCKOTTO GLVOLAUGLO AOPUVELNKDOV CLGONTAPOV LE SOPLPOPIKE GLGTILLOTO EVTOTIGHOV B0,

HE amOTELEG O TV TOPOYN EEMPETIKA aKPIPAOV KOl GLVEYDV OEOOUEVMY TAONYNONG

Me v mdpodo tov ypdvov, 1 teYvoroyia INS ocuvvéyice va eEglicoetar, a&lomoumvToag
ONUOVTIKT KMUAK®OGON TOV NAEKTPOVIKOV GCUOTNUATOV, TN PEATIOUEVN EVEPYELOKT] OITOOOGT] TOVG
Kol TI§ PEATIOUEVES VTOAOYIOTIKEG dUVATOTNTEG TOLG. XNUEpa, Pplokel gvupela epoppoyn o€

dtpopovg topeic, 6mwg M aepomroia, 1 BoAdoo. TAONYNGN, TO OVTOVOUO OYNUOTO KOl 1)
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e€epevvnon Tov dotNUaToc [6]. AvTtég o1 oVYypoves eEEMEEIC €xouy dMOEL TN dVVATOTNTA

TAONYNONS TPOTOPAVT aKpiPela Kol EUTIGTOGHVY).

Ta adpavelokd cvotiuato whonynone (INS) €yovv avaderybel g pa moAAL vrooyduevn
TEYVOAOYiOL yloo TNV Tapoyn axpBdv eKTUNCE®V BEoNG KOl TPOCAVATOMGHOD GE OUTOVOO
oynuata. To INS Baciletatl 6 suvdLAGHO asONTHPOV Y10 TN GLVVEXN TAPaKOAOVON oM TNG Kivnong
KOl TOV TPOCAVATOAIGHOD TOV OYNUAT®OV. AkOpo, pmopel vo mapéyel eapetikd akpiPeig kot
aE1OMOTEG EKTIUNOELS TNG BE0MG KOl TOL TPOGAVATOAMGLOV EVOG OYXNLOTOG, OKOUT Kol € OVGKOAN

mePPAArovTa OTOV GALN GLGTHLOTO TAOTYNONG UTOPEl va aotvyovy [3].

61000, T0 KOGTOG TV ETomV cuokevav INS, mov ypnoylonoovvol 6TV aegpomopio Kot o
SLOGTNUIKA OYNUOTOL, LITOPET va elval amayopeuTika akplo Kot EE0PETIKA 0YKDOES, TEplopilovTag
mv evpeia vioBEonN tovg ota avtdvopn oynuata. EmmAéov, ou @Onvotepec cvokevég INS
EVOEYETOL VO UMV TTOpEYOLV TO 1010 emimedo akpifetag N a&lomiotiog e Tig akpPOTEPES OVTIOTOYES

GLGKEVEG.

Figure 1.3 The VN-100 is a high performance IMU from Vectornav [3]
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To mpotewvopevo INS Ba ypnoomotel Evav cuvovacud o poV, OTMOS EMTUYLVOIOUETPO,
yupookoOmo, payvntopetpo, GNSS ko awcOnmpa Bapopetpikng tieons. Avtoi ot asOnipeg Ha
ovvepyaloviotl yio T HETPNON OPOPETIKAOV TTLYADV TNG KIvomng Tov oynuotos, Ommg 1
EMTAYLVOY], 1 TEPLOTPOPN Kot ot aArayéG oto vyouetpo. Ta dedopéva amd vTOoVS TOLG
aoOnTpec Ba cuyYVELBOLV LE TN XPNON TPONYUEVOV TEXVIK®V ENEEEPYACIOG GNLATOG Y10l TNV

axppn extipmon g 0€ong Kot Tov TPOSAVATOMG OV TOL OYNUATOG.

EminmAéov, n cvokevn| avt Ba oyediaotel pe waitepn EReacn 6To YoUnAd KOGTOG Kot TNV VYNAN
axpipeta. o va emrevybel avtd, kotd v avartvén tov INS Ba diepevvnBoHv o1 o otkovopkol

Kot okp1Peig aoOnTnpeg, TEYVIKES EMeEepyOsiog ONUATOG KOl TEYVIKES EKTIUNONG KOTAGTAONG.

SVUVOMKAQ, TO OTOTEAECUATO AVTNG TNG EPEVLVAG EYOVLV WG GTOYO VO TPOSPEPOVY TOAVTIUES YVMDCELG
YL TV ovATTLEN YOUNA0D KOGTOVS 0AAG Kot vymAng akpifetag INS v avtdvopo oynuota. H
TPOTEWOUEVT] GUOKELY] £xEL TN duvatdTTo v pépel aSloonueinteg eEediEelg otov Topéa g
AVTOVOUNG TAONYNOTG OYNUAT®V, TAPEXOVTOS L0 TPOSITH AVGT Tov Tpocmadel va givat akpiPng
kot aomotn. H épevva avt propel emiong va Tapovctdcel VEEC SOLVATOTNTES Yo TV EVPVTEPN
amodoyn TV aLTOVOU®MY OYNUATOV o OPOPES EPAPUOYEC, CUUTEPIAAUPOVOUEVOYV TOV

LETAPOPDV, TNG VAKOTEYVIKNG VTOGTHPLENG KOl TOV OTPUTIOTIKMOV ENLYELPNCEWDV.
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2 Emoxdmmon INS

2.1 Xvoxkevég [Thorynong

Ot cvokevég Thonynong eivol Bactkd epyareio TOV ¥PNGILOTOIOVVTOL Yo TN HETPNON TG BEomg,
TOV TPOCAVATOAGLOV KOl TG TOXVTNTOC AVTIKEWEV®VY o€ Kivnon. 'Exovv molvdpiBueg epapproyég
o€ ToUElG Omwg 1 agpomAoia, 1 BoAdoo1o VOLGITAOT, 1| POUTOTIKN KOl To. avTOVoua oyxfuatal7].
o pétpnon outdv 1oV ToPAUETP®V, Ol GLOKEVEG TAONYNONG YPNOLUOTOOVY eEOTAMGHO
AOPOVEIOKNG aviyvevons, Om®G Yupookoma Kot emroyvvowopetpa, poll pe e&mtepikong
aoONTPEC OV UETPOLV OAAUYEC EKTOC TOVL TANIGIOL TOVL a1cHNTAPO, OTMG UOYVNTOUETPO,

aoOntpec Papopetpiknig mieong kot GNSS.

Ta tedevtaia xpovia, ot cuctnmpeg MEMS (LikponAekTpoun ovikd GUGTHLOTE) £XOVV Yivel OAO
KOl T ONUOQPIAEIC Y10 Xp1ON G CLOKEVEG TAONYNONG AOY® TOL UIKPOL HeYEBOLS, TNG YOUUNANG
KATAVAA®ONG EVEPYELOG KOl TNG LVYNANG akpifetag Tovg [8]. Ot aicOnmpeg MEMS Bacilovtol oe
LKPOGKOTIIKG UNYOVIKG €E0PTAKOTA TOV UITOPOHV VO, aviyvehouv TV Kivnom Kot T oAAay£EC

TPOGAVATOAGLOD YPTCILOTOUDVTOS LKPONAEKTPOVIKA KUKAMLOTO.

Yeg ovt Vv evomro, 0o efeTdoovpe TOVG SAPOPOVG TUTOVG GULOKEVOV TAONYNOMG,
ocvuneptrappavopévav tov IMU, AHRS, INS (GNSS Aided IMU) kot mo&idwv GNSS (Dual
GNSS «ar IMU) [9]. Me v kotavonon tov Sl@dpov TOTOV GLGKELAOV TAONYNONS Kol T®V
CLYKEKPIUEVOV AEITOLPYIDV TOVG, Ol avayvaoteg Oa eival oe B€on katovoncovy KaADTEPO T

OMUOGI0 KoL TNV EPAPLOYT TOVS GE JAPOPOVS TOLEIC.

Figure 2.1The Apollo 11 IMU [10]
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2.1.1 IMU

Ot povéoeg adpavelokng pétpnong (IMU) etvar cuokevéc mov PETPOHV TV EMTAYLVOT KoL TNV
YOVIOKT  ToxOTNTO  €vOG  KIVOUUEVOL  OVTIKEWWEVOVL. XuvnBmG omoteAovviol amd  Tpia
EMTOYVVOLOUETPO KOl TP YVPOGKOTIOL TOV UETPOVV TN YPOLUUIKY| KO TEPIGTPOPIKN Kivnon o€
TPELS 0100TAGEIS. O LETPNOELS QIO TOL ETITAYVVCIOUETPO KOIL TOL YVPOSKOTLO GLVOIVALOVTOL Y10 TOV
VIOAOYIGUO TG BEoNC, TNG TOYOTNTAG KOl TOV TPOGOVAUTOMGIOD TOV OVTIKEILEVOD LE TNV TAPOOO

0V Xpovov [11].

Ot IMU ypnowomolovvion cuvibmg o€ epappoyéc omov ta onpota GPS dev etval dwbéoipa 1
afomoto, OnMG N TAONYNON O £0MTEPIKOVG YDPOVG, TO LN ETOVOPMUEVO EVOEPLOL OYNLLOTOL
(UAV) kot to GUGTAHOTO EIKOVIKNG TPAYLOTIKOTNTOS. XPNGILOTO00VTOL ENIGNG GE GLVOVOGHO

HE AALOLG a1oONTpES, OTMOC payvnTopeTpa Kal Bapopetpa, yuo T Pertioon g akpifeldg Toug.

Qo1660, 01 IMU €yovv meploptopodc, Omwsg ceAARaTo OMcHNoNG Kol GLGTNUATIKA GOAALATO TOV
OLGGMPELOVTOL [E TNV TAPOdO TOL YPOVOoL. Amartovv emiong ocvyvh Poaduovounon y va
dwtnpnoovv Vv axpifeld tovc. IMapd tovg meplopiopovg avtove, ot IMU amotelobv pio KoAn

EMAOYN YL TNV TAONYNON 0€ Tomo0esieg Omov dAAoL csONTpEg dev elvar evoeikvovTal.

Yvvolikd, ot IMU eivar a&ldmioteg GuGKELEG TAOYNONG TOV JdPApOTICOVY oNUOVTIKO pOAO GE
éva evph PACHO. EPUPUOYDV. AV KoL £XOVV TEPLOPIGHOVG, N eveMEia Kot 1 a&loTIoTIO TOVG TIG

KaB16ToOV TOAOTIHO EpYAAEiO YO0 TV TAONYNON G€ SVGUEVT KOl SVOKOAN TEPIPAAAOVTAL.

2.1.2  AHRS

Ta cvotyuaTa avaeopds Tpocavotoiouov Kot katevbvuvong (AHRS) eivar cuokevég mlorynong
mov ovvovalovv TG petpnoelc amd Tig IMU pe poyvnmtopetpa yioo Tov DTOAOYICUO TOL
TPOCAVOTOAMGHOV Kot NG KatevBuvong evog avtikeévov. Ta AHRS pmopovv emiong va

EVOOUATMOVOLV PAPOLETPA Y10 TNV EKTIUNOT] TOV VYOUETPOV.

Ta AHRS ypnoipomotovvion cuvibwe otnv mAonynon otn Bdhacca kot Tov a€pa, Kabmg Kot oTa
UAV kot ™ popmotiky|. IIpotipndvrotl £vavit Tov TopadosloKdV YOPOSKOTIKMV TuEidwV, ETEdN
napéyovv akpiPéotepec Kot mo afldmoteg mAnpoeopieg KatevBuvong, akdun kot vwd TNV

TOPOVGIO NTTLOV LAYVNTIKOV TOPEUPOADV.

Qot6c0, Ta. AHRS €xovv meplopiopong, 6mwg 1 evoucnocio og 1oyvpég LoyvnTikég moperPorés

Kol T0 GOAALaTe OAlcONOoNG TOV GLGCOPEVOVTOL [E TNV TAPOSO TOL YPOVOL. ATOLTOVV EMIONG
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ovyvn Pabuovounon ywo ™ datipnomn g akpipetdg tovs. Iapd Tovg meplopiopods avTovS, TO!
AHRS oamotelobv a&lOmoTeS GLUOKELEC TAONYNONG YL EPUPUOYES OV OmOLTOVV aKplPelg

TANPOPOPIES Y10 TO TPOGAVATOAGHUO Kot TNV TopEiaL.

7/

3-Axis Accel
e
( ] » —p B Attitude
— g
3-Axis Gyro Computation Device
3-Axis Mag

Figure 2.2 AHRS Component Diagram [12]

2.1.3 INS (GNSS Aided IMU)

Ta adpavelokd cvomuatoe mionynong (INS) sivar cvokevég mov ypnoyorotovv IMU yia
HETPTOT TNG EMTAYLVONG KO TNG YOVINKNG TOTNTOG EVOS AVTIKEUEVOL Ko AE10T0100V QLTEG TIG
HETPNOELS YIO. TOV LWOAOYIOUO NG B€ome, TG TOoLTNTOG KOl TOL TPOCHUVATOAGLOV TOV
AVTIKEWEVOL pE TNV TApodo Tov ypdvov. Ta INS ypnoiponotodviar cuvnBwg otnv aepomopia,

vavomAoio Kot Ta yepoaio oynuato [13].

To INS pmopovv va a&lomomcovy dékteg Tov Ilaykodcuiov Aopvpopikod Zvotiuatog [Thonynong
(GNSS), ot omoior mapéyovv akpiPeig mAnpoeopieg Béong Kot taydTag yoo T Pedtioon g
axpiferog tov INS. Ta INS pmopodv ermiong va a&lomomcovy Kot GAAOVG ousOnTpeg, OTWS

LYV TOUETPO KOl BapOUETPA, Y10 TV TEPALTEP® PeEATiON TG akpifeldc Tovg.

Ta INS wpotipndvTol Evavtt GAA®Y GLGKEVOV TAONYNONG ENELON TAPEXOVY GLVEXELS TANPOPOpPiES
TAONYNONG, aKkOun kot Otav dev vmapyovv e€mtepkd onpato. Qotdéco, ta INS eppaviovv

TEPLOPIOUOVS, OTMG GPAALATA OAIGONONG OV CLGCMOPEVOVTIOL PE TNV TAPOSO TOL YPAVOL Ko
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amoutovv ovyviy Pabuovounon. Ta INS anaitovv eniong ) yprion vyning tovttag IMU yo va

EMTOYOLY TNV eMBLUNTY axpifeta.

(%

/ &00 GNSS Data

3-Axis Accel l

o » Position
>
( ] » 4 ——> » Velocity
a:
» Attitude
3-Axis Gyro Computation Device

3-Axis Mag

Figure 2.3 GNSS-Aided INS Component Diagram [14]

2.1.4 GNSS Compass (Dual GNSS and IMU)

O mu&ideg GNSS givat suokevég TAoyNong mov cuvovalovy Tig petpnoelg omd 6vo dékteg GNSS
pe po IMU vy tov vroloyiopd g 0éong, g tabhTnTag, TS Topeiag Kot TG Katevbuvong evog
avtikelévon. Ot dvo dékteg GNSS ypnolomolovvtan yio T UETPNON TNG OYETIKNG 0éong kot
TaOLTNTOG UETOED TV Vo kepatwv, evd 1 IMU ypnoipomoteitor yioo Tov VTOAOYIGUO TNG

KatevBvvong Kot g mopeiag evog avtikeyévov [15].

O1 mv&ideg GNSS ypnowomolovvion cuvibmg ot vavcsurAoio 6oL ot akpiPeic mAnpopopieg
katevbuvong eivar {oTikng onuaciog yw v aceair Thonynon. Ipotipdvtol oe oyéon pe Tig
TOPAOOCLOKEG YUPOOKOTIKEG TLEIdEG emeldr] mapéyovv axpiféotepeg kot o  aSlOMOTEG

TANPOPOpies KateHOLVONG, AKOUN KOt TOPOVGID, oYV TIKOV TOPEUPOADY.

Qo1000, 01 TLEOEG GNSS €yovv TEPLOPIGLOVE, OTWG 1| EVAICONGIN GE ATHLOGPAPIKES TOPEUPOAES

KOLT) oVAYKN Yo KoBopr| OTTTIKY TOV 0vpavoD Yol TN Ayn onudtov and Toug dSopuvedpovg GNSS.
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[Tapd tovg mepropiopovg avtovg, ot mu&ideg GNSS amoteAolv a&10MIOTEG GLOKEVEG TAO YOG

Y0 EPUPUOYES TTOV aTaTOVV aKplPeig mAnpopopieg BEong, TayvTnTOg, KotevBuvvong kot Topeiag.

Q )
\00 \00

| GNSS Data

/7
'4

3-Axis Accel l l

4 :)
] =
— >

3-Axis Gyro Computation Device

» Position

3)'0 P > Velocity
> Attitude

oooonon

3-Axis Mag

Figure 2.4 GNSSS Compass component diagram [15]

2.2 Adpaveloxoi AteOntmpeg

Ot adpavelokol awcOntipeg éxovv pia mAovola otopia mov dwopkel mhvw amd Evav adva,
OTOTEAMVTOG AVEKTIUNTA EPYOAEID Y10 TN LETPNON TNG KIVIONG EVOC OVTIKEILEVOL GE OYEOT LE Eval
adPAVEIONKO GVOTNUA avapopds. Apyikd, ot aicOntmpec avtoi Paciloviay oe 0yKMON HNyovVIKA
YUPOCKOTLO KO EMLTAYLVSIOUETPA. Q6TOG0, Ol ASIEMALVEG TPOCTADELEG EMGTNUOVAOV, UNYOVIKOV
KOl EPELVNTIK®OV 1WPLUATOV Tov Eekivnoov otic apyés ¢ dekoetiog tov 1930 siyav g
amoTéAeca onUavTIKEG eEEMEES oTov Topéa avtd [16]. Avtiy N cuveyng eEEMEN odnynoe ot
dNuovpyio EVOG TOAMY SPOPETIKAOV AOPAVEINK®DY oo TAP®V e SOPOPETIKES OLVATOTNTES
Kot dtapopetTikny amddoon. Katd cuvéneta, ol cuyypovol mhéov adpavelakoi aicOnmmpeg fpicikovv
gvpeia YPNOWOTNTA G€ TANODOPOA EPAPLOYDV, VTEPVIKDOVTOS TOVS TEPLOPLGHOVS TMV TPOKATOY DV

TOVG KOl EMTPEMOVTOG TNV EVOOUATMGN TOVS GE TO TEPLGGATEPOLVS TOUEIC 0md TOTE AALOTE.
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Ot adpavelokol acONTPeg KOAOTTOUY oL TEPACTIO. OYOPd, TPOGPEPOVTAS £Va VPV PACHO
TPOIOVIMOV UE LOPOPETIKEG TIUES KO EMITENQ EMOOGEMV. AVT 1| EKTETAUEVT TOIKIATLL ONULIOLPYEL
OLYVA TPOKANGELS Y10, TOVG TEAATES OTAV TPOKELTOL VO EMAEEOVY TOL KOTAAANAO EEQPTHHOTOL KO
va kafopicovv v katdAAnAn Tywordynon. Emumriéov, n anovcio kaBoAkd amodekTt®dv OpiopumV
N TPOTUT®V Y10 TN SPOPOTOINCT TV LYNA®V, UECAIMV Kol YOUNADV EMOOGEMY GLUPAAAEL
TEPAUTEP® G711 cLYYLoN. Evag aioOntipog mov €vog emotiovag pmopei va Tov a&loAoyNoEL ™G
VYNNG modtrag propel va Bewpnbel yauning modttog and Evav dAho emotiuova. Q6td00,
0€ YEVIKEC YPOUUES, Ol AOPOAVELNKOL atcOnTpec pumopohv vo Katrnyoplonombobv 6e TE6GEPLS

oudoeg emodcemv [16]:

e T ypnomn oe cutuata TAONYNoNG
e [0 oTpaTIOTIKN XPTIOM

e [ Brounyavikn ypnon

e [a amh ypnon(oyMUOTA KOt YEVIKT KATOVOA®OT))

Avtéc or koatnyopleg emddcewv kabopilovror ocvvnbwc pe Paon ™ otabeponTo TOV
CUGTNUOTIKOV GOUAUAT®OV TOv oucHntipa Kotd tn Aettovpyio, KoO®G 0 mTapAyovtag ovTdHS
emnpedlel ONUOVTIKG TNV ardS06T TNG GUVOAMKOD GUGTHUATOS. AELOAOYDVTOG TNV OVAYKN 0T,
umopel va emdeybel M KATAAANAN Katnyopio EMOOCEMV GTOVS OOPUVEINKOVS oeONnTNpES,
EMTPEMOVTOG GTOVG YPNOTES VO AAUPAVOLY OTOPAGELS e BAOT TIC CUYKEKPIUEVES ATOUTIOELS TNG

EQAPUOYNG TOVG.

2.2.1 T'vpookdmo

Ta yvpookomia dradpopotilovv Waitepa ONUAVTIKO POAO GTOVG OOPUVEINKOVS oucOnTipEg,
TPOCPEPOVTOS OKPLPT LETPNON TOL YOVIOKOD puOULOD PeTafoANG 1) TNG TEPICTPOPIKNG Kivnong o€
oxéon pe éva adpavelakd miaiclo. H ayopd mpoopépel pior gupelo yKAUO YOPOOKOTI®V e
OLLPOPETIKG EMIMESN OMTOSOONG, GULUTEPIAUUPOVOUEVOV TOV UNYOVIKOV YUPOGKOTI®MV, TMOV
yupookomiov ontikwv wov (FOG), tov yvpookomiov odaktoiiov Aéillep (RLG) kor tov

yupookonimv yoralio/ MEMS.

Ta yopookoma yaralio kart MEMS cuvavidvior cuvinOmg e epaploYEg YEVIKNG, Brounyavikng
KOl GTPOATIOTIKNG XPNONGS, TapExovTag asldOmoTeg EMOO0ELS O OVTEC TIG ayopEs. Ta yvpookdmio

OMTIKOV WAV, omd TNV GAAN TAELPE, KOADTTOLV KOl TIG TECOEPIS KOTNYOPIES EMOOCEMV,
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avadetkvoovtag v gvedi&ia Tovg. Ta yvpookodmia Aélep dakTuvAOV TOPoLGLALOVY GTABEPOTNTES
otV omdKAMOT KaTd T AEITOVPYia TOVG OV Kupaivovtal amd 1 °/dpa g kot Arydtepo amd 0,001

°/®pa, KOADTTOVTOG TIC OVAYKES TOV GTPATIOTIKMY EPUPLOYDV Kol TOV EQAPLOYDV TAONYNONG.

Ewdwotepa, ta unyavikd yvpookomia Eeywpilovv o¢ Ta yupookOmaL e TIG VYNAOTEPEG EMOOCELG
mov dtatifeviot oty ayopd. Me v e£atpetikn| akpifeld Tovg, To UNYAVIKA YUPOGKOTLO LTOPOVV
VoL EMTVYOLV OMOKAIGELS KaTd TN Agttovpyio Toug pikpotepes and 0,0001 °/dpa, KabiotdvTag TO

W00VIKA Y10 EQAPLOYES TOL OTToNTOVV HEYLOTN akpifela kot aglomoTio.

Aoppdavoviog vwoyn to gvpld QAcpa TV S100EGIUL®MY YVPOSKOTIWV, Ol TEAATEG UTOPOVV Vo
emALEOUY  pe  PAom TG OLYKEKPIUEVEG OMOITNOELS EMOOGEMV TOV  EPUPUOYDOV  TOVG,

eEaoparilovtag ) PEATIOTN EVOOUATOGCT TOV YUPOCSKOTIKMOV OLVAUTOTHTMOV GTOVS 0OPAVELNKOVS

aloOnTpeC.
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Figure 2.5 Gyroscope Performance Grade [16]

Ta yvpookdémiao MEMS a&tomotobv v apyr] tov eatvopévov Coriolis, n omoia meptypapel v
AdPOVELOKT OVVOLT TOV OOKEITOL GTO KIVOVILEVO OVTIKEILEVA OE VA TEPLOTPEPOUEVO GVGTNHO[8],
[17]."Ecto 6Tt po pala stvor avoaptnpévn pe ehatnpia, 0rtmg arnetkovifetol oto Zynua 2.6 H pala
VROKELTOL G€ oL KvnTiplol SOOVOUN KOTO UNKOG TOL Aova X, LE OMOTEAEGHO VO TAAOVTOVETOL
YPNYopa mpog avty| TV katevbuvon. Tavtoypova, paproleTol (o YOVIoKT ToyuTNTe, O, YOP®

amod tov afova z. Qg ek Tovtov, N pale veiotaton pa Svvaun Coriolis, pe amotéAecpo pio
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HETOTOTION KaTh UNKOG ToL dEova y. Avti N petatodmion pumopel va petpndet otn cuvéyela pe

YPNOT LLOG SOUNG OVIYVELOTG YOPNTIKOTHTMV.

e F=-2mwyv

Figure 2.6 Simple Gyroscope Model. Left: Tuning Fork. Right: Single Mass[18]

H 6bvaun Coriolis mov déyeton éva mhaicto mov meptoTpépeTat evidg evog mlaiciov pe palo m,

YOVIOKN TaXOTNTO WK o1 Kveiton pe tayvtnta v eivon [8], [19], [20] :

F. = —2m(w X v) (2.1)

H xartaokevn towv yopookomiov MEMS pmopet vo e16ayel YeOUETPIKEG ATEAEIEC GTY] OVOVLEVN
UNYOVIKT QOpT| KOl GTO NAEKTPOSIO. OVIYVELONG, LE OMOTEAEGLO TNV TOPAYMYT] CNUATOG £6O0V
aKOUN Kot OTaV OV VIAPYEL TPAYUATIKY TEPIGTPOPT [21]. AvTd T YvpooKOTIa KaTaoKevdlovTal
ouvnBmg pe ypron mopttiov gvaicOntov ot Beppokpacic, TOL 0TIV TA PVCIKA XOUPAKTNPIOTIKA
petafdAlovral onpaviikd pe T petaforéc g Oepupokpaciog mepiPairovioc. H avEnuévn
Oeppoxpacio mepPAALOVTOG, Y10 TAPAOELY LD, 0ONYEL G LETAPOAEC OTO HETPO EAACTIKOTNTAS TOV
VAKOL Tupttiov, mTpokadmvtag avakpifeleg oty €60d0. EmmAéov, ot dtapopéc Beppokpaciog
UITOPOLV Vo TPOKOAEGOVV OEpUONAEKTPIKG (POVOLEVA, EIGAYOVTOG OLOKVUAVOELS TAOMG Kot
oonydvtag o€ amokAicels otnv £€odo tov awcOntpa [19]. H enidpaon g OBepuroxpoacioc ot
oLVOLAGUO UE QTN TNG VYPOGING UTOPEL KON Kol VO TPOKOAEGEL LOVIUT TAPALOPP®ST). Mo
Kployn mTopdpetpog omddoong Yoo TO UIKPONAEKTPOUNYAVIKA Yupookoma ivar 1 ££000G

uNndevikov puoov, ToV VIOJEIKVHEL TNV ATOVGI0 TEPIGTPOPNS.

30



Katd ™ xpnon g nedddov "strap-down", ot Tpég yoviakng tayHTnTog TOL TOPEXOVTAL OO TO
YUPOGKOTIO OLOKATPOVOVTOL OV TAKTE YPOVIKA SLOGTILOTO, EXLTPETOVTAG TOV TPOGOIOPIGUO TNG
TPEXOVGAG YOVING TOL avTikeévoy. H nébodoc autr amodetkvietal ToAdTIUN Yo TNV EKTIUNON
™G Kotevhuveong evoc AKOUTTOL OVTIKELLEVOL Yo £val LKpd xpovikd dtdotnua. Qotdco, gival
ONUOVTIKO VO AQUPAVETOL LITTOYT] TO GLGTNUOTIKO GPAALLO TOV YUPOGKOTIOV, KOAOMDS EMPEPEL KAT
TNV OAOKANP®OT 0A0EVO KOl QLEOVOUEVT OTOKAON OTIC TIUEG TOV EKTILAOUEVOV YOVIOV. Ev
OAlyolg, M oKpiPelo TOV EKTILOUEVOV YOVIOV UEIDOVETOL CIOVTIKA LE TNV TAPOSO TOV YPOVOL

[22].

Figure.7 MEMS Gyroscope [19]

2.2.2  Emrtoayvveldopetpo

Toa emrayvvoldpetpo eivoar Pactkd eEopTMHOTA TOV OOPAVEIOK®OV ooOntmpwv, Tapéyovtag
HETPNOTN NG YPOUUIKNG EMTAYLVONG KAT UNKOG TOAAATA®OV afovav. H ayopd mpocpépetl 600
KOPLOVG TOTOVG EMTAYVLVOIOUETPOV, TOL OVAKOLV OE OLOPOPETIKES KATNYOpleg EMOOCEMV:

LUNYOVIKG ETLTAYVVOIOUETPO. KO emiToyuvelopeTpa yoralio/ MEMS [16].

Ta emrayvvodpetpa yoroalio kor MEMS mapovoidlovv amokAMoels katd tn AElTovpyia ToOug Tov

kopoaiveror amd 1000 pg €og 1 ug, kaAdnrovtog Kot Tig TEaoepig Katnyopies emddcemv. H eveMéia
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TOVG EMTPEMEL TN YPNON TOVG O £va. €VPV PACHO €QPUPUOY®V. AvtiBeta, To UNYOVIKA
EMTAYVVGIOUETPA, TOPOVGLALOVY CNUAVTIKE YOUNAOTEPES OMOKAICELS, HKpOTEPES omd 1 ug, Kot
neplopifovior cvvnBwg oe gpapuoyéc mionynong [16]. To peyaddtepo péyebog tovg kot to

VYNAOTEPO KOGTOG TOVG GVUPAAAOVY GTNV TLO €EEIBIKEVUEVT] YPT|OT TOVG.

Me v koTovonon Tov SoKpicemv HETOED QVTAOV TOV TUTOV EMTAYLVCIOUETPOV, Ol YPNOTES
UITOpoLV VoL AAUPEVOUY TEKUMPLOUEVES ATOPACELS e PBACT TIG AMOTNCELS EMOOCEDV KOl TOVG
€101KOVG TTEPLOPIGHLOVS TOV EPAPLOYDV TOVG. AVTO EMITPENEL TN PEATIOTT EMAOYN KO EVOOUATMOON

TOV EMTAYVVOIOUETPOV GTOVG AOPAVEIOKOVG aicOntipec, eEacpaiilovtag axpipn kol a&lomo

LETPTOT TNG YPOULULKTG EMLTAYLVONG.

Industrial Automotive
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Accelerometer In-Run Bias Stability (°/hr)
Figure 2.8 Accelerometer Performance Grade [16]

‘Eva emtayvvoeiopetpo MEMS amoteleiton amd pia dokipaotikn pdla, 1 omoia eivot cuvoedepévn
pe éva ghatnplo, 6Tmg anekoviletor oto oynua 2.9. H pala avt pmopet va kivnbet mpog pio

oLyKeEKPIULEVN KotevBuvon, Tov ovopdaletatl aEovag evatsnociog.
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Figure 2.9 Horizontal Accelerometer Model [18]
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Figure 2.10 Vertical Accelerometer Model [18]
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Otav epopudletonr YPOUMKN ETITAYVVON OTO  EMITOYLVOIOUETPO KOTA UNKOG TOL d&ova
evaoOnoiag, n emtdyyvvon TpokaAet petatdmion e paloc mpog ™ pia mievpa [17], [19], [22].

To péyebog avtic g petatodmong eivar evBEmg avdAoyo pe To péyebog g ETTAYLVONC.

Ta emrayvvoidpetpo MEMS oyedidlovror pe déoveg evauctnoiog, ot omoiot kabopilovv
GLYKEKPLUEVN KOTELOVLVON KOTO UNKOG TNG OTTOL0G 1) GVGKELN givatl gvaicOntn oV emiTdyvvon.
[ToAAomAG EMITOYVVGIOUETPO LTOPOVV VO EVEGOUAT®OOVV GE pio PLOVO GLUGKELT Yol TN HETPNON
NG EMTAYLVONG 0€ TOAAATAOVS AEOVES (OTWG EMTAYLVSIOUETPO TPLOV 0EOVOV) [23]. Qotdoo, T
GOAALOTO KATO TNV KOTOOKELT WTOPEl Vo 0ONYNGOLVV GE EAANTTOUOTIKY €vBuypdupuon, He
amotéAeopa TV EALEWYT 0pBOYOVIOTNTOG HETOED TV AEOVAOV HETPNONG TOV EMTOVVGLOUETPOV
[7], [19], [21]. Avtd 0 @avdpevo, YVOOTO G evaictncio S10eTaVPOLUEVEY 0EOVDV, Eival va

KOWO GOAALO TOV GLVOVTATOL GTOVS GO TN PES.

Yuvomtikd, 1 Aettovpyia evog emrayvvoiopetpov MEMS mepthappdvel v kivnon pog palog g
ATOTEAEC LA LLOG EQPOPUOLOUEVNG EMTAYLVONG KOL T LETATPOTY OVTNG TNG Kiviong 0 NAEKTPIKO
ONUOL HE TN XPNON WNYOVIGUAOV OViXVeELONS, Om®G N YOPNTIKN aviyvevorn 1N tao TelonAeKTpiKd

otoyyeia [21].

5
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Figure 2.11 MEMS accelerometer[19]
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2.2.3  Maoyvntopetpo

To payvntopetpo etvar acOnmpeg €101kd oyedlacpévol yioo ™ UETPNOTN TS £VTOONG Kot TNG
Katevbvvong €vog HoyvnTikov mediov. YTApyouv otd@popol TOTOL HOYVITOUETP®OV, KOl TOALY
poayvntopetpa. MEMS  (Micro-Electro-Mechanical Systems) paocilovtar otig apyés g
HOYVNTOOVTIGTOONG Yol TN METPNON TOL TEPPAAALOVTOC payvntikov mediov [21]. Avtd ta
LAYV TOUETPO. LAYV TOAVTIGTOGNC XPNOLOTO00Y KPAUATO TOL ToPoVuctdlovy HeTABOAES otV
avtiotaon efoutiog ™G petafoing tov epapuoldpevov poyvntikov mediov. Zvvibwg, To
poyvntopetpa MEMS ypnoiponotobvton yio T HETPNON TOTIKOV LayvnTIK®V Tedimv, To omoia
amoTeAOVVTAL OO Vo GLVIVACUO TOV LOYVITIKOL TTEGIOV TNG VNG KO TVYOV LOYyVNTIKAOV TESImV

OV ONLOVPYOVVTOL OTd KOVTIVA avTikeipeva [21].

To payvmtikd medio g Img meprhapPdver por opildviie CLVICTOCO Kol M0 KOTAKOPLON
oLVIOTMOGCO, TOL GLVNOMG YapakTNpilovion amd TIG YwVieg LayvnTikng KAIoNg Kot ardokiong [24].
H poyvntikn kiion oniovel ) yovia petald Tov ypoupoy Tov poyvntikod tediov e I'mg kot
evoc oplldvtiov emmédov. ZTOvg pHoyvnTikovg mohovg e Img, to poayvntikd medio eivo
KOTAKOPLPO, LE AmOTELECUN VO, TPOKVUTTEL Ywvio kAiong 90°. Avtifeta, otov onuepvo, 1o
payvntikd medio g I'mg etvon opldvtio, odnydviag oe yovia kiiong 0° [24]. H poyvnrikn
amOKAoN, amd TNV GAAN TAELPE, AVTITPOGMTEVEL T doPopd LETAED Tov payvntikov Bopelov
[T6Aov kot Tov Tov Yewypapikov Bopeiov T16Aov ¢ I'ng, dnAadn ) dapopd ot yovia HeTa&y

aVTOV TV 000 BécewV e oyéon pe To onpueio pETpnong.
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Figure 2.12 Map of magnetic declination[24]
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Figure 2.14 Map of horizontal magnetic field intensity [24]

To payvnrtépeTpo Acttovpyei wg TLEIdA TAPEXOVTOS EVO TPIGIAGTATO SAVUGLLO TOV VITOOEIKVOEL
v Katevhuvon tov poayvntikov mediov g I'mg otn B€on Tov acOntpa. Ot TAnpopopieg avTég
dtvovtal 6To GUGTNIA GLVTETOYUEV®V TOV aoONTAPO Kol TPEMEL VO, TPOGAPLOGTOVV GE KATOL0
dALo cvoTnua avaeopds 6mws Yo Tapddetypa to cvotnua NED, 6nov umopovv va cuykpifodv

pHe to ynwo payvmtikd medio ot ovykekpuévn 0éom. To Zynua 3.6 amewovilel avty
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dwdwkacio, aneikovifovrag T poyvntikn omdkion (8), n omoio avImpocsomedeL TN Yovia LETaED
TOL OVOGUOTOG TOL OElYVEL 6TO HAyVNTIKO Poppd KOl TOL OlVOGHOTOG OV OElYVEL GTO
vewdortikd Poppd. Agiyver emiong v kiion (I), n omoia deiyvel T yovia peta&d T@v opldvtiov
ypappov wediov g I'mg kot tov poyvntikod mediov ot cvykekpévn 0éon [21]. EmumAiéov, 10
oynuo katadewkvoel ™ yovio ektpomne (V) kabdg 10 cHotnua avoaeopds tov oicOntmmpa

TEPLOTPEPETAL YOP® ard ToV dEova Down.

Figure 2.15 Magnetic declination and inclination in the NED frame [21]

Yvvoyilovtag, To LayvNnTOUETPO OTOTEAOVY TOAVTIL EPYAAElR Yo T HETPMON TG EVTOOTG KO
™G Katevbuvong tov poyvntikav rediov. Ta payvntépetpo MEMS, mov ypnoitomolovy tig apyég
NG LYV TOOVTIOTOONS, XPNOULOTOI0VVTOL GUVIOMG Yol TN LETPNON TOTMIKOV LOYVITIKOV TEdWV
7oV TEPLOUPAVOLY TO YNIVO PayvnTikd Tedio Kot KOVIvEG payvnTikég mnyés. H katavonon tov
YOPOKTNPIOTIKMV KOl TG CUUTEPLPOPAS TOV HayvnTikob mediov g I'mg, cvpmepirapfavopuévav
TOV YOVIOV KAMONG Kot amOKAIoNG, SIEVKOADVEL TV aKpifn epunveia kot ypnon Tov dedopévev

TOV LOYVTOUETPMV GE AOPUVEIOKOVG 0o TPECS.
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2.2.4  AwOnmpag I[igong

O1 aioOntpeg mieomng etvar €EQPTALLATO TTOV YPNCLOTOLOVVTOL GTOVG AOPOUVELNKOVS 0oONTPES
Yoo T pETpnon g atpooeoipikng mieonc. ‘Evag tomog awsbntipa mieong mov eivor moAd
INpoPIA¢ eiva 0 ansOnpoag Papopetpikng tieong MEMS (Micro-Electro-Mechanical Systems).
O aioOnmpec Papopetpikne wicong MEMS ypnotpomotohv teyvikég HIKPONAEKTPOVIKNG Y. T
dNUoLPYio LIKPOSKOTIKOV SOUMY TOL UITOPOLV VA aVLYVEDOLV KOl VO LETPOVV TIG LETOPOAES TNG

mieomng Tov agpa [25].

Avtoi o1 ancOnmpec MEMS Aettovpyodv pe Bdon v apyn g aviyvenong e eKTPOmnG 1 TG
LETATOMIONG TOV TPOKAAELTAL amtd TN Slapopd Tieons peta&d tov aépa Tov TEPPAALOVTOC KO LOG
oQPAYIGUEVIC KOIAOTNTOG EVTOC TOL atcOntipa [25]. H extpomn aviyvevetal cuviBmg e T xpnon
evog O1appdypatog mov Avyilet e€otiog Tov LETAPOAMY TG TiEONC. AVTH 1) EKTPOTN LETOTPEMETAL

OTN GLVEYELD G€ NAEKTPIKO GNHOL avAAOYOo TS EQapLolOpEVNG TTieoNG.

‘Eva and ta facikd mieovektnpato Tov actntpov fapopetpikng nicong MEMS eivor to pikpd
ToVG HEYEBOg Kot M YOUNAY] KATOVOAMOT EVEPYELNG, YEYOVOS TOL TOVG KaO1oTA KATAAANAOLS Yo
EVOOUATOON GE EVEPYELNKA amOd0TIKEC GLOKEVEC. [Ipocpépouv axpifeic petpnoelg micong kot
UITOPOLV VO, TApEXOLY aKPIPES EKTIUNOELS TOV VYOVG TAV® Ao T 6Tdoun g 0dAaccag e Paon

™ oY€oMN HETOED OTHLOCOUPIKNG TTEGNS KOl VYOUETPOV.

Or aoOnmpec Papopetpikng wicong MEMS ypnopomotodvtal ce d1dpopeg epapproyés, Ommg
VYOUETPNTES, UETEMPOAOYIKOL OTaOUOl Kol GUOKELES TapaKoAovONong tov mepPdAiovToc.
Awdpapatifovv Kpioto pOLo GTIC AELTOVPYIEG SLATNPNONS TOV VYOUETPOV GTHV OEPOTOPIN, GTOV
vraifplo abAnTiopd Kol oty TPOYVOST Tov Kopov. EmmAéov, ot aicbntipeg avtol Bpickovv
YPNOWOTNTO o€ Sapopes Propnyovies, Onwg M ovtoKivynToPlopnyovio, 1 0EPOSILCTNLUKN

Brounyovio Kot To NAEKTPOVIKA €101 €VPEING KATOUVAADOTG.

Eivor onpovtikd va onuetmBel 0Tt evd ot aicOntipec Papouetpikng nicong MEMS mpocpépovv
eEapetikn amdooon, 1 axpifeld Toug pmopel vo EnNpeactel amd TapAyovieg OTMS 01 SIOKVUAVOELG
™m¢g Oepuokpaciog, 1 VYpacio KOl Ol TOMKEG OATUOGQAIPIKEG ovvinkeg [26]. Zuvyva
YPNOOTOLOVVTOL TEXVIKES PBabpovounong Kot aviioTdOUIong Yoo ToV UETPLOGUO OVTOV TOV

EMOPACE®V KoL TN S10GPAAoN 0EOTIOTOV HETPoE®VY Ttieong [27].
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Yvvoyilovtag, ot aoOntpec PBapopetpikng mieong MEMS mapéyovv e€onpetikég Adoelg yia ™
HETPT O TNG OTHOGPAPIKNG Ttieonc. To pukpo tovg pnéyebog,  YoaUNAN KOTovAA®GN EVEPYELOG KOl
N akpifeld Tovg TOVG KABIGTOVV KATAAANAOVG Y10 [0 GEIPA EPAPUOYDV, OTMG O TPOGIOPICUOG
TOV VYOUETPOV, 1) TOPAKOAOVONOT) TOV KOpov Kol 1) ViXVELST TOV TEPIPAALOVTIKOV CLUVONKOV.
[Tapd v enidpaon eEmtepikmv mapaydviwv, ot pébodot Babuovounone fonbodv otn dotrpnon
™m¢ okpifelag ovtOv TOV uctnmpov, emTpénoviag aSlOMoTEG UETPNCELS TEONG EVTIOC

AOPOVELKDY 0o THP®V.

2.2.5 Toaykdéouo dopveopikd cvotnua mtAonynong (GNSS)

H teyvoloyla tov maykécuiov dopveopkod cvatiuatog mronynons (GNSS) éxer eépel v
EMOVACTOOT GTNV TAONYNOT Kot TOV VTOMIoUO Béong oe moAlolg kKAddovc. To GNSS Paciletal
o€ £VaV 0OTEPIGUO O0PLPOP®VY GE TPOYLA YOP® amd TN I'm yia v mapoyn axkpiBdv TANpoPopLOV

EVTOTIGUOV BE0MC, TaXOTNTOG KO YPOVIGLOV GE OEKTEG GTO £00.(POC 1| O€ KIvNTEG GVOKEVEG [28].

To mo yvooto cvotnua GNSS sivar 1o [Haykdopo Xvotnue Evtomiopot Oéong (GPS), 1o onoio
avartoydnke kor Swtnpeitar omd Vv kuPépvnon tov Hvoupéveov IloMteidv. Qotdoo,
Aertovpyodv ko dAAo onuovtikd cvotnuatoe GNSS, 6rtwg to GLONASS (Pwoia), to Galileo
(Evpornaikr ‘Evoon), to BeiDou (Kiva) kot to NavIC (Ivdia). Avtd to. GUGTHUATO TPOGOEPOVY
GLAAOYIKG TTOYKOGHLOL KAAVYY, EMTPEMOVTOAG GTOVG XPNOTES TOYKOCUIOS va £xovv Ttpdcofaoct og

axppn kot aEOmoTo dEd0UEVE EVTOTIGHOV BEoTG.

O1 6ékteg GNSS ypnoiponolodv 1o GNHOTO TOV EKTEUTOVY 01 SOPLEAPOL YO VO TPOGOI0PIGOVY
™ B€om 1oV Péo® oG dtadkaciag Tov ovopAleTal «TPLy®VIGHO). MeTpdvTag TV amdcTao
HETOED TOL OEKTI KOl TOAAATAMY 00pLPOP®V, 0 EKTNG UTopel va vtoloyicel TRV akpipn Oéon
Tov otV emeaveln ¢ I'mc. Ot dékteg GNSS Aappdvovv emiong voyn mTapdyovies 0TS M
YEOUETPIO T®V S0PLOAPMV, Ol OTLOCPUIPIKEG KOBVOTEPNGELS KOt TO. GOAALATO POAOYLOD Yid VO

BeAtidoovv TV axpifeia Tov evtomicol BEomng.

To GNSS &yt evpv QAL EPAPUOYDV GE dLAPOPOVS TOUELS. X1 peTapopéc, To GNSS emitpénet
™mv oakppn mAonynon Kot mopokoAovOnon oynudtev, S1ELKOAHVOVTIOS TOV OTOTEAEGLOTIKO
oXEO10G O JAOPOUDV, TN OLOXEIPIOT TOV GTOAOV OYNUATOV KO TO DYV GLGTHLOTO LETOPOPDV.
>mv agpomopia, to GNSS cvufdiier oty mAonynomn, TtV TPOCEYYIOT KOl TIS OLOOIKACIEG
MPOCYEIMONG  GEPOCKAPDV,  EVICYVOVTOC TNV  OCQPOAEL KOl TNV EMLYEIPNOLOKN

aroteleopatikdTra. H vavtidiokn Bropmyavia enoeeieiton amd to GNSS yia akpipn eviomoud,
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mAoNynon kot amoevyn ovykpovcewv. EmmAéov, 10 GNSS eivar {oTikng onuaciog yw v
TomoYypaPia, TN YOPTOYPAPN O, TN YEWPYIo aKPPBELNG, TIG EMYEIPNOELS EPEVVAG Kol O1ACMONG Kot
T1G VITaifpieg SPACTNPLOTNTES VO VYNS.
Satellite
>

Receiver "i
(/
-
J

Control Segment

Figure 2.16 Global Navigation Satellite System (GNSS) [28]

H evoopdtwon tov GNSS pe dAdovg aicdnmpeg, 6mwg ot adpavelakoi aicOntpes (0¢ LEPog Tov
INS pe ™ Bonbewa tov GNSS), emtpénetl PeAtiopéveg emooOcelg TAonynonG. Xvvovalovtag ta
dedopéva GNSS e petpnoelg amd adpavelokons aeOnTmpeg 10 cHOTNUO UTOPEL VO LETPLACEL TIG
dwakomég Kot Tig avakpifeleg tov GNSS katd TN ddpkeln TEPLOd®Y AMTMAELNG CNUATOG KOl
TopeUPOr®V. AVTN 1 EVOOUATOON TopEYEL cuveyelg kol a&lomoteg TAnpogopieg TAoNynomng,
yeyovog mov Vv kabiotd wiaitepa moAvTIun o€ mepPdriovta 6mov ta onpota GNSS evdéyeton

va Topepmodilovtal, 0TS aoTIKA Qopdyyla 1] ECOTEPIKOL YDPOTL.

Yvvolikd, mn texvoroyia GNSS éxer petapopemdoel Tov TpdMO [E TOV OTOI0 TAONYOVUAGTE
nmoykoopimg. H gvpela vioBétnon ¢ kot 11 eVoOUAT®moT| TG HUe GAAEG TEXVOAOYIES EMITPETOVY
akppeic ko agiomoteg Avoelg eviomiopod B€ong oe mowkiheg €QapuroyES, PeEATIOVOVTAG TNV
OTOTEAECUATIKOTNTA, TNV OGOPAAEL KO TNV EVKOAIN 6€ TOAAEG Propnyavieg Kob®G Kot oTtnv

KaOnuepvn {on.

2.3 Tlpodwypapéc IMU
O tpodiaypaEs pag adpavelakng povadog pétpnong (IMU) eivar kpioeg Yo Tov Tpocdtopiopo
NG amOO00TG KOl TNG KATOUAANAOANTAG TNG Y10 GLGTHATO 0dPOVELKTG TAoTYNonG. H aloAdynon

QLTOV TOV TPOOLAYPUPOV glval amapaitn yia v emAoyn pog IMU mov avtamoxpiveTton oTig
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GUYKEKPUEVEG OTOLTNOELS TG €Qapuoyns. H mapodoa evotnta mapéyel o EmMCKOTNoN TOV

Baocwmv mpodiaypapdv g IMU mov mpénet vo AneBodv vdym.

2.3.1 Amo6ooom AteOntipov

Evpog: To evpoc kabopilet Tig eAdyloteg Kot PEYIGTEG TIES E10OO0V TOL UTOPEL VO, LETPNCEL [UE
axpifela évag arcOnmpag IMU. Eivor {otikng onuaciog va dtaceariotel 6Tt 1 IMU pnopet va
YePLoTel Ta avapevopeva peyédn kivnong N tig mepPoarioviikég cuvOnKeg oV TPOPAETOUEV

epapuoyn [7], [21], [22], [29].

Avéivon: H avddvon avaeépetal otn LiKpOTEPT TYUN TOL HETPOVUEVOL LEYEDOLS TOL UTOopEL va
evtomobel and €vav awcOnmpa IMU [7], [21], [22], [29]. Zuepa xpnoyLoTolovvTol GUVHB®S
awoOnpec vynAg avdivong, ot omoiot mpocPépovy akpiPeic petpnoels. Qotdco, eival
onUavTIKO vo e£eTdlovTotl Ol amatToELS aVAALONG TG EPAPLOYNG, DOTE VO O1aoPaAileTol OTL M

IMU pmopel va Tapéyet T0 amopoitnTo ETINEO AETTOUEPELOG OTIG LETPNCELG.

Evpog Lovng: To gvpoc {dvng vmodekviel T HEYIOTN GLYVOTNTA GTNV OTtoia £vog cucstntmpag 1
éva ovomua IMU pmopet va avtamokpiBel pe axpifewa [7], [21], [22], [29]. KaBopiler T1g
oLYVOTNTEG OV Umopel va petpnoet omoteAespotikd 1 IMU kot ennpedletl 1o xpodvo amdKpiong M
mv Kabvotépnorn tov cvotiuotoc. Ot awsntpec vynAdtepov €Opovg LmdVNg emTpémovv

TOYOTEPES AVTIOPACELG GE CIUATO EIGOJOV.

PoOpég ssrypatoinyioc: O puBuog setypatoinyiog pog IMU avagépetor otov aptBud twov
delypdtv avd devtepdAenTo TOL £EGyovTal amd Tov austntipa [7], [21], [22], [29]. Ze avtifeon
He 1o gVpog LdvNg, 0 puOUAC detypotoinyiog propel va eivat omolosonmote kabopiopuévog puouog.
Eivor onuovtikd va emiieyel o KatdAAniog puOuog derypotoAnyiog pe PAcn Tig amattnoels g
EPAPLOYNG, OOTE VO, OmOTLRTMOEL TO amopaitnTo emimedo Aemtopépelog Ko va dtnpnbetl n

aKpifelo ToV HETPHCEMV.

Odépuvpog ko TokvoTnTa BopVHPov: O BOpVPog yopakTPileTon WG 0MOLNdNTOTE TVYiN LETAPOAN
omv €£odo evoc aoOnmpa IMU otav vrofdiretal o€ otabepd onuo €16000V VIO oTUOEPES
ouvOnkeg [7], [21], [22], [29]. Zuvh0wc TpocdiopileTal YpMGILOTOIMVTOG TIEG TUTIKNG OTOKALONG
N pilag péoov tetpaydvov (RMS). Qotdco, yia va agloroynbei cwotd o gyyevig B0pvpog otnv

¢€odo g IMU, ypnowomoleiton ovyvéd m mokvotnta BopvPov. H moxkvotra BopvPov
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avVTITPOSOTEVEL TO0 BOpLPO dlapepévo e TV TeTpaymviKn pilo Tov pvOpov derypotoinyiog Kot

mopéyel Eva mo akpiPEG LETpo Tov Bopvov ava povado cuyvoTnTIGS.

Toyaiog mepinartog: O Tuyaiog mepinatTog avagépeTon oTnV oAMcONon e TV TAPOSO TOL YPOVOL
oL ovuPaivel Adym BopHPov katd TV oAoKANpwon £vOg BopuPdoovg oTratog e£060V amd Evav
awcOnmpa IMU [7], [21], [22], [29]. Eivon pa kpiciun tpodiaypapn mov npénet va Anedet vedym,
1¥img 6tav ypnowomoteital  IMU yio epappoyég peydng d1dpkelog i ylo EPYNGIies TOV OTOLTOVV
akpipn extipnon yoviov ) toyvtitov. O tuyaiog tepinatog mpocsdiopiletor cuvnOmg 6e LovEadeg

°/\/s 1 °/Vhr yio yopookomia kot m/s/+/s 1 m/s/vVhr yo emrayvveidpsTpa.

YvoTnpoTikd Xedipota: To cOTNUOTIKA GEAALATO OVTITPOCOTEHOVLY U0 YPOVIKA oTadEPT|
amoKAlon peta&h e Tng €000V £vog ausnTipal Ko TG TPOYHOTIKNG TUNG €6dov [7], [21],
[22], [29]. YTapyovv d1dpopot TOHTOL TAPAUETPOV GUCTNUATIKOV GOUAUAT®OV TOL UTopohV va
petpnodv, cvuneprhapfovouévng g otabepdTToc Tov GEAALNTOS Katd T Agttovpyia, KT
v evepyomoinon kKot o€ oyéon pe t Oeppokpacio. H otabepdmnra g amodKAong katd
Aertovpyia etvar Wwitepa kpicun, Kabdg kabopilel v KaAvTepn dvvatn axpifeta pe v onoia

umopel va ektiun0el To GLOTNUATIKO CEAALN EVOS ausOnTpa.

Yuvrereotic KAipokag: O cuvtedeotng KAMpokaG lval £vaog TOAATAAGIOGTNG TOV EPaprOleTOL
otV €000 TOV AICONTAPA KOl AVTITPOGHOTEVEL TOV AdY0 NG €000V TPOS TNV €16000 GTO £HPOG
uétpnong [7], [21], [22], [29]. Ta cedApata Tov GUVTEAEGTH KAUOKOS, CUUTEPIAAUBOVOUEVOL TOV
CQAALOTOC OVTOV KOL TNG UM YPOUUIKOTNTAG TOV, UTOPOVV VO EXNPEAGOLV TNV aKpifela Tov
petpnoemv IMU. To cpdipa avtd mpocsdiopiletor cuviBwg og pépn avd exatoppdplo (ppm) 1 ©¢
TOGOGTO, EVD M UN YPOUUKOTNTO TOL eKk@pdleton €miong oG ppm 1 ®G TOGOGTO TOV £VPOVG

TANPOLG KAMULOKAG TOL aloOnTpaL.

Ypdipota opBoyovioTnTog: ZedApata opfoymvVIOTNTOS TPOKLATOVY KATA TNV €VOVYPALLICT
TV aonmpav o éva cvotnua IMU [7], [21], [22], [29]. Ta cedipata avtd TpOoKOATOLY Ao
amoKkAicelg omd TV TéAel opHoymvidTnTa TV 0EGVEV TV astnTpov. AToTouVToLl KATAAANAES
TeYVIKEG  Pabuovopmong kot ovTIoTAOUIoNG Yoo TNV EAN)IOTOTOINGY, TV  GEUALATOV

opBoymvViOTNTOG KOt TN O1CPAAMOT] OKPLBAOV LETPTCEWMV.

EvawsOncio dwwotavpodpevov aovov: H svoaicncio dtoctavpodpevov adovov avoapépeTat

0TO GQAAUNON UETPNONG TOV TPOKAAEiTOL amd TN oVLeLEN HeTalD SPOPETIKOV aEOVmV €VOG
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awcOnmpa IMU [7], [21], [22], [29]. Mropel vo. copfet 0tav n andkpion Tov aichntipo Katd
unKog €vog afova emmpedletal amd v €i60do0 katd pnkog dAlov aédvov. H evasOnoio
SOTOVPOVUEVOV AEOVOV TPETEL VL AAUBAVETOL LTOYN KoL VO EACLYIGTOTOLEITAL Y10 TNV EMITEVEN

aKpIPOV Kot aveEAPTNTOV LETPNOEWV KATE UNKOG KAOe déoval.

Meratponég povadmv: H cOykpion mpodiaypapdv IMU amd dapopetikohs KATAOKELOOTEG 1
TOMOVG NPV Pmopel Vo AmOTEL TN LETATPOT] TOV TPOSYPUPADV GE KOWVI HOPPY| Yo
akppn a&ordoynon tovg [7], [21], [22], [29]. H xotavonon Tov TexviK®V Kol TV TOTOV Y1 T1G
HeTOTPOTES povadwv Ba fondncel otn cwot) a&loddynon kot emaoyn pog IMU mov minpot tig

GLYKEKPUULEVES OMALTNGELS TNG EPAPLOYTC.

2.4 Noise Analysis

H avéivon tov BopOPov otovg acbntipeg MEMS givol onpoavtikny yio v KoTovonon tov
YOPOKTNPLOTIKMV OTOI0CNG TOVS Kot T1 PEATIGTOTOINGN TG XPNONG TOVS GE SLAPOPES EQUPLOYES.
O 06pvPog oTovg acstnmpeg MEMS umopet va mpoépyeton amd dtapopeg Tnyes, OTme o Oeppuxodg
00pvPog, o BopvPog tpepomaiyparog (flicker), o mepiBarloviicodg 06pvPoc Kot 0 NAEKTPOVIKOG
0opvPoc.

MeletdvTag Kot avaAdovTag aVTEG TIC O1APOopeS TNYES BopLROL Kot ¥PNGIULOTOIDOVTAG KOTAAANAES
TEYVIKEG aviAvomng, 0mwg 1 avdivon PSD, n dwakvpavorn Allan kor n avdivorn oto medio tov
YPOVOL, Ol EPELVNTEG KOl O UNYAVIKOT LTOPOVV VO TPOGOL0PicOVYV, VO TOGOTIKOTOGOLV KOl VO,
peuwoovy omotehespatikd tov 06pvfo otovg awsOntipeg MEMS [30]. Avtd emirpémel 1
Beitimon ¢ amddoomng TV asntpov, T Bertioon g akpifelog Tovg Kot TV avéEnon g

a&lomotiog Tovg 6e £va evph PAGHA EPAPLOYDV.

24.1 Ogpukodg ®6puvfog

O Beppkog B6pvPog, emiong yvootdg wg 06pvPog Johnson-Nyquist, givon pa Bepemdong Tnyn
BopOpov otovg acOntpeg MEMS. Tlpoépyeton amd v tuyaio kivnon @opéwv @optiov o€
YOy VAIKA kot oyetiletan dpeca pe ) Bepuokpacio kot to e0pog (dvng Tovg acOnmpa. O
Bepuucdg BOpvPoc axorovbel katavoun Gauss kot UrTopel vo ETPeGSEL GNUAVTIKA TNV omdO0om

TOV aoONTNPA, 1WIMG GE EQOUPIOYES YOUNANG CLYVOTNTOG.
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2.4.2 Flicker Noise

O flicker B6pvPog, mov avapépetal cuyva g BopvPog 1/f 1 pol BOpvPog, eivar po cuvicTOoO
Bopvov YouUNANng cLYVOTNTOG TOL ALEAVETAL KOOMG LEUDVETOL 1| GLYVOTNTA. LVYVA TPOKAAEITAL
Ao 0oTOYIEG LAKOD, 0l EMPUVEINKEG ATEAELEG KAl AAAN PUGIKA TPOPALOTO GTOV alsOnTpaL

MEMS. O 06pvPog flicker pmopei va givar wiaitepa mpofANUATIKOG GE EQAPIOYES TOV ATOLTOVV

aKp1Pelc LETPNOELG GE YOUNAEG GLYVOTNTEC.

2.43  Agvkoc ®6puvpog

O Aevkdg B0pvPoc avapépetarl o€ £va TVYOHO CNUO e GTOOEPT] POGLOTIKT TUKVOTNTA 1GYVOG GE
OAEG TIG ovyvoTNTEC. ATotedel cuvnON Ty BopvPov otovg actntypec MEMS kon pmopel va
TPOKVYEL amd Sapopes TNYEG, OMMG OepUikés SOKLUAVOELS, MAEKTPOVIKA €EOPTAHOTO KOt
nepoailoviikovg mapdyovtes. H katavonon kot o yapoaknpiopos tov Acvkov Bopvfov eivon

Lotikng onpociog yio Ty akpiPpn avaivon g amrddoons Tov aohnTipa.

2.4.4  Tleporrovtikog O6puvfog

O Aevkdg B0pvPoc avapépetar o€ £va TVYOHO CNUO LE GTOOEPT] POGLOTIKT TUKVOTNTA 1GYVOG GE
OAeg TIC ovyvotnTeG. Aotedel cuvnOn myn Bopvov otovg asntipeg MEMS ko pmopel va
TPOKVYEL amd SdQopes TNYEG, OMMG OepUikés SOKLUAVOELS, MAEKTPOVIKA €EOPTAHOTO KOt
nepParlovtikovg mapdyovteg. H katavonomn kot o yapoaktnpiopodg tov Aevkov Bopvfov eival

Lotikng onpociog yio Ty akpipn avaivon g arddoons Tov aconTipa.

2.4.5 Od6pvPog Zuvtoviopod

O 06pvPog cvvtovicpod oyetiletar pe TO. EOVOUEVO GLVTOVIGHOD TOL gUEVICOVTOL GTOLG
awcOnmpec MEMS. Ta povopeva avtd umopel va TpoKaAoDVTOL oo UNYXOVIKOOS GUVTOVIGLOVG,
TOPOCITIKEG YOPNTIKOTNTEG N GAAOVLE mopdyovteg o€ emimedo ocvotiuatog. O 06pvPog
CULVTOVIGHOV pmopel va odnynoet e avénuéva enineda 0opHPov 6e GLYKEKPIUEVEG GLYVOTNTEG )
TPOTOVG AELTOVPYIOG, KOt 1 KATOVONGOT KOl O HETPLOICUOS TOV QOIVOUEVMOV GUVTOVIGHOV gival

{otikng onuociog yio v enitevén axkpiPav kot aldmoTov LETPNCEDY oetnTpOV.

2.4.6 Avéivon PSD

H avéivon eoaopatikng mokvotrag toxbog (PSD) sivar pia eup€mc ypnoILoTotoOEVT TEXVIKY
v TV avaivon Bopvpov oe awcOnmpeg MEMS. Tlepthapfavel Ty pétpnomn Kot v aviAvon Tov
GLYVOTIKOV TEPLEYOUEVOD TOV CNUATOG 6600V TOV cUGHNTAPA Yo TOV EVIOTICUO OLOPOPETIKAOV

ouviotwo®v BopOPov pe Pdon ta cuyvoTiKa YapakTnPloTiKd Tovs. H avéivon PSD mopéyet
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TOAMTULEG TANPOPOPIES OYETIKA HE TIG Kvpiapyeg mnyég BopvPov o€ O1bpopeg TEPLOYES

GUYVOTNTOV.

2.4.7 Amodxhon Allan

H avdivon dwxvpavong Allan eivor po otatiotikr] pébodog mov ypnoIUOTOLEiTOL Yo, TOV
YOUPOKTNPIOHO NG oTabepdtnTog Kot TV Wttov Bopdfov tov acntipov MEMS oe
POPETIKA ypovikd dtaothpate. Me v avdivon Tov SloKLHAVGEDY G6TO onpo 5600V TOL
acOntpa, n dtakdpavon Allan fonda ot drapopomoinomn peta&d Twv dtaudp®v Tydv Bopvov
Kol mpoodopiler v avtictoyyn ovuPorn tovg. Ilapéyer moAvTee mAnpogopieg yo TV
Katavonon g pakporpdbeoung otabepdtog kot g amddoong BopHpov tv acOnmpwv

MEMS.

2.4.8 Time Domain Analysis

H avéivon oto medio tov ypoévov meptlapfavel v eEétaon onudtov Bopvfov cto medio Tov
YPOVOL Y10 TOV €VIOMIGUO GLYKEKPUEVOV poTifmv mov oyetilovior pe O0popeTIiKes mYEg
BopOPov. Teyvikég OTMG M AVTOGLOYETION, 1 OGTOLPOVUEVN] GLOYETION KOU 1 OvAALON
KOULOTIOIOV UTOPOVV VO, EPAPUOGTOVV Yo TNV e€0ywyn YPNOILOV TAPOPOPLOY 0O TO. GY|LLOTOL
BopvPov. H avdivon oto medio tov ypoévov Ponbd oty kATOVONCON TOV  YPOVIKOV

YOPOKTNPLOTIK®V TOV BOpVBOL Kol TOV EMATMOCEDV TOV OTIG LETPNGELS TOV asOntrpa.

2.5 Ektipunon xatdotaong kot Quaternions

H extipynon mg¢ xotdotaong anotedel OepeMdoeg GVOTATIKO TV GLCTNUATOV TAONYNONG Kol
mapakorovOnong kivnong. IlepthapPaver v extipnon g 6éong, ToL TPOCAVATOMGHOVD, TNG
TAOTNTOG KOl GAA®V GYETIKOV KOTACTAGE®Y EVOC GLGTHIATOS e Paom Tig O100Eo1eg LETPIOELS
aicOnmpov. 1o miaico tov actnmpov MEMS, n extiunon katdotaong dSadpopatilet
KaBoploTikd poAo otV akpiPn TopakoAovOnon Tng Kivnong Kol ToL TPOCGUVATOAMGUOD TV

avtikelévoy [22], [31]-[34].

Mo €vpémg YPNOYOTOOVUEVY] HOONUOTIKY HOVTIEAOTOINGN Yol TNV OVOTOPAGTOCT TOV
TPOCAVATOMGHOV givor T quaternions. To quaternions map€yovv €vov GUVOTTIKO KOl
OTOTEAECUATIKO TPOTO OVOTAPACTACTG TOV TPICOACTATMOV TEPIOCTPOPOV KOl £YOVV OPKETH
TAEOVEKTNHOTO EVOVTL AAL®V HEBGO®V avamapdotaonc, Onwg ot ywvieg Euler. Etvat amaAlaypéva
amo Wlopop@ieg kot mopovctalovy aplfunTikn otabepodtnta, Yeyovos mov o Kadiotd Waitepa

KOTAAANAQ Y100 TNV EKTIUNGT TPOGOVATOMGUOD GE TPAYUATIKO Ypovo [34].
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H ypnon Quaternions o6& aAyopiBpovg ektipmong g KatdoTaomnsg, OTMG TO OELPVIEVO QOIATPO
Kalman (EKF) 1 to un kevtpouévo ¢iltpo Kalman (UKF), emtpénet v akpipn extipnon tov
TPOGOAVOTOAMGHOD TOL GUOTHHOTOS. AVTol ol aAyopdpol cuvoLALoVY UETPNOELS acONTHPOV,
OGS OESOUEVA YOPOCKOTIOL KOl EMLTOYLVGLOUETPOL amtd aoOnmpeg MEMS, e éva pabnpoticd

HOVTELO TOL GUGTNHLATOG Y10 TNV EKTIUNON TOV LETAPANTOV KoTdoTaong [21].

Ta Quaternions ypnoiponoobvtal emiong o€ aiyopibuovg cvyydvevong owsntipwv(sensor
fusion), o1 0moi01 EVEOUATOVOLV d€G0UEVE OO TOAAATAOVG GO TPES, OTMG EMTAYVVCIOUETPO,
YUPOGKOTLOL KO LAYV TOLETPO, Y1 VO, BEATIOGOVY TNV aKkpifela kot TNV aglomotio TG EKTIUNoNG
TOV TPOGAVOUTOMGHOV. O1 TEYVIKES GLYYDOVELONG ASHNTNPOV, OO TO CLUTANPOUOTIKO PIATPO
N 10 @iktpo Mahony, a&omoovv ta Quaternions ywo vo GUVOVAGOLV TO TAEOVEKTHUATO

SLLPOPETIKMV TOTI®V GO THP®V KO VO, LETPLAGOVV TIG EMUEPOVS adLVaLLiES Tovg [35], [36].

H xatovomon tov apydv g diyefpag tov Quaternions, TV OVATOPUCTACE®V TEPICTPOPNG LUE
Baon avtd Kol 1 EVOOUATMOOY TOVG G€ OAyopiBUOVG EKTIUNONG KOTAGTOONG KOl GUYYXDVEVLCNG
awcOnmpov civor omapoaitnn Yoo TNV ATOTEAECUATIKY Ypnon awctnmpov MEMS omyv
TAONYNOT, TN POUTOTIKY, TNV EIKOVIKN TPOYUATIKOTNTO KOl GAAEG EQPAPUOYES TOPAKOAOVONONG

kivnong [34].

2.6 Opiopdg ko 1010t 1eg TV Quaternions
Me tov 1610 TpoémO OmMOV TO GUVOAO TV UIyadK®V aplumv C emekteivel 10 6OVOAO TV

TPOYUATIKOV aptBpdv R kot opileton wg e&ng [36]:
C = R +Riwithi? =-1 (2.2)

Ta quaternions, mov avoaeépoviotl eniong cvvnbmg g apBuoil Tov XAauAtov, enekteivovy 10

oLVOAO TOV Hyadtkav appmy. To cuvoro Tev quaternions H opileton wg e&ng [36]:
H=C+Cjwithj?=-1 (2.3)
"Eto1, évag apBpdg 6to xdpo tov quaternions pmopet va ypagel oc e&ng [36]:
Q=a+bi+cj+dkeH (2.4)
ITov {a, b, c,d} € R, ko {i, ], k} eivan Tpeig pavtactikoi apBuoi mov opilovtor og [36]:

= k2 =-1 (2.5)



ot TO OOl HITOPOVLE VO EEAYOVLE:

ij= —ji=k, jk=—kj=1i, ki=—-ik=j (2.6)

Mo evolhokTikn oavomapdotoon tov Quaternions pmopeil va opiotel o¢ 10 dOpotoua evog

Babumtod peyéBoug Kot evog dtavoucpatog pe Tov akdAovbo tpdmo [36]:

Q:qw+qxi+qyj+qzk S Q=quwtqy (2.7)

OOV TO TPAYLATIKO 1) PAOUOTO LEPOG OVOPEPETUL OC (G, KOLTO POVTAGTIKO 1] SOVUCUOTIKO LEPOG

opileton wg [36]:

Qv = qxl + qyj +q.k = (Qx » qy lqz) (2.8)

"Eva Quaternion Q avamapictatol o¢ eni To TAEIGTOV ®G S1GvuGHa |,

Qw

. [Qw] _ | Gx
a2 .| = 0 (2.9)

q;

TOV EMTPEMEL T XPNOT TNG dAyePpag mvaKmv yio Tpa&elg mov teptlopfdvovy Quaternions.

TéNog, opilovpe ta Tpayuotika quaternions Ko 1o kabopd quaternions,
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Teviké q = qy, + q, = [Z‘:] € H, mpaypatiko q,, = [C(I)‘:] € R, xabapo q,, = [;ﬂ] € H,

Ot kOpieg 1010t TEG TV Quaternions mapotiBevion mapakdto [36]:

1. Abpowopa:p +q
2. Twopevo: p D q

3. Tavtémro: g4 =1 = [01 ]
v

4. Toloyis: q° £ qyw — qy

5. Nopua: |lqll = Jq% +q% + g5 + q;

*

6. AvtioTpo@o: q_1 = ”3”2

7. Kavovikomompuévo tetpayovikd: ||q]l =1 <= q 1 =gq

*
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3 Oewpnriko I[TAdco

3.1 Xvomuota avapopds Kot LovTELN KOGLOV

To cvetiuaTo OVOPOPES Kot To LOVTEAN KOGOV d1adpapatiCouy onuavtikd pOAO 6TV OVATTUEN
TV adpoveloKdv cvotnuatwv tionynong (INS). Eivar obvnbeg, ta dedopéva tmv Sapdpwv
aloONTPOV Vo, avaTopicTavIOl 6€ SLPOPETIKO GUOTNLOTO OVOPOPAS KOl MG OTOTELEGO Ol
LETPNOELG €VOG TAOLGIOL OmOUTEITOL VO, HETAGYNUOTIOTOOV G éva dlopopeTikd mhaicto. Ta
GLGTNHLOTA OVOPOPES TOPEXOVY £VOL TUTOTOMUEVO GUGTNLO GUVIETAYUEVAOV Y1 TN LETPNOT KO
mv gpunveio TV OedOUEVOV TOV a1oONTp®V, VO TO TAYKOCULN HOVIEAN EVOMUATMOVOLV
HETPNOELS amd TOAAOTAOVG oucONTNpEg Kol TANIGIOL avaPOpPag YL TNV okpIPn eKTiumomn g

kivnong tov avtkepévov [37]-39].

Yrdpyovv kvupimg 600 THTO1 TAGIOV avaeopdg mov eumiékovtal otny avdmtuén evog INS: 1o
adpavelakd TAaicto kot to mAaiclo avagopdg e I'mg (ECEF). Avtifétwg, ta maykdopo Lovtéia
YPNOEVOVY ®G onueio avaeopds ywo to Paputikd kol to poyvntikd medio g Img xon
avTumpocsonevoviol cvvibwe amd 1o Popvtikd poviédo ¢ I'mg (EGM) kot 10 maykdouo

payvntikd poviédo (WMM), avtictouyo.

3.1.1 To adpavelokd GLGTNUL AVOPOPAS

To adpavelakd GLOTAUATO OVOPOPES OTOTEAOVV YPNOIUO TAOICIH KOTE TNV OVATTLEN TOV
adpavelok®v cvotnudtov tAonynong (INS). Xpnoebhovv o¢ pun ETTOYLVOUEVOL TAPOTPNTES
Kol Topapévouy avemnpéaoto and eEmtepikés dvvauels. EmmAéov, mapéyovv €va cuvemég
GUGTNLO OVAPOPAS VIl TN HETPTOT KoL TNV EPUNVELR TNG Kivnong £vOG avTIKEWEVOV. XtV Tpaén,

TO QOPOVELOKO TAa{G10 VAOTTOEITON IE TN Xpron Mg IMU.

‘Eva and ta factkd TAEOVEKTAOTA TOV adpavelakoD TAaiciov eivar 1 aveEoptnoio Tov and
e€mTepKd cvotuata avaeopds. Mmopel va mapéyel cvvexelg Kot a&lomoteg mANpoPopieg
TAONYNONG AKOUN KOl 6€ TEPIPAALOVTA OTOV T EEMTEPIKA GLGTNHIATO EVTOTIGHOV BEomng, OTTMC
o GPS, dev elvan d1aBéopa 1 etvar ava&lomiota. Qotdc0, eivar onuavtikod vo onuelmdet 6t ot
adpavelakol aeOntnpeg gival emppeneic 6 GLGTNUOTIKE GPAALOTO, CEAALOTA OAicONoNG Kot
0opvPo, ta omoia pmopel va cLGGOPELTOHY UE TNV TTAPOOO TOL YPOHVOL Kol VO, TPOKAAEGOVV
COAALATO YVOOTH ¢ SOAALATO OAIGONONG adpavelak®V aicOntpov. ['o Tov petplacud avtrg

™G OAloONoNG, Ol AOPUVEINKES LETPNOES GLYVE GUYXOVEVOVTOL e eEMTEPIKES LETPNOELS Omd
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Ao cvotuato ovoeopds, onmg to cvotnuo ECEF (Earth-Centered Earth-Fixed), 1o omoio

TOPEYEL ATOAVTES AVaPOPES BEONC.

Q61000, N KATOOKELT] EVOG OWOTNPOD AOPOVEIOKOV TANIGIov pmopel va omoderybel dwitepa
dVOKOAN, OTTOTE GTNV TPAEN XPNOLOTOLEITON GLYVOTEPX £val quasi-adpavelakd TAiaicto. To quasi-
AdPOVELKO TANIGIO XPNOUEDEL MG €val EVOLAUESO TAAICIO TTOL EVOMUATMOVEL HEBOSOVS Yo va
IeBovv VoYM cvykekpyEvol Tapdyovies 1 dtatapayés 6to cuoTnua Tronynons. H apetmpio
avtob Tov TAaiciov Ppicketar oto kEVIpo TG I'MG, evd ot AEovég Tov eivan pn TePIoTPEPOEVOL

o€ oyéon e Toug pokpvovg yohaieg[ucalgary].

YVVOMKA, TO adpavelnkd cvotnuo amotedel ) PBdon tov INS, mopéyovtag éva cuveméc kot
OVTOTEAEC GVOTNUO OVaPOPEG Yo TV aKPPn TapakoAovOnon ¢ kivnong evog avTIKEUEVOV.
Emitpéner v mhonynon oe mepiarrovia yopic GPS ko ypnowyever wg afdmotn myn

TANPOPOPLOV Yo T0. cuothpata INS.

3.1.2 To mhaoiclo GOUATOC

To mhaiclo cmdpaTog eivorl Eva TAAIGI0 aVAPOPAS TOL GUVOLETOL GTEVA LE TO 1010 TO OVTIKEIUEVO N
TO OYNUO, KOTA TNV oVATTUEN TV adpovelak®dv cvotnpdtov tronynong (INS). [Tpoxettat yio Eva
oLOTNHO GUVIETAYUEVOV ToL gival cvvnBmg otabepd, Ppioketar 6t0 KEVTIPO PApovg TOL

OVTIKEILEVOL Kol aKOAOVOEL TNV Kivnon tov.

To mhaiclo copatog eivarl Wiaitepa yproyo yia epapuoyés INS omov divetan Eppacn otnv
Katavonon g Kivnong Kot T SUVOHKNG Tov 1010V Tov avtikeévov. [apéyetl Eva ikavomoinTikd
CUGTNLOL OVOPOPAS Y10 T HETPNON KO TNV EPUNVELN TNG KATELHVLVOTG, TNG YOVIOKNG TOYVTNTOG
KOl TOV EMTOYVVOEDV TOV OVTIKEILEVOD. XPNOILOTOIOVTOS ocONTAPEG OTMS YUPOCSKOTIO KO
EMTAYVVOIOUETPA, TO TAOICIO COUATOG EMITPEMEL TNV EKTIUNGN TOV TPOGOVOTOAGUOD, TMV

YOVIOKOV TOYVTATOV KOl TOV YPOUUK®OV ETITOYVVEEDV EVOG OVTIKELLEVOV.

>to INS, ot perpnoeig mov Aoppdvovior 6To cUGTNUON COUATOS cLYVE petaoynuatilovtol M
avtiototyilovtol 6 dAA0 CLGTALATA OVAPOPAS, OTWS TO AOPOAVEINKO GUGTNUA 1| TO GUGTILO
ECEF yw 6komovg mhofynong kot evtomiopol 0éong. Avtol ot HeTAGYNUOTIGHOT EMTPETOVY TV
EVOOUATOON LETPNCEDV OO SLOPOPETIKOVS olaONTNPES Kot TAAIGIO AVaPOPAS Yio TNV OOKTNON

HL0G OAOKANPOUEVTG KATAVOTOTG TOV TOPOUUETP®V KIVIIONG KOl TAOTYNONG TOV OVTIKELEVOU.
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To mhaiclo copotog amotelel facikd Koupdtt Tov cvotnudtov INS. Tlapéyel Eva tomkd kot
gYYevéC cOOTNUO AVAQOPAS Yo T HETPNOT KOL TNV avAALOT TNG SUVAUIKNG TOV OVTIKELLEVOU,

EMTPETOVTOG TNV 0KPPT TopakoAoVONOT Kol TOV EAEYYXO TNG KiVNOT|G TOV.

3.1.3 Tewxevipkd Kol Ye®GTOTIKO TANIGLO

To yewkevipud kot yewotatikd miaicio (ECEF) elvar éva maykdGHo cvotue avaeopis 6To
omoio M apyn TOL TaPAUEVEL oTabEPT| 6TO KEVTPO TG Mg, Kot TEPIGTPEPETAL TAVTOYPOVO LUE TNV
nepiotpoen ™¢ I'mg [19]. Av xou o d&ovag z tov ECEF diépyetor and 10 PBopeto moéA0, dev
CLUTMTEL PE TOV AEoVa TEPIOTPOPNS ™G IMg, evd o dEovag X dEpyeTal amd TNV TOUN TOV
onpeptvod Kot tov apytkod peonuppwvov (IRM). O déovac y ovumAnpovel 1o opHokavovikd

GLGTN O

To mhaiocio ECEF givan wdiaitepa moAOTIHO GE EQUPUOYEG OTTOV OTTOUTEITOL OVOLPOPE GE TAYKOC L0,
KAMpoKo, 6mmg n TAONYNON 0EPOSKAPDV, TO QLTOVOLL OYNLLOTO KOL 1] YEDJULTIKY TOTOYPOPia.
Emutpénet v ampOGKONTN EVOOUATOOT TANPOPOPLOV OO SOPOPETIKES TNYES, EMTPEMOVTOG

aKppn Ao ynon kot evtomicpd BEong akoun Ko o€ SOLVOLKA Kot 0OOGKOAN TEPIPAALOVTAL.

YUVOMKA, TO YEMKEVIPIKO Kol YEMOTATIKO TAGICl0 Ypnotpevel o¢ éva Bepelddeg mhaicto
avaeopds oty avantuén tov INS, mapéyovtag éva YeOKEVIPIKO GUGTILO GUVIETAYUEVOV TOV
SLELKOAVVEL TOV aKPIPT KOl GUVETY] TPOGOOPICUO TNG Kivnong kot tng BEong evOg avTikeléEVoD
oe maykoouo kKAipoka. H gupeia yprion tov kot n copfatdtntd tov pe SQopeg TEXVOAOYIES

TAONYNONG TO KAOIGTOOV avamOGTAGTO KOUUATL TOV GVYYPOVAOV GUGTILATOV TAONYNONG.

3.1.4  Adpavelakod yemKevpikd mAoiG10
To adpaveroko yewkevipikd cvotnuo (ECI) eivar éva BepeMddec cOGTNLO OVOPOPAS TTOV EYEL TNV
agemnpia Tov oTabepd 610 KEVIPO TG IMg Kot mapapével adpavelakd, dNAadn oev emnpedletal

a6 eEMTEPIKEG OLVALELG 1) TEPICTPOPES.
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2.2 Coordinate Frames 29

Earth Fixed
Frame (e)
- )

Inertial Frame (i)

Fig. 2.1 An illustration of the ECI and ECEF coordinate frames

Figure 3.1 ECI and ECEF coordinate systems [37]

Y10 mhaicto ECI, ot 6éoe1g kot ot TaydTNTES TV avTiKEWEVOV opilovtal oe oyéon Le TO KEVIPO
™ I'mg, mapéyovtag Eva GLVETES KOl U TEPLOTPEPOUEVO GUGTNO AVOPOPAS. AVTO TO GUGTNUA
avapopdg etvor 1d1oitepa YPNCLO Y10, LOKPOTPODEGES 1) TOYKOGLILOG KALOKOG EQAPLOYEG OOV

arorteiton 6tafepd onpeio avaopd;.

To mhaicio ECI ypnoipomoteitor cuyva oe cuvovacud pe 1o miaicio ECEF (Earth-Centered Earth-
Fixed). Mmopodv va €QOPUOCGTOOV UETAGYNUOTIGHOL Y100 TN UETOTPOM|] UETPNOEOV 1)
ovvtetaypévov and 1o miaicio ECEF oto mlaicio ECI kot avtictpoea, emitpémoviog tnv

OTPOCKOTTT EVOMUATMOT OEO0UEVMV OO SLOPOPETIKEG TNYES KO TAAIGLOL OVaPOPALG.

YUVOMKA, TO AOPUVEIOKO YEMKEVIPIKO GUGTNIO YPNOUUEVEL MG BEUEMMDOEG GVOTNUO AVAPOPEG
omv oavartuén tov INS, mapéyoviag éva otabepd Kot un TEPIGTPEPOUEVO  GVOTNLO
CUVIETAYUEVOV UE ETiKEVIPO TO kEvipo ¢ Img. H oaomoinon tov emtpémer v axpipn
TOPOKOAOVONOT KOl TAONYNOT| OVTIKEIWEVOV Y10, TOPATETAUEVES TEPLOOOVE, KADGTOVTAG TO

ATTOPOATNTO Y10 EPAPLOYEG TTOL OTTOUTOVV OKPIPELD LOKPOTPODEGLLO KOl GE TOYKOGLLO KAILOKOL.
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3.1.5 Temooitikd mhaicilo

To yewdartikd cvomuo, eniong yvooto oc [aykoouro N'ewdaitikd Zovotmuo (WGS), sivor Eva
CUGTNHO AVOPOPEG TOV YPNGIUOTOLEITOL Yo TNV KaOEP®oN oG oxéong Ueta&d ceapikdv
CUVTETAYUEVOV KOl KAPTESIOVAV cuvtetaypévoy. To miaiclo avtd avamapiotd ) I'm og éva
CUUUETPIKA GTPOYYLAD EALEWYOELDES, AAUPAVOVTAG LITOYT) TO GO Kot TNV KOUTLAOGTHTO TG Mg

Kol ypnoponoteiton kupiog o epapuoyég GPS.

310 Ye®OUTIKO TAMICO0, Ol GQOIPIKES GUVIETAYUEVEG TPOGOlopilovTal YPNOIUOTOIOVTOS TO
YEQYPAPIKO TAATOC, TO YEMYPOUPIKO UNKOG Kol TO LyoueTpo. To yewypapikd mTAATOC HETPd TN
yovia fopeta 1) vOTIO Ao TOV IGNUEPIVO, TO YEMYPOPIKO UNKOG LETPA TN YOVIO, AVATOAKA 1} SLTIKA
amo Evav peonuPBpivd avapopds Kol To VYOUETPO AVTITPOSMTEVEL TO VYOS TAV® 1) KAT® and Eval

onueio avoapopag.

YVVOTTIKA, TO YEMOULTIKO TANIGIO TOPEYEL L0 TUTOTOMUEVT] AVAPOPE Y10 TNV OVOTOPACTOON
Béoecwv oty empdveln ¢ I'mg pe ™ ypnon ceapikdv covvietaypévov. Koatéyel kpioyo poro
OTIG YEOYPOPIKEG EPAPLOYEG, EMTPEMOVTOG TOV aKPIPT| EVIOTIoUO BEomg, T YopTOoYpPAPN oY Kol

TNV TAONYNON G€ TOYKOG U0, KATLOKOL.

3.1.6 North-East-Down (NED) kot East-North-Up (ENU) nidico

To mhaicio NED éva tomkd mlaicio avagopdg 6mov mn 0€om kol 0 TPocavatoMoUOg €vOg
AVTIKEWEVOL Ofvovial oe oyéomn HE o cvykekpuyévny Béon oty empdvela g I'mg. Zoyvd
ypnowonoteital oe cuvdvacud pe 1o miaicio ECEF 1 to mhaicio ECIL. To mlaicio NED eivat

otafepd Ko Kveiton poli e 1o VGO AVOPOPES TOV GOUOTOC.

To mAaiocio NED axoAov0ei tig cupfdoeig Tov kavova tov de€100 ¥eP1ov: 0 AEOVIS X delyVEL TPOG
ToV yemdattikd Boppd, o d&ovag y deiyvel Tpog TV Avatodn Kot 0 AEOVOG Z Ol VEL TPOGS TNV TOTIKN
KatakOpvuen kotevbuvvon, evbBuypappicpévn pe 10 Popvtikd ddvocpa. Yrmobétoviag €va
eMenyoeldéc povtédo g I'mg, ot aoveg Boppd kot Avatoing oymuatifovv éva eminedo mov
epanteTon otV emdvela g I'mg ot B€on tov avrikelpwévov. H apyn tov cvotiuotog gival

ovyva éva avbaipeta emieypévo onpeio oty emeavela g I'nmge.

Opoiwg, to mAaicio ENU (AvatoAn-Boppdc-TITdvm) sivon éva tomikd epantopevo eninedo (LTP)
OmoVL 0 YemoaTikodg Boppdg Bpioketar otov dova y, 0 AEovag X BPIioKETOL TPOS T, AVOTOAKE Kol

0 a&ovag z TpocsavatoAletatl avtifeta amd v empdavela g Img.
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Primé Meridian

oy

Figure 3.3 ECEF and NED coordinate systems [38]

JVVoMKd, Kot To, 00 TAOIGLO TOPEYOLY EVa GUGTNLO AVAPOPAS TOTIKOV EMMEOOV TOV OTAOTOET
TV TAONYNON KOl TOV €AEYX0 OFf 0EPOJCTNUIKES €@apuoyés. TIpoceépouv o amin
AVOTOPACTACN TNG BE0MNG Kol TOL TPOGAVATOAMGHOD EVOG OVTIKELLEVOL GE GYECT LE TO TOTIKO
nepBailov, KafloTdVTog To TOAVTIHN Epyaieia oTnV agpomopia, Tig emyelpnoels UAV kot dALOVG

EQAUALOVG TOUEIC.
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3.1.7 Bapvutikd Movtéro g I'mg

To Bapvtikd povtéro ™c I'mg (EGM) etvan éva povtédo ava@opdc Tov ypnGUYLOTOLEITOL Y10 TOV
VIOAOYIGUO TOV JPOP®V TG PapuTikng emtdyvvong s I'm o dthpopeg BEcel TG emeaveLng
™m¢. To EGM cuAléyet dedopéva amd dopueopikés LETPNCELS, EMIYEIEG £pEVVES PapLTNTOS Kot
GAAES YEOOUTIKEG TTaPOATPNGELS. AAUPAVEL VTTOYN TO AKOVOVIGTO GYfua TG Mg, Kabdg Kot Tig
BapuTikég EMOPACELS YEMUOPPOAOYIKMV YOPOKTNPLOTIKAOV TNG EMPAVELAG TNG, OTWS T fovvd, Ot

TOAIPPOLES TOV OKENVMV KOl Ol LETAPOAEG TNG TLKVOTNTOG GTO E0AOTEPIKO TNG I'MC.

O adpavelokég ovokevég mAonynong (INS) ypnowonotovv 1o Baputikd poviédo g I'mg yo va
Aoppdvoov voyn tovg TG UETAPOAEG TOL PopuTikoy TESIOL OTIC UETPNOES VWYOLS Kot
EMTAYLVONG. ZUVOAIKE, TO BapuTikd poviého e I'mg mapéyet o olokAnpwpévn avaropdotaon

oV PBaputikod wediov g I'mg, emtpémovtag axpiPeig VITOAOYIGHOVG Kol LETPNGELS GE OAPOPOVG

TOUEIC KO EPAPLLOYEG.

45 90 135
90

75
60
45
30

15

-15
-30
-45
-60

-75

180

-90
45 90 135

180

N

225 270

(25
YN

225 270

EGM96 15 MINUTE GEOID CI = 2 Meters

-105.0 - e

Figure 3.4 EGM 96 derivative model [40]

3.1.8 Tloykéouo poayvntikd Movtéro

To IMaykoéco Mayvntikd Moviého (WMM) eivar €va LoviéLo Tov TEPLYPAPEL TO LAYV TIKO
nedio ¢ I'mg. Boaoiletor ot pHoOnUaTIK) avomapdoToct CQOIPIKOV OPLOVIKOV KOl ToPEYEL

TANPOPOPIEG GYETIKA LLE TN LKV UOVOT) LETAED TOV HOryviTIKOD Boppa Kot TOL YE@AULTIKOL Boppd
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Yo poe cvykekpiévn tomobecia, n omoia ivol cuvnB®G YvwoT O¢ Yovio ardoKAMonG.

55



Ady® ™G dvvokng eHong Tov payvntikod mediov g I'mg, 10 WMM Bewpeiton mpoyvwotikd
povtélo. Evnuepmverol taxktikd, mepimov kabe 5 ypodvia, Yo vo. EVOOUATOVEL TIG GALAYEC TOV
ocvppaivouv pe v mhpodo Tov YpOvov. AVTEG Ol EVNUEPDOELS SLoPOAlovV OTL TO HOVTELO
TopapéEVEL OKPPES Kot aEIOMIGTO Yo TV TAONYNOT, T XOPTOYPAPNON Kol GALEG EQUPUOYEG TTOV

Bacilovtol otnv akpiPn yvdon Tov HoyvnTikod Tediov.

O1 cvokevég mAonynong Paciloviot cuyva oe peydro Babud ce HETPNGELS LOyVITIKOD TESTIOV Yol
TOV TPOGOIOPICHO TOL TPOCOVATOAMGSHOD Ko G kotevBuvvone. To IMaykdopo Mayvntikd
Movtého (WMM) kotéyel TpoTay®VvIoTIKO pOLO GE OVTEG TIC CLOKEVES, KaOMG TapEyel factkég
TANPOQOPiES Yo TN d10pOB®oN Tov AavOUCLEVOL TPOGAVATOMGHOD Kot T ScPAALoT aKkpiods

TAONYNOTG.

Yvvolkd, to Ilaykoouto Moayvntikd Movtého mopéyel Ui, OAOKANPOUEVT OVOTOPEGTOGT TOV
poyvntkov wediov g I'mg, e€etdlovtag cuykekpléva tn Yovio amdKAong Kot TIC EMNTMOCELS TNG
OoTN HOYVNTIKY] TAONYNOYN KOl TOV TPOCHVUTOAMGUS. XPNOUYEVEL MG TOAVTO gpyaAieio Yo

SLAPOPEG EPUPUOYEG TTOV ATTALTOVY YVAOGCT TOV 1O10THTOV TOL HoyvnTikoD ediov g I'mg.

3.2 Movtéha AtcOntmpov

v avantuén tov INS, ta poviéda aontipov katéyovv Kaboplotikd poAo yio TV akpipn
extiunomn g xivnong tov aviikelwévov. Ta HovTéAd avTd TEPTYPAPOVY T GLUTEPLPOPA KOl TO,
YOPOKTNPIOTIKA TOV OIGONTPOV TOV YPNGILOTOLOVVTOL Y10l T GLAAOYT SESOUEVAOV Y10 GKOTTOVG
Twonynons. Me v gpnion tovg, ta INS pmopovv vo epunvevovy Kot v YPNGUYLOTOL00V

OTOTEAECUATIKG TIG LETPNOELS TOV oUGHNTIPWV Yl TOV TPOGOI0PIoUO THS BEomG, TOV

3.2.1 Movtérho cQAALATOC YVPOGKOTIOV

Ta yvpookdmia eivar Pactkol acONTNPEG TOL YPNGLOTOIOVVTOL Y10, TN UETPNON TNG YOVIOKNG
TOOTNTOG GTO TANIGIO TOL CMOUATOS €vOG aucOntipa. QoTOCO, €lval EMPPENN CE OPIGUEVA
CQAALOTO TOV HITOPOVV Vo ennpedoovy v axpifeia towv pertpnoewv. Ta mo cvvnbiocuéva
o@AApaTO TOV oYETI{OVTOL e Ta YVPOOSKOTIO TEPIAAUPAVOLY GPAALaTO KAIpaKaS, AavBaouévng

EVOVYPAUUIONG, CLGTNUATIKA COAALOTA Kot 00pLPDOEIS LETPNOELS.

To cpdipata KAMpokog avaeépovial o€ avakpifeleg omv evasinocio Tov yvposkomiov 1| GTOV
ovvtedeotn KApakog toug. Ta cedipata avtd propei vo odNyncovv 6e EGQAALEVT KAMUAK®OON

™G UETPOVUEVIG YOVIOKNG TOYOTNTOC, LE OMOTEAEGHO OMOKAIGELS 0TI avapepopeves Tipés. Ta
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ocQAApOTO KAPOKOG UTOpel Vo TPOKOWYOLV Omd KOTACKEVAOTIKO GOAAULOTO, TPOPAULOTO

Babuovounong 1 kot aAlayES 6TIC GLVONKES AE1ITOVPYIOG TOL YVPOGKOTIOV.

To ocedipota Aovlacpévng evbvypaupong copPaivovv o6tav o evaicOntog afovag tov
YVPOGKOTIOL OeV eivat amdAVTO ELOVYPUUUIGHEVOG e ToV emBuunTd déova. AvTi N AavOacuévn
evbuypauon umopet va eodyel mPOGOETEG YOVIOKES LETATOMICES KOU GOAALOTO OTIS
petpovpeveg Tés. Ta opdApata avtd pmopel vo tpokdyovy ard AdOn katd tv Tomobétnon 1
EYKATAGTOGT, OTd UNYOVIKN KOTOmOVon Kabmg Kot £yyeveig TEPLOPIGUOVE GTNV KATAGKELT] TOV

YUPOGKOTIOV.

Ta cvotpatikd cpdipota eivor éva akdpo chvnbes ceIipa Tov cyeTileTOL e TO YUPOOKOTLA.
Avapépetar o€ pia otadepr| amdOKAOT TG LETPOVUEVNE YOVIOKNG TAXDTNTOS, OVEEAPTNTO QT TNV
mpaypatikn kivnon. EmumAéov, umopel va mpoxdyouv omd O1dpopovg TopAyOVIES, OTMC
dwkvpdvoelg g Beprokpacioc, ypavon Tov eE0PTNUAT®OV TOV YUPOGKOTIOL 1 ATEAEEG OTN
dwdkacio kataokevng. Téhog, pmopodv vo TMPOKAAEGOLV UETATOMION TOV EKTIUDOUEVOV

TPOGAVATOAMGLOV [LE TNV TAPOSO TOV YPOVOV.

Extég amd to mapomdve ceaApnoTa, To yYopooKOTio uropel exiong va mapovstdlovv 66pvPo otig
petpnoelg tovg. O BopvPog umopet va TapovslaoTel MG TVYAIES OIOKVUAVOELS 1| LETAPOAEG OTIC
TIWEG TNG UETPOVUEVIC YOVIOKNG TayLTNTAS. Mmopel va mpokvyel omd niektpovikd 06pvpo,
mepPoArovTikéG TapepPoréG N eyyevelg meEPLOPIGHOVE o1 oxediacn Tov yvpookomiov. Ot
petpnoelg pe B6pufo PTopovv vo EnNPeGcovy TNV akpiBELR TOL YLPOGKOTIOV, 1O1MG GE EPAPUOYES

7OV amottovV aKPLP TapaKoAoHONoN TG YOVIOKNG TOYVTNTOC.

['o Tov TEPLOPIGHO OVTOV TOV COAAUATMVY, ¥PNCILOTOI0VVTOL GLYVA dladtKacieg Pabuovounong
YO TNV EKT{UNON KOl OVTIGTAOHOT TV CEOAMATOV  KAMUAK®ONG, TV  AdvOUSUEVOV
EVOVYPUUIICEDV KOL TOV CLGTNUATIKOV COOALATOV. MTopohv ETIONG VO EPAPULOGTOVV TEYVIKES
QUATpOpiopaToc Kot emeEepynciog oNUOTOG Yo va LelwBbel 1 enidpacn tov BopvPov 6Tic peTpoElg

TOL YVPOGKOTIOV.
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Aappavovtog vroyn To TOPATAVED UTOPOVLE VO OVOTOPOGTIICOVUE LAONUOTIKA £Va YOPOGKOTLO

070 TAOG10 TOL CMUATOC OTMG TEPLYPAPETAL GTNV TTapakiT® e&icwon:

wp' = Sgwp + by +ny (3.1)

O 0pog Sy ypnowonoieitar yiou va TEPLYpAYEL TO GOAALN KAIpoKkag Tov aisntipa Kot ™
ovoyétion petald tov afdvov kot wavikd Bo Ntav évag mivakag tautdtTo I3x3 Yoo Vo
VITOOMAGVEL povadtoio KAIOKO Kot UNOEVIKT] GLOYETION HETAED) TV HETPHGEMY TOL aloOnTHpa
og Kabe a&ova. O 0pog wy, €lval 1 TPAYUATIKY YOVIOKY TOYXVTNTO GTO TANIGLO TOV GMOUOTOS, KOl
amoterel TNV Tip mov B€hovpue va avaktoovpe. O 0pog by AVTITPOCHOREVEL TO GLGTNHUATIKO
OQUALO TOV YUPOOGKOTIOV Kot €10AYEL ot 6TofEP] OMOKAIOT) GTOV LETPOVUEVO YOVIOKO PpLOUO
netapoins. Télog, n petafint ny avimpocwnnedel tov 60pvPo oTIG HETPNGELS TOV YVPOGKOTIOV
ONAadn TG Tuyaieg SOKLVUAVGELG KOl HETOPOAES YOP® Omd TNV TPOYUATIKY TN TNG YOVIOKNG

TaOTNTOC.

O apyd petaBaAlopuevog 6pog TOL GLGTNUATIKOV GPAALATOG by umopel va poviedonombet wg o
dwdkacio Markov mpdng tdEng mov odnyeitar omd Eva S1ivuc o AEVKOV YKAOLG1ovoL BopvBov
HE TOTKY AmOKMON Tpjgs , EVO 0 Opog BopdBov ng pmopel vo meprypaPel mg AeVKOG YKOOVG0VOG

BopvPog pe Tumikh amdKAion ay:

by =vpg ~ N(0,0hias) (3.2)

ng ~ N(0,0%) (3.3)

Me v katovonon Kot TV TOGOTIKOTOINGT TOV EMOPACEDV TNG AavOacuévNg KATLOKOG, TOV
CUGTNUOTIKOV GOUALAT®OV Kol tov Bopvfov, kabictatar dvuvoar 1 avarTvEn HOVIEA®V Kot

alyopiOumv ylo TNV KTIUNGN TG TPOYUOTIKNG YOVIOKNS TAXVTNTOG KOL TNV AVIIGTAOUOT] 0VTOV
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TOV CQEUAUATOV. AVTO emTpEnel TN PEATI®OON TNG TOS00TG KOt TNG 0ELOTOTING TWV YVPOCTKOTIWMV
0€ EQPUPLOYEC OTMOC TO, OLOPOVELNKE GLUGTAUATO TAONYNONG, 1| POUTOTIKY] KOl 1) TopakolovOnon

kivnong.

3.2.2 Movtého COAAULATOG EMTAYVVGLOUETPOL

Ta emroyvvoldpeTpa givol aoONTPES TOV ¥PNCLOTOOVVTOL Yol TY HETPNON TNG YPOUUIKNG
EMTAYVVONG GTO TAAIGLO TOV CAONATOS VOGS st pa. Tig TeprocdTepeg Popic, kKataokevdlovtal
and Eeywprotovg actntpeg MEMS, ot omoiot amotehovviotl amd SLPOPETIKEG AOPUVELOKES
nélec Ko cuvenmmg ot AEoVEG Toug dev givor mhvta amdAivta opfoymdviol peta&d tove. Ouoldg pe
TOL YUOPOOKOTLO, TO EMLTOYVVGIOUETPO EIVAL EMPPETN GE OAPOPO. COAALATH TOV UTOPOVV VoL
emnpedoovv Vv akpifela tovg. H katovonon avtdv tov coApdTov eivol amopaitnn yio v

a&lomoTn Kot oKpPn HETPNoN TS EMTAYVVOTC.

‘Eva o0vn0eg opdipa mov oyetiletol pe to eMTAYLVOIOUETPO €ival T0 oedApo KAipakag. To
OQAOALO 0VTO TPOKVTTEL OTAV 1| €voGHNGio 1| 0 GLVTEAEGTNG KAMUOKAG TOV EMITOYVVGLOUETPOV
amokAivel amd v Wavikn . Ta cedipata KApakag pmopodv va 0dnynoovy ce avakpifeleg
OTIG LETPOVUEVEG TIUES EMTAYVLVONG, TPOKAADVTIOG OATOKAIGELS OO TNV TPAYUATIKY ETLTAYLVON.
[Mopdyovieg OMOG KATAGKELOOTIKEG OMOKAMGELS, amokAicels Pabuovounong N aAlayég oTig

ouvOnKeg Aertovpyiag UTOoPoLV Vo CLUPAAOVY GE GEAALATO KAILOKOG OTO EMLTOYVVOIOUETPO.

"Evog axdpoa cuvinOng tomog opdApotog eivat 1o A ec@aipévng evbuypdupionc. To cedipa
ecaipévng evbuypappiong epeavifetor 6tav o gvaictntog dEovag Tov EMTAYVVOIOUETPOV dEV
etvar andivta gubuypappucpévog pe v embounty katevBvvon pétpnong. Q¢ amotéAesua, ot
HETPOVUEVEG TIUEG EMTAYLVONG EVOEXETOL VO, TEPIAAUPAVOVY TPOGOETEG CLVICTMGEG AOY® NG
KaKNg evbuypdpupiong, odnyovtag o avaxpifeies. [lapouota pe ta yvpookdmia, n Aavlacuévn
evbuypauon pmopel vo ogeidetal oe Bépota TomobBETnong N EYKATAGTOONG, GE UNYOVIKN

KOTOTOVNON 1| G€ TEPLOPIGLOVG KATA TNV KATOGKELT] TOV EMITAYVVGLOUETPOV.

Ta cvotnuatikd cedApata epeavifovtal Kot 6To ETTOYLVOIOUETPO. To CLGTNUOTIKA GOAALLOTOL
avaeépovtol o€ o otabepn omdkMon ot petpobvuevn emtdyvvon, avefdptmto omd v
TPOYUATIKY] Kivnon. Mmopel va mpokdyovy amd Topdyovieg OMMG Ol SOKLUAVOELS TNG
Oepuoxpaciag, n yfpovon Tov eEUPTNUATOV 1 Ol KATAOKEVAOTIKES atéleleg Ta cuoTnuaTIKG
CQAALOTO LTOPOVV VO TPOKAAEGOVV LETATOTIOT TNG EKTILMIEVTG ETITAYVVONS LUE TNV TAPOSO TOV

xpOvov, ennpedlovtag v akpifeio ToV LETPHCEMVY Kiviong.

59



O 06pvPog evromileTon emiong Kol 6TIG LETPNGELS TOV EMTAYLVSIOUETPOV. O BOpLPOG EKONADVETAL
®G TUYOIEG OLKVILAVGELS KOl LETAPOAEG OTIG LETPOVUEVES TILEG EMLTAYVVOTG, TOV OV oYeTIloVTal
pe v wpaypotikn e . O 80pvPog umopel va mpoépyeton amd MAeKTpovikd e&apthpota,
TEPPAALOVTIKOVG Tapdyoviec M €yyevelg meploptopods oto oyedacud tov owstnmpa. H
eloyrotomoinon g enidpaonc tov Bopvfov eivar {OTIKNG ONUAGING GE EPOUPLOYES TTOL ATOLTOVV

aKppn HETPMON TNG EMTAYVVOTC.

[ TOV pETPLOICUO OLTOV TOV  GEUALATOV, YpNoLHomolovvtal cuvifwg  dadikacieg
Babuovoumong vy TV EKTIUNOT KOl OVTIGTAOMOT TOV GEOAUATOV KAMUAK®OONSG, TMV
AavBoopévav  evbuypappice®v Kol TOV  GLUOTNUOTIKGOV c@oAudtov. Emmiéov, teyvikég
emeepyaciog oNUOTog pmopov va ypnotpomombovy yo ) peiwon g emppong Tov Bopvfov

OTIC LETPNOELS TOV EMTAYVVOIOUETPOV.

Aoppdavoviog vroyn To TUPUTAVE UTOPOVUE VO AVOTAPUCTGOVUE pobnpoticd v €080 £vog

EMTAYVVOIOUETPOV GTO TANIGLO TOV CAOUATOG OTMG TEPLYPAPETOL GTNV TOPAKAT® EEICOON:

ap' = Szap + by +ng, (3.4)

O 6poc S, ypnowomoteitar Yoo vo, TEPLYPAYEL TAL GOAALATO KAILOKOG TOVL ooOnTpa Kot T
ovoyéTion UeTaEy TV afdvov Kol wavikd Bo Ntav €évog mivokag toutdtto I3y Yo va
VTOONAMVEL TEAELD KAMUAKMOT KO UNOEVIKT| SLOGTAVPOVUEVT] GUCYETION HETAED TOV UETPNCEWV
Tov acOnpa. O 6pog @y, elval 1 TPAYUOTIKY ETLTAYVVON GTO TANIGLO TOV GMOUOTOC, 1 OToia Eivat
N T mov BéAovpe va avakticovpe. O 6poc b, AVTITPOGHOTEVEL TO GUGTNUOTIKO GEAALATO TOV
EMTAYVVGIOUETPOV KO E1GAYEL Hio. oTafepn omOKMON o1 HETpoLUEVN emtdyvvon. Télog, M
petafinti n, avimpoo®neVEL TOV BOpVPO OTIC UETPNOELS TOV EMTAYVVOIOUETPOV, O OMOI0G
enpavifetoar g Tuyaieg JKLUAVGES KOl TIG UETAPOAES YOP® GO TNV TPUYUOTIK TN NG

EMTAYLVOTG.

Onwc Kot ot YOPOGKOTLA, O OPYH LETARBAALOUEVOG OPOG TOV GUGTNUOATIKOV GOAAL0TOC b, €VOG
EMTAYLVGIOUETPOL Umopel vo povteromomBel o¢ pior dwadikacio Markov mpodtng t4éNG mov

odnyeitor amd £va S1VLG O AEVKOV YKOOLGLovoD B0pOPov pe TUTIKT OTOKAGN Opigs, EVEO O OPOG
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BopOPov n, evdg EMTAYVVGIOUETPOVL UTTOPEL VO TEPLYPAPEL G AEVKOG YKOOLGLOVOS 0OpLPOC e

TUTKY OTTOKAION O :

by = Vpa ~ N(0,0%,) (3.5)

ng~ N (0, 02) (3.6)

Aappavovtog voyn avTég TIG TNYEG COEAALATOV LTOPOLV VA avamtuyfovv pobnpatikd povtéia
YO TOL EMLTOYVVOIOUETPO. OTO TAOIGIO TOL OGONTAPA KOl EPAPUOLOVTOG KATOAANAES TEXVIKEG

Babpovounong kot IATpapicpatoc, vo ANehovv akpilBEctepeg LETPNOELS EMLTAYVVOTG.

3.2.3 Movtého COAAULATOC oYV TOUETPOV

Ta payvntopetpa eivar Bacikoi aeONTAPEG TOL YPNGIULOTOIOVVTAL Y10 T LETPTON TOV LAYV TIKOV
nediov ¢ I'mg kot Tov poyvnTikov mediov mov dnpovpyeitan amd HoyvnTiKG OVTIKEIEVO TOV
Bpiokovtal kovtd tovc. Evd to poyvntopetpa tapEyovy moATILES TANPOPOpPiES, etvat emppenn
0€ TOAMOTAQ GOAALOTO TTOV UTOPOVV va emnpedoovy v akpifela Tov petpnoedv tovg. H

KATavONom aVTOV TOV COEOANATOV eivar {MTIKNG onpaciog yio T Ay aSlOTIoTOV LETPNCEWMV.

"Eva ohvn0eg opdipa mov oyetiletan pe Ta payvnTopeTpa. €ivol To ceaipa amdkiions. To cedipa
amOKAMONG avaQEPETOl 6€ ol otadepr] AmOKAIOTN TOU UETPOVUEVOL LOYVNTIKOV TEdIOV,
aveEdptnra amd TV TPAYHOTIKN £vTaon Tov. Ta cedApato amdKAIoNng LTopel va TPOKOYOLV oo
TapAyovteg Ommc ot dlakvudveelg g Beppokpaciag, o niektpovikog B0pvPog N atéreleg otnv
Katookevy Tov awoOntipa. Eivor ta payvnmtopetpa vo veiotavior foabpovouncn yoo tov

TPOGOIOPIGHO KOl TN O1OpH®oN AVTOV TOV GPUAUATOV HETATOTIONG, MOTE va. dlacpaiilovTat
axpiPeic peTtpnoeis.

‘Evag dAhog tOmOg o@dApotog eival 10 o@Apo pn ypoppukotntag. H pn ypoppkdtnto
eneavifetor 0tav 1 amdKPIoT TOV HOYVNTOUETPOV OTOKAIVEL OO Lo 100VIKY YPOUUIKT oYEom
HeTa&l TOV HETPOVUEVOL LayVNTIKOD TEGIOV KoL TG TPAYLOTIKNG EVTOOTG TOV LYV TIKOD TESI0V.

Ot pun ypoppukdtnteg pmopel va TpokOYouv amd HeTafOoAEG OTO YOPAKTNPICTIKA TOV alcinTipan
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amd Un ypappKd govopeva 6to Kokhopo pEtpnone. Ot dtodikacieg fabpovounong uropovv vo
Bonbnoovv ©TOV TEPLOPICUO TOV CEUAUATOV UM YPOUUIKOTNTOS HE TNV KaBiEpwon oG
aKpIPESTEPNG AVTIOTOlYIoNG HETOED TNG HETPOVUEVNG 5000V KOl TNG TPOAYHOTIKNG £VIOONG TOV

HoyvnTikoy mediov.

Emumiéov, ov petpnoelg tov poyvntopetpov moapovctdlovv 06pvfo. O B6pvPfog pmopel vo
ekONAmOel g Tuyaieg SIOKVIAVOELG Kot LETABOAEG OTIG TILES TOL LETPOVUEVOL LLayVNTIKOD TTESTIOV.
Mmropel va mpoépyetan amd niektpovikd 00pvPo, mepiParlovtikéc mapepuPoréc 1 GAAeg T YEG.
Teyvikég prhtpapicpartog Kot ahyopiOpol eneEepyaciog ONUATOS LTOPOLV VO EPOUPLOGTOVY Y0l VO,
LEWOOGOVVY TNV €Midpact Tov BopvuPoL GTI UETPNOELS TOV HOYVITOUETPOV KOl VO BEATIOGOLV TN

OLVOAIKY] aKpiPela Tov asOnThpa.

EminAéov, to poyvntopetpa pmopel va emnpeactoy omd e£mTEPIKES SOTAPUYES TOV LOYVNTIKOD
nedlov M payvnTikég mTopeUPoréG amd KOVTIVAL avTiKeEipeva. AVTEC Ol eEMTEPIKES EMOPACELS
UITOPOLV VO, €160 YOVV TPOGOETO COAALOTA KOl TOPOUOPPMOCELS OTIC UETPOVUEVEG TIUES TOV
payvntikov mediov. Ot TeyvViKEC MAEKTPOUOYVNTIKNG TPOCTAGING KOl TPOGEKTIKY EMIAOYY T®V
0écewv PETPNONG LIToPoHV Vo GLUPAAOVY GTNV EANYIGTOTOINGT] TOV EMATOCEWV TOV EEMTEPIKAOV

JTOPOYDV TOV LOyVNTIKOD TTESTOV.

Aappavovtog vToyn o TaPATAVE UTOPOVLE VO AVOTOPOCTICOVUE HoOnpatikd v 5000 £vOg

LAYV TOUETPOV GTO TAOIG10 TOV ousONTpa OTwg TEPTYPAPETAL GTNV TOPAKAT® EEIGMON:

hyt = SNy (Agihpy + b)) + by, + 1y (3.7)

Ot 6pot S, ko N, xpNOUYOTOL0VVTOL Yo VO TEPTYPAYOLY AAOT TNV KAIpaK ToVv cucOntpa Kot
TN GLOYETION TOV HETPNoE®VY avh dEova avtiotorya. Idavikd Ba Nrav wivakeg TovtdTNTo 343
MOOTE VO VTTOOMADOVOLV TEAELD KAUAKMOT KOl UNOEVIKT] O1GTAVPOVUEVT) GUGYETION HETAED TV
petpnoemv tov acOntpa. O 6pog h,y, civor 1 TPAYHATIKY LETPMOT TOV LOYVNTIKOV TTEGIOV GTO
TAOUG10 TOV GAOUOTOC, KOl ivol 1 TPAYUATIKN T Tov BEhovue va avaktioovpue. O dpog Ag;
YPNOLUOTOLEITOL Y10 VO TEPTYPAWYEL TAL GPAALOTO LOAAKOD GdNPOV OV gpovifovtal AOYm TNg

TOPOVGIOG VAK®MV KOVTE GTO LOyVITOUETPO TOV TOPAUOPPDVOLV TO TEPIPAALOV LaryvnTiKo Ttedio,
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aAAG dev Onmpiovpyoldv 01KO tovg medio. O Opog by AVTITPOCMOTEVEL TO GOAALATO GKAN POV
OWONPOL TOVL TPOKLATOLV OMO TNV TAPOVCI. VAIKAOV HE HOYVNTIKES 1010TNTEG KOVTA OTO
payvntopetpo. Ta LMKA ovTtd €164youyv £€vol GUGTNUOTIKO GEOAUN OTIS HETPNOEIS TOL
LOyVNTOUETPOV, aveEAPTNTO OO TNV TPAYLLOTIKY £VTOOT] Ko KATEVOVVOT] TOV LOyVNTIKOO TTEdiov.
O 6pog b, AVTITPOCHOTEVEL TO GLGTNUOTIKO GEAALN TOV HOYVNTOUETPOV, TO OO0 EIGAYEL Lia
otabepr| amOKAIGT OTO LETPOVUEVO payvnTiko edio. TELOG, N peTafAnTn N, OVTITPOGOTELEL TO
00pvPO OTIG UETPNOELS TOL HOYVNTOUETPOL, OV eUEOVIETAL ©OC TLYOIEG OLOKVLUAVOELS Kol

petafoAés Yopm Vv €000 ToL aGONTHPOL.

Onwg kot 6to YupooKoOTa, 0 apyd HETAPAAAOUEVOS OPOG by, €VOG LOYVITOUETPOL UTOPEL VoL
povtedonomBei og pa dradikacio Markov TpdTng TaENG Tov odnyeitot amd £va dSLIVLGLO AEVKOV
YKAOLG10VOL BopVOPOL LE TUTTIKY AOKAON Opigs, EVO 0 6pog BopOPov n,, €vOg HoyvnTopETPOL

umopel va meptypapel mg Aevkog YKaovotavog 00pvPog pe Tumikn andokAon g, :

b = vpm ~ N(0,0%55) (3.8)

ny ~ N (0, 62,) (3.9)

Aappavovtog vToyn avTég TIG TYEG CPOUALATOV, XPNCILOTOIOVTAG TEXVIKES Pabovounong kot
epappolovtag KoTaAANAeg pebddovg emeCepyaciog CNUATOG, TO HOYVNTOUETPO UTOPOVV Vo,
TOPEXOLV AKPIPESTEPEG LETPNOELS TOV HOYVNTIKOV Ttediov ¢ Mg Kot TV ToTKOV poyvnTiKdv
nediov. H cowot fabpovounon kot n d10pBmon cporpdtov sivon {oTikng onuaciog yo t Aqym
aEOMOTOV 0E0OUEVMV GE €QAPUOYEG OTTMG 1| TAOTYNON, N AErTovpyia TLEidag Kol 1 aviyvevon

LLOYVITIK®V OVOHOALDV.

3.2.4 Movtého oc@aApaToc ausOnTpa PapopreTpIKNG Tieong
To poviého ocedApotog yio évav owoOnmpa mieong Tumikd TepAapuPavel daQopeg TNYEG
OQUALOTOC, CUUTEPIAAUPOVOUEVOV TMOV GUOCTNUOTIKOV CEOALITOV, NG svoishnciog, g

e&aptnong amd t Ogpuoxpacio Kot Tov BopHPov. Avtég ot mNYEG COAALNTOS UTOPOVV v
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emnpedoovy Vv akpifeta kol TV aEOMOTIO TOV HETPNCEWV TEONS TOL AapUPAvovTot amd TovV

acOnTpa.

To cvoUOTIKO GEAALN OvVOQEPETOL GE Lo oTadEPT] amOKAION GTNV £VOEIEN TG LETPOVUEVNG
TEONG G€ GVYKPION UE TNV TPAYLATIKY. MTOpel va TPoKOYEL amd KOTOOKEVOGTIKA GOAALOTAL,
atel Babpovounon kot meptBairoviikovg tapdyoviec. To cvomnuoTikd cEAAp pmopel va givat

OeTikd 1 APVNTIKO KOl EIGAYEL 0L LETATOTLON OTIG LETPOVUEVES TIUEG TTLESTG.

To ocpdipa gvaicOnociog eivor po akopo cvvinOng Ty cEAALNTOS GTOVS ooONTNPES TTiEOTG.
Avaépetal 6Ty omOKAIo NG amdKPLoNG TOV oeONTPa OTIG LETAPOAEG TG TTLEGNC OE GVUYKPION
pe v Wwavikn evaictnoio. Ta cedipota evoicOnciog propel va opeilovtal o€ S10pOPOTOGELS
0T0 GYEOGUO TOL aucHNTpa, oI JOIKOCIN KATOOKELNG Kol g goawvoueva ynpoaveons. Ta
TOPOTAV® UTOPEL VO TPOKAAEGOVY GOAALOTO GTNV OTOKPIoT] TOV a1cHNTPA KATA TIG LETAPOAES

™G mieomng, odNydvTag o€ AavOaGUEVEG TIES EEOJOV.

H &&dptmon amd 1 Oeppokpacio amoterel kpioo mapdyovio Yoo Tr HOVIEAOTOINGM TV
oQOAUATOV eVOC aucOnpa miconc. Ot aicOntpec mieong umopel va mapovctdlovv Slakvpdvoelg
omv £€£000 toug efautiog aAlaydv otnv Beppokpacio. AVTéG ol emdPAcEl; TG Beppokpaciog
uropei va 166youv TpOcHETU GOAALATO OTIG LETPNGELG TECTG. VY VA YPNOULOTOIOVVTOL TEXVIKES
OVTIOTAOONG Y10 TOV HETPLOCUO TOV ETMMTOCEMY TOV CEOAUATOV TOL €£0PTOVIOL GO TN

Oepuoxpacio otnv akpifelo TOV HETPNCEMV.

O 006pvPog eivar por AKOUN GLVIGTOCH TOL HOVIEAOL GOAALOTOS Yol TOVG oeOnTpeg mieonc.
AVTITPOGMTEVEL TVYOUES OLOKVULAVGELS Kol UETABOAES OTIG UETPOVUEVEG TIUEG TiEONG TTOV OgV
oyxetilovtar pe v mpayuatikny wieon. O B6pvPog pmopel va mpodpyetor omd NAEKTPOVIKA
eCoptnpata, mEPPUALOVTIKOVS TOPAYOVTEG Kol EYYEVEIS TEPLOPIGUOVG GTO GYESIACUO TOV
acOnmpa. Mropei va ennpedost v akpifelo Kot T 61a0epdTnTO TOV HETPHCEMV TEOTS, 011G

0€ EQPAPLOYEG TOL OToUTOLY VYNAN aKpipeta.

[N v akpiPfr] povTeEAOTOINGT TOV CROUALAT®OV GTIG LETPNOELS TOV OoONTpa Tieons, cuvnOmg
ektehovvtal dtadikaocieg Babpovounone. H Pabpovounon mepthappdvet tm ovykpion g e£660v
oL st pa pe £va TPATLITO AVAPOPES GE Eva EXPOG YVMOTMOV TECEMV KO TOV TPOGIOPIGUO
TOV YOPUKTNPIOTIKOV GPIALNTOS. AVTO EMITPEMEL TNV EKTIUNGT KOl TNV aviiotdOuon twv

OQOANATOV omoOKAoNG, evaiotnoiog kot efaptdpeveov omnd T Oepuokpacio. GOUAUATOV.
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Mnopobhv emiong va EQOPLOCTOVY TEYVIKEG PIATPAPIGLATOG KOl 0AyOp1Ootl enelepyaciog 61 LaTog

v T petmon g enidpaong Tov BopvPov oTIg peTpnoelg Tieong.

Aappavovtog vToyn o TUPATAVE UTOPOVLLE VO AVOTOPOCTICOVUE HoNpatikd v 5000 £vOg

acOnTpa amdALTNG TTiEoN G OTTMG TEPTYPAPETOL GTNV TOPOKAT® EEIGmON:

Bn = P +Esensitivity + bp + np (3.10)

O 6pog Py meptypapel TNV TPOYUOTIKY ATUOCQULPIKY] TLEST, OTTO10 EVAL 1) TIUT TOV EXIOUDKOVLLE
va avaktioovpe. H 1y Esensitivicy OVIUPOCOREDEL TO GQGApQ gvoicOnciog, dniadn v
ATOKALOT TNG AOKPLoNG TOV actnTpa oTig HeTaforég Tng mieons o cOYKPIoN e TNV WOOVIKT.
O 0po¢ bp AVTUTPOGHOTEVEL TO GUOTNUATIKO GOAAUTO TOV oeONTNpOV TTEONC, TOL E1GAYEL Ui
otafepn amdxion otn petpovuevn mieon. Téhog, n petafAnt n, avimpocsmnrevel tov B0pvPo
OTIG LETPNGELS TOV asONTpa, 0 omoiog REavilel TIC TVYaiEg O1OKVUAVOELG 1 LETOPOAES YOP® OO
™V Tpaypatikn tiun e£60ov. Eivar onuovtikd va onueiwbel 6t1 otovg aucnmmpeg mieong, ta
CQOALOTO KAUAK®OGONG TOL TPOKAAOVVTOL OO TN UM YPOUUIKOTNTO £ivol YEVIKA EAAYIOTO KOl

Uopovv vo. BewpnBovv apeAntén oTNV TOPATOVED EEICOGT TOL LOVTEAOD.

Onwc xor otoug TPONYoLUEVOS aucOnNTpeg, 0 apyd UETOPAAAOUEVOS OPOG TOV GLGTNUATIKOD
o@dApatoc bp evdg awsOntipa mieong pmopel va poviehomomBel wg po dadikacio Markov
TPOTNG TAENG TOL 0dNyeital amd £va S1dvuc e AevKoD YKaoVGavoy BopvBov pe Tumikn andkAion
Opiass EVO 0 Opog BopOPov n, &vOg EmMTOYLVGIOUETPOL UTOPEl VO TEPLYPAPEl MG AEVKOG

YKOO0VGLOVOS 00pLPOC e TUTTIKN OTOKAMOT| Op:

bp = vpp ~ N(0,0p15) (3.11)

np ~ N(0,0%) (3.12)
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Me Vv KOoTovONGon KOl TN GUVEKTIUNGN QLTOV TOV TNYOV COEAALNTOS GTO, LOVTEAN oGO TPV
mieong, kabiotator Svvarn N Pertiooon g akpifetog Kot T alomoTiog TOV HETPCEMV TEOTG
oc OUWIQOPES EPAPUOYEG, OTMG M TOPUKOAOVONCT TV KOUPIKOV GuvOnK®dv, o EAeyyog

Blopunyovikdv dlepyacidv Kot ol LTPIKES GUCKEVEC.

3.2.5 Movtéro ocpdipatoc GNSS

Ta GNSS kotéyovv onpoavtikd poA0 TNV TAPoY TANPOPOPLOV EVTOTIGHOD BEomG, TAONYNONG
KOl YPOVIGLOV Y10 O14POPES EPOPHOYES. QL0TOGO, O1 LETPNGELS TOL AdPAvovTol amd TOVS OEKTES
GNSS vrdkevtol 6e GEAALATO TOV LITOPOVV VO, ETNPEAGOLY TNV aKpifela Tove. H katavonomn kot
1 HOVTIEAOTOINOT AVTAOV TOV GOEOANATOV givol W1oiTepa ONUAVTIKA Yol TV emitevén agldmotov

Kot okpPovg Tpocdiopiopov Béong pe Bdon to GNSS.

Mia amd T1g KOpLeg TyES caipudtov otic petpnoelg GNSS eivar n) «atpoocpopikn Kabvotépnony»
OV TPOKOAEiTOL ad TNV VOSEApa Kot TV Tpomtdceatpa. H tovoéseapa, po mepoyn g
atpoceapos ™ Img, ewodyer po kabvotépnon ota ofuoata GNSS Aoyw TtV 1810THTOV
SICTOPAS TOV 1OVIGUEVOV GOUOTOImV Tov Bpiokovior og avth. H tpomtdcsaipa, amd tnv GAAn
TAEVPA, €104yel KaBLGTEPNOELS AOYMD TV ATUOCPUPIKOV cuvOnKdv, énwg 1 Bepuoxpacio, n
vypocio Kot ot SKVUAVGELS TNG Tieons. AEI0TOL®VTOG HOVTEAD KOl TEXVIKEG O10pBwong Yo TV
EKTIUNON KO TOV HETPLAGUO OVTAV TOV ATUOGPAIPIKDOV KAOVOTEPNCEMV, PEATIOVETAL GNUOVTIKY

n okpifela Tov gvrtomopov Béong v GNSS.

Mia GAAN oMUOVTIKN TTNYT SEOAUATOV Eival To GEAALATO TPOYLAG TV d0pLEOP®V. O1 dopupodpot
GNSS £&yovv YvooTég TpOYIES, 0AAG UTopel VO TPOKVYOUV LKPES OTOKAIGELG O OVTEG TIC TPOYLES
AMy® mopaydvtov Omwg ot BopuTikég STapOYEG KOl 1 OTUOCQOIPIKY avtioTaor. Avtd to
CQAALOTO TPOYLAS WITOPOVV Vo €l0ayovy avokpifeleg otic vmoloylopeveg Béoelg. o v
eAYLOTOTOINON TNG EMIOPAOTG TOV COUALATOV TPOYLAS oTIS petpnoelg GNSS ypnoiponotodvton

TEYVIKES KPP0V TPOGIOPIGHOD TPOYLAG KO OESOUEVE SOPLPOPIKMDY EVILEPDCEWMV.

H «molvdadpopn» givar éva kotvotumo cedipa otig petpnoeic GNSS. Xvppaivel 6tav to onuo
GNSS avaxidtol amd KOVTIVEG ETPAVELES, OTMG KTipLa, dEVTpa 1 GALES KATAOKEVES, TPV PTACEL
omv kepaio Tov Oéktn. To avoakAdpevo onuo pmopel vo mopeppinbdei oto dGueco onua
TPOKAADVTOG TOPAUOPPAOCELS Ko avakpifeteg. O oyedlacprdg kepomv, aAyOPOU®V Ayng Kot ot
TeYVIKEG emelepyaciog ONUATOC YPNOCLLOTOIOVVTAL Yl0L TOV HETPLOCHO TMV ETMTOGEMV TNG

«moALSdpOUNSY Yo T PedTivon ¢ ToldTTOG TV peTprioemv GNSS.
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Ta cedipata poroylov oto déktn GNSS pmopovv emiong vo ennpedoovv v akpifela Tov
evtomiopov Béonc. To podol Tov déktn dev givol AmOALTO GLYYPOVIGUEVO UE TO. POADYLOL TOV
d0PLPOPOV, LLE ATOTEAEG LA VO ELPAVILOVTOL CLGTNATIKA GOAAUATO Kol OAIGON O OTIG TIES TOV.
INa va AneBovv voyn ta ceaipata poroylov, ot dékteg GNSS ypnoyomolovy teyvikég 6mmwg M
HOVTEAOTOINGT TOV POAOYIOD TOL OEKTY], Ol SLPOPIKES dlopBmaelg Kot ot alyopifpotl axptBovg

YPOVIGLLOV.

Téhoc, o BOpvPog TV petpricemv kot o BOpvPog Tov KT UTOPOLV VO EIGAYOVV TLYOIEG
dwkvpavoelg ko apefardtreg otig petpnoel GNSS. O 06pvPog umopel va mpoépyetal amd
APope TNYES, CLUTEPIAAUPBAVOUEVAOV TMV NAEKTPOVIKAV €EAPTNUATOV, TOV TEPPOAAOVTIKMOV
TopayOVIOV Kol ToOV EMOPAcem®v O014000MNC TOL ONUATOG.  XPNOLUOTOOVVTOL  TEXVIKEG
QuTpopiopatoc, alyopibuol enelepyaciog onuatog Kot EB0d01 VITOAOYIGHOV TOV HEGOL OPOL Y10
™ peimon g enidpaocng Tov Bopvfov kar 1N PeAtioon g axpifelag Tov eviomiopuod B€ong

GNSS.

JVVOMKQ, 1 KOTOVON Y| KO 1] LOVIEAOTOINGT] OUTMOV TOV TNYOV COUALATOV ELVAL ATOpOiT TN Y10
Tov akppn eviomopd 0éong tov GNSS. Mécw &vog GLUVOLAGLOV TPONYUEVDV adyopiOuwmy,
LOVTEA®MV KOl TEXVIKMOV 010pBmONG, 01 EMATOCELS AVTAOV TOV COEOAUATOV UTOPEL VO LETPLOGTOVV,

00N y®VTOG 6€ Mo a&lOTIoTES Kot akpieic Avoelg mhonynong kot evtomicpov pe Bdon to GNSS.

3.3  Aly6piBuotl cuyymvevong acHntipov

Ot aAy6p1Bpot suyydvevong acinTpmv Katé)ouy KaboptoTikd poOA0 610 cLVOLACUO dedoUEVEV
amd TOAAATAOVG oaON TN PES Y10 TNV aKPIPESTEPN Kot TANPEGTEPT KOTAVONGN TOL TEPIPAAAOVTOG.
Me ™V eVGOUATOON TANPOQOPIDOV OTO JPOPETIKOVS OoONTAPES, OTMG EMITAYLVOIOUETPA,
YOpooKOTa, poyvnTopetpo kot 0ékteg GNSS, ot akydpiBuotr avtoi pmopodv va mapéyovv
BeATiopéveg LETPNOELS, EVPWOTIO Kot OEIOMIOTIO Y10 SLAPOPES EPUPLOYES, OTTMG 1 TAOTYNON, N

POUTOTIKY] KOL 1] EIKOVIKY] TPOLYLATIKOTNTAL.

3.3.1 Zvuminpopotikd eidtpo
To «ovumAnpopoatikd eiktpoy eivar po texvikn enelepyaciog GNUOTOC TOV YPNCUYLOTOLEITAL Yol
TO GLVOVACUO OVO OLAPOPETIKMY HETPNOE®Y OGONTNPOV 1 TNYDV SEOOUEVAOV Yo VO EMLTELYOEL
pa BeAtiopévn extipnon evog embountod peyébovg. Xpnoyonoleitar cuviOme o EQOPUOYES TOV
a@OpPoVV TNV EKTIUNOT] TOL TPOGAVOUTOAGHLOV, OTMOS GTN POUTOTIKY|, GTO, GUGTHLATO TAOYNONG
KO GTIG adpaveLakég povadeg pétpnong (IMU).
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To cupumAnpopatikd eidtpo Asttovpyet cuvovalovtag Tig £060VG 0V0 asOnTNPwV: EVOS e LYNAO
pLOud evnuépmong aAAd gvaicOntov oto BOpvPo (). EMTAYVVCIOUETPO) Kol EVOG GAAOL LE
YopmAdTEPO PLOUO evUEP®ONG OAAG peyoluTepN akpifetla (TT.). YVPOOKOTLO). ZuvovalovTag Tig
€€000VE QVTMOV TOV USONTHP®V YPNCUOTOLDOVTOS KOTAAANAO GIATPAPIGUO, TO GUUTATPOUUTIKO
QIATPO umopel va TapEyel o To akpPn Kot 1oyvpn eKTiunon tov embountod peyéovg, OTmMS o

TPOGAVATOAMOUOG 1) 1) OE0™ EVOG AVTIKEEVOU.

2uvN0mC, TO EMTAYVVGIOUETPO TOAPEYEL LD EKTIUNOT TOL S1OVOGUATOS BapTnTag, N ool umopel
va xpNolpomoinel yio Tov Tpocoloptopd TG KAIGNE 1 TOV TPOGAVATOAMGHOD EVOG OVTIKEILEVOL
oe oyéomn pe ) Papvnta Mg Img. And v dAAN TAEVPA, TO YUPOOKOTIO UETPE TN YMOVIOKN
ToyvTNTO TOL  ovTikewévov. To ocvpuminpopatikd @iAtpo covvovdlel T OVO HETPNOELS
epapuolovrag £va Pabumepatd GIATPo 6To dEGOUEVE TOL YUPOCSKOTIOL Kol EVOL VYITEPOTO PIATPO
OoT0L OEOOUEVO TOV  EMTOYVVGLOUETPOV. XTI OCULVEYEW, TO QIATPOPICUEVE OEOOUEVO TOV
YUPOGKOTIOL OAOKANPMOVOVTOL UE TNV TAPOOO TOL ¥POVOL Yol va AneOel o extiynon tov
TPOGOVOTOAGHOV TOV OVTIKEWWEVOD. Tol SEGOUEVO TOV EMLTAYVVGIOUETPOV TOV GIATPAPOVTOL LLE
VYIEPATO QIATPO YPNGLOTOLOVVTOL Yio TN dOpOBwomn TG HeTATOTIoNS Kot Tov Bopvfov oTig

LETPNGELS TOV YUPOGKOTIOV.

O oaAy6piOuog TOL CUUTANPOUATIKOD OIATPOV EKUETAALEDETOL TO TAEOVEKTHUOTO KAOE
acOnTpa: TV oTOKPLoT VYNANG GLYVOTNTAG TOV YUPOGKOTIOL Yo BpoyvutpOfeces LeTpNoELg
Kol TNV oKPiBED TOL EMTAYVVGIOUETPOL Y10 LOKPOTTPODesES peTprioels. Me tov KaTAAANAO
GUVTOVIGHO TOV TOPAUETPOV PIATPOUPICUATOS KoL TOV GLVOLOGHOD HETAED TV ££60®V TV 600
Ao POV, T0 CLUTANPOUATIKO OIATpO pmopel va moapéyel axpiéotepn Kot otabepdTepn

extiunomn tov embountov peyébovg oe oxéon e T ypnom Lovo evog achntnpa.

A&iler va onuelwbel 611 evd T0 GLUTANPOUOTIKO EIATPO umopel va PeATidosl v axpifeta g
extiumong, umopei va unv e€okeiyet OAa To GPAALATO 1] VL UV Tap€xeL amoAvTn akpifela o OAeg
TIc mepmtmoels. [lapdyovieg 6nmc o 06pvog Tov GONTNPO, TO CLGTNUATIKE GPAALATO, Ol 1N
YPOUUIKOTNTES Kot Ol TEPPUAAOVTIKEG CLUVONKES LITOPOVV OKOUO VO ETNPEAGOLY TI] GUVOAIKY|
amodoon. Emopévmg, avdioyo He TIG CUYKEKPIUEVES OTOUTNHOELS TNG EPAPLOYNG, EVOEYETOL VO
amotovvtol TPocheteg TEXVIKEG M HEBOSOL GLYYDVELONG AGHNTNPOV Y TNV EMITELEN

VYNAOTEP®V EMTEOWMV OKPIPEIOG KOl EVPOCTING.
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Ot e&lomoelg Tov akoAovhovv TapovS1dlovV pia OTTAY EPAPLOYT EVOS CLUTATP®UATIKOD GIATPOV

Y10 VO YOPOOKOTLO KO VO EMLTOYVVGLOUETPO:
0=0a0,+(1—a)b,, (3.13)

6mov 0 elvat 0 TPOGUVATOMGLOG TOL TPOKVTTEL OO TNV EKTIUNGT TOVL YVPOSKOTIOV, Ounm £ival O
TPOGAVOUTOMGHOC TOV TPOKVATEL OO TNV EKTIHUNGCT TOV EMLTAYVVCIOUETPOV KOL TO HOYVITOUETPO

Kot @ givat To KEPAOG Tov eidTpov [41].

3.3.2 ®iktpa Kalman

To @iAtpo Kalman givan évag e&edikevpévog ektiuntg Bayes yio dtokpttd ypoppkd GusTiHoTa.
AopBaver veoym 11 afefardTnTeg TOV PETPNCEMY KOl TOV HOVIEAOL TOL GUGTHUOTOS Yo VO
EKTIUNOEL TNV TPAYUATIKY Katdotaon tov cvotiuatog [42]. To ¢iktpo Kalman gival dwaitepa
OTOTEAECUATIKO GE TEPIMTMOELG OOV VILAPYOLV YPOUUUKES OYEGELS LETAED TOV LETPHGEMY KL TNG
KOTAGTOONG TOL GLGTHLATOG KOt 0 BOPLPOC elval YKAOLGLOVOS. TNV TEPITTOON UM YPOUUKOV
cvotpdtv, Exovv avarntuydel enektdoelg Tov eidtpov Kalman, 6nwg to Extended Kalman filter

(EKF) kot to Unscented Kalman filter, Ta omoia 6o meprypdyovpe avaAvTikdteEpO 0TI GLUVEKELD

[42].

O «xvprog otdyog evog ¢oidtpov Kalman (KF) eivar m gloyiotomoinon tov KOGTOLG piog
TETPAYOVIKT] GUVAPTNOT] TOL TPAYLATIKOD A0VOAVOV YDPOL Kol TOL EKTILMOUEVOL Ydpov [S].
[Tpoxertanr yioo éva avadpopikd @iATpo kol Aeltovpyel e VO OTAdSN: TO «YPOVIKO GTAOL0
EVIUEPMOOTG» 1 «GTASI0 TPOPAEYNCH KOl TO «OTASI0 eVUEP®ONG LETPNONS» N «O10pBwongy. Ot
e€lomoelg ypovikng evnuépmwong oto @idtpo Kalman sivon vmevBuveg yuoo v extiunon g
TPEYOLCOG KATACTAONG KoL TNG GLVOLNKOUOVONG CGPAAUATOS HE OKOTMO TNV TPOPAeyn twv
HUEALOVTIKOV EKTIUNGE®V 6T0 €mdpevo Prpa. [IpoPdAlovy Tig EKTIUNGES UTPOGTAE GTO YPOVO LE
Baon tn duvapukn Tov GLOTAUATOS. ATO TV GAAN TAELPd, Ol €EI0ADGELS evnUEP®ONG Eival
VIEVBLVES Yo TNV EVOOUATOON VE®V UETPNOEWV OTIG TpoPArenodueves extiunoels. [lapéyovv
avaTPOPOSOTNON PBEATIOVOVTIOG TIC OPYIKEG EKTIUNCELS YO, VO OITOKTHOOLV TO OKPPEic Kot

EKAEMTUGLEVEG EKTIUNGELS, YVOOTEG WG a posteriori ektiunoelg [43].
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‘Eva ypappikd cvomnuo 01oKpitov ¥povoy G CTOYAUCTIKNG dtadikaciog propel va meptypapet

YPNOLUOTOIDVTAS TO 0KOAOVOO GUVOAD EEICMCEMY SLOPOPDV:

Xk4+1 = Akxk + Bkuk + wy (314‘)

Zky+1 = Hkxk + (%% (315)

Onov x;, eivarl 10 dAVLGUO TNG KOTACTOONS TOV GLOTHUATOC, Ay €ivon o mivakag petapaong
KOTOOTAONG, U, €lval TO dtdvocua €AEYYOL-E1GOO0V TOL GLOTNUOTOG, By €ival 10 poviéAo
EAEYYOV-E1GOO0V TOV GLOTNUOTOC, Zj EIVOL Hio LETPNON 1) TAPATHPNON TOV GVGTHIATOG, H), elvan
TO HoVTéAO Tapatnpnong [44].

O tuyoieg petafAntég wy, Kot vy, avtimpos®mrevovy to B0pvfo g dtadikaciog Kot To B6pvfo tng
pétpnong avtiotoyyo. Avtéc ot petafintég BopvBov Bewpovvrar aveldptnteg Heta&d TOVG Kot

aKoAovBohv Kavovikn Katavoun [42].

wi~ N(0,0) (3.16)

v~ N(0,R) (3.17)

O1 e&lomoelg tov eiktpov Kalman yio to ypoppukd cvotua eivol ot akdAovbeg:

[TpoPrenduevn (a priori) ektipnon g Xes1 = AxXp + Bruy (3.18)
KATAGTOONG

[TpoPArendpevn (a priori) extipunon g P, = AP AL +0Q (3.19)
GUVOLUKVLLOVOTG
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Bé\tioto képdog Kalman Kys1 = Pppy HI (H Prp HY + R)™1 (3.20)

Evnuepouévn  (ek 1oV votépov) Rr1 = Xiepr + Kir1 (Zrsr — Hi Xy 1) (3.21)

EKTIUNOM NG KOTAGTOONG

[TpoPrenduevn (a priori) ektipnon g Pri1 = (I — Kypq1Hi) Py (3.22)

KOTAOTOOMNG

Omnov E[x;] = & ko E[(x, — &) (x — £,)7] = Py,

[Mopatpovtag tpocektikdtepa to kEPdog Kalman, eivar gppovég 6Tt Kabmdg 11 cuvolaKOLOVOT
TOV 6QAApaTog pETpnong R minctalel to undév, 1o @idtpo ctobuilelt to vworowmo (Zx4q —

Hj, %)41) Papotepa. [To ovykekpuéva,

Aim K = Hi! (3.23)

Avtifeta, kabdG 1 GLVOLKOUOVGT COAALATOS P TG €K TV TPOTEPMOV EKTIUNONG TANGLALEL TO

unoév, to képdog Kalman amodidel pikpdtepn Paputnta 6To DVTOAOITO. ZVYKEKPIUEVAL,

lim K, =0 (3.24)
(P~ 0)

Evalloktikd, 1 otaOuon pe K pmopel va yivel katavont og e&ng: kabmg 1 cuvolokdLaver| Tov

oQAOALOTOC pETpNoNG Telvel TPOG TO UNOEV, 1 TMPAYUOTIKY] UHETPNON OMOKTO HEYOADTEPN
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EUMLOTOCLVT] Kol a&loTIoTio, EVO 1 TPOPAETOUEVN LETPMOT ATOKTA LUKPOTEPT). AvTioTpopa, dTav
1 GLVOLUKVLAVOT] CPAALATOC TG EK TOV TPOTEPMV EKTIUNONEC TANGLALEL TO UNOEV, 1| TPOLYLLOTIKN
HETPNOT OOKTA HUKPOTEPT] EUTIGTOGVVI Kol 0EIOTIOTIO, EVD 1) TPOPAETOUEVN LETPNON OTOKTA

peyoAvtepn [22], [32].

N

Time Update Measurement Update
(“Predict’™) (“Comect”™)

N

Figure 3.5 The discrete Kalman filter cycle [32]

3.3.3  Awvpopévo giktpo Kalman (EKF)

To devpopévo eidtpo Kalman (Extended Kalman Filter - EKF) eivon puo enéktaon tov @iltpov
Kalman mov pmopel vo a&romomnBel oe un ypopupkd cvotipata. Ipoppuxkonotel T SUVOIKES
e€10MOELG TOV GLOTNUATOG YPNOLUOTOLDVTOG M TPocEyylon oelpds Taylor mpmdtng TdENG Kot
epopuolovroc T e€lowoelg tov @idtpov Kalman yio v extiynon ¢ koTdotOoong Tov
ocvotuatos. To EKF ypnoylonoteiton evpémc oe pn ypoppkd cuotiuato, OrTme 6Tny TEPITTOoN

NG GLYYDOVELONS Ao TPV ToL TEPLOUPAvoLY payvnTopetpa 1| petprioelg GNSS.

To extipopeva dtovdcpate KOTAoTOoNS Kol HETPNoNGg yopoktnpilovior amd TG TLUKVOTNTEG
TOOVOTNTAG TOVG, 01 0TOoieg TPOocdlopilovTan e T ¥PNOT KNG U1 YPOUUIKAG GUVAPTNONG Yo TN
HEOM TN Kol TNV KAMUOK®OOT TNG TLTIKNG OTOKAIONG TNG EKTIUAUEVNG KOTACTOONG LE Lo
ypapukn cvvéptnon. Opoing pe to amhd eiktpo Kalman, to EKF AapBdaver vidyn v napovsio
BopOPov 010 cHoTNUa[42]. Q¢ amOTELEGHO, Ol OPYIKEG UM YPOUUIKES EEICMOELS Y10 TO GVGTNUOL

HETOTPEMOVTOL GTO AKOAOVOO GVUVOAO EEICMGEMV:
X1 = f Xk, Uy, Wi) (3.25)
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Zy = h(xy, ug, ) (3.26)

O1 e&omoeig EKF yo to pun ypoppikd chotua eivar ot akdiovdeg [32]:

[TpoPienduevn (a priori) ektipnon g Xr1 = (X, ug, 0) (3.27)
KOTAOTOOMNG

[IpoPrendpevn (a priori) extipnon g Pr1 = AP AL + W oWl (3.28)
GUVOLUKOLLOVOTG

Bé\tioto képdog Kalman Kyy1 = Ppyqy HI (H Py HY + ViR VI)™L (3.29)
Evnuepopévn (k. 10V voT1épmV) Xps1 = Xppq + Kies1 (241 — h(X51,0))  (3.30)

EKTIUNOM NG KOTAGTOONG

Evnuepwpévn (a posteriori) extipnon Pri1 = (I — Kypq1 Hi) Py (3.31)

NG CLVILOKOLOVONG

Omov A eivar 1 lakoBlovi pRTpa LEPIK®V TAPAYDY®V TNG f ¢ TPOG X,

M
Afj) = ﬁ(xk,uk,o) (3.32)

W givar 1 laxoBlovy pqtpa tov pepikov tapaydyov g f g tpog w,

w, = i (e, Uy, 0) (3.33)
[i,j] — aW[}'] Xk Uk, .
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H eivon ) lokoBrovi ptpo Tov Heptk®dv Tapay®ywy tov h wg Tpog X,

w o= QM e 0) (3.34)

V etvar 1 lokoBovi pnTpo TV HEPIKMV TOPAyDY®V 700 A ¢ TPOG v,

Ohyy _
Vi) = _av[;] e, 0) (3.35)

o éva ocvomupa INS, pia ocvviOng viomonon tov EKF agopd to mapaxdto odidvoouo

kotdotaong [31]:

xx=[9 ¢ 92 g3 b9 b9, b95]" (3.36)

Omov q &ival to quaternion Tov TPOCAVATOMOUOD TG GLOKEVNG Kol b9 gival To. GLGTNUATIKA
o@AApaTO TOV Yupookoniov. Enedn 1o yupookdmio amoterel Tov mo gvaicOnto aicOntmpa dcov
APOPA TO GLGTNUATIKO GOAAL Kol TNV 6TAOEPOTNTA TOV, LE TNV TOPAKATO VAOTO 0T oLEAvETL
oNUOVTIKA M oamddoon g ovokevng INS ywpic va avédvetor 1dloitepa 1 VTOAOYIGTIKTY

TOAVTAOKOTNTO TOV EEICMCEMV NG,

O1 e&lomaoelg Tov GLGTHHOTOC diveTon TapakdTo [31]:

1
G =5S(w-b9)q

—15 15 b9
=3 (w)CI-E (b9)q

0 -w; —w; —w3][q 0 -—-b9, —-b9, -b9311q,
_ 1 w1 0 w3 —Wy q1 1 bgl 0 bg3 _bgz 0.
" 2|lw, —w3; 0O w; |92 +§ b9, —h9, 0 b9, ||a (3.37)
w3 wp —wp 0 114 b9; b9, —b9, 0 q3
Yie = Cxi



S Rl P | P (3.38)

OToV:
—q2 43 —qo 1
C,=-—-2 [ q1 do qs QZ] (3.39)
Qo —q1 —92 gzl
Kt
qs 42 q1 Qo
Con = —2[ 9 —91 92 —qgl (3.40)
—q1 —49 493 42 1

3.3.4  AxaB6pioto @idtpo Kalman (UKF)

To akaBopioto @idtpo Kalman (Unscented Kalman Filter - UKF) eivoan pio mapoaAiioyn tov
¢iAtpov Kalman mov avtyetoniler toug mepropiopovc tov EKF 6to yepiopd pn ypoppikov
cuoTNUATOV. Avti TG YPOUUKOTOINoNG TOL GLOTAHOTOS Kot TV petpnoemv, to UKF
YPNOYLOTOLEL [0 VIETEPUIVIOTIKN TEYVIKT] OEtyportoinyiog mov ovopdaletal Unscented Transform
Yy TN 01000 NG MEOTG TIUNG KOl TG GLVOLAKVUOVONG TNG KOTACTAONG HLEGM U1 YPOUUKOV

cuvaptioewv [32].

To UKF emAéyet évo 6hHvOLO aVTITPOGOTEVTIKAOV GNUEIWV GIYLO TTOV ATOTLTMVOLY T UECT TN
KOl T1) GLVOLOKVUAVOT) TG KATOVOUNG TNG KOTAoToons. Avtd ta onueio olypo petacynuatifovrol
OTN GLVEYELD LEGM TOV U1 YPOUUIKDOV GUVOPTHCEDV Y10 TNV EKTIUNGN TG TPOPAETOUEVNG LEOTG
TING Kot cuvolakvpovons. Ta petaoynuatiopéva onpeia avtd otadpifovrot yio va Anedei vdoym
N afePordonto Kot drdidovial HEGM TG cLVAPTNONG HETPNONGS Yot Vo ANeOel 1 TpoPAremopevn

HEGT TIUN KOt 1] CLVIIOKOLOVGT LETPNONG.

Ot extipnoelg ¢ mpoPAENTOUEVNG KATAOTOONG KOU TOV UETPNGE®V cvvovdlovtol HE TIg
TPOYUATIKEG LETPNOELS LE TN PN oM ToL KEpdovg Kalman, mapopota pe to tomikd ¢idtpo Kalman.

To UKF evmuepodvel emovoAnmTikd TNy €KTiUMon NG KOTAoTOoNG KOl T GLVOLUKOUOVGT
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EVOOUOTMOVOVTOG VEEG LETPNOELS, TAPAYOVTAG PBEATIOUEVEG EKTIUNGELS TOL AauBdvovy voyn

1660 10 B6pLPOo ¢ dradikaciag 6co kot To BOpVPO TV LETPICEWV.

To UKF mpocoépet Bertiopévn anddoon oe ovykpion pe 1o EKF oto yepiopd pn ypoppuikov
CLOTNUATOV, KOODC OomoPEVYEL TO GPAAUATO TOV €0ayel 1 ypappikonoinon. Ilapéyet
aKPIPESTEPEG EKTIUNOELS KATAGTAONG Kol KOADTEPT ekTipnomn ¢ afefatdotntog, kabioTtdvTog To

KATAAANAO Vi £va €0PV PACHLO EPOPLOYDV OOV VITAPYOLV LT YPOLLUKOTITEG.

[Tapatnpnon:

H mapovoa dwatpipn dev avariel ektevirg to UKF Adym TV VToAOYIGTIKAOV OmITNGEDV KOl TOV
TEPLOPIC UMV TOV KOTE TNV EQPAPLOYN G€ EVoOUOTOUEVO cvothuata. H mapovoa epyacio eotidlet
Kuplmg 6€ eVOALOKTIKOVS aAyopiBpove, mov epapuolovTol 6€ GLGTHUATO TPAYLATIKOD XPOVO Kot
TEPLOPICUEVAOV VTOAOYIOTIK®V TTOpwV. EvBapphvovpe Toug £volopepOIeEVOVS OVAYyVAOOTES VoL
e€epevvioovy v extetapévn Piproypapio oxetikd pe to UKF yio po olokAnpopévn

KOTOVONOT) TOV TAEOVEKTNUATOV KOl EQAPLLOYDV TOV.

3.3.5 ®iktpo Madgwick

To @iitpo Madgwick eivor évag aAdydpiBuog cvyydvevong owsOntipwv mov ypnoyLonoteitol
oLVNO®G Yol TNV EKTIUNGT TOV TPOGOVAUTOAGHOD EVOC AVTIKELEVOD YPTCILOTOUDVTOS OEOOUEVOL
amd  adOPOVENKOVG oucONpPeg amd  EMTAYLVOIOUETPO, YVPOOKOMOL KOl  HOyVNTOUETPO.
Avantoyfnke amd tov Sebastian Madgwick kot givor yvootdg yuoo v amAdtnto Kot Tnv
OTOTEAECUATIKOTNTA TOV, YEYOVOG TOL TOV KOOIGTO KATOAANAO Y10 EQPOPUOYES TPOYUOTIKOV
YPOVOL, OTMG 1 TopaKoAovLONoN Kivnong o€ POPNTEG CLGKEVEG, 1| POUTOTIKN KOl 1 EIKOVIKT

TPOLYLOTIKOTNTAL.

To o@idtpo Madgwick ypnoiomotel évav aptBuntikd aiyopifuo yio ) PeAtictomoinomn g
EKTIUNONG TOV TPOGUVATOAITUOD EAYIGTOTOIDOVTAG TO GPAALN UETOED TWV TPOPAETOUEV®V Kl
TOV UETPOVUEVDV dedopévav aoOntpa. Aapavel vmoyn TiG HETPNOES TOV aucOntipa, To
YOPOKTNPLOTIKA BopOPov TOL CoONTAPE Kol TIC WOOTNTEG TOL OAYOPiOUOL GLYYOVELONG

a1sONTNPOV Y10 TOV VTOAOYIGHO TG AKPPESTEPNG EKTIUNGNG TOV TPOGAVATOAGLLOV.

Eivar onpavtikd va onpetodei 011 10 piktpo Madgwick npodmobétel otatikd poyvntikd medio kot
HKPEG YOVIOKES TaXDTNTES, KOOIGTOVTOS TO KATOAANAOTEPO Yo EQUPUOYEG OOV 1) Kivnom Tov

OVTIKELEVOL €IVl GYETIKA apyn M TO HayvnTikd medio elval oyeTiKd otabepd. Xe ceviplo Ue
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VYNAOVG YoViakoOg puOuove peTafoing 1 dSuvapikd poyvnTikd media, evailoktikol aAyopiOpot

OLYYOVELONG ACONTP®V UTopel va vl KATAAANAOTEPOL.

To @idtpo Madgwick €yxet kepdioel SNUOTIKOTNTA Y1l TNV OTAOTNTA TOV, TIG YOUUNAEG VTTOAOYICTIKEG
OTOUTIOELS TOV KO TNV OMOTEAECUATIKOTITA TOL GTNV EKTIUNGN TOL TPOGAVATOMGHOV. Q20THG0,
etvat onpovtiKo vo Kotovonfovv ot TEPLoPIGHOTL TOV Kot Ol IO0UTEPEG OMALTIGELG TOV TPOTOV AVTO

a&lomomOei og kKdmola epapproy.

>t0 oyfuo mov mapoatiBeton, mapovotdletanr Saypappatikd to @iltpo Madgwick yuo o
ovotoyio awoOnmpov MARG(payvnTOUETPO, EMTOYVVGIOUETPO Kot Yupookomo). [a pia
Aemtopepn] LoOMUOTIK) TTEPLYpOen Kot EEY®YN TOL QOIATPOV, GUVIGTATOL 1] LEAETN TNG OPYIKNG
epyaciog tov Madgwick [45], [46].

g s Fox 5 e
Fal PV S L o PTRS | 1‘7

Magnetometer “siy
Aceelerometer S a, —H

/.r.f.r o 7 PR M T -
o Il
v

Gyroseape Sw, ﬁz‘ '.T\:_l'".-\.'.r- 3 S,

Figure 3.6 Madgwick algorithm block diagram for a MARG sensor array [45]
311 ouvEKELD, aKOAOLOEL Lo GOVTOUN EMOKOTNON TOV aAyopifov 6T YEVIKT TOL popen [46]:

O ot6Y0g TOV aAyopiBuov givan 1 elayioTomoinom ¢ cuvdptong f ( 5q, Ed, 53 ) 7ov divetan

TOPOUKAT®:

min f(34, Ed, 5%) (3.36)
g(je]R{“
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f(33.%d,%)=34"® fd ® 34 — 3 (3.37)

g‘? =[q @1 92 q3] (3.38)
fd =[0 d, d, d,] (3.39)
5% =0 s, s, ;] (3.40)

Omnov 3§ 0 mpocuvaToMopdg evog aednTipa 6to mAaicto g I'ng oe oyéon pe 10 TAAIGIO TOV
aweOntipa, £d 1o Sibvuopa avagopdc mov petpd o oedntipac oto mhaico ™ I'ng kou 8

HETPN oM TOL acHN TP 6TO TAAIGLO TOL oGO T PO.

21 ovvEéyela, vtoloyicovpe pe faon Tov aiyopBuo gradient descent yio va vTOAOYIGOVUE TO VEO

TPOGOVATOMGHO TOV cuGONTHPA 3Gk+1 [46]:

Y Eqa, Ss

SGre1 = 34 f(Ex — S) k=012..n (3.41)
||f(Eqki d)

V(8. Bd, °8) = J"(3ax , "d ) f(§ax , °d, °8) (3.42)

Omov [46]:
- 1 2 2 -
2.dy (E —qz — Q3> + 2dy(qe9q3 + 9192) +2d,(q193 — 90q2) — S«
R 1
f(ak, ®d, %8 ) = | 2dy(q192 — qoqs) + 2dy (E - qf - q%) +2d,(qoq1 + 9293) — 5y
1
i 2dy(q0q2 + g1 93) + 2 dy(CIz% + qoq1) +2d, (E —-qi — q%) — Sz]
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](qu,Ed):

Zdqu - 2dzq2 Zdyqz + 2d2q3 _4dxq2 + Zdyql - Zdz% _4dxq3 + Zdy% + Zdqu
= _de‘h + Zdqu deQZ - 4dyQ1 + Zdz% dech + 2sz3 _de% - 4dyqz3 + 2dzqz
deqz - Zdyql deqB - Zdy% - 4'dqu de% + Zdqu - 4'dzqz deql + Zdy‘h

Emumléov, 1 BEATIOTN T TOV [ OV EYYVATAL T GOYKAIGT TOV 3Gk4q OIVETAL GO TNV TAPAKATOD

elowon:
e = a||ldwrl|dt, @ >1 (3.45)

Telkd, Yy HlO0 CLOKELN] MOV QEPEL  EMTAYVVGIOUETPO, YVPOOKOMIO KOL LOYyVNTOUETPO,

€PapprolovTag To TOPATAV® TPOKVTTEL N KATwOL e&lowon:

0o (Qi-1, Eb)fyp(Qk-r, *a, b, Sm)
1755 (@e=1, b ) fyp (=1, S, Fb, Sm )|

gqest,k = gaest,k + (ng,k - B ) At (3-46)

3.3.6 ®iktpo Mahony

To @iAtpo Mahony eivat évag akopo ahydopiOpoc cuyy®vevons acOnNTp®V Tov YpNCIoToLEiTaL
YO TNV EKTIUNOT) TOL TPOGOVATOAGUOD VOGS AVTIKEIEVOL LE Baomn dedopéva amd adpaveloakong
acOnmpec. [Hopdpota pe To pidtpo Tov Madgwick, to @iltpo Mahony GToygvEl 6TO GLVOLAGHO
HETPNCEMV OO EMITOYVVOIOUETPO KOl YUPOOKOTIOL YO VO TopEXEL akpPn eKTiunom Tov

TPOGAVATOMGHOV TOV avTikelEvoy [47]-[52].

To @iAtpo Mahony eivor pior evOAAQKTIKY) ADGT Y10, TO TO OTOLTNTIKO GE VIOAOYIGLOVG PIATPO
Kalman kot mpoc@épel pio omoTeAECUOTIKT ADOT YO0 TV €VPECT TOL TPOCHVATOAMGLOV GE
Tpayratikéd xpovo. Evoopatovetl Eva un ypopuputkd COUTANP®OUATIKO GIATPO TOV YPNCLUOTOLET Hia
TETPOYOVIKY] OVATOPAGTACT) TOV TPOCHVOTOAIGHOD Ylo. TNV EKTEAECT] TNG GLYYMDVEVLOTG

acOnmpov.

To piAtpo Mahony Aapfavet vTOYN TIG LETPNGELS TOV YUPOGKOTIOV Y10l VO EKTIUTGEL TNV OAAOYT
TOV TPOCHVOTOAMGHOV HE TNV TAPOSO TOL ¥POVOL KOl GTI GLVEYEW GLVOLALEL OVTEG TIG

TANPOQOPIEC e TIG UETPNOELS TOL EMITOYVVGIOUETPOV YO VO PEATIOCEL TNV EKTIUNGN TOV
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TPOGAVATOMGUOV. XPNOIUOTOIMVTOS L0 TPOGEYYIGT CUUTANPOUATIKOD @IATpov, TO QIATPO
Mahony cuvovalel To. TAEOVEKTNLOTA KO T®V OVO oeONTNpOV, VA HETPLALEL OPIGUEVOLS OO

TOVG TTEPLOPIGLOVG KOl TO COAALOTO TOV GyeTilovTan e KABe TOTO ausOntipa.

Eivot onpovtikd va onueiwdet 6t to gidtpo Mahony, 6mtmg kot to @idtpo Madgwick, mpotimofétet
oplopéveg cuvONKeg, OMWG OTOTIKO HOYVNTIKO TESIO KOl GYETIKA OPYOLS YMOVIONKOLS PLOLOVS
petafoing. Qg ek To0TOV, N AMOOOCT TOL UTOPEl VO EANPENCTEL GE GEVAPLO LE YPNYOPES M|

OTOTOUES KIVIGEIS 1] VIO TNV TAPOVGIN SLVOLK®V LOYVNTIKOV TEOTWV.

To ¢iAtpo Mahony eivor gupéwg yvooTd Yo TV amAdTNTO Kol TV OTOTEAESUOTIKOTNTO TOV,
YEYOVOG TOL TO KOOIGTO KOTAAANAO Ylo GLUGTNUOTO WE TEPLOPIOUEVOLG TOPOLS, OTMG TO
EVOOUUTOUEVO CLOTHHOTO. 26TOGO, elval onuavTikd vo aSloAoyndel  amdd061| TOV 6TO TAAICLO
NG EKAGTOTE EQUPUOYNG Kot Vo ANPOovY vtoyn Tapdyovies Onme o 06pvfoc tov actnmpwv, n
Babupovounon kot ot TepParloviikég cLVONKES, MOTE Vo S1GPAMOTEL 1 aKPIPG EKTIUNOT TOV

TPOGAVOTOAGLOV.

O1 e&omoelg yuo o apyikd eiltpo Mahony &ivat ot axdAovBeg [S1] :

Apykd vtoAoyilovpe TO TPOTEWVOUEVO GPAALO TPOGOVOTOMGHOD YPNGILOTOIDOVTAG TO SLAVUGLOL
BapvuTnTtog v Tov TPOKHATEL KOl TO LETPOVUEVO O1AVLGHO ETAYVVONG a [S1]:
2(49193 = 9092)

V(Eg(AIest,k) = 2(q0q1 + q3)
(96 — a7 — 45 +q3

€t+1 = S;t+1 X V(28est k)
€ k+1 = € ) T €At
21 ovvéyelo eQaprOlovUE 1) LETPOVUEVT] YOVIOKN TaxDTNTo @ o€ évay ket PI [51]:
ka+1 = S‘Uk+1 + Kpepi1 +Kiejpiq

Téhog, vmoroyilovpe ToV TPOGAVATOAIGUO 0AOKANpOVOVTAS TOV pLOUO petafoAng [S1]:
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. 1 ~
gqest,k = quest,k X [0, ka+1]T

S _ S~ S .
ECIest,k - qust,k + qust,kAt
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4 YyedloonOg ZVGTHUOTOS

4.1 ApyteKTOVIKT] GLGTNHOTOG

H apytrektovikn tov mpotetvopevov cuotnuatog adpovelakng taorynong (INS) amoteieitar and
dwpopa.  otoryeicn mov cvvepydlovrar Yoo va  mwopEyovv  okpiPn  extiunon Béong ko
TpocavatoAopoV. Ta Pacikd otolyeio TOL CLOTHUOTOS TEPIAAUPAVOLY £VOV LUKPOEAEYKTY|
(MCU), éva emrayvuvoldpetpo 3 a&dvmv, Eva yopookdmio 3 a&ovav, Eva pLoyvntopetpo 3 afovav,

évav aoOnmpa Papopetpikng wieong kot po povado GNSS.

Q
Y \00 GNSS Data

3-Axis Accel
pALmann » Position
& :
( ] - fp —— > Velocity
— 45k
YRUUES > Attitude
3-Axis Gyro Computation Device
3-Axis Mag

Figure 4.1 Implemented INS architecture [28]

4.1.1  Apy1teKToviKn KUKADUOTOS TPOPOd0Giag

To cvomua £xel oyediaotel yio va tpopodoteital pe thoelg Eog 60V. o v Tpocappoyn avtov
ToL €VPOVE TAONG, Ypnolpomoleitar €vag ovyypovoc petatponéag DC/DC buck yw tov
vroPifacpd ¢ thong oto amortovpevo emimedo. o va eéacpaliotel kabBapn kot otabepn
TPOPOJ0Gia, T0 cVLOTNUO AEOTOLEL (o GEPA amd ovaloyikd Gidtpa, by[ass TukvmTEG Kot 600
Eexmplotovg ereyktég thong (Low-dropout LDO Regulator) yio to @iktpdpicpa g téong. Ta
AVOAOYIKE PIATPO KOl O1 TUKVMTEG YPNOLUOTOL0VVTOL Yo TNV €E0UAAVVOT TUYXOV SLUKVUAVGE®DY
™G Tpopodociog 1 Bopvov ce avty, evd ot puBuiotég LDO Bonbovv otn pvbuon g téomng Kot
napéyovv kabapn kot xaunin oe 06pvfo tpopodocia oty MCU kat tovg oicOntmpeg.
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11T 1)

——Cin ‘{ Q2 — — Cout % Rload

T3T

Figure 4.2 Synchronous DC/DC buck converter circuit

H mpotevdpevn apyltekTovikn Tpo@odociag EVOMUATMOVEL S1APOPOVS UNYAVICUOVS TPOCTUGIOG
Y. Vo Sl0cQOAIcEL TNV 0EIOMOTIO KOL TNV OGQPAAELL TOV GUGTHUATOG. AVTOl Ol pNYAVIcHOl
neptlopfavovy Tpootacio omd nAektpoostatikn ekoption (ESD), and vréptaom, tpoctacia and

VIEPEVTOOT KO OO VAGTPOPT TAGN.

LDO |$ Analog Loads

DC Input DC/DC

DC Power :> Protection IDCI}]?,(I: Buck 5 DC/I;_?]
Circuit nput Tiler T utput Filter

LDO |:> Digital Loads

Figure 4.3 Proposed power supply architecture

Apyikd, n xpnon pog dvdov ESD elvan {otikng onpaciog yo v poctacio TG TpoQodociog
amd MAeKTpooToTKEG eKQopT®doel;. Ot dlodor ESD éyovv oyedwootel yioo va ektpémovv ta
peTafatikd QovOUEVE LYNANG TAONG, TOV TPOKOAOVVTOL OO GTATIKO MAEKTPIGUO Kol GAAES
mmyEG, pokpld omd ta evaictnta eoptpato Tpootatehoviag To. Me TV EVOOUATOON UI0G
dtvoov ESD, to cvotnua kobictatal mo avOekTikd 68 NAEKTPOCTATIKEG EKPOPTICELS, LEUDVOVTOG

TOV OTLLOVTIKA TOV Kivouvo BAGPTNG.
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EmnAéov, éva tpaviictop p-kavaiiov (PMOS) ypnowyomoleiton yioo TNV mpoctocio amd tnv
avdotpoen tdon eeddov. To tpaviictop PMOS Aettovpyel og d10KOTTNG TOL €ivol KOvoviKd
KAEIOTOG, EMITPEMOVIOG TN PON PEVUATOG Tpog TNV embounty kotevbvvon. Qotdco, &qv
epappootel avtiotpoen tdomn, 1o Tpaviictop PMOS avoiyet, epmodilovtag to avtioTpopo pedpa
va. TpokaAEcEL (U 6TO KUKA®UO TPOPOJOCioG Kol oTo LVTOAOWTO KLUKAMUATH. AVTOG O
UNYOVIGUOG TPOGTAGING EIval 1310HTEPA CNUAVTIKOS GE TUYOV GOAALATA TOV UITOPEL VAL TPOKHYOLV

KOTO TN (P1OT TNS GLGKELNG.

EmnmAéov, po 6iodog Zener tomoBeteiton petald g mnyng kot tg moAng oo PMOS ya va
napéyxel mpootacio and vréptaocn. H olodog Zener Aettovpysi ®g puOUoTtig TAoMS TOL
amoTpémovtag TV vépPacn Tov £HPoVS acPAAOVS Aettovpyiag Tov kKukAduatog. [epropilovtag
TNV 140N o€ £va amodeKTO EMIMEDO, 1 01000G Zener d1acPUAlEL OTL TO KUKAMLLO TPOPOO0GIag Kot
To. eEQPTNUOTA TOL OEV VIOKEWVTOL GE VYNAEG TACELS, Ol 0Toieg O1aPOPETIKA B umopovcav va

00MnyNoovv o€ PAGRN TOL GLGTALATOG.

Vin Q1

LiI
A
2

GND L

D2

Figure 4.4 Proposed power supply input protection circuit

EmnAéov, to oloxkAinpopévo kdxiouo DC/DC mov ypnoipomoleiton dtobétel mpootacio amd
vrepévtaon. Ewdwdtepa, €xel oxediootel yuoo voo eAEYYEL TO pedA TOL OloppPEEL TO KOKAMMLOL
TPOPOOOGING Kol VoL TO TEPLOPILEL AVTOUATA GE EVO ACPAUAES EMITEDO, EAV EVIOMIOTEL VIEPEVTAOT).
H mpootacia vrepévtaong eivor {otikng onuociog yo v amotpony] puoviung PAaPng oto

KOKAOUO TPOPOS0Giag, TV E0PTNUATOV TOV Kol TMV CLVOESEUEVOV GUCKELMV OO VITEPPOAIKA
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HEYAAO pevpa. Mg TNV EVOOUATOCN OUTOD TOL YOPUKTNPIOTIKOD GTO OAOKANPOUEVO KOKAMLOL
DC/DC, n 10 xOKAoMO TG TPOoPodociag eivor mALOV 1Kavd va dayelpileTon pe ac@Aieilo

JLPOPETIKG POPTIaL.

1]
REGULATOR

PEAK-LIMIT

RUNAWAY-LBAT

il

= o 4GH-SDE |
e | 3 |oRnvER |
7 CHIEN
1215%

I | I N =13 Lx

" |THLRP.M.GHUDQ~\NI | CSCLLATOR | 1

)

CONTROL LOGIC

MODE SELECT

SLOPE
sma
- FEERM o fow-sine |
TER |

............

3.135% FOR MAXTTS40A
475N FOR MAXITELIB
0558 FOR MAXT7EI0C

e
PN £

*RESSTORDMVIDER CHLY FOR MAX 175404, MAX1T6408 =

REFERENCE
SOFT-START

Figure 4.5 MAX176404AATA+ syncrhnous DC/DC block diagram[53]

4.1.2 Apyuektovikn MCU

H MCU Aertovpyei og eyképarog tov svothuatog INS. Eival vrehOvvn yua v enelepyosio tov
dedOUEVAOV a0 TOVS aloONTAPES, TNV VAOTOINGN TOV aAyopifumv cLYYOVELONG AGONTNPOV KoL
TOV €AEYY0 TNG GVVOAIKNG Aettovpyiag Tov cuotnuatog. To Tpotevdpevo cOGTNA YPNCIULOTTOLET
&vav 1oyvpo Kot amodoTikd pikpoedeykt) ARM mov dta6€tel 16yvpég VTOAOYIOTIKES SLUVOTOTNTES
KOl €vo €UPU QOGO TEPUPEPELOKDV, OTOPOITNTO YL TNV OTPOCKOTT EVCOUATOOT TOV

oM TP®V KL TNV OTOTEAEGLATIKY] ETKOVOVIK EVTOG TOV GLUGTHUATOC.
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[T ovykekpéva, ypnoyomombnke évag pkpoeheyktg STM32G4. Ot puKpoeAeyKTég NG
oepag STM32G t¢ STMicroelectronics TposEEPoLY pia 1oYLPN Kol €VEMKTN AVOM Yo
EPAPLOYEG EVOOUATOUEVOV cLOTNHATOV. Me Tov vynAng amddoons mtuprva ARM Cortex-M4, to
€VPH GUVOLO TEPLPEPEIKMDY KOl TN YOUNAY KOTOVAA®ONG EVEPYELNS TOV JLABETOVV, ATOTEAOVV
po amoteAecpatikn kol aSomotn Avon. H ovykekpiuévn oepd meprlapPdvel mponyuéveg
AVOAOYIKEG OLVOTOTNTES, YOPOKTINPIOTIKA AGPUAEING Kol TPOOTUCING Kol EXTMPEAEITOL amd Eval
OAOKANpOLEVO O1KooVOTNO avaATTVENG. H emextacipudmta Kot cupPatdtnTo pe GAAEG GEPES TG
ST wot 1 extetapévn vrootpién mov dabétel, kabiotd ™ oepd STM32G katdAAnAn yuo Eva
VPV PACHO EQOPUOYDOV Kol 1O10HTEPA ONUOPIAY] ETAOYN UETOED TMOV TPOYPUUUATIOTOV CE
KAAO0VG O®G TOL PLOPMYOVIKOD OVTOUOTIOUOD, TMV KOTOVOAOTIKOV NAEKTPOVIKOV Kol TOV

ovokevdv loT.

ATt sof

5
/

JTERAWELK TREEEH
JToaswe, 100 =

TRAC

TRACED{31)

A
Conexdié
170MHz s

:- R

G PO SR 110 KB

GROMAZ g cran ]

aPoMAt 6 Cran [

AHB BUSMATRECSM /75

EVDDA
e 45 !

GPIDPOATA

GPIOPORTE
POED) (> GPIOFORT

GPYO PORT D
150 =N
PEATY ceiopoRte K
PRI (o [~ e
pooat {0 [ crororTe

RIC AL
BKPREG

4 P AP,
ETR.BKNas F

AHEAPEZ | AHBIARE
—

PWRCTRL }:j
WTATCHOOG +::>

&) SBR| AN TH, SCK.
ML A CTS, RTS 25 AF

MOSI, MIS0, SCK
NSS as F

MEVEEETYE

Figure 4.6 STM32G4331 Block diagram [54]
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4.1.3 Apyurektovikn AtsOnmpov

ApyKa, €va EMTOYVVGLOUETPO YPNGULOTOLEITOL Y1aL TN HETPNOT TNG YPOUUIKNG EMTAYVVOTG KATA
puKog TPV aEovev (X, Y kot Z), Tpoo@EpovTag TOAVTILO SEGOUEVO GYETIKA e TNV Kivon TOV
OLOTAOTOG. AviyveDel aALaYEC GTNV TaYDTNTO, EMTPEMOVTOG TNV eKTiUNoN g 0éong Kot Tov

TPOGAVATOAGLOV [LE TNV TAPOSO TOV YPOVOV.

X
Direction of detectable
acceleration (top view)

Figure 4.7 3-Axis accelerometer

Ao TV GAAN TAELPAEL, TO YOPOOKOTIO LETPE TN YOVINKT TAXVTNTA TOL GLGTHLLOTOG YUP® OO TOVG
tpelg agoveg (X, Y kot Z). XKomd¢ Tov givar vo TopEyel TANPOPOPIES GYETIKA LLE TV TEPIOTPOPIKN
kivnon tov cvotiuatog otmv MCU. A&lomoidvtag ta dedopévo amd 1o yvpookomo, 1 MCU
umopel vo. EKTIUNGCEL TIG AALOYEG GTOV TPOCHVATOAGUO TOV GLGTHLOTOS HE TNV TAPOS0 TOL
xpovov. ' v Bedtioon ¢ axpifelog TG eKTIUNONG TOL TPOGAUVATOMGHOD, TA SEGOUEVO TOV

YUPOGKOTIOL GUYYWVEVOVTOL IE OEOOUEVA OO TO ETITAYVVGIOUETPO.

o)
4 Q-

Q-

Direction of detectable
angular rate (top view)

Figure 4.8 3-Axis gyroscope
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EmimAéov, 10 paryvnTOUETPO XPNOLOTTOLEITAL Y10 T HETPTOT) TOL HoryvnTiKoL ediov g I'mg katd
unKog tov Tpiov afovev (X, Y kot Z). H cvokeun aut moapéyel mAnpopopieg GYETIKA e TV
katevBvvon N 1o alipovdo tov ocvotyuatog. o va AneBovv akpiPelg ekTyunoelg tov
TPOGAVOTOAIGIOD TOL GUGTILLOTOC, TO. OEGOUEVO TOV HOYVITOUETPOL GLVOVALOVTOL LE dESOUEVDL

0o TO EMTOUYVVOIOUETPO KOl TO YUPOSKOMIO HEGH TEYVIKMV GUYYDVEVCTG aloONTpmV.

TOP VIEW

DIRECTION OF
DETECTABLE
MAGNETIC FIELDS

Figure 4.9 3-Axis magnetometer

N akp1pn] evromiopnd g 0€ong, to cHotua ypnotponotei pio povada GNSS). H povada ooty
Aappdver onupata and TOAAATAOVG dopuvpopovs, omwg GPS, GLONASS 7 Galileo, yio tov
TPOGOIOPIGHO TOL YEMYPOUPIKOV TAATOVS, TOV YEMYPOPIKOD UNKOVG KOl TOU VWYOUETPOL TOL
CLOTNUOTOG e MEYAAN axpifela. AvtéC ot mAnpoeopieg umopodv va ypnoyomombovv yia
dopbwon g 0AlcONoNG Kol TV CLGGOPEVUEVOV GOPUAUATOV OTIG LETPOELS TWV OOPAVELOKMDV

acOnmpov.

Télog, 10 cvoTHa TEPLAapPavel Evay oueOntipa TEoNG TOL HETPA TNV ATOAVTN ATLOCPOLIPIKN
nieon. Avtdc o asONTPOC TPOCEEPEL TOADTYEG TANPOPOPIES GYETIKA UE TIG OAAAYEG OTO
VYOUETPO, PONODOVTAG GTNV EKTIUNGT] TOV VYOUETPOV KOL TOV EVIOMICUO TOV OVTIKELLEVOL GTOV
Katokopveo afova. Eivar evoopatopévog oto cvotnuo kot cvvoedepuévog pe v MCU,

EMTPEMOVTOG TNV ANyM Kot eneepyocio TV 0EG0UEVDV.

4.1.4 lleprpepelokd CLGTNUATO KO ETKOIVOVIOL
O TTPOTEWOUEVOG GYESOGLOC EVEOUATOVEL TEGGEPLS PACIKOVG OIGONTIPES: TO EMTAYLVGIOUETPO,

TO YVPOGKOTMLO, TO LLOYVITOUETPO KoL TOV aloONTipa TiEoTG, O1 0Toiol EMkovevoLV pe v MCU
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HECM oG oEpLakng olemaene. ['a va eEacparotel ) BEATIOTH amdOOGN, YPNCLOTOMONKOY TPEIS
dwpopetikotl diawrotr SPI, pe kdbe ooOnipa vo cvvdéetar otov dkd Tov diovAo. Avti 1
TPOGEYYIoN TPOSPEPEL TOAAG TAcovekTnata. [Ipdtov, emttpénetl T pepovouévn SopOpP®ON
Kot PBeAdtiotonoinon kdbe Swaviov SPI, emrtpénovtag v mpocopuoyn pe Paon TG LOVOSIKEG
anoutnoelg kébe acOntpa. Q¢ amotédeospa, umopodv vo emtevyfodv VYNAOTEPES TOYVTNTES
EMKOVOVIOG, YEYOVOC Tov odnyel oe Peltioon tng eneéepyaciag Tov dedouévav. Emumiéov, oe
nepintwon PAAPNG evOg atoONTPa, 01 VTTOAOITOL UIGONTHPEG UTOPOVV VO GUVEYIGOLV OTPOCKOTTO,

v enkowvovia pe v MCU, evioyvovtag £T61 TV avOEKTIKOTNTA TOV GLUGTILLOTOG,.

Emumiéov, edv ypnoyomomBel o moiAvmdpnvn MCU, n kevrpikn povada Ba £yet ) duvatdtnto
TOVTOYPOVIG EMKOWVOVING e TOAALOVS acONTNPES, EVIGYVOVTOG TEPALTEP® TNV ATOOOTIKOTNTO
Tov cvotnuatog. Eivor onpoavtikd va onueiwbet 0Tt oty n dtopdpewon omontel TpocheTong
TOPOLG, cvumepthapupovouévov tov akpodektov g MCU kot TG Hviung Tov GLUGTHUOTOC.
Qotoc0, aélomolmvrog Eexymprotovg ovAove SPI yio kdbe owcOnmpa, emtvyydveron o
ooppomia HETaEL gveMéiag, amddoons Kot avoyng oe ceaipata. Enttpénoviag v avedptnm
TPOCOAPUOYN, EMTVYXAVOVTOS VYNAOTEPEG TOYLTNTEG EMKOVLVING Kot eEacpaAilovtag cuveyn
Aertovpyia og mepintwon PAafav Tov aeOnmmpwov, n xpnon Eexmpiotdv dtwimv SPI mapéyet

OTNUOVTIKA OPEAT Y10, TI] GUVOALKY] OTOO0GT] TOL GUGTILUTOG,.

SPI cs > CS SPI
Main Subnode
SCLK » SCLK
MOSI »| SDI
MISO |-= SDO

Figure 4.10 Single aster single slave SPI bus [55]

Ext6¢ and v emkowvovia pe toug aiontmpec péom tov diowiwv SPI, n MCU emikowvovel pe

v povdda GNSS (Global Navigation Satellite System) aflomoidvtag pio oemopry UART
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(Universal Asynchronous Receiver-Transmitter). To UART egivat éva gup€wmg ypnoIHLOTOIOVUEVO
TPOTOKOALO GEIPLOKNG EMKOWVMOVIOG TOV ETTPENEL TNV AVIOALXYN dedopuévav petacy g MCU
kot Tov GNSS. Méow g dienagng UART, n MCU otédverl eviolég kot epotipota oto GNSS
Kot Aappdvel og amdvtnon TAnpoeopieg 0éong, Tayvtntag Kot xpovicpov. To tpmtokoirlo UART
elval KatdAAnAo yu to okomd avtd, kabmg mapéyel Eva amAd Kol afldmoTo HECO GEIPLOKNG
EMKOWVOVIOG, EMTPETOVTAG TNV OTPOCKOTTN EVOOUAT®OT NG Aettovpyiag GNSS 610 GuVOAIKO
ocvotnpo. H MCU puvBuiler t deraen UART otov katdAinio pubud baud, tn poper| dedopévmv
Kot Tig puOpicelg eAéyyov pong, MGTe Vo So@oMIETOL 1) AKPIPNG KO ATOTELECUATIKY| HETAOOOT
dedopévav peta&d g MCU ko ¢ povadag GNSS. Xpnowonowwvrog  oemapr; UART, n
MCU pmopel vo. a&totomoet omotelecpatikd T povada GNSS yia tov akpin evtomopud g

0€omg ToLV GLGTAUATOG.

EminpooBeta, n MCU mpocpépet tn duvatdTNTa ETKOVOVING LE TOV eEMTEPIKO KOG €iTe HEGM
UART (Universal Asynchronous Receiver-Transmitter) gite pécm evog dtavAov CAN (Controller
Area Network). Avtég ot S1emapEc amotelovv KpiGIa KOVAALL ETKOVOVIOG Yo T GUVOEST TG

MCU pe e£mtepkég GLOKEVEG KOl GUGTILLOLTOL.

H diemapn UART mapéyet éva a&ld0moTto Kot eupEms YpTCILOTOIOVUEVO TPMOTOKOAAO GEPLOKNG
emkowvaoviog. Emrpénet oty MCU vo emkovovioesl pe GALEG GUOKELEC, OTMG OCONTIPES,
006veg M kal aAlovg pkpoeieyktés. PuOuifoviag to UART og ovykexkpyéveg pvBuovg baud,
HOpONG 0edopEVDVY Kat EAEyyov pong, N1 MCU pmopet va petadidet ko vo AapBdvel dedopéva e
oLYYpPOvo N acOyypovo Tpdmo. Avti N eveMéio EMTPENEL TV ATPOCKOTTI EVOOUATMOON Kot

avtoAiayn dedopévev peta&d g MCU kot evog evpEog PACLATOG EEMTEPIKAOYV GLOKEVMV.

Start Bit Data Frame Parity Bits | Stop Bits
(1 bit) (5 to 9 Data Bits ) (0to 1 bit)|(1 to 2 bits)

Figure 4.11 UART message frame [56]

Ao v GAAN mAevpd, 1 dtemaen Staviov CAN esivol KOTAAANAN Yo EQOPUOYEG TOV OTOLTOVV
otifapn kot a&dmiot emkovovia og fropnyavikd 1 avtokvnTkd tepiaiiov. [pdxettar yio Eva

TPOTOKOALO S1OOAOV TOALUTADY KOUP®V OV £)EL GYEINAOTEL Y10 VO SIEDVKOAVVEL TNV ETKOIVOVIN
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HETOED GLOKELMV €VTOG £VOC d1kTHOL. O diowAog CAN emitpémet T HETAOOGT dEGOUEVOV VYNANG
TOOTNTOG KOl OVOYNG O COAALATO, KOOIGTOVTOG TO KATAAANAO Y10, EQAPUOYEG TTOV OTOLTOVV
avToAAayn OedoUEVOV GE TPAYUOTIKO YXPOVO, OT®MG 1M OIKTOMON €VIOG €VOG OYNUOTOC, O
Bropunyovikdg anTopaTICUOG Kol TO, KOTOVEUNUEVO GVCTAHOTO EAEYYOV. Me auTOV TOV TPOTO 1|
MCU pmopei va ypnotpedoet og kOpPoc oe va eupitepo diktvo CAN, avtaAAdocovTog Unvopoto

HE AALEG GLOKEVEG Kal oucONTpEG.

Complete CAN Data Frame
g Arbitration Field Control CRC Field (15 bits) 1
= 11 bit identifier 15 Bits a,i
= |1
= 3 e
11 P L o 1 wg Eﬁgg HEEHEEEEEEE
ﬁaaaaaaaanaaga gg EE gﬁ::
Data|0|0|0|0|0|0O|0O|1(0(21|0|0O|0O|0O(0O o|o|0|O0|O(O|(O|1|0O|2|0O(0O|0|2|1|O|0O|0O|O|O|O(O|2(O(2|2(2)|2)2|2]|21|2

Figure 4.12 CAN2.0B message frame [57]

4.2 Zyedloopog LAMKOV

H mapovca owtpifr emkevipoveror oty oavantuén upog miokétoc (PCB) dvo oyewv,
TPOCAPUOGLEVT OTIS EO01KEG Aot oElg Tov £vog INS. O tpmtapykoi otdyor TV 1 dnpovpyio
evOc a&OMOTOL KOl OTOd0TIKOD MAEKTPIKOD KUKAMUOTOSG, SOTNPAOVTAG TOPAAANAN LKPES
dwotdoelg yopig va dtakvPedetonr n axepaidtnTa TV onudtov. To PCB mov viomombnke
amoteleiton amd 8 oTpd®UATO Kol £xEl dloTdoElg 25X28 ¥1IMOGTA, TOPEXOVTAS TOV ATOPOiTNTO
YDOPO KOl TO, CTPAOUATO Yo TNV LIOSTHPEN TOV TEPITAOK®OV KuKA®pdTov tov INS. T'a v
eMiTELEN AVTAOV TOV GTOXOV, EANPONGAYV VITOYT JAPOPEG TAPAUETPOL KATA TN O1AOIKAGI0 TOV

oyxedtoopov tov PCB.

To PCB oyedidotnke pe yvopova v avOeKTIKOTNTO, Yo Vo eEacpaiotel a&ldmot Asttovpyio
o€ JLAPOPES CLVONKEG. LYEOUOTIKES TEXVIKES OTWG YPON KATAAANAOV TAATOG Oy YDV KOl GMOGTH
yYelwon TOV KUKAOUATOV, £QPOPUOCTNKOV Yl TNV €AdyloTOToinon tov BopOPov kol TV
mopeUPorov and diia onpoato. To Taparndve cuouBdAlovy 61N d10THPNON TNG AKEPALOTNTOS TOL
ONUOTOG KOl HEWMVOLV TN TOOVOTNTO EUPAVIONG TPOPANUAT®OV NAEKTPOVIKNG PUGEMS oL Oal

pmopovsayv va ennpedcovy v akpifeta tov INS.
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Kotd 10 oyedoocpd tov PCB ténkav avompésc mpodiaypaés oxetikd pe to péyebog g
mhokétag. Katd v torobétnon e€optnudtov, T 0pOHOAIYNON TOV Oy®Y®DV KOl TN TNV ETA0YN
TOV CTPOUATOV d0ONKe Wdwitepn mpocoyn, pe okond tn PéATiom a&lomoinon tov dtabéciov
xopov. Toa mapondve, copmeprappdvovy mpocektikn e&étacn tng tomofétnong Kot Ttov
TPOGAVATOMOUOD TV €EQPTNUATOV, KOODS Kot TG OpOUOAOYNONG T®V CONUATOV KOl TOV

YPOUU®V 16Y00C, Y10 TNV EMTELEN LOG OTTOJOTIKNG OB TOENC.

H dwatpnon g axepatdmtog Tov onudtov e£etdctnkay TposekTikd Katd To oyedlacud tov
PCB. T'la ™ dtac@diion ¢ akpifetog Tov dedoUEVOV TOV a1oONTP®V Kot TNV EAAYLGTOTOINON
Tov  BopOPov, epapuodSTNKOV TEYVIKEG OT®MG 1 OpopoAdynorn eheyyduevng ovvOetng
avtiotaonc(impedance matching), o KatdAANAOG TEPUATIGUOG T®V SNUATOV KoL 1 Stoyelpion Tov
eMMESOL Yelmomng. AVTEG Ol TEYVIKEG CLUPAALOLY ©TN JTHPNON TNG OKEPOITNTOS TMOV

VYIoLYVOV CNUATOV KOl GTOV UETPLACUO TOV ETMTOGEMY TMOV NAEKTPOUAYVNTIKAOV TOPEUPOADV.

o ™ Pertiotomoinon tov oyedlacpod emAéyOnkov eEupTNUATO HE KOTAAANAO MAEKTPLKA
YOPOKTNPIOTIKA, aglomotio kot pkpd amotummpe. H emdoyr avt agopovce toug aicOntnpeg,

v MCU, 10 KOKAOLO TPOPOSOGING, TOVE TUKVAOTES KO TOL VTOAOUTA TTaONTIKG e&apTHUATOL.

4.2.1 Emokomnon oynUoTIK®V Sty popaTov

2V mapovca daTpiPn ypnowonodnke to Aoyiouikd Altium Designer PCB kot EDA v t0
oyxedtoopnd tov PCB. Epapuootnke éva tepapytkd HOVTEAO KATAYPOPNS CYNUATIK®V, TO OTOi0
Bon0d onuavtikd ot Stayeipion Kot opydvmon Tov apfpoTdv KUKAGOUATOV. AVTH N 1EPAPYIKY|
TPOGEYYIOT EMTPENEL TNV EMOAVOYPNOLLOTOINGT 1| TNV TPOTONOINGT GCLYKEKPYLEVOV GYNUOTIKAOV
0€ PEAMAOVTIKEG EKOOGELS TOV CLGTNOTOG. Ta LEPOPYIKA GYNUOTIKA eivar 1dtaitepa YPT O KAT
TO OYEOAOUO TOAVTAOK®Y KUKA®MUAT®V KOl SIEVKOADVEL TUYOV EVIUEPDGELS KOl OVOOE®PNGELS

TOV EMUEPOVS CGYTLLOTIKAOV.

210 axOAovBo Gy TOPOVGLALETOL TO LEPAPYIKO CYNUATIKO TOL VAOTOMONKE Y10 TOVS GKOTOVG

™G Tapovcag SaTpPnc:
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U_Aceelerometer_Gyroscope U MEU i tors and Imterfaces
A | ek L pe.Schloc MO SchDo [ id Interfaces Schidoc "
MISO_LEM > MISO_LSM FDCAN TX { > _TX
INT2 —> T2 T"""-_':;f < - 3:2";:?
INTI {3 INTI = HER: ]
sost Lsw C nbsi sy UARTRRX O GNEE TX
CLE LM (7 CLK_LSM i b SWDIO
g SWCLK SWCLK
€5 ESM €S L5M
s = LART TX {— SERIAL TX
— LIART RX ) SERIAL RX —
NRST KRET
FAULT FAULT
SILENT [ SILENT
M50 MaG |
> MISD IPS  MOSI MAG
'f':'i’[;;"s CLE MAG
(X3
# CLE 1EE nné—:_::.:f E A
> DRDY LIS i
U_Magnetumeter
(- i E tDec —
MIS0MAG
MOST LPS U_Power Supply [ MOSI MAG
€5 Les ] Pawer Yo E—{:‘;{mh
CLE LS %
2 DRDY_MAG
DRDY LPS -
[s c
] D

Figure 4.13 SNS INS Hierarchical schematic

Onwc @oivetal 010 MOPATAVEO GYNUO, TO OYNUATIKO Odypappo g ovokevng INS mov

vAomomOnke amoteleiton omd To akOAOLOA ETUEPOVG KUKADUOTOL:

o ZyMuotikd S1aypapio TPOPOd0Giag

o  Zymuotikd dudypappo MCU

o ZyMUoTiKO SLAYPOLLLO ETLTAYVVGIOUETPOV KO YOPOGKOTION
o YyMUOTIKO SLAYPOLLLLLO LLOLYVITOUETPOV

o YyNUOTIKO Stdypappa oucOnmpo PaporeTpikng mieong

o YyNMUOTIKO SLAYPOLLO CUVOEGEMY KOl OIETAPDV
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4.2.1.1 Zynuanixd didypoupo tpopodociog

3T0 TOPOKATO CYNLLO TOPOVGIALETOL TO GYNUATIKO SLAYPOLLILN TOV KUKAMUATOS Tpopodocioc. [
AOYOG COaPNVELNG KOl Vo O1EVKOALVONG KATA TN ¥pNom, Kabe eEdptnua emionpaiveTor pe évo
avayvoploTikd pe féorn tov aptBpd tov oynuatikol dtoypappotoc/tng oedidag 6mov aviket. o
TOPAOELY DL, OEGOUEVOD OTL TO GYNUOTIKO OLAYPALLLO TS TPOPOSOGTNG IVl TO OEVTEPO TYNUATIKO
Swaypappa, kabe aplOpog eEaptniuatog apyiler pe to ynoeio "2". Emouévog, to e&dptnua Cl

epnpavifetor wg C21 MNA®VOVTOS TOV TPAOTO TUKVMOTN GTO OEVTEPO GYNUOTIKO.

MOU and Peripherals LDO A

v
pe

]
)
0
4 s
3 2 24V Svurce
D21 < =
L2y G
DF2B36FL HIF
pm 00

Synchironou's DC/DC @) 500 kHz, Vi = S48V, Vout =33 V2 lour = 400 mA

1c2
LN our |

@

TVICRADBVE

ULVO @ SVE4%1 074,39 - S84V)

Sensors LDO

(ca1 MAXITSOAATA % i a5 R

T s o o 14 i

P
PG GND

11 1T

] o o
- RESET =
FBVOUT MODE 2

—1

Figure 4.14 SNS INS power supply schematic

210 TopAmive oyNUo amekovileTor T0 KOKA®UO TPo@odociog, To omoio avaAvOnke otnv
npornyovpevn evotnrta. Atoteheitan kupimg amd tpio Pacikd oToyEln: TOV GVYYPOVO LETATPOTEN,
DC/DC buck, évan LDO mov givot vrevfovo yio v mapoyn 100G 6To YNQLoKE KUKADLOTO Kol

évan dAro LDO mov mpoopileton yia ypnom oto avoA0YIKe KUKADLOTOL.

O ovyypovog petatpoméag buck mov ypnotponoteitor 6to GVOTNUHO AEITOVPYEL GE GLYVOTNTA
petaywyng 500 kHz. ‘Exetl oyediootel yro va mapéyet ovopaotikn taon e£6dov 3,3 V kat pmopei va
mopéyel péyoto pevpo €€66ov 400 mA. H obOyypovn oyedioon tov petatpoméo buck, oe

ouvovooud pe TV amovcio dtddov Schottky, cvpfdiiel 6To0 VYNAO TOGOGTO ATOSOGNG TOV.
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Emruyybver péytotn anddoon 92%, emtpémoviog LETATPOT 1GYVOG e LELWUEVES OTOAELEG KO
eMyotn mopoywyn Oeppdomroc. o va dwwocealiotel 1 acedielon kot 1 o&lOmOTIOl TOV

petatponéa, eivar eEOMMGOUEVOG HE UNYOVIGHOVG DEPIIKNG TPOOTAGING KOl TPOCTAGING omd

22uF

VIEPEVTOOT.
Synchronous DC/DC @ 500 kHz, Vin = 5-48V, Vout = 3.3 V @ lout = 400 mA
ULVO @ 5V(24%1.07/4.39 = 5.84V)
Vot AUX VCC
R24 122
121 MAXIT640AATA 10k 47yH Vout
_— s
24Vin VIN LX g
I ULVO EN/UVLO GND —
SR22 VCe RESET ——
3.32M FB/VOUT  MODE — RESEL & =
217 =—0(71g c219
— ol

...
v
=y
(3%
(9%]

47uF a 100uF

LX L~~~y 2 - 1

.||
.|||I
|

Figure 4.15 SNS INS DC/DC converter schematic

"o ™ BertioTomoinom tng oyxEons KOGTOVG-AMTOTELECUATIKOTNTOG, EMAEXONKE évag LDO yevikng
YPNONMG Y10 TO YNOLKA KUKADUOTO, KOOMG OEV amantoOvTot 01t VYNAEG EMOOCELS KOt O EUPETIKGL
yapunAog 06pvPog oe vt Vv Tepintwon. 261000, To AVaA0YIKA KUKAGLaTa Tov INS amattovv
TPoPodocia amaAloyuévn and B0pvpo kot dtukvpdvoels. g ek ToVTov, 0 dgvTEPoc LDO mov
EMAEYONKE Y10 TAL AVOAOYIKA KUKADUOTO AmOTEAEL pior oKPBOTEPT) EMAOYN, LE XOPAKTNPIOTIKA
YoumAov BopvPov, ed1kd GYESOGUEVT] Y10l VO OVTOTOKPIVETAL GTIC OVCTNPES OTOITNOELS TOV

GUGTNHOTOG.
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Sensors LDO

Vout 1C23 3V3(Sensors)

® ' vin vour H*

L1 EN NC -
o v - 7 o} — —

PG 3 AR
€220 ——C221——C222 3 PG GND » C233— — CIU——C225
L . i

| 1OOUF 1 1uF b 100nF LD39050PU33R - 22uF IuF | 100nF

Figure 4.16 SNS INS Sensors LDO schematic

MCU and Peripherals LDO

<
o
=
=4

1C22 3V3(Digital)
N ouUT

2

€28 —— 129 CZIO 674 1) Gom— BN :_C"B C214 215

1uF & 100nF,,| 100uF 1uF ol  100nF 4 NC GND 2 - ZZuF 1uF . 100nF
TLV70333DBVR

C27
27uF

1
.|||

-||}—|‘ =+

|

Figure 4.17 SNS INS Digital loads LDO schematic

EminmAéov, &gouv evoopatmbel pe emtuyio T KUKAOUATO TPOGTOGIOG TOV TEPIEYPAPNKAV OTN
mponyovpévn evotnta. Ot unyovicpol Tpootaciog avtol, ivol (OTIKAG oNUAciog Yo T GOOTN
Aertovpyio, TOL KUKAMUOTOG TPOPOdoGiag. Amotehovvtal and tpia Pacikd otoryeio: pio 51000

ESD, éva kokAopa avtictpoeng tolkdtrag PMOS kot po 6iodo Zener.

Me avtd To p€Tpa TPOooTaGiog, To cOOTNUA oS ival tkavd vo avtameEEADEL 6€ NAEKTPOCTATIKES
ekpoptooels £og kot 20kV, axdun kot pécw dpeong emapns. Mmopet eniong va dwayeipiotel
avaoTpopes Taoels £o¢ Kot 60V. EmmAéov, 10 Tpo@odotikd pmopel va AdPel Taoelg 10000V £mG

Kot 60V.
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Me avtd o LETPO TPOOTAGING, TO CUGTNUA HOG Efvarl IKavd Vo avTareEEADEL 6E NAEKTPOCTATIKES
EKQPOPTOGEIS £m¢ kot 20kV, akdun ko péow dueong emaens. Mmopel emiong vo dtoyelpiotel
avdotpoees Tdoelg £oc Kot 60V. EmmAéov, 10 Tpo@odotikd umopet va AdPet tdoeic 16000V £mg

Kot 60V.

[nput Filter
Switching Frequency (@ 500 kHz
Cutoff Frequency (@ 20-25kHz

Vin = 5-48V, Vnom = 24V
ESD +/- 20KV, Ppk = 150W

PMOS Reverse Vds = -60V Lmax = 10 uEl (121
24V Q21 821-BSS84 L21
F N 2 : 24V _Source 1L~y 2 24Vin
%J') ol = ol o i ol
0 g L2 C21 C22 €23 C24 C25 26
D21 o MMaZIEVSTIG ~| DOF & &TF_| 4700F | wF | 47F _[  470nF

24V Gate
DF2B36FU H3F
s R21

1 100R

Figure 4.18 SNS INS input filters and protection circuit schematic

Eivar onpovtikd va onpeiwbet 6t 10 6Tdo10 10Y00¢ £xel oxedtaotel Yo va Agttovpyel BéATioTO
vd thon €16600v 24V, 1 omoia €ivol Kol 1 TPOTEWVOUEVT] TAGT TPOPOOOGING TOV GLGTHUATOC.
Av106 10 eminedo Tdong eEacPUMIEL TNV KAAVTEPT ATOS0CT KOl OTOOOTIKOTITO TOV KUKAMUOTOG

TPOPOOOGING.

Téhoc, T KVKA®PATO TPOPOSOGing cvumeptiapuBdvouy molvdpBua @iltpo Kot TUKVOTEG
TOPAKOLYNG Y10 TOV OTOTEAECUOTIKO LETPLOGHO TOL BopHBov. XpNOGILOTOUDVTIOG TA TAPATAVE®,
UTOPOVLE VO KoTaoTelAove amotedespatikd Tov BopvPo, efacporiloviag o kabopn kot
otabepn| TpoPodocia Yo To cvotnua. Emumiéov, to pé€yebog Kot To amOTHTOUN TOV TUKVOTOV,
KaBmG Kol N OVOUAOTIKY TACT TOLG HEAETNONKOV TPOGEKTIKE Yo v amo@evyBel 1 peiwon g
yopnTKoTTaG AdY® derating. Omov Mrtav dvvortdv, emdéyOnkov peyoivtepor oe péyebog
TUKVOTEG Y10l Vo, S10GQAMGTEL 1| GMOTH AEITOVPYIN TOV KUKAOUATOV QIATpapicpatog. Amd v
GAAN mAevpd, eMAEYONKOV LKpITEPOL GE PEYEDOG TVKVMOTEG GE OPIGUEVE oNLEld, Yo va. petmBel
To péyeboc g mAaxétag. A&ilel va onueliwbel oti, ot dtakomtiky cvyvotnta Tov 500 kHz, o

petpnnke -90 dBV 06pvBog otovg mukvetéc €£6dov tov LDO, oamodsuwcvioovioag tnv
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OMOTEAECUATIKOTITO TOV TEYVIKOV Heimong Tov Bopvov mov epapudotnkay kot eEacpaiiloviog

L0 DYNANG TOLOTNTAG TPOPOSOGin Yol TO GOGTN LA

o kaAdtepN KoTovonon tov oyedtocud kot tnv eéaywyn ToV opldunTik@v TWOV TOV OIATpOV,

TPOTEIVETOL 1] LEAETT TOV TOPOTOUTOV TOL GVOOEPOVTOL GE VTR TNV EVOTNTO.

4.2.1.2 Zynuozixé ddypopuo MCU

210 mopokdT® oynpe Topovstdletol To oynuotikd ddypappa s MCU Kot TV TEPIOEPELONKOV
™G. H ovykekpyuévn evotnto emKevIpOVETAL KUPIOS G€ OMUELD OTTMC 1) EMAOYT TOV KOTAAANA®V
axpodekt®v ¢ MCU, 0 e£mTepikdg TOAAVTMTNS LYNANG cvyvotntog yio v MCU, 10 KhkAoua

eKKIvVNoNG, T0 KOKA®LO ETOVAPOPAS. TO OVOAOYIKA GIATPO KO TOVG TUKVAOTES TNG TPOPOS0GIaG.

3V3(Digitalp €S USM Mainf2A],
1031 INT2 My
LI vmar vuo | 18 CLE_LPS

A 5 PRI
2 voo B2 |+t

% I S
2 yoo e [0 MOSLLES  Main2
£ voo gD DRDY_LP
Vi vooa ras | l_, CS LR Mamp2
Muin| 3], Cannectors nd Tnterfaces|24] FAULT 0 :EL’ i

20 vREF-
Main[38], Conncctors and Interfaces[2A]  SILENT 2 BOOTO
Main{3A] UART2 TX PAD -
ainf3A] UART RX 1o | P L
INTI —l_" S5 el L ¢85 RAG Main[3B], Mognctometer[28]
CLk M e T | 1 s R—\_l_ DRDY_MAG Main{3B). Magnetometerf3B]
MISO_LSM ————————— C el ) CLE_MAG - Muin[38]. Magnetometer{ 28]
38] MOSI LSM ————————————— 15 3
- X 0 MISO MAG Main{3B], Magr meter{ 3K|
rt::i: ] Sr | MCISI MAG  Mainf3B]. Magnctometerf3B]
s T PCI0SCITIN foj— ED
& FOCAN R ———————————— & PCIS-OSCIZOUT |o'— B
Al FDCAN TX 7.
Mainf3A], Connestors and Inferfices(30]  swiio —00 ¢ :::‘
Maiaf3A1, Connectors and lnterfaces[3C] SWCLK  —————SWOLK g T4
O8C IN—3{ PFB-OSC IN vss i
OS¢ OUT=" PFI-O8C OUT VS8 .
ol W)
NRST bl mr)
Muinf38], Comnectors and Interfaces[20] NRST : VSSA
STM32GH3 ICBT6
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[ [
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5] KAIMEXANIKON YIOAOTIZTON
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Siee Number
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Date. 7372023 [ Supervised By: £
SlTRTS Sietanos [ Totuw By Guchy

4

Figure 4.19 SNS INS MCU and peripherals schematic

['a va dtaocpariotel 1 coot Asttovpyia e MCU, givar amapoitntn 1 60Ot avIIGToi 10N TOV
OKPOOEKTMV oTO. avtiotoyyo onpoto. EmmAéov, n yprion evog e€mteptkod TOAAVTOT LYNANG

TayvTNTOG EE0cPaAilet axpiPn tov axpiPn ypovicpd e MCU. H emhoyn Tov Tukvetdv goptiov
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Yy Tov TaAovtot) yololio elval Wdloitepa onpavTiky, Kabmg AavOocUEVES TILES EVOEXETOL VO

enNpedoovy TV amdd0GT| TOV.

EmimAéov, n tomoféton evog mukvmt) mapdkopyns kovtd otov akpodéktn NRST e MCU eivan
AmOPOiTNTN YO TNV OTOPLYN EGQUAUEVIC eMavapopds Adym BopvPov Kot SlakLUAVoE®DY TNG
1aong TpoPodociag. H ypnomn evdg KuKA®UOTOS PEPPITN GE GUVIVOAGHO LE L GEPE TUKVOTOV
etvat 1wiTep CNUAVTIKY] Y10, VO SI0CQAAGTEL 1] GOCTN AEITOVPYIL TOV OVOAOYIKOV KUKA®UATOV
¢ MCU. Téhog, cuviotdTon 1 ¥pNoT HOG CGEPAS TUKVAOTOV TOPAKUUYNG YL TNV EEACOAMOT)
kaBop1|g Ko otabepn|g Tpopodocioc ota ynerokd kukAdpata tne MCU.

O akpodéktng BOOTO ¢ MCU yeiowveton oxomipwg pe woyvpn avtiotaon pull-down,
TPOKELUEVOD VO, S1oPoMOTEL 1) ekkivnon and 1 pvhun flash. EmmAéov, vrépyet pio Avyvia LED

mov owatiBetan otnv MCU yia yevikn ypnon.

4.2.1.3 Zynuatika droaypduuata orcOntipamv

[Mopoakdto mapovctdlovtal To CYNUATIKE OOyPAUUATO Y10, TOV OoONTPa YUPOGKOTIOL Kot
EMTAYVVGIOUETPOV, TOV oUGHNTAPO LOyVNTOUETPOV KOl TOV aloOnTipa PapopeTpikng mieomng.
Onmc Ko Tponyouprévme, ol YPOUIES oxedioon Tov TPENEL Vo ANeOovy vtoymn eival 1 oot
KOTOVOLY TOV OKPOSEKTAOV KOl 1] CWGTY TOTOOETNON TOV TUKVAOTOV TOPAKAUYTG. XTO GYNLUATIKO
Stdrypoppo Tov poyvntopetpov a&ilel vo onueiwbei n ypnon evog mpmtokOAlov emkovmviag SPI
(Serial Peripheral Interface) tpidov onudtwv. Avt 1 SIUUOPP®OT ETTPETEL T YPNOT EEMTEPTKOV
onuatoc ond tov actntipa oty MCU, 10 omoio mpokaiel Sl0KOT GE ALTH OTAV VLITAPYOVV

Swabéoia véa dedopEVaL.
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Pins 1 - SPLdowire interface serial dats curpue (SDO)
Pin 14: SPLserial dats fnpod (SO

el s = b (2 Vel = 3 3V

Aain[ 1A ] MCU[ 18]

RHOST LS Main( 1A]. MCU[ 18]

IS0 LM SIIEANER 1 SDOSAN
Main{ A}, MCU[IE] L LK LSAL |Maim| 1A] MCU[ 18]
Vi o] 9 T TS [SM_[Main{1A] MCU[3A|
VDD 10 {INTE) Main| 1A]. MCU[3A]
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p— UND VDD

[SMADSVIRBXTE
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EXOAH HAEKTPOADION MHXANIKON

Accelerometer and Cym
KATMHXANIKON YIOAOFTEHN

TOMEAY ENIKOINGNIIN, HAEKTPONIKHE
K4 HMATON [LAHPOSOPIKHE

S Namber v
A w09
Date: 32073 [ Supervised By Evangelos Hristoforou
[Approved - Sechlikis Siefanas | Dravrn By: Sachlkis Stelanos
1 2 3 ‘ 4

Figure 4.20 SNS INS Accelerometer-Gyroscope schematic
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Figure 4.22 SNS INS barometric pressure sensor schematic
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4.2.1.4 Zynuonixd Sidypopua Sierapv

210 TeEAEVTOL0 OYNUATIKO dtdypappa Tepthapfavovtarl diapopa eéaptipata: n povado GNSS, o

nopnodéktng CAN, o kovéktopag RF yia ) povada GNSS kot 0 kovéKTopag TG KOPLOG TAAKETAS.

Kat g avt) v mepintmon, akorlovbeitan Topdpota Aoy OTmS Kot 6T TPONYOVUEVH GYMNLOTUK

33 (Digital)

dwypdppato
1
Idd max = 37TmA @ Vdd = 3.3
172
A - ‘I“‘ GND RF | NRESET %
Hh Hlermw vee GNSS_VEC
| GND.RE 2 Ve 1o
L ANT OFF VBATT
R vecwe AKE-LP [~
| RESERVED |
%.. Mainf4A]
Mainf4A]
B
S{Pin 8); Drive high fox silent moe, integrated pull-down
FAULTCPin S Open drain fault output pin dd.anax = 60mA @ B
i : it 3wpigaly 14400 = S0mA @ Vid - 3.3
T , Tl jJiLwn Main[4B], MCU[1A]
Main[4A] MCU[IH] FDCAN TX — 2 5| TXD FALLT |2 g
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Figure 4.23 SNS INS connectors and interfaces schematic

Main{4A ], MCU[ 18]
Main[4A], MCU[IB]

Title

Connectors and Interfaces| &

EGNIKO METZOBIO NOAYTEXNEIO
EXOAH HAEKTPOAOTIN MHXANIKON

2] KALMHXANIKON YIOAOTEETON

TOMEAZ, ETIKOINGNION, HAEKTPONTKHE
KAI SYETHMATEN NAHPOPOPIKHE

Nurber

[ Supervised By Ev

[ Diwn By Sachih

]

Eivat onpovtico va onueiwdet 61t to kuxkopd RF propet va Bertiobel onpavtikd pe oxomd v

evioyvomn g evaiotnoiog tov déktn (Rx). Qot600, Ady® TV TEPLOPIGUAOV TOV UeEYEBOLG TNG

TAOKETOG KOl TNG TOALTAOKOTNTOGC OV GUVETMAYETOL O OYESOUOS Ko 1 alloAdynon &vog

Kukhopotog RF, dev mpaypatomomOnke n peAétn tov ota mAaioto avtig TG StoTpipnc.

4.2.2  Emoxomon oyxedacpov PCB

Oocov agopd 1 oyediaon g TAAKETAC, OTMG OvVaPEPONKE TPONYOLUEVMC, TPMTUPYIKOL GTOYOL

Nrav va vapéel aldmoTog Kot amod0TIKOS NAEKTPIKOS GYeOACHOG, dUTNPOVTAS TAUPAAANAN
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HIKPEC O100TACELS Ywpic va dtakvPevetor N akepodTTo TOV ONUATOV. AQoV eEeTdoTnKaY
TPOGEKTIKA O1APOPOL TAPBAYOVTES, OGS 1| OKEPULOTNTO TV GNUAT®V, 1| dOUN TN TAAKETOS, TO
KOGTOG KOl 1] EDKOAO KOTAGKELNG KOl GUVAPUOAOYNONG, ATOPUGioTNKE 1 VAoToinon evog PCB 8
OTPAOGEMV LLE OVO TAELPEG. Mo evoAhaKTIKY ETAOYN TepAapPavel pio oyedioon 6 1| 4 oTpOGEDV
pe Vv mpocHnkn TveA®V vias, &Eac@orMlovtog KpOTEPEC O100TACES. 26TOGO  OPOV

a&loAoynOnKe 1o TEAKO KOGTOG EMKPATNOE 1 oYEdiooM Ywpic TVPAA vias Kol pe 8 oTPpMOCELS.

4.2.2.1 Kavoves oyeoraouod kor ovvoToTnTeS T0V KATATKEDOOTH

Katd to oyedtaoud tov PCB, gival onpoavtikd va a&loroyndovv ot SuvatotnTeg Tov ETAEYUEVOD
KOTOUGKELOGT Kol VO KB0op1oTovv ot Kavoveg oyediaong avardyms. H minpng kotavonon tov
SLVOTOTHTO®V TOL KOTOOKELAOTN €ival amapaitnn yw va dacpaiiotel 61t 10 PCB pmopel va
KOTOOKEVOOTEL GOUQMOVO PE TIC EMBLUNTEC TPodypapéc. Me Tov KaBopiopd TV KATAAANA®V
KavOvoV oyedlacpol, uropel va Bedtiotonombel 1o ox£010 MG TPOG TNV EVKOAIN KOTAGKELTG, TNV
alomotion Kol TN OYXE0T KOGTOLG-OMOTEAEGLATOS, AdpBdvovtag vmoyn tov €E0mMMGUd, TIg
JLdKAGIEC KOl TOVG TEPLOPIGUOVG TOV KOTOOKEVOOTH. ALt 1 TPoosyyion cvuPdiier otnv
TPOAN YT TPOPANUATOV KATACKELNG KATA TN S1001KOGI0 TOPAYOYNG LE OTOTEAEGLO £VOL VYNANG

mo16tnTog Kot amodotikd PCB.

EmumAéov, oe PCB 6mov 1 axepatdtnTa TV oNUdTmv Kot 1 akptBg dpoporodynon eivol vyiotng
onpaciog, ol Kavoves oyedlacpol yivovior akdpo mo onuaviikol. AtoteAobv €va TAaicto mov
kaBopiler xpioyec mTvyég ™G OTAENG, E€WIKA TPOCOPUOGUEVES Yol TN OlTNPNoN NG
AKEPULOTNTOG TOV ONUAT®OV Kot TV  ghaylotomoinon tuxdv mpoPAnudtov. Kabopilovv
TOPAUETPOVG OTMOC TO TAAT TOV YPOUU®V, TIG OTOCTAGES Kol Tr GVVOETN avtioTaonS TOVG,
eEaoparilovtag 0Tt Ta onpato ddidovion a&lomota Kol Yopic mapepPorés. Tnpovtag avtoig
TOVG KOVOVEG oYedlaopov, umopel va amoeevyBel m vroPdOuion twv onudtwv, kol ot
NAEKTPOUAYVNTIKEG TOPEUPOAEG, PEATIGTOTOIDOVTOC TN CLVOAIKT ATOS00T KOl TN AEITOVPYIN TOL
PCB. H 61e€odikn €&étaom Kot €QOppoy] OLTOV TOV KOVOVEOV givol amopoitntn yiwo vo

o PoAoTeEl GOOTOG GYESUGHOG OGOV APOPEL TIG VGTNPES ATATGELS TOV cuYKekpEvov PCB.

2TOV TOPOKATO TIVOKO OVOQEPOVTOL Ol CT|LLOVTIKOTEPOL KOVOVES TTOL TEOMKOY KATA TO GYXESOGUO

tov PCB.
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Amodctaon aywyob ond aywyd

4 mils/0,102 mm

ATOGTOON 0Y®OYOU OO AKPOJEKT

5 mils/0,127 mm

Andotaon Ayoyov/Akpodéktn and Via

5 mils/0,127 mm

Amodotaon emmédov and Via/Aymyd/AKpodékt

10 mils/0,254 mm

EAdyioto / Tpotipdpevo / Méyioto mhdtog aywyon

5 mils/10 mils/25 mils

TAATOG ay®@YoD Yo EAEYYOHEVT GUVOETN OvTioTOON

(EEmtepikd/ecmTEPIKE GTPOUATO)

6,45 mil / 4,153 mils / 4,136 mils

EAdyot/ Mpotipdpevn/ Méyiom StapeTpog omg

0.25mm /0.25mm / 0.9 mm

EAdyiot/ Mpotipdpevn/ Méyiom didpetpog omng Via

0,4 mm /0,45 mm/ 1 mm

Apopordynon doeopikdv LEvywv

[po@ik ctvBetng avtictaong 90 Q, TpoTiumdpevo

d1dkevo 0,127 mm

KAdoeig pe 1010 pnKog ayoymv

OSC, diowrot SPI, diowiog CAN

Table 4.1 Design Rules

Ocov agopd TIc SLVATOTNTEG TOV KATAOCKELOOTH Kol TIG OlBEcIUeS EMAOYEG, Ol TOPAKAT®

KpivovTal Ol GNUOVTIKOTEPOL:

e FR-4 TG 155 Core

e [layoc PCB 1,2 mm

e Emoedveia ENIG

o 1 U" Ildyog ypvoov

o 1 0z emtepkd Papog yahicon

e 0.5 0z ec@TEPIKO PAPOC YAAKOD
e Eleyyduevn obvbetn avriotoon

e KoAivppéva Vias ota Pads

Ta Tapakdto oynuata tapovcstdlovy Tig otpmcelg Tov PCB, kabdg kot ta Tpoid eheyyouevng

oLVOETNG aVTioTOONG Yo TOVG ay®mYoL ota 90 Q kat 50 Q, kot Tov TOTO Via Tov ypnoiponomonke
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Layer Stack Legend

Material Layer Thickness Dielectric Material Type Gerber
CF-004 Top Layer 0.04mm Signal GTL
Prepreg 0.10mm 3313 Dielectric
——— CF-004 Int1 (GND) 0.02mm Signal G1
Core 0.20mm FR4 Dielectric
prrrrrrmrrrrrrrzrd——— CF-004 Int2 (Signal) 0.02mm Signal G2
Prepreg 0.1fmm 2116 Dielectric
CF-004 Int3 (3v3A) 0.02mm Signal G3
= Core 0.20mm FR4 Dielectric
rrrrrrrr——— CF-004 Int4 (Plane) 0.02mm Signal G4
— Prepreg Q.1tmm 2116 Dielectric
CF-004 Int5 (Signal) 0.02mm Signal G5
Core 0.20mm FR4 Dielectric
CF-004 Int6 (3V3D) 0.02mm Signal G6
}—— Prepreg 0.10mm 3313 Dielectric
Bl W CF-004 Bottom Layer 0.04mm Signal GBL
— " :
__\_:m
~ L 1
Total thickness: 1.22mm
Figure 4.24 SNS INS PCB stackup
Transmission Line Structure Table
Impedance Id Transmission Line Target Impedance|Calculated Imped: | Trace layer |Wide Trace Width|Narrow Trace Width|Gap Ri layers : Clearance|Target Tolerance
1 Coated Microstrip 50 49,99 TopLayer |0.16mm 0.16mm Int1 (GND) |Board Layer Stack|0.13mm [5%
2 Edge-Coupled Coated Microstrip|90 89.97 Toplayer |0.14mm 0.14mm 0.13mm|Int1 (GND) Board Layer Stack|0.13mm  |5%
3 }Oﬂset Stripline 50 [50.00 Int1 (GND) [0.11mm 0.11mm Top Layer,Int2 (Signal)  [Board Layer Stack|0.13mm [5%
4 Edge-Coupled Offset Stripline |90 90.03 Int! (GND) |0.10mm 0.10mm 0.13mm|Top Layer,Int2 (Signal) |Board Layer Stack|0.13mm (5%
5 Offset Stripline 50 50.01 Int2 (Signal) [0.11mm 0.11mm Int1 (GND),Int3 (3v3A) |Buan:| Layer Stack|0.13mm  [5%
6 Edge-Coupled Offset Stripline |90 190.02 Int2 (Signal) |0.10mm 0.10mm 0.13mm|Int1 (GND),Int3 (3v3A)  [Board Layer Stack|0.13mm _|5%
i Offset Stripline 50 50.01 Int3 (3v3A) [0.11mm 0.11mm Int2 (Signal),Int4 (Plane) |Board Layer Stack 0.13mm |5%
8 Edge-Coupled Offset Stripline |90 90.02 Int3 (3v3A) |0.10mm 0.10mm 0.13mm|Int2 (Signal),Int4 (Plane) |Board Layer Stack|0.13mm (5%
9 Offsel Stipline 50 50.01 Intd (Plane) [0.11imm 0.11mm 113 (3v3A),Ini5 (Signal) |Board Layer Stack|0.13mm_ 5%
10 Edge-Coupled Offset Stripline |90 90.02 Int4 (Plane) |0.10mm 0.10mm 0.13mm|Int3 (3v3A) Int5 (Signal) [Board Layer Stack|0.13mm _[5%
11 |Offset Stripline 50 50.01 Int5 (Signal) [0.11mm 0.11mm Int4 (Plane),Int6 (3VaD) |Board Layer Stack|0.13mm_[5%
12 |Edge-Coupled Offest Stripline 100 00.02 Int5 (Signal) |0.10mm 0.10mm 0.13mm|Int4 (Plane).int6 (3V3D) |Board Layer Stack|0.13mm _[5%
13 }Oﬂset Stripline 50 50.00 Int6 (3V3D) [0.11mm 0.11mm Int5 (Signal),Bottom Layer|Board Layer Stack|0.13mm (5%
14 |Edge-Coupled Offset Stripiine |90 90.03 Int6 (3V3D) [0.10mm 0.10mm 0.13mm|int5 (Signal),Bottom Layer|Board Layer Stack|0.13mm _[5%
15 FCnated Microstrip 50 49.99 Bottam Layer|0. 16mm 0.16mm Int6 (3V3D) |Bna|d Layer Stack|0.13mm |5%
16 |Edge-Coupled Coated Microstrip|90 89.97 Bottom Layer|0.14mm 0.14mm 0.13mm|Int6 (3V3D) |Board Layer Stack|0.13mm |5%

Figure 4.25 SNS INS transmission lines structure table
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Via Type

s

n. . . =

. . . T, T R

X

Figure 4.26 SNS INS Via type

4.2.2.2 Dvoikn daraln xai tomobétnon eCoptudtwv
H gpvoum ddtaén tov PCB eivon {oTtikng onpaciog yio ™ dtlac@diion e opbng Asttovpyiog tng
OLOKEVNG. ZTO MOPOKATO GYNU0 Topovstdletar  euoikn odtaén tov PCB og kdbe emimedo,

oVUTEPIAAUPOVOLEVOD TNG 0PYEVOONC TOV EEAPTNUATMOV KOL TOV OY®Y®V GTNV TAAKETA.

Top Layer (Scale 2:1) Int1 (GND) (Scale 2:1 Int2 (Signal) (Scale 2:1)

Int5 (Signal) (Scale 2:1)
O

G O
3 ;\".Uma
uu;:irii;llgna

e
\

&
v

Figure 4.27 SNS INS layout

106



Ytov oyedlacud avto, To PCB ypnowponoiet Stopdppmon 8 otpmoemv/emmédwv. Ta técoepa and
LTA YPNOUOTOOVVTO MOC EMimedo/aymyol Tpo@odociog Kot yeimwong. Avtd ta emimeda eival
VIELHLVA Y1 TNV OMOTEAEGLOTIKT TPOPOSOCIN Kol TNV TTapoyY] 00EVCEMV YOUUNANG avTioTAoNS OF
6A0 to PCB. Mg v evoopdtmon tov emmnédmv avtov, eéacealiletal otabepn Tpopodocio kot
HELDOVETOL O KIVOLVOG OOKVUAVGE®VY TG TAOMG, 1 oToia B LITopovcE Vo LEUDGEL TNV AOd00

TV gvaictnTov eCoptnuitoy.

To vrdérowa emineda, dtotiBevion Yo T dpopoidynon twv onudtomv. Avtd, mepthapPavel v
TOTOHETNON AYOYDV TOL GLVOEOLV T SLAPOPA. CTOYEID KO EMTPETOLV TN UETAOOGT CNUATOV
petalld toug. Xyedaloviol TPOCEKTIKA (MOTE VO EAMYIGTOTOLOVVIOL Ol MAEKTPOUAYVNTIKES
nopePPorég ot omoieg B pmopovoay va ETNPEACOVY APVNTIKE TNV AKEPULOTNTO TOV CHUATOV.
Awyopifovtag to emineda GNUOTOS, TPOPOOOGing Kol yeimong, eAaylotomoleitat 1 ThavotnTa

EUPAVIONG TOPEUPOADY Kot BEATIOVETAL GLVOAKE 1 TOOTNTA TOV CUATOV.

H cwotn tomoféon eaptmudtov arotedel KPIGULO KOUUATL TOV GYESAGHOV, KaBhG ennpedlet
aueca TV amdOooN, TNV KOTACKELAGIUOTNTO Kot TV aglomotio TG cvokevns. H dwadkacio
eCapuatwv meptlopuPdvel T oTpatnyikn TomofETon tev dedpwv eaptnudtov oto PCB ue
oKomo TN PeATioTOMOINGT TG AKEPALOTNTOS TOV CNUATOV, TNG OEPUIKNG CLUUTEPIPOPAS KL TNG
€VKOMOG KOTG Tn ouvvoappoAidynorn. Zto okdilovbo oynuo mopovctdletor 1 TAOKETO, TOL

vAomomoOnke.

Top View

Bottom View

Figure 4.28 SNS INS realistic view
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H endvo mhevpd g mAakétog tepthapPaver tny MCU Ko o TEPUPEPELOKA TG, TOLS McONTNPES
MEMS, tovg kovéktopeg ko tov LDO yo ta ymorokd kokAdpota. Aappavoviag vmoyn
onpaciog g MCU kot tov onudtov mov diépyovtat amd avtn, £yl TorobetnOel oTpatnyKd 6To
Kévtpo g mhokétag. o ™ peyiotomoinon g aflomoinong tov ympov, emA&yOnke o
ovokevaoio LQFP, kabng emtpénel tnv tomobétnon tov vias Kol TV 00e0GEMV KATM oo TNV
MCU. H ovykekpyévn amd@acmn eVioyHETOL OO TO YEYOVOS TG OEV LITAPYOLVY TVEAL 1 Bappéva
vias, [ amotéAespa T pelmon Tov cLVoAKoL peyébovg g mAakétag. To vrolowra eEoptipata
tonofetOnKay yopw and v MCU, kabdg ta meptocdTepa and avTd ETKOV®OVOLV omevbeiog e
avtv. EmmAéov, ek1d¢ amd Tov KUPlO0 KOVEKTOPOG TNG TANKETAG KOl TOV UEYOAO TLKVOTH
mopdrkopyns tov LDO, ta vrérowma e€aptiuota ivor pukpd Kot Era@pid. Avti 1 emAoy nTov
OKOTY, KOOMG LEUDVETOL T TOAVTAOKOTNTA, O ¥POVOG KOl TO KOGTOG GUVAPLOAOYNONG. AtveTou 1)
duvatdtto vo cuvopporoynfel TpmdTo N emdved TAELPA NG TAAKETOG YWPIG avnovyieg yuo

petakivnomn 1 amokOAANon eEAPTNUATOV KOTA TN S1001KAGI0 GLVOPUOAOYNONG TNG KAT® TAEVLPAG,.

2y KAt TAELPE TG TAAKETOG £xovv TomoBenOel otpatnywkd ta fapdtepa eCoptipata, OTWS
avTtd Tov oyetilovtal e To KOKA®EO Tpo@odociog kot tn povada GNSS. H tomobétnon| tovg avtn
EMTPEMEL TNV ATOTEAEGLATIKY amory®yn Bepuotntag Aoy® tov Bapovg toug kot g Bepuotntog
mov mopdyovv. Expetaidevetor emiong v eyyvtnto o€ HEYOADTEPES TMEPLOYES YOAKOD TTOL
Aertovpyodv ¢ YNKTpeS, yeyovog mov Ponbd oty amoteAecpotikn amaywyn Oepudtroc. To
GNSS ovykekpiéva, Tomobemnke otV KAT® TAEVPA AOY® TOL PAPOVG KoL TOL HEYEAOVL GYKOV
tov. Ta onjpata UART amd 10 GNSS npog tnv MCU egivor younAng toydmnrag Kot 0ev Kivouvedouv
va aALo1wBovV 1Wwaitepa Katd ™ petafaon petabd towv emmédmy tov PCB. EmimAéov, Ta onuota
RF 100 GNSS dpoporoynnkay mTpocektikd pe mpocsapproyn g ovvietng avtictaong ota 50 Q

v va Eacaliotel 1 fEATIOT anddoon.

4.2.2.3 2vvapuoloynon PCB

o ™ ovvappordynon tov PCB emhéybnke n pébodog emavapons pécm Oeppdtmrag. o
dtevkdAvvon g dladikaciog, oxedldotnke £va 6TEVOIA Kot i TG dVo mAevpég tov PCB. Avtd,
EMTPETEL TNV aKPIPY] EQOPUOYN TNG TAGTOS KOAANONG ot kaBopiopéva pads kot eEacparilel T

omwaotn evbvypdhupion TV £opTNUATOV Katd TNV TomoHETNoN TOVE.

Me ™ ypfion otévold, M TAcTO KOAANONG €poapuOleTon pe eAEYYOUEVO KOl GUVEMN TPOTO,

Beltiovovrtog v axpifeta kol v a&lomotio Tov KoAAnoewv. To 6TéVoil Aettovpyel mg 00NYOG,
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emTpEmOVTOG TNV okpPn evamodbeon ¢ ndotog ota pads tov PCB, to omoia eivon arapaitnro yio

TN ONUIOLPYIC NAEKTPIKAOV GCLUVOECEMY KOTA TN S1001KOGT0 KOAANOTG.

To otéveih oyedidonke mpocekTikd dote va Tauplalel pe 1o PCB, eEacealiilovtag v akpipn
evbuypaupion tov avolryudtov pe to avtiotoyo pads. Avtiy n evBuypdupion eivor (OTIKNG
onpaciog ywo Tnv akpipn tomobétnon tov eoptudtov, kabhg dtucpaiiletl 6Tl kdbe eEdpTnua

eykabiotator 610 Kabopiopévo pad tov.

[N va eéocpoalotel m owot) tomobétnon tov eloaptnudtov kotd TN Stedikocio
ouvappoAdynong, snpovpyndnkay kdmowa £yypaga. Avtd, mepthappdvovy &yypapo oyedioong

OV TTEPLEYOVV TN UNyavikn dtdtaén Tov e€aptnudtov yio ke mAgupd T mAakétog, Kabdg Kot
éva Bill of Materials (BOM).

A B [ C D
View from Top side (Scale 5:1) Bill Of Materials
" Cine # Name Quantity
L Ic4 LSMBDSV16BXTR 1
IC6 LPS22HBTR
IC5 LISZMDLTR
J72 iG7 TCAN337DCNR
J72 M50-3120645
Ji3 KSP-122811-01
Ic22 TLV70333DBVR
- D31 SMIL-LX08055RG-TR |
T - C38, C42, C45, C52, €55, C62,
O BEB| oo O o CLOSA1OBMPENUBS |7
© - i C37, 58, C59, CbB, G213 CL3TAZZ6MOCLNNG
r~ C54 ; €39, C340 GJIM1555CTH140GB01D
o Cc55 | o FB21 BLM1BKGE01SN1D
o c58 R31, R51 ERJ-2GEJ103X
2 C&7 GRM155R71C224KAT2D 2
C28, C211,C214 CCO603KRX7R7BE105
C37, C43, C46, C53, €56, C63,
» | CB3 5@ 5 oo €0402C105KBPACTU 8
@« © oy i €29, C212, C215 0603YC104K4Z2A 3
o |8 o o é Q T37,C32, £33, C34, €35, 638,
CE1 5 o B C41, C44, €51, C54, 81, C4, C0402C104KBPACTU 14
- — = 8 C67.C71 ]
54 [C66 = C210 CL32AT07MQVNNWE 1
CB5 C67) : < ¥21 ECS-100-12-33-JGN-TR3 1
5 ica STM32G431CBT6 1
S = C43 C41
= =
c213 | [» =
L | o = =]
3 S —— = |48 3
[c29] [c212] [C275] ; — O | q
7 nnaannne =
Loy IR RERTIRHA 3
c28| [c211| [c214]
C3 C44 C48
- D31 | i @l o |
8 c210 ‘ gl v [é?
4 4
A B c D

Figure 4.29 SNS INS top side assembly document
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View from Bottom side (Scale 5:1) Bill Of Materials
1 1
Line # Designator Name [Quanity
L22 SPMB545VT-470M-D 1
1c23 L[D39050PU33R 1
C22, C25 CL31B475KBHNFNE 2
c218 CL31A47BMQHNNNE 1
L21 CEC20167T 100K 1
— c74 CLOSA106MPENUES —
Dz2 MM3Z18VST1G
Dz2 BZX384-C18.115
O IC72 Q €217, C223 CL31A226MOCLNNC
R32 ERJIEKF3300V
71 LQG15HS27NJ02D
€216, C221, C224 CCOG03KRXTR7BB105
2 [L71] C75 C0402C105K8PACTU 2
A €222, C225 0B03YC104K4Z2A
NN N Q21 BSSE4_RFG
oo C73 CO402C104K8PACTU
CZ1,C24 L31B105KCHNNNE
= Q21 €23, C26 CL31B47T4KBHNNNE
1 — - o a €219, €220 CL32A107MQVNNWE
— <] [©] [wm CRCWOB033M32FKEA, —
] © =S 5|8 R22, R23, R24 CRCWOB031MOTFKEA, (3
& & & [t 7 CRCWOB0310K7FKEB
o o | = A s 1 CRCVW/O603100RFKEA
1 Tall & o g 1 CRCWOB03100RFKTA
— NI D21 DF2836FU,H3F
1c21 4 g afje C21 MAX17640AATAT
3 - C72 TESEC-LIV3FL 3
| 1
ke & gl |s||a
(] O = O
R32
czz21 o @ ﬁ E
C220 | [caz2) e o] [0]] ©
4 \z : : :/ 4
A B Cc D E F

Figure 4.30 SNS INS bottom side assembly document

4.3 Emokdémnon AcOntpov

H ypnon tov awcOnmpa Papopetpikng micong LPS22HB, tov aicOntipa emitdyvuvong ot
yupookoniov LSM6DSV16BX, tov payvntopetpov LIS2ZMDL kon g povadag GNSS Teseo-
LIV3FL o¢ o ovokevon INS mapéyet éva olokAnpopévo chvoro aicOnmmpov yo akpifn kot

a&OMoTH TAONYNON Kol EKTIUN OGN TOV TPOCAVATOMGHOV.

O awcOnmpag LPS22HB eivor évag aicOnmpog PapopeTpiknig mieong mov ypnoilomoteiton
ovvnBmg oe cvokevég INS. TTapéyet axpipn] kot a&dmotn HETpnon TG ATUOGPALPIKNG TEGNC, M
omoia givol {OTIKNG oNUOGTOG Yo TNV EKTIUNGCT TOL VYOUETPOV KOl TOV EQPAPLOYDV TAOYNONG.
EmmAéov, &éxet vynAn avaivon kot xapnio 06pvfo, emrpénovrag akpiPeic pertpnoelg mieong. O
acOnmpog LPS22HB eivan emiong eEomhopévog e Evay aictntipa Beppokpaciog, ENTpEnoviog
TV avTieTdopion g 0epLoKPAGIag KOl EVIGYDOVTOS TEPALTEPM TNV OKPIPELN OTIG LETPNGELS TOV.
To ppd p€yefog tov, 1 YoUNAN KOTOVAA®ON EVEPYELNG KOt 1) GLUPATOTNTA TOV HE SLAPOPES
OlEmaPéG Tov KaBoTOOV 100VIKY EMAOYN Y10 EQPAPUOYEG OOV amattovvIon akpipn dedouéva

OTLOGPALPIKNG TTECTG.
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O awctnmpag LPS22HB dwobétet apketd aSloonpeiota YopokInploTikd, 0nwme £va, Epv EAcUa
pétpnong mov exteivetar and 260 ¢ 1260 hPa. Evoopoatdvel €vav avaioyikd-ce-yneloko
petatponéa (ADC) vyning aviivong tov 24-bit yia axpifeic petpnoeig mieong. Me gvaisOnocia
nieong 4096 LSB/hPa, efacpalilel emmAéov a&lomiotio oTig HETPoEIS. AKOUa, 0 ocOnTpag
010G Tapovotdlet efatpetiki omddoon e eminedo BopvPov micong o 0,0075 hPa rms/vVHz

EVIOYVOVTAG TNV gVAIoONGiN Kot TNV aKpiPEld TOL 6TV KaTaypopn] MKPOV LETOPOADY TNG TTiEOTC.

HLGA-10L
(2.0 x 2.0 x 0.76 mm)

Figure 4.31 LPS22HB pressure sensor [58]

O aweOnmpoag LSM6DSV16BX cuvovalel éva emttayvvelopetpo 3 aEdvmv kot Eva yupookomio 3
aEOVmV G€ £va LOVO OAOKANP®UEVO. AVTOC 0 osONTpag TPOSPEPEL LYNAN akpifeta, EEPETIKT
oTafepdTNTA Ko YOpaKTNPIoTiKd Younioh Bopvfov, kabioTdvTag ToV KOTAAANAO Yo aviyvevon
Kivnong kot extipmon npocsavatolopot e cuokevég INS. To emtayvvoeldpeTpo mopéyet akpiPeig
LETPNCELS YPOUUIKNG EMTAYVVONG, EVD TO YUPOOKOMIO EMTPEMEL OKPIPEIS LETPNOELS YOVIOKNG
TavTNTOG. Me emALEEG TEPLOYEG LETPNONG, EVEMKTOVS PLOLOVG OETYLLATOANWYIOG KO TTPOTYLEVQL
YOPOKTNPIOTIKA YNOLOKNG eneEepyaciog onuatog, o awsOntpog LSM6DSV16BX mpoceépet
eveMéia Kol TPOCAPUOCTIKOTNTO GE JOPOPETIKEG amortioels. To pikpd péyeboc, n younin
KOTOVOA®OT €VEPYELDG KOl 1 0EOMIOTN amdd0oT) TOL TOV KOOIoTOUV 100VIKY| ETAOYN Yo

epappoyéc INS.
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O awcOnmpoc LSM6DSV16BX mpoopéper elatpetikég dvuvatdTNTeg Yoo TN METPMOTM 1TNG
YPOUUIKNG EMLTAYLVONG KO TNG YOVIOKNG ToVTNTOC. AlafTEl €0 PACHA LETPNCEDV YPOUUIKNG
emtayvuvong amnd 2 £mg 16 g, emtpémoviag v akpiPn aviyveuon dSapoOp®V ETITES®Y EMTAYVVONS.
Me evawoOnoio mov wvpaivetar omd 0,061 €wg 0,488 mg/LSB, efocepoiiler axpiPeig xot
Aemtopepeig petproeis. Emmiéov, o asOnpag mapovsidaletl younin mokvotnta Bopvfov, ota 70
ng/VHz , glayotomotdviac Tic avembopntes mopepPoréc OHMATOC Kot SlaTnpodvVIaS TV

aKeEPALOTNTA TOV OESOUEVDV.

Ocov agopd 1 pérpnon tov yoviakod pvOuod petaforns, o awcOnmpag LSM6DSVI6BX
mopéyel Eva peydlo gopog, and 125 éwg 4000 dps, emtpémoviog TV KaToypaen €vOg €VPEOG
QAGLOTOG TaYLTHTOV TEPoTPoPns. H evasOnoia tov kvpaiveton omd 4,375 éwg 140 mdps/LSB,
KO EMTPEMEL AETTOUEPEIS LETPNOELG Kol kPPN TapakolovOnon g yoviakng Kivnone. EmmAéov,
e TOKVOTNTO BopdBov mov Kupaiverar ota 3,5 mdps/VHz, o atednNTpag Topéyel aEOTIGTES Kat

otabepég petpnoelg pe younio 86pvfo.

Lys

LSM6DSV168)

LGA 14L
(2.5 x 3.0 x 0.71 mm) typ.

Figure 4.32LSM6DSVI6BX IMU sensor [59]
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‘Eva emumAéov mieovéktnua tov cucOnmpa LSM6DSV16BX eivatl o evoouatmopévog alyopifpog
OLYYOVELONG ASONTP®V YOUNANG KOoTavAA®mong evépyelas. Avtdg o aAyoplBpog cuvovalet
d€d0UEVO OO TO EMTOYVLVGLOUETPO KO TO YOPOGKOTIO Y10l VO TAPEYEL OKPLPT) KOl OTOTEAECLLALTIKT)
EKTIUNON TOV TPOGAVOTOAMGHOV. AELOTOIOVTAG OLTO TO YOPOKTNPIOTIKO, O aeONTHPOS EMITPETEL
TN CLYY®VELGT OESOUEVMV KIVoNG O€ TPAYUATIKO YPOVO, EAAYIGTOTOIMVTIOG TIG VTOAOYIOTIKEG

OTOUTNOELG Kol BEATIGTOMOIOVTAG TV KOTAVAA®GN vEPYELaG ot cvokevn INS [60].

O aweOnmpag LIS2ZMDL eivat éva poryvntopetpo 3 aEOvmv oyedtaoEVO Y10 EQAPLOYEG LETPNONG
Kol aviyvevong poyvntikov mediov. Tlapéyel axpiPeig Ko a&lOMOTES HETPNGEIS TOV HOYVNTIKOD
nediov ¢ I'mg, emtpénovtag tov akpipn mpocsdiopioud tng katevbvvong kol ) Asttovpyio
mué&idag oe ovokevéc INS. O asntipag LIS2ZMDL mpoceépst vymin gvaictnocio, younio
00pvPo ko e&apeTiky yYpoppkoTTa, £E00PUMlovToc akpIPEic LETPNOES LOyvNTIKOO TTESIOV.
AloBéteL €Vpv PACHOL LETPCEMY KOl SLOUOPPDOGCIUES AEITOVPYIEC UETPNONG, EMTPETOVTOS TNV
TPOGOPUOYY] O OPOPeTIKEG TePIPariroviikéc ovvOnkes. To pkpd péyebog, M younAn
KOTAVAAW®GT EVEPYELNG KOl 1) GUUPOTOTNTO TOL UE SAPOPES JETAPES TOV KAOIGTOVV KATAAANLO
Y evoopdtoon ce ovokevég INS. O aoOntmpag LIS2MDL katéyst onuoviikd polo otnv
evioyvon g akpifelag kot TG aglomoTiog TV AEITOVPYLOV EKTIUNONG TPOGOVOTOAMGHOD KOl

mAonynong otn cvokevn INS.

O aweOnmpag LIS2MDL vrepéyetl otn p€rpnon HayvnTikov nedimv o€ oxEor UE avTIGTOL0vS
aoONTPES YOPN OTIG EVIVTIOOIOKES TPOodlaypaPss Tov. [lapéyel Eva gvpv @Aouo HLoyvnTIKOD
nediov +/- 50 gauss, emtpémoviag v axpin aviyvevon 1600 acbevdv 0G0 Kol 1oYLPOV
poyvntikov mediov. Me gvastnoioa 1,5 mGauss/LSB, efacpariler akpiPeig peTpnoels,

EMTPETOVTOG TNV KOTAYPOPT UIKPDOV HETAPBOADY GTO HoryvnTiKO TEdIO.

"Eva amo ta a&roonueiota yopaktmpiotikd tov acntipo LIS2ZMDL eivot n xounAn Ty 6opHpov
T0v Tov avépyetal oto 3 mGauss rms KoeEoo@oMiEl AEIOMIOTEG KOl GUVEMEIG WETPNOELS
HayvnTIKoU TEdiov. AVTO TO YapaKTNPIOTIKO GUUPAAEL GTNV EANYIGTOTOINGT TOV TOPEUPOADVY Kol
eVioyLEL TNV evasOnoia tov aucOnpa. Me avtd 1o eninedo emodcemv, o acOnmpog LIS2MDL
kafiototor pio a&lomotn Ty Y10 EPOPUOYES TOV amaltohV aKplPels HeTPNOELg LoyvnTKoD

nediov kot a&lomiotn Agttovpyia TLEIdAC.

To Teseo-LIV3FL eivar o povada GNSS mov €xer oyedtootel yioo €poppoyés akpiovg

evtomopoy  Béong kot mAonqynong. Avty m povddo vrootnpilelt TOAAATAL GLGTHUOTO
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d0pLEOPIKNG mAoNyNone, cvumepapPavopévov tov GPS, Galileo, GLONASS, BeiDou «at
QZSS, emtpémovtag alldémoto Kol akpiPr] EVIOTIGUO BE0NG GE SIAPOPES TEPLOYES TAYKOGUIMG.
[Tpocpéper vynAn evaicOnocia, YOUNAY KOTOVOA®MOY EVEPYELNG KOl YPYOPO ¥POVO UEYPL TNV
npmtn ovvdeon (TTFF), eEaocparilovtag ypnyopn Kot OMOTEAEGUATIKY OTOKTNGT SOPLPOPIKADV

OEOUEVAV KOl TOYELEG EVILEPMGELS EVIOTIGHOV BEoTC.

H povdéda Teseo-LIV3FL gvompotdvel mponyrévous alyopifouvg eviomicpod B€omg ko TeVIKEg
enefepyaciog GNUATOG Yo Vo TapEYEL akpiPeis mAnpopopieg eviomiopov BEong, akodun Kol o€
dvokoha mepPdirovia pe mEplopopEva dopveoptkd onuota. ITapéyer axpipn dedouéva
YEOYPOUPIKOD TAATOVS, YEMYPOUPIKOD HNKOVG, DWYOUETPOL KOl TOYVTNTOS, EMTPENOVTAG aKPLPN

eVTOmIo O BEomg Kot Aettovpyieg TAoynong yio cuokevég INS.

£

/

Figure 4.33 TESEO-LIV3FL GNSS module [61]

Me 10 oyetikd pkpd pEyefog Tov, TN YOAUNAY KOTOVOAMOTN EVEPYELNS KOl TNV VTOGTHPIEN
dpopmv dtemapav enikovoviag, 0nog UART kot [2C, n povada Teseo-LIV3FL evoopatdveton
e0koAa og cvokevég INS. H vynin akpifeta, n a&lomiotn amddoon g kot 1 cupfatdotnTa e He
SAPOPa SOPLPOPIKA GLOTHLATA TNV KAOIGTOVV KATAAANAN Y1 VA EVPY PAGHO EPAPLOYDV, OTWG
1N TAONYNON OYNUATOV, 1] TAPUKOAOVON OGN TEPLOVGLUKMV GTOLYEIMV KOl TO GUCTNLOTA EVIOTICUOV

0éomg oe eEwTEPIKOVS YDPOVC.
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4.4 BoaBpovounon awsOnmpwv Calibration

4.4.1 Zoeopkn [Ipocappoyn

H BaBpovounon evog payvntoUETpov Kot EVOG ETTAYVVGIOUETPOV givarl {MTIKNG GNUOGTOG Yo T
MyN cOOTOV HETPNOEMV Kol TNV €EAGPAMON ASIOMIOTOV OEGOUEVOV GE OIAPOPES EPUPLOYESG
OM®G 1 TAONYNON, M POUTOTIKY] Kol 1 oviyvevon Kivnone. Mo amoTELECUATIKY TEXVIKN YO TN
Babpovoumon avtdv TV osnmpov ivol N ceopiK) TPOSAPLOYY|, 1| 0Toia TEPIAaUPAavEL TOV
TPOGOIOPIGUO TOV TOPOUETP®V POOUOVOUNGNC LE TNV TPOGAPUOYN T®V OEOOUEVOV CE &Vl

padnuotikd povtédo opaipag [7], [62].

To payvntopetpo petpd to poyvntikd medio g Img, eved 10 emTayLVGIOUETPO UETPE TNV
emtdyvvon mov voiotatol £vo avtikeipevo. Kot ot 000 aeOnmpeg £xovv €yyeviy GLGTNUATIKG
CQAUALOTO KOl SLOKVUAVOELS TTOL TPEMEL VoL ANPBOHV VITOYT TPOKEIEVOL Vo ANeOovV axpiPeic
petpnoels. Babuovounon eivar 1 dwadikacio. TPOGOOPIGHOL GVTAOV TOV GOUAUATOV Kot

SLIKVULAVOEMVY LE GKOTO TNV OVTIOTAOUIONG TOVE.

To pobnuotikd HOVIEAD TOL HOYVNTOUETPOL KOl TOL EMITAYVVGIOUETPOV, OMWOG ovapEpOnKe

TPONYOLUEVMGS, divovtar amd Tig akdAovbeg eElodoels:

[TApec pOVTELO HayVIITOUETPOD hpt = SpuNpy (Agi by + bpy) + by + 1y
[TAqpeg povtéro paryvntOUETPOL W= Aghy, + by

[TAqpeg povtéro paryvnTOUETPOL ap' = Szap + by +ng,
Movtélo Babpovounong enttayvvelOUeETPoy ap't = Sgap + by

Table 4.2 Magnetometer and Accelerometer error models

H evotnra 3.2 mapéyet o oAokANpopéV EEETOOT TV TOPATAVE® EEICHOGEMY Kl TMV OVTIGTOTY®OV

TOPAUETPOV TOVC.

I ™ Pabpovounon tov ashnNTpOv aVTOV e CEAPIKN TPOGOUPLOYTH, CLAAEYETAL EVa GHVOLO

OEOUEVAV LLE TTEPIOTPOPN TNG CLOKELNG GE OLOPOPETIKES YVies. Ta 0d0UEVOV amoTELOVVTOL OO

115



TIC oKATEPYNOTEG EVOEIEEIC TOV ancONTpa pall pe TIg avTioTol eg YVOOTEG TILES OVAPOPAS TOV

HOyVNTIKOU TTEGI0V KO TG EMLTAYLVONG.
H dwdikasio fabpovounong meprhapfavel ta akdéAovbo frpoto:

Yviioyn dedopévav: H cuokenn Tepiotpépetal 6€ dLIPOPOLS TPOCAUVATOAGHOVG, KAADTTOVTOG
60 T0 €0pog ¢ kivnong. ['a kébe TPoGaVATOMGHO, KATAYPAPOVTOL Ol AKATEPYAOTESG EVOEIEELS
TV ctnmpov (LOyvNTOUETPO 1 EMTAYVVGIOUETPO) KO Ol AVTIGTOLXES TIES avagopas. Eival

OTNUOVTIKO VO GUAAEYETAL EMOPKNG aplOUdS onpeiov yia v enitevén akpifoig Paduovounong.

[Tpo emeepyacio dedopévav: Ot aKoTEPYNOTEG WETPNOELS TOL ooOnTipa vroPdAloviol ce
eneEepyacio yo TNV amopudKpuven Toyxov Bopvov 1 aKpaivV TILOV TOL EVOEXETAL VO ETNPEACOVY
mv akpifela g Pabpovounongs. I'a tov kaboapiopd TV 0e00UEVEOV UTOPOVV VO, EQAPLOGTOVV

TEYVIKEG PIATPOPIGLOTOC, OTTMG 0 HEGOG OPOG 1 1) ATOPPLYN OKPAIOV TYLDV.

Tomobétnom opaipag: Ta dedopéva YPNOIUOTOIOVVTOL Y10 TV TPOCUPUOYN G€ Eva. LadnuotiKo
povtélo ooaipag. H oopaipa avtimpoowmedel v 10avik) amdKpion Tov owetnmpa yopic
CQUALOTO KOl TOPOUOPPDOCELS. XTOY0C eivan va Ppebel  ceaipa mov tapdlel koAvtepo oTa

onpeio Tov GLAAEYONKAV.

Mopapetpor fabpovounong: Moig tpaypatonombei n Tpocappoyn twv dedopévav oe opaipa,
kaBopilovratl ot mapdpetpor Pabpovounons. Avtéc ot TopaUeTpotl TEPIAAUPAVOVY GUGTILOTIKA
CQAALOTO KO GUVTEAECTES KALOKOG TTOL TTPETEL VAL EQAPLOGTOVV OTIC OKATEPYUOTEG EVOEIEEIS TOV
aoONTPa Yo Vo avTIGTAOUIcOVY TO €YYEVI] CLGTNUOTIKA COAALATO Kot Ol dlakvudvoels. Ot
noapdapetpol Pabpovounong vroroyilovrar pe Paon v amdkion peTa&d TOV HETPOVUEVOV

JEQOUEVMV KL TNG TPOGUPUOGUEVG COAIPOG.

Enucopwon Pabpovopmong: Metd m Anym tov topopuétpov fadpovounong, itvatl amoapaitnto vo
emkvpwbel 1 Pabuovounon. Avto yivetoar pe T GVAROYN VO Eex@ploToh GLVOLOL dedopévev
Kot Tn 60yKplomn Tov Babpovounpévev evosiEemv Tov aentipa Le Tig YVOGTEG TIUEG AVOPOPEG.
Toyov vrodewmdpeva cPAApaTo LTopobv va. edoyiotomoinfodv mepartépm Le TN Peitioon Tov

TOPOUETPOV Babuovounong He Tn xpNnon TEXVIK®OV BEATIoTOTOINoNG.

AxohlovBdvtag avutny T S10dKocio, TO HoyVNTOUETPO KOL TO EMLTAYVVGIOUETPO UTOPOVV Vo

BabuovounBovv pe axpifela ypnoomoidvtoag oeoiptky] mpocsapuoyn. Ot Babuovounuévol
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aoOnTpec mapéxovy alldmoTeg Kot akpIPeic LETPNOELS, EMTPEMOVTAG TOV OKPIPY| TPOGIOPIGHO
™G €VTOoNG TOL UAYVNTIKOD TEdIOn KOl TMV EMTOAYOVOEDV TOV AVIIKEUEVOV GE TPOYUATIKEG

EQOPLOYEC.

A&ilelr va onuelwbel otL vdpyovv dpopeg GAAeg drabéoieg Texvikég Pabuovounone kot m
emAoyn g LeBOO0L eEapTaTOL OO TIG EOIKEG OMALTNOELG KO TOVG TTEPLOPLGLOVS TNG EPAUPLOYNS.
H ocpaipikn mpocappoyn, ®otdc0o, Tapapéver tio ONUOPIANG Kol OTOTEAEG LOTIKT TPOGEYYIoN Y10l

v enitevén axkpiPovg Pabuovounong Tco TV HayVNTOUETPOV OGO KOl TOV EMITOYVVCIOUETPOV.

442 BaBupovounon péow Gimbal Test rig

H BaBpovéunon tov yvpockomiov mpaypatoroOnke pe tn ypnon evog gimbal test rig Kot evog
Babuovounuévov yvpookomiov wg onpeio avaeopds. To yvpookdmio tomobetOnKe TPOCEKTIKA
otV duataén eEacparilovroc cwaotn evbuypapon Kot otafepotnto. Exteléotnioy eAeyyoueveg
TEPLIOTPOPIKES KIVIGELG LE TN XPNOT) TNG SOKIHOOTIKNG 14TAENG, TPOGOUOIDVOVTAG O10POPETIKOVS

TPOGAVOTOAIGHOVG KO YOVIOKES TAYVTNTES.

Katd ™ dwdwoasio e Pabuovounone, cvArEyOnkav petpnoelg toc6o amd 10 VIO OOKIUN
YUPOOKOTLO 060 Kot ard 10 Pabuovounpévo yvpookomio. Ot amokAoels petalld Tov LETPNCEDV
avoADONKAY LE GTOYO TOV EVIOTIGUO GUCTNUATIKOV GEUAUAT®V TOL VITEPYOVY GTO YUPOCKOTLO.
XpnooromOnkav otatiotikég néBodotl Ko pobnpatikd LoviéAa ylol TV TOGOTIKOTOINGCT TV

OTOKAMGE®MVY KO TOV VTOAOYIGHO TOV CUVTEAEGTOV O10pHmONG.

Ot dopboTikol TapAyovTeEG TOL TPOEKLYAV OO TNV OVOALGN OTOTEAOVV TI TOPUUETPOVS
Babpovounong, Kot 6T GVVEXELN EQAPUOGTNKAV GTO GVGTN O, MEe ToV TpOTO 0 TO dlcPaAioTnKE
Ot o1 peAovTiKEG petproelg Ba mpocapuoloviov HE TOVG KATOAANAOLG GUVTEAECTEG,
avtiotaduilovrag Toxdv cedipota. Xtdyog NTav va evioyvdet n akpifela kot n aglomotio TG

€€000V TOL YVPOGKOTIOV CUUPOVO. LLE TIG LETPNOELG TTOL TTaPElXE TO Pabovounpuévo yopoosKomio.

H odwdwacia Pabuovopmong odnynoe otn HeEl®ON TOV GEOAUATOV UETPNONG KOl TOV
CLGTNUOTIKOV GQaApdToV, pe amotéleoua T PBeAtioon g akpifelag Kot TG amddoons Tov
youpookomniov. To Babuovounuévo yvpookdmio pmopel mAéov va ypnoiponomdel pe oryovpld oe

SLAPOPOLE TOUEIG OOV M OKPIPNC LETPNON TNG TEPIGTPOPIKNG Kivnong eivar amapaitnT.
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4.5 ZyedloopHOg AOYIoUIKOD

O oyedondg TOL AOYIGUIKOD OMOTEAEL AVOTOGTOGTO KOUUATL TV cvokevmv INS. e avt) v
evoTNTa, TOPOVCIACETOL L0 EMOKOTNGT TOV AOYIGUIKOD TOL LAoTomOnKe Yo T cvokevn INS,

a&lomoidvtog Eva pukpoeAeykt] STM32, odnyotg yauniot emmédov (LL) kot Eva Asttovpyikod

ovoTnua Tpaypatikov ypovov (RTOS).

4.5.1 Apy1teKTOoVvIK AOYIGUIKOV

H ovokevp INS mov viomomOnke ypnopomolel 1o FreeRTOS, éva Aettovpykd cvotmua
TPAYUATIKOV YpOvoL avolktoh Kddwo. To FreeRTOS emitpémer v tavtdypovn ektéAeon

TOAMOATADV OlEPYACIOV, VA OoyEPIETAL OMOTEAEGHOTIKG TOVG TOPOVS TOL GLGTHHOTOS [63],

[64].

RTOS

Entry Point (main())

:

Setup

Task 1

Interrupt Service
Routine (ISR)

Task 2

Task 3

‘Eva and ta kopro mieovektipata tov FreeRTOS eivat o ypovodpoporoyntig diepyacidv Tov, o
omoiog 6ivel TpoTEPAATNTA OTIC dlEPYNTIES Le PAom TOV EnelyovTa 1 KPIGIHO YopaKTipo Tovg [63],

[64]. AvTd drac@aAilel OTL 01 Epyacieg VYNNG TPOTEPAOTNTAS AAUPAVOLV TOV amapaitnTo YPOVO

Figure 4.34 RTOS overview [65]
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eneéepyaociag, emrpémoviag ot ovokevn INS va avramokpiveTon OTIC KPIGUIES ATOLTHOELS

YPOVIGLOV KoL TOPEYOVTOS TNG OTOKPION GE TPAYHATIKO YPOVO.

What actually happens®

*assuming single-core processor

“preemptive scheduling”
ISR
(H/W)

Priority
(S/W)

Task B Task C D Task C

0 Task A || Task A

os[:'.d.e']ﬂﬂﬂ[é

Task A Task A

time

Figure 4.35 RTOS Task scheduling [65]

To FreeRTOS mapéyet 1oyvpég duvaTOTNTESG d1aXEIPLONG OEPYACLAOV, EMTPEMOVTOS TN ONLovpyia,
™ Slypapn, TNV OVOGTOAN Kot TV €mavdAnyn tovg [63], [64]. Avt) n apBpwt) Tpocéyyion
OLEVKOADVEL TNV 0PYAVMOGCT TOL KOJIKA, SLOpOVTOS TO AOYIGHIKO 08 Eeywplotég epyooies, kabe
pia amd T1g omoieg etvan vtevBuvn Yo cuykekpyéves Aettovpyieg. Ot diepyacieg oto FreeRTOS
€YOVV 1O O1KO TOVG aveEApTNTO TANICIO EKTELEGNC Kot PpiokovTol 6€ S1apOPETIKES KATAOTACELS,
o6mwg Running (Extédeon), Ready (Etoyun), Blocked (Amoxieiopévn) 11 Suspended (Avactodn)
[63], [64]. O ypovodpoporoyntig petafaivel duvapukd petald tov depyaciadv pe Paon Tig
TPOTEPULOTNTEG TOVGS, SOGPAALOVTAG TNV OTOJOTIKY YPNON TOV TOPMOV KOl TNV ATOKPICT) TOL

GUGTNUOTOG GE TPOLYLOATIKO XPOVO.
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Task States

Suspended
vTaskSuspend()

A

vTaskSuspend() vTaskResume()

A 4

-
Task >
Creation —bady -
-

A

Running

A

Blocking API

vTaskSuspend() function called

Blocked

Figure 4.36 RTOS Task states [65]

Task A
Queue
\\
m| <
ol o
3|3 Task B

// g8

First in, first out (FIFO)
Task C

Figure 4.37 RTOS Task communication [65]

Ot punyavicpol cuyxpoviopov Kot emkoveviag mov npocseépel to FreeRTOS emtpémovv tov

CUVTOVIGHO HETOED TV EPYOCIOV Kol TNV Kown xpnor dedopévmv [63], [64]. Ot cepapdpot, ta
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mutexes Kot 0l OVPEG EMTPENMOVY OTIG SEPYATIES v cLYYpovilovV TIG OPACSTNPLOTNTEG TOVG, VO
AVIOALAGGOVYV TIANpoQopiec Ko va €A&yyouv 1Tn pon oedopévev. Avtol ot unyaviopol
JLEVKOADVOVV TNV OMOTEAEGUOTIKY EMKOWV®VIN Kol e£ac@oAilovy TOV KOTAAANAO GLYYPOVIGUO

petadd Tov d10pdpwv ototyeimv ¢ cvokeung INS.

H anoteheopotikn dwoyeipion tov Topwv eivar évo okdpa onpovtikd mtieovéktua tov FreeRTOS.
Emutpénet v anotedespatikn aglonoinon tov tdp®yv Tov GLGTHUTOS, OT®G 0 XPdvog g CPU,
N wnun ko ta tepreepetaxd. Me 1o FreeRTOS, pmopet va amotpoamodv cuykpovcselg Aoymy Tdépwv

KOl VoL KOTOvEUN 000V avaAloya e TIG OVAYKES TNG EKACTOTE OlEPYaCiog

RTOS Memory Allocation

RAM Task 2
Stack
Stack 2
xTaskCreate()
TCB 2
Heap Task 1

Kernel Object 1 Stack 1

Tack 2 / xTaskCreate()
Task 1 I lICER

Static «——— xTaskCreateStatic()
#define configSUPPORT_STATIC_ALLOCATION 1

Figure 4.38 RTOS memory Management [65]

Katd m oyediaon tov Aoyispukov g cvokevng INS, a&tomomOniav ot 0dnyoi xauniob enumédov
(LL) mov mapéyovrtar amd v STMicroelectronics. Avtoi ot 0dnyoi LL katéyovv kabopiotikd poro
oTNV GUECT OAANAETIOpOON UE TO. TEPLPEPELOKE TOL HikpoeAeykty STM32, emtpémovtag v

OOTEAECLATIKT] DAOTOINGT AEITOVPYLOV TOV OLPOPOVV GUYKEKPIUEVO DMKO.
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"Eva a6 to TAeoveKTAHOTO TOV TPOYPOULATOV 001yNnong LL etvar 1 ikavotntd 100G VoL mapéyouvv
éva eMMEd0 apaipeonc LAIKOV. Me TV a@oipecn TOV AETTOUEPEIDV YOUNAOD EMTEGOL TOV
VAKOV, ot odnyol avtol AmAOTOWOLV TN OOIKAGIO YPAPNG KMOKO KOl EMTPEMOVY GTOVG
TPOYPOUUATIOTEG VO, EMKEVTPOOOHV TEPIGGOTEPO 0TI Pacikég Aettovpyieg ¢ cvokevng INS.
AVTO 10 OTPOUA aPOIPECNG TPOCTATEVEL TOVG TPOYPOLUUOATIOTEG OO TIG TOAVTAOKOTNTEG TG
npdoPaong o€ eMimedo KATUYOPNTOV Kol TV puOuicewv YoaunAov emmédov, Ue ATOTEAEGUO O

KOOKOG vaL €IVOL O ELOVAYVOGTOS, GUVTNPNOULOG KoL VO, YIVETOL EVKOAITEP ATOGPAAUATMOON.

Ta tpoypappata odnynong LL mpoceépouvv Eva ohokAnpopévo ohvoro API kot Asttovpyidv mov
KOAOTTTOUV €vol €Vpy QACUO TTEPLPEPEOKAOY cuokev®y oty MCU. Avtd to mepipepelokd
nepthopfavovy akpodékteg GPIO yuo dtacvvoeon arsntipwv, SPI yia enikovovia pe eEmtepikés
OLGOKEVEG, YPOVIOTES Y10 OKPIPELS OMAITNOELS YPOVICUOD, OIOKOTES Y10l ATOTEAEGLOTIKO XEPIGUO
ocvuPavtov kKot moAAd dAla. H dwobeoyuotnra £Tolumv mPog Ypnom AEITOLPYL®V Yo TN
SLUOPPM®CT] KO TOV EAEYYO TOV TEPUPEPEINKDOV UEIMVEL CNUOVTIKA TO ¥pOVO avamTuEng mov

OTOLTEITOL Y10, TNV DAOTOINGT) QVTOV TOV AEITOLPYIDV.

H Beitiotonoinon tov emddcemv elvar éva axopa Pacikd mAcovékTnua tov odnyov LL. H
STMicroelectronics £xel avoamtu&el aVTOVG TOVG 00MNYOVG HE EUPOCT] OTN UEYICTOTOINGT| TNG
amodoong Tov pikpoedeykty STM32. Ot viomomoeglg mov mapéyovtot amd toug 0dnyovg LL givat
eEaocparilovy Vv omodotTikn ypnon Tov mOpwv vAkoVD. Avti mn PeAtiotomoinon £yl oG
OMOTEAECUO TNV TAXOTOTN UETAPOPA OEOOUEVOV, TNV OKPIBEl GTO YPOVICUO, TN YOUNAN

KaBvoTEPNOT Kot T GUVOAMKY BEATIOON TG OMAS00T) TOV GLGTLLTOG,.

‘Eva axépo mieovéktnuo tov mpoypoupudtov odfynong LL eivor 1 ovpPatdomnta tovg pe
Swpopetikd  povtédo STM32. Avtoi ot odnyol &yxovv avomtuybel €0k amd TV
STMicroelectronics yio va givor copfotol pe dbpopeg oepés pkpogreyktddv STM32. Avti 1
ocvoppatonta emtpénel TV €0KOAN UETAPOOT KOl TNV EMOVOYPNOLLOTOINGTN TOL KOSIKA GE
Swpopetikég ovokevée STM32. Ot TPoypOUUOTIOTEG UTOPOVV Vo YpAyouv  KOOKa
YpNoomoldvTag to mpoypaupato ooynong LL yu éva poviédo STM32 MCU kot va tov
LETAPEPOVV OTPOCKOTTA G VAL AALO LOVTELD TNG 010G OIKOYEVELOG, LEIMVOVTOS TOV YPOVO TOL

OTOLTEITOL Y10, TNV TTPOGOPLOYN TOL AOYICUIKOD GE S10POPETIKES TAATPOPUEG VALKOD.
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4.5.2 Awyeipion depyoacunv

2V €QapuoY™ XYoLV LAOTONOEL S1APOPES D1EPYATIES Y10 TOV YEIPIOUO SLOUPOPETIKMY AEITOVPYLDOV

¢ ovokevng INS. Xe kdbe depyocio avotifetor cvyKeKPUEVT TPOTEPOLOTNTA, OVOUO KOl

uéyebog otoifag ypnowonowdvrag v moapeyoduevn doun osThreadAttr t. H dwyeipion tov

depyaciav yiveroar and 1o RTOS yuo va e£a0pailotel 0 0mOTEAECUATIKOG TPOYPUULATIOUOS KOL 1)

extéleon).

>tov mivaxa mov akoAovdel, mapovsialovpe Kabe depyasio tov vAomomuévov INS, pali pe tov

KOPLO POLO NG, TO HEYEDOC TNG GTOIROC, TNV TPOTEPOUATNTA KOL TOV YPOVO EKTEAEGNG TG

Ovopa

depyaciog

Méyebog

otoifog

[Ipotepardra

Xpovog

EKTENEOTC

[Teprypaen

Led Task

512 Bytes

Xopnanl

To ledTask &ivai veevBovvo yia v
TEPLOOIKY 0ONYNON TV AVYVIDOV
LED, TOPEYOVTOG OTLTIKY)
avaTPOPOdOTNON Ko EVOEIEN NG

KaTdoToomg TG cuokevt INS.

Mag Task

512 bytes

Kavovum

To magTask givor vrevOuvvo yio v
Myn  tov  dedouévev  TOL
poyvinopetpov.  Iloapapéver og
UmAoKaplopévn  Katdotaon €wg
6tov AdPet pa edomoinomn amod Eva
ISR, mov  vmodewvier 1

S0EGIUOTNTO TOV OEGOUEVOV.

XL/GY Task

512 bytes

Yynin

H dwepyosioa XL/GY  sivan
vtevbovn  ylo ™ AN TOV
OedoUEVOV  YUPOOKOTOL Ko
emrayvvoldopetpov. Iapapével ce
umhokaplopévn  Katdotaon £wg
o6tov AdPer ewdomoinon amd €va
ISR mov  vmodewvier 1

S0EGIUOTNTO TV OEGOUEVOV.
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Tx Task

640 bytes

Xopnin

H depyaoia Tx eivar vrevbovn yua
™MV TEPOOIKN  UETAO0ON TV
dedopévov  INS  péow  tov

otemapmv UART kot CAN.

SFLP Task

512 Bytes

Kavovikn

H depyasio SFLP givar vrevbovn
Yoo TN AYN TOV GULGTHUOTIKOV
OQUALOTOC TOV YVUPOCKOTIOV KOl
Tov Olvdcpatog Poapdtnrog amd

Tov aucOnmpa LSM6DSV16BX.

LPS Task

512 Bytes

Xopmanl

H dwepyasio LPS eivon vevbovn
Yoo T ANYn ToV Sed0UEVOV TOL
awcOnmpa mieone. Ioapapével oe
UTAOKOPIOUEVT]  KOTAoTOON £00G
o6tov AdPer ewdomoinon amd €va
ISR mov  vmodewkvder

S0EGIUOTNTO TOV OEGOUEVOV.

GNSS Task

512 Bytes

Kavovikn

To GNSS Task eivar vrevbovo ya
™MV TEPOOKN  ANyn TV
dedopévov GNSS.

Fusion Task

512 Bytes

Yynin

H odwkepyacio ocvyyodvevong eivor
vrevbovn Yo TV TEPLOJIKY
ekTéAEOT TOV alyopiBuov

OLYYOVELONG SO THP®V.

Self-Test
Task

1024
Bytes

Yynan7

H dwepyacia avtoeréyyov, Otav
EVEPYOTOLEITOL KOTA TNV EKKivNO,
exTeEAEL L0l GEPE AVTOEAEYY®V Y10l
va eAEYEEL TN AEITOVPYIKOTNTO KoL

v axepaldtnTa Kdbe acOnTpa.

Table 4.3 Implemented Firmware Tasks




Mo emTGKOTNGN TOV AOYICUIKOD TOPEXETAL OO TO aKOAOLOO Gy

entry point (main() )

l

Initialize all
configured
peripherals

Initialize OS kernel

LED Task MAG Task XL/GY Task
Tx Task SFLP Task SelfTest Task
LPS Task Fusion Task GNSS task

Figure 4.39 Proposed firmware RTOS Implementation

4.53 Awyeipon ISR
H ovokevn] pog INS olomoiel apketég povtiveg eéummpémong owaxondv (ISR) yu va
Swyepiletan kpiowwa ocopPdavro kot vo eEac@orilel Eykaipn oamokplon Kol emeepyocio

dedopévov. Avtd ta ISRs Sadpapatifouv onuoviikd poéoAo otn Sy eiplon YeYovOTOV 7OV
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00MNYyoUvVTOl a0 OKOTEG KOl EMITPEMOVV TNV OMOTEAEGUATIKY EMKOWVOVIOL Kol oVAKTNOM

dedoUEVOV GTO GUGTNLOL.

To mpmto ISR eivan to CAN RX ISR, vrevBovvo yioo ) Swayeipion twv pUnvopdtov mov
Aappavovton pécm g dtacvvoeong CAN. Otov AapPavetal éva pivopo CAN, kaAeiton to ISR.
E&dyer 1o oyetcd dedopéva amd To pnvopo Ko EeKvd TG omopaitnteg evépysleg M TNV
emekepyacio pe Paon tig Anebeiceg mAnpoeopiec. EEacpaiiler v opoAn emkowvmvio kot
avToAlayn dedouévav pueta&d g ovokevng INS kol tov eémtepik®dv cvotudtemv HECH TOV

otovrov CAN.

To devtepo ISR givar 1o UART RX ISR, 10 omoio givot avol®VETOL GTO YEPIGUO UNVOUATOV TOV
Aappavovton péocw g dtacvvoeong UART. Otav Aappdveror Eva pmpvopo péow UART, koaieiton
to ISR. AapPaver ko enelepydleton ta eoepydpevo dedopéva, emTPEMOVIOS TV Evapén
KATAAMA®V gvePYEIDV Kol dlepyactdv ovdivong dedopévov. Avtd to ISR dievkolvver v
OTOTEAECUATIKY] EMKOWVOVID KoL TN AN 0edopévev and eEMTEPIKES GUGKEVEC KOl GUGTHLATOL

oL cvvdEovtat 61 ovokevn] INS péow UART.

Emumiéov, n cvokeun INS ypnoyonotel eEmtepucég drarxomég GPIO yia v aviyvevon copfaviov
1oV oyeTilovToL LLE TOVG OoONTNPES YVPOGKOTIO, EMTAYVVGIOUETPOV, LAYVITOUETPOV KOl TECTG.
AVTEC 01 O10KOTEC EVEPYOTOLOVVTAL OTAV O1 AVTIGTOTYOL AUGHNTHPES LITOSEIKVHOLV OTL LILAPYOV VEQ
dedopéva. Otav evepyomoteitan pio dtakomnn, ekteAdeitor to ISR mov oyetileTon pe ™ cvykekpluévn
eEotepn daxonr] GPIO. H povtiva ISR edomotel v avtictoyyn depyasio RTOS, n omoia
petafoivel amd KatdoToot UTAOKAPIGHOTOC O KOTAGTOOT AELITOVPYING. TN GLVEXELD, 1] EKACTOTE
depyaocio avaktd To dedoUEVa Ao TOV 0oONTNPO, ETITPETOVTAG TV TEPOUTEP® EMEEEPYOTIO KO

YPNOMN TOVG EVTOC TNG cvokevng INS.

Me v a&tomoinon tov ISR, n cvckevn INS Bedtictomoiel T yprion TV TOP®V TOL GLGTHUATOG
Kol 0106 POMEEL TOV ATOTEAEGLATIKO XEPIOUO TOV dedopuévev aentipov. H viomoinon pe fdon
TIC OLOKOTTESG EMTPEMEL TV GUEST AVTOTOKPIOT GE CUUPAVTO KoL TNV OTOTEAEGLATIKY] XPTON TWV
nopav eneepyaciog. Xuvolikd, n ypnon tov ISRs Bedtidvel v amddoon, TV amdKpLon Kot TV
alomotio ™G ovokevng INS, emutpémoviag v €ykoipn avaKTNoN OEOOUEVOV KOl TNV

OTPOCKOTTN EMKOVOVIOL LE EEMTEPIKE GUGTNLATO KO 01O THPES.
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5 TIlepopoatikd Amotelécuoto,

5.1 "E&odoc aucOntipwv Katd v akivncio

[TpaypatomomOnKay S1a@opeg SOKIUES Yo TNV aEloAdYNoN TOGO TNG VAOTOMUEVNG GVOKEVTC OGO
Kol Tov koo TG H ocvokevn Nfrav tomobetnuévn oe éva otabepd test rig, 1o omoio Mrav
tomofetTnévo o pa otabepn empdvela. AOy® TG HEYOANS EvaucOnciog TG GLOKEVNG CKOUT) KoL
OTIG TOPOUIKPES KIVIIOELG KOt SOVAGELS, AeONKav HETPA Yo Vo SOCQOAOTEL OTL O XPNOTNG

TOPEUEVE GE 0CQOAN ATOGTAOT) OO TN GVCKELT] KOTA T SIUPKELD TNG OELYLOTOAN YIS OESOUEV@V.

21 ovvéxewn, to Oedopéva OV GLAAEXOMKOV OMEKOVIOCTNKOY YPAPIKA LE TN YPNON TNG

BpAtodnkng matplotlib tng Python. Ta oynuata tov mapovsidloviot Tapakdte ansikovilovy v

€€000 oL TapdyeTal amd TN GLOKELT Yid KABe acOnTpAL:

Gyroscope

0.2

0.1

Degrees/s

0.0 1

=<

" Accelerometer

<

" Magnetometer

04— X
— ¥
5201 — 2z

" Euler angles

— Roll
—— Pitch
— Yaw

Degrees
2
(= (‘T\

1 2 3 4 5
Seconds

Figure 5.1 Overall sampled data
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0.04 1

0.02 A1

0.00 A1

Y [dps]

—0.04

—0.06 -

—-0.08 1

—0.10 A

0.06 A

0.04 1

0.02 -

0.00 -

Y [dps]

—0.04

—0.06 A

—0.08 A

Gyroscope Data Z-axis

—0.02 A

Figure 5.2 Gyroscope Data Z-axis

Gyroscope Data Y-axis

—0.02 ~

(e ¥
‘H||1 lml}

Figure 5.3 Gyroscope Data Y-axis
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Gyroscope Data X-axis

0.175 A

0.150 A

0.125 A

0.100 A

Y [dps]

0.075 A

0.050 -

0.025 A

X [s]

Figure 5.4 Gyroscope Data X-axis

Gyroscope Data

0.20

0.15 -

0.10 -

0.05 -

Y [dps]

0.00 A
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Figure 5.5 Gyroscope Data
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Accelerometer Data Z-axis
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Figure 5.6 Accelerometer data Z-axis

Accelerometer Data X-axis

—0.47485

—0.47490 A

—0.47495 +

—0.47500 +

—0.47505 A

—0.47510 A

O

Figure 5.7 Accelerometer Data X-axis
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Figure 5.8 Accelerometer Data Y-axis
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Figure 5.9 Accelerometer Data
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Figure 5.10 Magnetometer Data X-axis
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Figure 5.11 Magneometer Data Y-axis
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Figure 5.12 Magnetometer Data Z-axis
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Figure 5.13 Magnetometer Data
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Onwc NTov avapevopevo, To O1oypAUIOTe ATeKoVILOVY TIC TPOYUOTIKES TYLES TOL HOYVITIKOD
mediov, TOL TEGIOV PapPOTNTOC KOl TNG YOVINKNG TOYVTNTAG TNG GCVOKEVNC, LE TNV TPOGON KN Tov
BopVBoL Kol TOV CLOTNUATIKOV GEAAUATOV, OTMG TEPLYPAPNKE oTNV vOTNTA 3 NG TAPOVGOGS
dwtpiprg. EmmAéov, ta dedopéva avomapioTovTor Kot o¢ 1oTOYPUp Yo TNV a&loAdynon g
anddoong kabe acOnipa. To 1GTOYPAULOTO TOPEXOVY TANPOPOPIEG GYETIKA LE TNV KATOVOUN
TV eVOEiEemV TV ot pv. Xe YEVIKEG YPOUUES, N TAELOYN(ia TOV osOnTNpV Tapovctdlet
o OTEVH] TPOGEYYIoN 1TNG KOVOVIKNG  Koatavouns. Qotodco, efaipeon omotedel 1o
EMTAYVVOIOUETPO, KAODG 1TaV SVGKOAO VoL ANeOoVV dedopéva ympig eEMTEPIKES EMTAYVVOELS KOl

JOVNOELG LE TNV VTLAPYOVTO. d1ITAEN.
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Figure 5.14 Magnetometer Data Y-axis histogram
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Figure 5.15 Magnetometer Data X-axis histogram
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Figure 5.16 Magnetometer Data Z-axis histogram
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Figure 5.17 Accelerometer Data Z-axis histogram
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Figure 5.18 Accelerometer Data Y-axis histogram
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Figure 5.20 Gyroscope Data Z-axis histogram
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Gyroscope Data Y-axis
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Figure 5.21 Gyroscope Data Y-axis histogram
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Figure 5.22 Gyroscope Data X-axis histogram

JVUVOMK(, 1] GLOKELT AEITOVPYNOE OTMG OVOUEVOTAY KOODS PPlokoOTaV GE aKIvnoia, TopEYOVTaS

akplpeic petpnoelg Tov OAmv tov peyebov. EmmAéov, onueimoe eEoupetikés emdooel; 0cov
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apopd ™ eninedo Tov BopvPov. Ta amoteléopata TV dokiumy BopHov Tov TpaypatoToOnKay

01N 6VoKeLT anekovilovtal ota akdAovBa oynuoTa:
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0.014 1 : — X

0.012 A T -

0.010 A

0.008 A

0.006 -

0.004 -

Spectral Density dps/vHz

0.002 4

0.000 A

0 100 200 300 400 500
Frequency [Hz]

Figure 5.23 Gyro Noise PSD
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Figure 5.24 Accelerometer Noise PSD
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5.2  AmoteAéopato BabBpovounong

o ) Babpovounon tov HoyvnTOUETPOL YPNCLOTOONKE TO LOVIEAO GOALPIKNG TPOGUPHOYNS
TPOKEWEVOL VO EKTIUNOODV TO CUOTNUOTIKA GOOAUOTO KOU Ol GUVIEAEOTEG KALOKOG TOV
payvntikov  mediov. Ta  dedopévo mov  GLAAEYOMkov  vmoPAnOnkav oe  enelepyoacio
YPNOUOTOIDOVTAS TOV OAYOPIOUO GOOIPIKNG TPOGOPUOYNG, O omoiog Aoaupdvel vadym TN un
YPOUUKOTNTO, TOV  payvntikod mediov. Ot mopdpetpor Pabpovopmong mov  TPoskvuyov

EPAPLOCTNKOV GTT GLVEYELD Y10, TN S1OPOOOT TOV OKATEPYAUSTOV LETPNCEDV TOV LLOLYVITOUETPOV.

To mopakdt® dtoypappato mopovstdlovy o un-Padpovounuévo 600UEVI TOL LAYVTOUETPOD,

KaOd¢ kot T avtictoyo Padpovounuéva dedopéva:

YZ Magnetometer Data

e Raw Data
e Calibrated Data

—-20 4

Z [uT]

—40

—60 4

—-80 -

—100 A

=75 -50 =25 0 25 50 75 100 125
Y [uT]

Figure 5.26 YZ Magnetometer Data
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god © Calibrated Data
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Figure 5.27 XY Magnetometer Data
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Figure 5.28 XZ Magnetometer Data
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3D Scatter Plot of Magnetometer Data

Z [uT]

=25

=75
=50
25 0

25
Xluyy 50 o -75

Figure 5.29 Magnetometer 3D scatter plot

Amo to mapoamdve Olaypappoate etval gpeavég mwg n owdikacio Babuovounong meplopioe
OTOTEAECUATIKA TO CLOTNUOTIKA c@dApato kol Beltiooe v akpifel TV HETPOE®V TOV
awcOnmpa. Toydv evamopévovoeg amokAioelg petabd twv Pabpovounuévov TV Kot TovV
OVOUEVOLEVOV TIUMV VTOONADVOLY TNV TOPOVGI0 VITOAEITOUEVOV COOALATOV TOL EVOEYETUL VO,

amouToVV TEPUTEP® OlEPEVLVT|ON N AeTTOUEPT] pUOLLION TOV povTELOL Babpovounong.

EminAéov, 1 Babpovounon tov emToyuvelOpeTpov TPOyUATOTOMONKE LE TN YPNOT TOL LOVTEAOL
CQOLPIKNG TPOCAPLOYNG Y10 TOV TPOGOLOPICUO TWV GUGTILATIKOV COOAUATMOV, TOV GUVIEAEGTMOV
KAMpaxkog kot ™ 610pBwon g eVBLYPAUULIONG TOV EMTAYVVGIOUETPOV. ME TNV EQUPUOY TOV
TOPAUETPOV Pabrovounong mov Tposkuyay amd Tov oAYOpPIOUO GOALPIKNG TPOCUPUOYNS, TO

OKOTEPYOOTA OEOOUEVO TOV EMLTAYLVSIOUETPOL d10pOBdOnKav BeATidvovTog TV axpifeld Toug.

Ta mopaxdteo  Swypappato  mopovotdlovy  to  pn-Pabpovounuéve  dedopévo  TOL

EMTAYVVOIOUETPOV, KABMG Kot To avtioTotryo Pabpovounuéva dedopéva

143



XY Accelerometer Data
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Figure 5.30 XY Accelerometer Data
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Figure 5.31 YZ Accelerometer Data
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XZ Accelerometer Data
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Figure 5.32 XZ Accelerometer Data

3D Scatter Plot of Accelerometer Data

e Raw
e Calibrated

Figure 5.33 Accelerometer 3D scatter plot

Z[G's]

To mopoandve Saypdppota Tapovstdlovy TV amdkAon HETAE) TV apYIKOV UETPNCEDV TOV

EMTAYVVGIOUETPOL Ko TV Pabuovoumuévov dedopévov. Eivar epgovéc mog 1 dwdikacio
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Babpovounong peimoe amoTEAEGUATIKA TOL GUCTNUATIKE GEAALOTO, d1OPHMGE TOVG CLUVTEAECTEG
KMpokog kor €Aafe vmoyn v EAdenym opBoymvidotntag. Tvyxdv evamouévovcses amokAMoelg
petalld TV PoOLOVOUNUEVOV TIHOV KOl TOV OVOUEVOLEVOV TILMV VITOSNAMVOLY TNV TOpOLGia
VTOAEMOUEVOV GPOAUATOV OV EVOEYETOL VO OTOITOVV TEPALTEP® OlEPEVVION 1) AEMTOUEPY

pvOuon Tov poviéhov Pabuovounong.

5.3  A&wArdynon aiyopibuov extipnong katdotoong

[Tépav g emaAnBevong g Aettovpyiog TG CLOKELNS, EPAPUOCTNKE 0 aAyOpOpog Madgwick e
OoKOTO TN GLYXDOVELST TOV SEGOUEVOV aTd TOLG acONTAPES. AVTOG 0 ahydp1OLOg GVVOVALEL TIg
TANPOPOPIES O TO EMTOYVVGIOUETPO, TO LAYV TOUETPO KO TO YUPOSKOTIO Y10l VO EKTIUGEL TOV
TPOCAVOTOMGUO TNG GLOKEVNG. Me avtdv tov Tpdmo, emiTvyYAveTOL ovENuévn akpifelo kot
oTo0ePOTNTA GTNV EKTIUNON TOV TPOGUVATOAICUOD, HELDMVOVTOG TOVS EYYEVEIS TEPLOPIGUOVE TOV

k&g arcOnTpa.

370 TOPUKAT® O1GYPOLLLO TOUPOVGLALOVTAL TA OTOTEAEGLOTO TNG YPNONG TOV aAyopifov petd v

VIOPOAY TNG CLOKELNG G TOALATAEG TEPIGTPOPEG,.
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Figure 5.34 Madgwick Algorithm implementation results

146



210 mopomdve Odypoappo etvon epeaveic ot opaAég petapdoelg e yoviog, kKoo 1 cuokevn
meEPLOTPEPETAL. META TNV ap)KoToinon Tov aAyopiBuov, omaiTtovvTol HEPIKA EKOTOGTO TOL
OELTEPOAETTOL Y10 VO GUYKAIVEL O OAYOPIOHOG Kol Vo EKTIUNCEL UE OKPifel TOV GmOOTO
TPOCAVATOMGHO NG ovokevng. Kotd t dudpkeldr avtig g mepliddov, 0 EKTYLMUEVOG
TPOGAVOTOMOUOG  HETOTOTILETOL  OTASIOKA £€mMG  OTOL  TOLTIOTEL HE TOV  TPOYUATIKO
TPOGAVATOMOUO NG ovokevns. EmmAéov, elvar eppoavig m wkavotto tov aAiyopibuov va
TPOCAPUOLETOL Kot VO, BEATIOVEL TNV EKTIUNGT TOL HE TNV TAPOSO TOL YPOVOL, EMLTLYYAVOVTOG

TEMKE (o aKPp1] ovamopdoTaoT) ToV TPOGOVOTOAMGHOD TG GUCKEVT|G.
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6 2Zvumepacuoto,

Ev katakeidt, 1 mapodca SITA®UATIKN HTOV ETTUYNG OT GXEOIOUO, T CUVAPLOADYNON Kol TNV
vAomoinon pog mhakétog PCB yua éva cvomua INS. EmmAéov, avantiybnke to Aoyiopuxo y
TNV AOTELECUATIKT] AEITOVPYia TG GVOKEVNG. To eMikeVTpo aTNG TS EPELVOG NTOV 1 LAOTTOINGM
evoc aAdyopiBuov cuyydvevong aentipwv, cuykekpiuéva Tov aiyopibpuov Madgwick, o omoiog
oLVOLALEL AMOTEAEGLOTIKA dEOUEVA OO TOAAATAOVG s TNPES Yo TNV EVicyLoN TS aKpiPelag

Kal ¢ a&lomoTtiog Tov cvothuatog INS.

O oyedaouog Ko m cvvapuordynon tov PCB mepilaupave mpooektikn e&étaomn oapopmv
ToaPayovVTOV, OTmg N emhoyn e€aptnudtov, n BeAtiotoroinomn g otdtaéng kot eEaceaiion twv
KATAAMA®V MAEKTPIKOV 00gvcemv. MECm oxoAaoTkoD oyedlacpol, onpovpyndnke o

Aertovpykn TAokéTa, 1 ool amotedel T Bdon Tov vAomouévou INS.

EmimAéov, n d1001kacio avarnTuENG TOV AOYIGHIKOD SLOOPOUATICE GNUOVTIKO POLO Y10 VO KOTOOTEL
duvatn 1 oAANAETIdpaoT HETAED TV EE0PTNUATOV LAKOD Kol TOV 0AYopiBpmv cuyydvevons. Mg
N YPOPT OTOTEAEGUATIKOD Kot a&lOTIETOV KMOKA, 1) cuokevn] INS ftav oe Béom va enelepydletan
dedopéva, a1oOnNTp®V, Vo EKTELEL TOVE ATOPAITNTOVS VTOAOYICHOVE KOl Vo Topdyel axpiPeig

€£0d0vg Ao YNONG.

H epappoyn tov aiyopiBpov Madgwick yio ™ ovyydvevon awcOnmpov emétpeye v
EVOOUATOON 0€00UEVOV Omd TOAAATAOVE ancOnNTApes. Xvvovalovtog avtég Tig €10000VC, O
aAyOp1OLOG EKTIUNGCE AMOTEAECUOTIKA TOV TPOGAVATOMGHO Kot T 0€om tng ocvokevng INS, pe
amotédeopa T Pertioon g amddoong mhonynons. H emruyng evoopdtoon tov aiyopibpov
Madgwick katadeucvoel ™ dvvatotnta Peltioong e okpifelog mAoynong oe Sdpopeg
EQOPUOYES, OTMOC Ta Un emovopopéva evaépta oynuata (UAV), to autdvopo OxnuUote Kol To

POUTOTIKG GLGTILATA.

YVVOMKA, ot epyacio Oyl LOVo avESElEe TNV IKAVOTNTA GYESLOGHOD KOl GUVOPLOAGYNONG LG
mAok€Tog Yo po cvokevn INS, aAld emiong Katédel&e n onpocio TG oVATTLENG AOYIGLULKOD Kot
™G €QapUoYNG alyopifumv cuyymvevong aenmmpov. Ta arotelécpato g mapéyovy o faon
Yo TEpoTEP® EEMEELG otV TeYVoloYia TAonynong. H emtuyng ohokAnpwon avtod tov £pyov

tovilel ™ onuacio TOV JEMGTNUOVIKOV YVAGE®V, KaOdg cuvovalovial YvAGES amd TnV
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NAekTporoyio, TNV AVATTLEN VAIKOAOYIGHIKOD Kol TOLG aAyopiBuovg cuyydvevong asntmpov

Yo T OMHOVPYio KOVOTOU®MY KOl TPOKTIKMV ADGEMY TAONYNONC.
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7 Melovtikn Melém

H oloxhipwon ovtic g OmAopatikig epyaciog Béter ta Oepého yio ddpopeg mbavég
UEALOVTIKEC EPYAGIEG TTOV LITOPOVV VO BEATIOGOVV TEPUITEP® TIG SVVATOTNTEG Kol TIG EMOOGELG
¢ ovokevng INS mov oyedidomke. O tapoakdtm Bo pTopovcay va GupdAiovy oty Tapodco

gpyacia Kot Ty IANpdTTO TNG:

Evoopdtoon g povadag GNSS: H evoopdtmon pog povidosg mToyKOGUIOL S0pLOOPLKOD
ocvotipatog tAonynons (GNSS), 6nwg 1o GPS 1 to Galileo, oty vrdpyovca cvokevn INS Oa
BeAtiove onuovtikd v akpifeta kot v aglomotio evtomopov tg. Ot peAloviikéc epyacieg Oa
UTOPOVGOV GTNV OVATTUEN TPOYPOUUUATOV 00NYNONG YO TNV ATPOCKOTTN EVOOUATOCN TNG

povadoc GNSS mov vdpyel 6To GUGTNLLA.

Enéxtaon tov adyopibuov cvyydvevong awcOntmipov: Evd o akydpibpog Madgwick éxet
amodelyfel OmOTELECUOTIKOG GTO GLVOVLACUO OedOUEVOV aucONTpwV Yoo akpPpn ektipnon
TPOGAVOTOAGLOV, 1] SIEPELVNON KOl T) EPOUPLOYT EVOALUKTIKOV 0AyopiOUmV pumopel va Tpoc@épet
TOADTIUES YVAOOELS Kot BEATIOOELG EmdOcewv. H pehdovtikn €pevva o pmopovoe va meptiapfavet
™V eVoouUdTmon akyopibumy 0nwg o dtevpupévo pidtpo Kalman (EKF) 1 o alyopiBpog Mahony
Kol TN oVYKPLoT TOV ETOOGEDV TOVG e ToV oAyopifpo Madgwick. Avti 1 cuykpiTikn avaAivon
0o cvvéBaie ot PabdTepn KATAVONGT TOV SOLVOTOV CNUEIDV KOl TOV TEPIOPICUDV TV dLOPOPOV

TPOGEYYICEDV.

A&loldynon emdoocewv kot Peitiotomoinon: H devépyeio oAokAnpopévov a&loloyncemy
EMAOCEMV Kol 1| TPOSTADELD PEATIGTONOINGNG TOL VILAPYOVTOS GLOTHIATOG UTOPEL VoL GLUPAAEL
ot PeAtioon g cLVOMKNG amddoonS Tov cuoThatog. Ot peEAlovTiKéG epyacieg Bo pmopovcay
va teptlappdvoov ) oelaywyn eKTETAPEVOV OOKIUMV Yio TNV agloAdynon g akpifetog, g
otafepOTNTAG Kot TG EVPWoTiag TG cvokevng INS Vo drapopetikég mepiPariovtikég cuvOnKeg
Kot SuvapKéG Kvnoels. Avtég ot a&loAoynoelg 0o umopovcay vo. 0dNYNGOVV GE TEPUITEP®
BeATiwon TOL VAMKOAOYIGUIKOV, T®V OldKOCIOV Pobpovopunons kot Tov  oAyoplOpukov
TOPOUETPOV, BEATIOVOVTOG £TG1L TNV akpifela Kot TV andKPIoT) TOL CLGTHHOTOS GE GEVAPLO TOL

TPOYLOTIKOD KOGLOV.
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1 IMepiinyn

Ytov onpuepwvo TEYVOAOYIKE TTponyuévo kOGO, 1 (tnon o akpipr ko agdmioto
ocvotiata TAonynong ouvveyiler va avéavetor. H mapodoo Simhopatikny epyacio
TOPOVGIALEL 10L OAOKANPOUEVT] LEAETT) GYETIKA LE TO GYESLOGUO, TNV VAOTOINGN KoL
™V avdAvon Hog cLoKeVNg adpavelokod cuotiuotoc maonynong (INS). H épevva
0T TEPIOTPEPETAL YOP® OO Tn OlEPEVVNON TG AETovpyiag TV oisOntpov
pKponiektpopunyovikav cvotnudtov (MEMS), v katavonon Bspeowdov evvormv
Ao YNoNG Ko TN dlepebivnom adlyopiBuwv cuyydvevong actnmpov. H cvokevn INS
ov avantoyOnke aflomoiel v TeYVoloyia oicOnmipov MEMS yioa T cviioyn
dedopéEvmV Kivnong, EMTPENOVING TNV EKTIUNOT TG B€omg, NG TOYLTNTOS Kol TOV
TPOCAVOTOAIGLOV TNG GLOKELNC GE TPAYLATIKO XPpOvo. To LVAIKO Ko To AoYIGHKO TOV
INS oyedtdomkav pe otoY0 vo SlacPaAcTel 1 PEATIOTN AmOS00N KOl 1] ATPOCKOTTY|
ovyyovevon Oedouévov. Tuvolkd, m  mapovoo Swtpip]  mopovoldlel  pia
0AOKANPOUEV HEAETN TOL TePAUPAveEl TO oyedoond, TNV LAOTOINOTN KOl TNV
avdAivon pog svokeung INS, diepeuvavtog ™ Aettovpyia Tov aictnpov MEMS kot
TOVG ahyopifuovg cuyymvevong aistntpov. Ot YVOCELS TOV amoKTHOnKaY 0md 0T
v £pguvo GLUPAALOVY OTNV TPOOSO TV OOPAVEINKADY GUCTNUAT®V TAONYNOTG Kot
TapEYovv pia otabepn o Yo LEALOVTIKEG PEATIDGEIC KO EPOPLOYEG GTOV TOUED TNG
TAOMYNOTG KOl TOV EVIOTIGLOV BEomC.

Aééeig-klewona:  Ilonynon,  Emroyvvoioucstpo,  Moyvntouetpo,  [vpookomio,
2oyywvevon Aedouévay
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2 Abstract

In today's technologically advanced world, the demand for accurate and reliable
navigation systems continues to grow. This thesis presents a comprehensive study on
the design, implementation, and analysis of an Inertial Navigation System (INS)
device. The primary focus of this research revolves around investigating the operation
of Microelectromechanical Systems (MEMS) sensors, understanding fundamental
navigation concepts, and exploring sensor fusion algorithms. The INS device
developed in this research leverages the MEMS sensor technology to gather accurate
motion data, enabling the estimation of position, velocity, and orientation of the
device in real-time. The hardware and software aspects of the INS device are
meticulously designed and integrated to ensure optimal performance and seamless
data fusion. Overall, this thesis presents a comprehensive study that encompasses the
design, implementation, and analysis of an INS device, exploring MEMS sensor
operation, navigation concepts, and sensor fusion algorithms. The insights gained
from this research contribute to the advancement of inertial navigation systems and
provide a solid foundation for future improvements and applications in the field of

navigation and positioning.

Keywords: Navigation, Accelerometer, Magnetometer, Gyroscope, Sensor Fusion
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1. Introduction

In recent years, autonomous vehicles such as cars and aircraft have gained increasing attention due
to their potential to revolutionize transportation systems and improve safety and efficiency. One
crucial component of autonomous vehicles is the ability to accurately estimate their position and

orientation, which requires sophisticated navigation systems.

Figure 1.1 Almost all satellites, planes, ships, and cars have are equipped with an INS [1]

Throughout history, the evolution of navigation systems has transformed the way we traverse the
world. It all began with celestial navigation, where intrepid sailors and explorers relied on the stars
to navigate vast oceans. In the 16th century, the advent of dead reckoning allowed mariners to
estimate their current position by projecting their course based on known positions, considering
factors such as speed and time [2]. The 19th century brought the development of gyroscopes, which
provided a stable reference for measuring orientation and rotation, revolutionizing navigation,

particularly in aviation.
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Figure 1.2 Litton LN-3 Inertial Navigation System what [3]

However, a breakthrough came with the introduction of Inertial Navigation Systems (INS) during
World War II [4]. INS, a self-contained navigation system, combined accelerometers, and
gyroscopes to continuously calculate position, velocity, and attitude without external references.
Initially employed in aircraft and submarines, INS allowed them to navigate accurately even when
GPS signals were unavailable or purposely disrupted, greatly enhancing their capabilities for long-

range flights and underwater operations.

In the 1970s, Ring Laser Gyroscopes (RLG) emerged as a significant advancement, replacing
mechanical gyroscopes, and enabling more precise and reliable INS measurements [5]. Then, in
the late 20th century, INS underwent a transformative integration with the Global Positioning
System (GPS) [2]. This fusion, known as an Inertial Navigation System/GPS (INS/GPS) hybrid,
provided a seamless combination of inertial sensors with satellite-based positioning, resulting in

highly accurate and continuous navigation data.

Over time, INS technology has continued to evolve, embracing miniaturization, improved power
efficiency, and enhanced computational capabilities. Today, it finds widespread application across
various domains, including aviation, marine navigation, autonomous vehicles, and space
exploration [6] . These modern developments have empowered us to navigate our complex world

with unprecedented precision and confidence.
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Inertial Navigation Systems (INS) have emerged as a promising technology for providing accurate
position and orientation estimates in autonomous vehicles. INS relies on a combination of sensors
to continuously track the vehicle's motion and orientation. INS can provide extremely accurate and
reliable estimates of the vehicle's position and orientation, even in challenging environments where

other navigation systems may fail [3].

However, the cost of off-the-shelf INS devices, used in aviation and space vehicles can be
prohibitively expensive and extremely bulky, limiting their widespread adoption in autonomous
vehicles. Moreover, cheaper INS devices may not provide the same level of accuracy or reliability

as their more expensive counterparts.

Figure 1.3 The VN-100 is a high performance IMU from Vectornav [3]

To achieve this goal, the proposed INS will utilize a combination of sensors, including an
accelerometer, gyroscope, magnetometer, GNSS, and barometric pressure sensor. These sensors

will work together to measure different aspects of the vehicle's motion, such as acceleration,

20



rotation, and changes in altitude. The data from these sensors will be fused using advanced signal

processing techniques to estimate the vehicle's position and orientation accurately.

The proposed INS will be designed with a particular focus on low cost and high accuracy. To
achieve this, the research will investigate the most cost-effective and accurate sensors and signal

processing techniques that can be used to develop the INS.

Overall, the results of this research aim to offer valuable insights into the development of low-cost
yet highly accurate INS for autonomous vehicles. The proposed INS holds the potential to bring
notable advancements to the field of autonomous vehicle navigation by providing an affordable
solution that strives to be both accurate and reliable. This research may also present new
possibilities for the broader acceptance of autonomous vehicles in various applications, including

transportation, logistics, and military operations.
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2 INS Overview

2.1 Navigation Devices

Navigation devices are essential tools used for measuring the position, orientation, and velocity of
objects in motion. They have numerous applications in fields such as aviation, marine navigation,
robotics, and autonomous vehicles [7]. To measure these parameters, navigation devices utilize
inertial sensing equipment, such as gyroscopes and accelerometers, along with external sensors
that measure changes outside of the sensor frame, such as magnetometers, barometric pressure

sensors, and GNSS.

In recent years, MEMS (Micro-Electro-Mechanical Systems) sensors have become increasingly
popular for use in navigation devices due to their small size, low power consumption, and high
accuracy [8] . MEMS sensors are based on microscopic mechanical components that can detect

motion and orientation changes using microelectronic circuits.

In this section, we will review the various types of navigation devices, including IMUs, AHRS,
INS (GNSS Aided IMU), and GNSS Compasses (Dual GNSS and IMU) [9] . By understanding
the different types of navigation devices and their specific functions, readers will gain a better

understanding of their significance and application in various fields.

Figure 2.1The Apollo 11 IMU [10]
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2.1.1 IMU

Inertial Measurement Units (IMUs) are devices that measure the acceleration and angular rate of
a moving object. They typically consist of three accelerometers and three gyroscopes that measure
linear and rotational motion in three dimensions. The measurements from the accelerometers and

gyroscopes are combined to calculate the object's position, velocity, and orientation over time [11].

IMUs are commonly used in applications where GPS signals are not available or reliable, such as
indoor navigation, unmanned aerial vehicles (UAVs), and virtual reality systems. They are also
used in conjunction with other sensors, such as magnetometers and barometers, to improve their

accuracy.

However, IMUs have limitations, such as drift errors and biases that accumulate over time. They
also require frequent calibration to maintain their accuracy. Despite these limitations, IMUs are a

popular choice for navigation in environments where other sensors are not suitable.

Overall, IMUs are important navigation devices that play a significant role in a wide range of
applications. While they have limitations, their versatility and reliability make them a valuable tool

for navigation in challenging environments.

2.1.2  AHRS
Attitude and Heading Reference Systems (AHRSs) are navigation devices that combine the
measurements from IMUs with magnetometers to calculate the object's attitude (orientation) and

heading (direction). AHRSs can also incorporate barometers to estimate altitude.

AHRSs are commonly used in aviation and marine navigation, as well as in UAVs and robotics.
They are preferred over traditional gyroscopic compasses because they provide more accurate and

reliable heading information, even in the presence of minor magnetic interference.

However, AHRSs have limitations, such as susceptibility to major magnetic interference and drift
errors that accumulate over time. They also require frequent calibration to maintain their accuracy.
Despite these limitations, AHRSs are an important navigation device for applications that require

accurate attitude and heading information.
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Figure 2.2 AHRS Component Diagram [12]

2.1.3 INS (GNSS Aided IMU)
Inertial Navigation Systems (INSs) are navigation devices that use IMUs to measure the object's
acceleration and angular rate, and integrate these measurements to calculate the object's position,

velocity, and attitude over time. INSs are commonly used in aviation, marine navigation, and land

vehicles [13].

INSs can be aided by Global Navigation Satellite System (GNSS) receivers, which provide
accurate position and velocity information to improve the accuracy of the INS. INSs can also be

aided by other sensors, such as magnetometers and barometers, to further improve their accuracy.

INSs are preferred over other navigation devices because they provide continuous navigation
information, even in the absence of external signals. However, INSs have limitations, such as drift
errors that accumulate over time and require frequent calibration. INSs also require high-quality

IMUs to achieve the desired accuracy.
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Figure 2.3 GNSS-Aided INS Component Diagram [14]

2.1.4 GNSS Compass (Dual GNSS and IMU)

GNSS Compasses are navigation devices that combine the measurements from two GNSS
receivers with an IMU to calculate the object's position, velocity, attitude, and heading. The dual
GNSS receivers are used to measure the relative position and velocity between the two antennas,

while the IMU is used to calculate the object's attitude and heading[15].

GNSS Compasses are commonly used in marine navigation and offshore industries, where
accurate heading information is crucial for safe navigation. They are preferred over traditional
gyroscopic compasses because they provide more accurate and reliable heading information, even

in the presence of magnetic interference.

However, GNSS Compasses have limitations, such as susceptibility to multipath and atmospheric
interference, and the need for a clear view of the sky to receive signals from the GNSS satellites.
Despite these limitations, GNSS Compasses are an important navigation device for applications

that require accurate position, velocity, attitude, and heading information.

25



/
e

3-Axis Accel l l

( D
] i
—

3-Axis Gyro Computation Device

‘ GNSS Data

» Position

3)'0 P > Velocity
> Attitude

ooooon

3-Axis Mag
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2.2 Inertial Sensors

Inertial sensors have a rich history spanning over a century, serving as invaluable tools for
measuring an object's motion in relation to an inertial reference frame. Initially, these sensors relied
on bulky mechanical gyroscopes and accelerometers. However, the diligent efforts of scientists,
engineers, and institutions since the early 1930s have resulted in significant advancements in this
field [16] . This continuous refinement has led to the creation of a diverse range of inertial sensors
with varying performance capabilities. Consequently, these modern inertial sensors find
widespread utility in a myriad of applications, surpassing the limitations of their predecessors and

enabling their integration into more diverse fields than ever before.

Inertial sensors encompass a vast market, offering a wide spectrum of products with varying price
points and performance levels. This extensive variety often poses challenges for customers when
it comes to selecting suitable components and determining appropriate pricing. Moreover, the
absence of universally accepted definitions or standards for differentiating high, medium, and low-

grade performance further contributes to the confusion. What one expert may consider high-end
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could be deemed low-end by another expert. However, in general, inertial sensors can be

categorized into four performance groups[16]:

e Navigation Grade
e Tactical Grade
e Industrial Grade

e Automotive/Consumer Grade

These performance categories are typically established based on the sensor's in-run bias stability,
as this factor significantly influences inertial navigation performance. By assessing the in-run bias
stability, the appropriate performance category can be assigned to inertial sensors, enabling users

to make informed decisions based on their specific requirements and applications [16].

2.2.1 Gyroscope (Gyro)

Gyroscopes play a vital role in inertial sensors, offering precise measurement of angular rate or
rotational motion with respect to an inertial frame. The market offers a wide array of gyroscopes
with varying performance levels, including mechanical gyroscopes, fiber-optic gyroscopes

(FOGs), ring laser gyroscopes (RLGs), and quartzZMEMS gyroscopes.

Quartz and MEMS gyroscopes are commonly found in consumer grade, industrial grade, and
tactical grade applications, providing reliable performance within these markets. Fiber-optic
gyroscopes, on the other hand, span all four performance categories, showcasing their versatility.
Ring laser gyroscopes exhibit in-run bias stabilities ranging from 1 °/hour down to less than 0.001

°/hour, catering to the needs of tactical and navigation grade applications.

Notably, mechanical gyroscopes stand out as the highest performing gyroscopes available in the
market. With their exceptional precision, mechanical gyroscopes can achieve in-run bias stabilities
of less than 0.0001 °/hour, making them ideal for applications that demand utmost accuracy and

reliability.

By considering the diverse range of gyroscopes available, customers can make informed choices
based on the specific performance requirements of their applications, ensuring optimal integration

of gyroscopic capabilities within inertial sensors.
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Figure 2.5 Gyroscope Performance Grade [16]

MEMS gyroscopes utilize the principle of the Coriolis effect, which describes the inertial force
acting on moving objects in a rotating system [8][17] . To gain a clearer understanding, imagine a
mass suspended by springs, as depicted in Figure 2.6. The mass is subjected to a driving force
along the x-axis, causing it to oscillate rapidly in that direction. Simultaneously, an angular
velocity, o, is applied around the z-axis. Therefore, the mass experiences a Coriolis force, resulting
in a displacement along the y-axis. This displacement is then measured using a capacitive sensing

structure.

' =-2muwv

Figure 2.6 Simple Gyroscope Model. Left: Tuning Fork. Right: Single Mass[18]
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The Coriolis force experienced by a frame that is rotating in a frame with mass m, angular

velocity w, and moving at velocity v is [8], [17], [19] :

F.= —2m(w X v) (2.1)

The construction of MEMS gyroscopes can introduce geometrical imperfections in the vibrating
mechanical structure and sense electrodes, resulting in the generation of an output signal even
when there is no actual rotation [17], [20]. These gyroscopes are typically fabricated using
temperature-sensitive silicon, whose physical characteristics vary significantly with changes in
ambient temperature. Elevated ambient temperature, for instance, leads to alterations in young’s
modulus of the silicon material, causing inaccuracies in the output. Moreover, temperature
differentials can induce thermoelectric effects, introducing voltage variations and resulting in a
biased output from the sensor [17]. The combined effect of temperature and humidity may even
cause a permanent offset. A crucial performance parameter for vibratory gyroscopes is their zero-

rate output, indicating the absence of rotation.

When employing the strap-down method, the angular rates provided by the gyroscope are
integrated over a brief duration, enabling the determination of the current angles of the object [8].
This method proves valuable in estimating the attitude of a rigid object for a limited period.
However, it is important to consider the gyroscope bias offset, as it causes the estimated angles to
deviate over time. In other words, the accuracy of the estimated angles diminishes as time

progresses [21].
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Figure.2.7 MEMS Gyroscope [19]

2.2.2 Accelerometer (Accel)

Accelerometers are essential components within inertial sensors, providing measurement of linear
acceleration along multiple axes. The market offers two primary types of accelerometers,
contributing to different performance categories: mechanical accelerometers and quartzZMEMS

accelerometers[16].

Quartz and MEMS accelerometers exhibit in-run bias stability ranging from 1000 ug down to 1
ng, covering all four performance categories. Their versatility allows them to be employed across
a wide range of applications. In contrast, mechanical accelerometers, with their lower in-run bias
stabilities of less than 1 pg, are typically limited to navigation grade applications [16]. Their larger

size and higher cost contribute to their more specialized usage.

By understanding the distinctions between these accelerometer types, users can make informed
decisions based on the performance requirements and specific constraints of their applications.
This enables optimal selection and integration of accelerometers within inertial sensors, ensuring

accurate and reliable measurement of linear acceleration.
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A MEMS accelerometer consists of a proof mass, which is connected to a spring, as depicted in

Figure 2.9. The proof mass can move in a specific direction known as the sensitivity axis.

2g -1g 0 1g 2g

< >

Sensitivity axis

Figure 2.9 Horizontal Accelerometer Model [18]
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When a linear acceleration is applied to the accelerometer along the sensitivity axis, the
acceleration causes the proof mass to displace towards one side [17], [19], [22]. The extent of this

deflection is directly proportional to the magnitude of the acceleration.

MEMS accelerometers are designed with sensitivity axes, which define the specific direction along
which the device is most sensitive to acceleration. Multiple accelerometers can be integrated into
a single device to measure acceleration in multiple axes (such as three-axis accelerometers) [23] .
Manufacturing errors can result in misalignment, leading to a lack of perpendicularity in the
respective axis of each accelerometer [7], [19], [21] . This phenomenon, known as cross-axis

sensitivity, is a common error encountered in sensors.
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In summary, the theory of operation of a MEMS accelerometer involves the movement of a proof
mass in response to applied accelerations and the conversion of this motion into an electrical signal

using sensing mechanisms such as capacitive sensing or piezoresistive elements [21] .
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Figure 2.11 MEMS accelerometer|[19]

2.2.3 Magnetometer

Magnetometers are sensors specifically designed to measure the strength and direction of a
magnetic field. Various types of magnetometers exist, and many MEMS (Micro-Electro-
Mechanical Systems) magnetometers rely on magnetoresistance principles to gauge the
surrounding magnetic field [21]. These magneto resistive magnetometers employ permalloys that
exhibit changes in resistance in response to variations in magnetic fields. Typically, MEMS
magnetometers are employed to measure local magnetic fields, which comprise a combination of

Earth's magnetic field and any magnetic fields generated by nearby objects [21].

The Earth's magnetic field includes a horizontal component and a vertical component, commonly
characterized by the magnetic inclination and declination angles [24]. Magnetic inclination
denotes the angle between the Earth's magnetic field lines and a horizontal plane. At the Earth's
magnetic poles, the magnetic field is vertical, resulting in a 90° inclination angle. Conversely, at
the equator, the Earth's magnetic field is horizontal, leading to an inclination angle of 0° [24].

Magnetic declination, on the other hand, accounts for the disparity between the magnetic North
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Pole and True North or the geographic North Pole of the Earth. It represents the angular difference

between these two locations relative to the measurement point.
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Figure 2.13 Map of magnetic inclination [24]
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Figure 2.14 Map of horizontal magnetic field intensity [24]

The magnetometer functions as a compass by providing a three-dimensional vector that indicates
the direction of the Earth's magnetic field at the sensor's location. This information is given in the
sensor's coordinate system and needs to be adjusted to the reference frame known as the NED
frame, where it can be compared with the Earth's magnetic field at that position. Figure 3.6
illustrates this process, depicting the magnetic declination (3), which represents the angle between
the vector pointing to magnetic north and the vector pointing to geodetic north. It also shows the
inclination (I), which indicates the angle between the horizontal field lines of the Earth and the
magnetic field at the specific location [21]. Additionally, the figure demonstrates the yaw angle

() as the sensor frame rotates around the Down-axis.
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Figure 2.15 Magnetic declination and inclination in the NED frame [21]

In summary, magnetometers serve as invaluable tools for measuring the strength and direction of
magnetic fields. MEMS magnetometers, utilizing magnetoresistance principles, are commonly
employed to measure local magnetic fields encompassing Earth's magnetic field and nearby
magnetic sources. Understanding the characteristics and behavior of Earth's magnetic field,
including inclination and declination angles, facilitates accurate interpretation and utilization of

magnetometer data in inertial sensors.

2.2.4 Pressure Sensor

Pressure sensors are vital components used in inertial sensors to measure atmospheric pressure.
One type of pressure sensor that has gained significant popularity is the MEMS (Micro-Electro-
Mechanical Systems) barometric pressure sensor. MEMS barometric pressure sensors utilize
microfabrication techniques to create miniature structures that can detect and measure variations

in air pressure [25].

These MEMS barometric pressure sensors operate based on the principle of sensing deflection or
displacement caused by the pressure difference between the ambient air and a sealed cavity within

the sensor [25]. The deflection is typically detected using a diaphragm that flexes in response to
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changes in pressure. This deflection is then converted into an electrical signal proportional to the

applied pressure.

One of the key advantages of MEMS barometric pressure sensors is their small size and low power
consumption, making them suitable for integration into compact and energy-efficient devices.
They offer precise pressure measurements and can provide accurate altitude or height above sea

level estimations based on the relationship between atmospheric pressure and altitude.

MEMS barometric pressure sensors are used in a variety of applications, including altimeters,
weather stations, and environmental monitoring devices. They play a crucial role in altitude hold
functions in aviation, outdoor sports tracking, and weather forecasting. Additionally, these sensors

find utility in various industries, such as automotive, aerospace, and consumer electronics.

It is important to note that while MEMS barometric pressure sensors offer excellent performance,
their accuracy can be influenced by factors such as temperature variations, humidity, and local
atmospheric conditions [26]. Calibration and compensation techniques are often employed to

mitigate these effects and ensure accurate pressure measurements [27] .

In summary, MEMS barometric pressure sensors provide precise and compact solutions for
measuring atmospheric pressure. Their small size, low power consumption, and accuracy make
them well-suited for a range of applications, including altitude determination, weather monitoring,
and environmental sensing. Despite the influence of external factors, calibration methods help
maintain the accuracy of these sensors, enabling reliable pressure measurements within inertial

SENsors.

2.2.5 Global Navigation Satellite System (GNSS)

Global Navigation Satellite System (GNSS) technology has revolutionized navigation and
positioning capabilities in various industries. GNSS relies on a constellation of satellites orbiting
the Earth to provide precise positioning, velocity, and timing information to receivers on the

ground or in mobile devices [28] .

The most well-known GNSS system is the Global Positioning System (GPS), developed and
operated by the United States government. However, there are also other major GNSS systems in

operation, such as GLONASS (Russia), Galileo (European Union), BeiDou (China), and NavIC
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(India) [28] . These systems collectively offer global coverage, enabling users worldwide to access

accurate and reliable positioning data.

GNSS receivers utilize signals transmitted by the satellites to determine their position through a
process called trilateration. By measuring the distance between the receiver and multiple satellites,
the receiver can calculate its precise location on Earth's surface. GNSS receivers also consider
factors like satellite geometry, atmospheric delays, and clock errors to improve the accuracy of

positioning.

GNSS has a wide range of applications across various sectors. In transportation, GNSS enables
precise vehicle navigation and tracking, facilitating efficient route planning, vehicle fleet
management, and intelligent transportation systems. In aviation, GNSS is instrumental in aircraft
navigation, approach, and landing procedures, enhancing safety and operational efficiency. The
maritime industry benefits from GNSS for accurate vessel tracking, navigation, and collision
avoidance [22]. Additionally, GNSS is crucial for surveying, mapping, precision agriculture,
search and rescue operations, and outdoor recreational activities.

Satellite
—+ i +

<>

VAN

Receiver "i

(.
I

Control Segment

-

Figure 2.16 Global Navigation Satellite System (GNSS) [28]

The integration of GNSS with other sensors, such as inertial sensors (as part of GNSS-aided INS),
allows for enhanced navigation performance. By combining GNSS data with measurements from
inertial sensors, such as accelerometers and gyroscopes, the system can mitigate GNSS signal
interruptions or inaccuracies during periods of signal loss, known as GNSS outages or GNSS-

denied environments. This integration provides continuous and reliable navigation information,
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making it particularly valuable in environments where GNSS signals may be obstructed, such as

urban canyons or indoors.

Overall, GNSS technology has transformed the way we navigate and position ourselves globally.
Its widespread adoption and integration with other technologies enable accurate and reliable
positioning solutions across diverse applications, improving efficiency, safety, and convenience in

numerous industries and everyday life.

2.3 IMU Specifications

The specifications of an Inertial Measurement Unit (IMU) are critical in determining its
performance and suitability for inertial navigation systems. Familiarizing oneself with and
evaluating these specifications is essential to select an IMU that meets the specific application

requirements. This section provides an overview of the key IMU specifications to consider.

2.3.1 Sensor Performance
Range: The range specification defines the minimum and maximum input values that an IMU
sensor can accurately measure. It is crucial to ensure that the IMU can handle the expected

magnitudes of motion or environmental conditions in the intended application [7], [21], [22], [29].

Resolution: Resolution refers to the smallest increment or unit of measure that can be output by
an IMU sensor across its range [7], [21], [22], [29]. High-resolution sensors are commonly used
today, offering precise measurements. However, it is important to consider the resolution
requirements of the application to ensure that the IMU can provide the necessary level of detail in

the measurements.

Bandwidth: The bandwidth specification indicates the maximum frequency at which an IMU
sensor or system can respond accurately [7], [21], [22], [29] The bandwidth determines the
frequencies that the IMU can effectively measure and affects the system's response time or latency.

Higher bandwidth sensors enable quicker reactions to input stimuli.

Sample Rate: The sample rate of an IMU refers to the number of samples output by the sensor
per second [7], [21], [22], [29] Unlike bandwidth, the sample rate can be any specified rate. It is
important to select an appropriate sample rate based on the application requirements to capture the

necessary level of detail and maintain accuracy in the measurements.
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Noise and Noise Density: Noise is characterized as any random variation in the output of an IMU
sensor when subjected to constant input at constant conditions [7], [21], [22], [29] It is commonly
specified using standard deviation or root-mean-square (RMS) values. However, to properly assess
the inherent noise in an IMU output, noise density is often used. Noise density represents the noise
divided by the square root of the sampling rate and provides a more accurate measure of the noise

per unit frequency.

Random Walk: Random walk refers to the drift over time that occurs due to noise when
integrating a noisy output signal from an IMU sensor [7], [21], [22], [29] It is a crucial specification
to consider, especially when using the IMU for long-duration applications or tasks that require

accurate estimation of angles or velocities. Random walk is typically specified in units of °/+/sor

° /+/hr for gyroscopes and m/s/+/sor m/s/+vhrfor accelerometers.

Bias: Bias represents a constant offset between the output value and the true input value of an IMU
sensor [7], [21], [22], [29] There are different types of bias parameters that can be measured,
including in-run bias stability (or bias instability), turn-on bias stability, and bias over temperature.
In-run bias stability is particularly critical as it determines the best possible accuracy with which a

sensor's bias can be estimated.

Scale Factor: The scale factor is a multiplier applied to the sensor's output, representing the ratio
of the output to the input over the measurement range [7], [21], [22], [29] Scale factor errors,
including scale factor error and scale factor nonlinearity, can affect the accuracy of IMU
measurements. Scale factor error is usually specified as parts per million (ppm) or as a percentage,
while scale factor nonlinearity is also expressed as ppm or as a percentage of the full-scale range

of the sensor.

Orthogonality Errors: Orthogonality errors arise when aligning sensors within an IMU system
[7], [21], [22], [29]. These errors result from deviations from perfect orthogonality between the
sensor axes. Proper calibration and compensation techniques are required to minimize

orthogonality errors and ensure accurate measurements.

Cross-Axis Sensitivity: Cross-axis sensitivity refers to the measurement error caused by the

coupling between different axes of an IMU sensor [7], [21], [22], [29]. It can occur when the
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sensor's response along one axis is affected by input along other axes. Cross-axis sensitivity should

be considered and minimized to achieve accurate and independent measurements along each axis.

Unit Conversions: Comparing IMU specifications from different manufacturers or sensor types
may require converting the specifications into a common form for accurate assessment [29].
Understanding the techniques and formulas for unit conversions will aid in proper evaluation and

selection of an IMU that fulfills the specific application requirements.

2.4 Noise Analysis

Noise analysis in MEMS (Micro-Electro-Mechanical Systems) sensors is an important aspect for
understanding their performance characteristics and optimizing their use in various applications
[30]. Noise in MEMS sensors can arise from various sources, including thermal noise, flicker

noise, environmental noise, and electronic noise.

By studying and analyzing these various noise sources and employing appropriate analysis
techniques such as PSD analysis, Allan variance, and time domain analysis, researchers and
engineers can effectively identify, quantify, and mitigate noise in MEMS sensors. This enables
improved sensor performance, enhanced accuracy, and increased reliability in a wide range of

applications.

2.4.1 Thermal Noise

Thermal noise, also known as Johnson-Nyquist noise, is a fundamental noise source in MEMS
sensors. It originates from the random motion of charge carriers in conductive materials and is
directly related to temperature and bandwidth. Thermal noise follows a white Gaussian distribution

and can significantly impact the sensor's performance, especially in low-frequency applications.

2.4.2  Flicker Noise

Flicker noise, also referred to as 1/f noise or pink noise, is a low-frequency noise component that
increases as the frequency decreases. It is often caused by material defects, surface imperfections,
or other physical phenomena in the MEMS sensor. Flicker noise can be particularly problematic

in applications that require accurate measurements at low frequencies.

2.4.3 White Noise
White noise refers to a random signal with a constant power spectral density across all frequencies.

It is a common noise source in MEMS sensors and can arise from various sources such as thermal
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fluctuations, electronic components, and environmental factors. Understanding and characterizing

white noise is crucial for accurately analyzing the sensor's performance.

2.4.4 Environmental Noise

Environmental noise encompasses external disturbances that can affect MEMS sensors. These
disturbances include vibrations, acoustic noise, electromagnetic interference (EMI), temperature
variations, and other external factors. Environmental noise can introduce significant errors and
fluctuations in the sensor's output, and effective noise mitigation strategies are required to ensure

reliable sensor operation.

2.4.5 Resonance Noise

Resonance noise is associated with the resonance phenomena that occur in MEMS sensors. These
phenomena can be caused by mechanical resonances, parasitic capacitances, or other system-level
factors. Resonance noise can lead to increased noise levels at specific frequencies or modes of
operation, and understanding and mitigating resonance effects are critical for achieving accurate

and reliable sensor measurements.

2.4.6 PSD Analysis

Power Spectral Density (PSD) analysis is a widely used technique for noise analysis in MEMS
sensors. It involves measuring and analyzing the frequency content of the sensor's output signal to
identify different noise components based on their frequency characteristics. PSD analysis
provides valuable insights into the dominant noise sources and their contributions across various

frequency ranges.

2.4.7 Allan Variance

Allan variance analysis is a statistical method used to characterize the stability and noise properties
of MEMS sensors over different time intervals. By analyzing the fluctuations in the sensor's output
signal, Allan variance helps differentiate between various noise sources and determines their
respective contributions. It provides valuable information for understanding long-term stability

and noise performance of MEMS sensors.

2.4.8 Time Domain Analysis
Time domain analysis involves examining noise signals in the time domain to identify specific

patterns or signatures associated with different noise components. Techniques such as
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autocorrelation, cross-correlation, and wavelet analysis can be applied to extract useful
information from the noise signals. Time domain analysis helps in understanding the temporal

characteristics of noise and its impact on the sensor's measurements.

2.5 State estimation and Quaternions

State estimation is a fundamental aspect of navigation and motion tracking systems. It involves
estimating the position, orientation, velocity, and other relevant states of a system based on
available sensor measurements. In the context of MEMS sensors, state estimation plays a crucial

role in accurately tracking the motion and orientation of objects [22], [31]-[34].

One commonly used mathematical representation for representing orientation is quaternions.
Quaternions provide a concise and efficient way to represent 3D rotations and have several
advantages over other representation methods, such as Euler angles. They are free from
singularities and exhibit numerical stability, making them particularly suitable for real-time

orientation estimation[34].

The use of quaternions in state estimation algorithms, such as the Extended Kalman Filter (EKF)
or the Unscented Kalman Filter (UKF), allows for accurate and robust estimation of the system's
orientation. These algorithms combine sensor measurements, such as gyroscope and accelerometer
data from MEMS sensors, with a mathematical model of the system to estimate the state

variables[21].

Quaternions are also used in sensor fusion algorithms, which integrate data from multiple sensors,
such as accelerometers, gyroscopes, and magnetometers, to improve the accuracy and reliability
of orientation estimation. Sensor fusion techniques, such as the complementary filter or the
Mabhony filter, leverage quaternions to combine the strengths of different sensor types and mitigate

their individual weaknesses[35], [36].

Understanding the principles of quaternion algebra, quaternion-based rotation representations, and
the integration of quaternions in state estimation and sensor fusion algorithms is essential for
effectively utilizing MEMS sensors in navigation, robotics, virtual reality, and other motion

tracking applications [34].

43



2.6 Quaternion definition and properties

In the same way the set of complex numbers C extends the set of real numbers R, and are defined

as [36]:

C =R +Riwithi? = -1

(2.2)

The quaternions, also commonly referred to as Hamilton’s Numbers extend the set of complex

numbers. The set of quaternions H is defined as [36]:

H = C + Cj with j? = —1

Thus, a number in the space of quaternions can be written as [36]:

Q=a+bi+cj+dkeH

Where {a, b,c,d} € R, and {i, j, k} are three imaginary unit numbers defines as [36]:

from which we can derive [36]:

ij=—ji=k jk=—-kj=1i ki=—ik=j

(2.3)

(2.4)

(2.5)

(2.6)

An alternative representation of the quaternion can be defined as the sum of a scaler and a vector

in the following way [36]:

Q:qw+Qxi+qyj+QZk S Q0=qyt+qy
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where the real or scalar part is referred to as g, and the imaginary or vector part is defined as

[36]:

Qv = qxl + qyj +q.k = (Qx » qy lqz) (2.8)

A quaternion Q is mostly represented as a vector q,

Qw
. [Qw] _ | Gx
a2 .| = 0 (2.9)
q;

that enables the use of matrix algebra for operations that involve quaternions.

Finally, we define real quaternions and pure quaternions,
dw dw 0
general case q = q,, + q,, = [qv] € H, real q,, = [Oy] € R, pure q,, = [qv] € H,

The main quaternion properties are listed below [36]:

I. Sum:p+gq
2. Product: p @ q

3. Identity: q; =1 = [01]
v

4. Conjugate: q* 2 q,, — qy»

5. Norm: [Iqll = \/qa, + @2+ i+ q?

*

6. Inverse: q1 = ”3”2

7. Normalized Quaternion: ||q|| =1 < q 1 =q

*
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3 Theoretical Framework

3.1 Reference Frame and World Models

Reference frames and world models play a crucial role in the development of Inertial Navigation
Systems (INS). It is common for sensor data to be represented in different reference frames, and
the various measurements in one frame must be transformed to another frame. Reference frames
provide a standardized coordinate system to measure and interpret sensor data, while world models
integrate measurements from multiple sensors and reference frames to accurately estimate the

object's motion[37]-[39].

There are primarily two types of reference frames involved in the development of INS: the inertial
frame and the Earth-Centered Earth-Fixed (ECEF) reference frame. Conversely, world models
serve as references for the Earth's gravitational and magnetic fields and are typically represented

by the Earth Gravitational Model (EGM) and the World Magnetic Model (WMM), respectively.

3.1.1 The Inertial Frame

The inertial frame is a crucial reference frame in the development of Inertial Navigation Systems
(INS). It serves as a non-accelerating observer and remains unaffected by external forces. The
inertial frame provides a consistent reference system for measuring and interpreting the motion of
an object. In practice, the inertial frame is realized using an inertial measurement unit (IMU),

which consists of accelerometers and gyroscopes.

One of the key advantages of the inertial frame is its independence from external references. It can
provide continuous and reliable navigation information even in environments where external
positioning systems, such as GPS, are unavailable or unreliable. However, it is important to note
that the inertial sensors are prone to errors such as bias, drift, and noise, which can accumulate
over time and result in what is known as inertial sensor drift. To mitigate this drift, the inertial
measurements are often fused with external measurements from other reference frames, such as

the Earth-Centered Earth-Fixed (ECEF) frame, which provides absolute position references.

However, constructing a strict inertial frame can prove to be a tedious challenge, thus a quasi-
inertial frame is more often used in practice. The quasi-inertial frame serves as an intermediate

frame incorporating adjustments to account for specific factors or perturbations in the navigation
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system. The origin of this frame is at the center of the Earth, while its axes are non-rotating with

respect to distant galaxies[ucalgary].

Overall, the inertial frame forms the foundation of INS by providing a consistent and self-
contained reference system for accurately tracking the motion of an object. It enables navigation

in GPS-denied environments and serves as a reliable source of information for INS systems.

3.1.2  The Body Frame
The body frame is a reference frame that is closely associated with the object or vehicle itself in
the development of Inertial Navigation Systems (INS). It is a coordinate system that is usually

fixed to the center of gravity of the object and moves with it as it undergoes motion.

The body frame is particularly useful for INS applications where the focus is on understanding the
motion and dynamics of the object itself. It provides a convenient reference system to measure and
interpret the object's attitude, angular velocity, and accelerations. By utilizing sensors such as
gyroscopes and accelerometers, the body frame enables the estimation of the object's orientation,

angular rates, and linear accelerations.

In INS, measurements obtained in the body frame are often transformed or mapped to other
reference frames, such as the inertial frame or the Earth-Centered Earth-Fixed (ECEF) frame, for
navigation and positioning purposes. These transformations allow for the integration of
measurements from different sensors and reference frames to obtain a comprehensive

understanding of the object's motion and navigation parameters.

The body frame is an essential component of INS, particularly in applications where the primary
interest lies in understanding and controlling the motion of the object itself. It provides a local and
intrinsic reference system for measuring and analyzing the object's dynamics, allowing for accurate

tracking and control of its motion.

3.1.3 Earth-Centered Earth-Fixed frame

The Earth-Centered Earth-Fixed (ECEF) frame is a global reference frame in which its origin
remains fixed at the center of the Earth while rotating simultaneously with the Earth's rotation [19].
Even though the z-axis of the ECEF passes through the north pole, it does not coincide with the
rotational axis of the Earth, while the x-axis runs through the intersection of the equatorial plane

and the IERS reference meridian (IRM). The y-axis completes the orthogonal right-handed system.
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The ECEF frame is particularly valuable in applications where a global perspective is required,
such as aircraft navigation, autonomous vehicles, and geodetic surveying. It allows for seamless
integration of information from different sources, enabling precise navigation and positioning even

in dynamic and challenging environments.

Overall, the Earth-Centered Earth-Fixed frame serves as a fundamental reference frame in INS
development, providing a geocentric coordinate system that facilitates accurate and consistent
determination of an object's motion and position on a global scale. Its widespread use and
compatibility with various navigation technologies make it an essential component of modern

navigation systems.

3.1.4 Earth-Centered Inertial Frame
The Earth-Centered Inertial (ECI) frame is a fundamental reference frame that has its origin fixed
at the center of the Earth and remains inertial, meaning it is unaffected by external forces or

rotation.
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Figure 3.1 ECI and ECEF coordinate systems [37]

In the ECI frame, positions and velocities of objects are defined relative to the Earth's center,
providing a consistent and non-rotating reference system. This reference frame is particularly

useful for long-term or global-scale applications where a fixed and stable reference is required.

The ECI frame is often utilized in conjunction with the Earth-Centered Earth-Fixed (ECEF) frame.

Transformations can be applied to convert measurements or coordinates from the ECEF frame to
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the ECI frame and vice versa, allowing for seamless integration of data from different sources and

reference frames.

Overall, the Earth-Centered Inertial frame serves as a foundational reference frame in INS
development, providing a stable and non-rotating coordinate system centered at the Earth's center.
Its utilization enables precise tracking and navigation of objects over extended periods, making it

essential for applications requiring long-term and global-scale positioning accuracy.

3.1.5 Geodetic Frame

The geodetic frame, also known as the World Geodetic System (WGS), is a reference frame
utilized to establish a relationship between spherical coordinates and Cartesian coordinates. This
frame represents the Earth as a symmetrically round ellipsoid, considering the Earth's shape and

curvature and its mostly used in GPS applications.

In the geodetic frame, spherical coordinates are specified using latitude, longitude, and altitude.
Latitude measures the angle north or south from the equator, longitude measures the angle east or
west from a reference meridian, and altitude represents the height above or below a reference

datum.

In summary, the geodetic frame provides a standardized reference for representing positions on
the Earth's surface using spherical coordinates. It plays a crucial role in geospatial applications,

allowing for accurate positioning, mapping, and navigation on a global scale.

3.1.6 North-East-Down (NED) and East-North-Up (ENU) frames

The North-East-Down frame is a common local reference frame where the position and orientation
of an object are given relative to a specific location on the Earth’s surface. It is often used in
conjunction with the Earth-Centered Earth-Fixed (ECEF) frame or the Earth-Centered Inertial
(ECI) frame. The NED frame is fixed to the object and moves along with the body frame.

The NED frame follows the right-hand rule conventions: the x-axis points towards geodetic North,
the y-axis points towards the East, and the z-axis points towards the local vertical direction, aligned
with the gravitational vector. Assuming an ellipsoid model of the Earth, the North and East axes
form a plane tangent to the Earth’s surface at the object's location. The origin of the system is often

an arbitrarily chosen point on the Earth's surface.
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Similarly, the ENU (East-North-Up) frame is a local tangent plane (LTP) where the geodetic North

lies on the y-axis, the x-axis lies to the East, and the z-axis points away from the Earth’s surface.
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Figure 3.3 ECEF and NED coordinate systems [38]

Overall, both frames provide a local-level reference system that simplifies navigation and control
in aerospace applications. They offer a straightforward representation of an object's position and
orientation relative to the local environment, making them valuable tools in aviation, UAV

operations, and other similar fields.
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3.1.7 Earth Gravitational Model

The Earth Gravitational Model (EGM) is a model and reference model used to account for the
variations in gravitational acceleration at different locations on the Earth’s surface. The EGM is
constructed by combining data from satellite measurements, ground-based gravity surveys, and
other geodetic observations. It considers the irregular shape of the Earth, as well as the

gravitational effects of features such as mountains, ocean tides, and variations in the density of

Earth's interior.

Inertial Navigation Devices (INS) utilize the earth gravitational model to account for variations in
the earth’s gravitational field in altitude and gravity-based measurements. Overall, the Earth

Gravitational Model provides a comprehensive representation of the Earth's gravitational field,

enabling accurate calculations and measurements in a variety of fields and applications.
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3.1.8 World Magnetic Model

The World Magnetic Model (WMM) is a model that describes the Earth's magnetic field. It is based
on the mathematical representation of spherical harmonics and provides information about the

variation between the magnetic north and the geodetic north for a specific location, which is

commonly known as the declination angle.
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Due to the dynamic nature of the Earth's magnetic field, the WMM is considered a predictive
model. It is regularly updated, approximately every 5 years, to incorporate changes that occur over
time. These updates ensure that the model remains accurate and reliable for navigation, mapping,

and other applications that rely on precise knowledge of the Earth's magnetic field.

Navigation devices often heavily rely on magnetic field measurements to determine orientation
and direction. The World Magnetic Model (WMM) plays a crucial role in this regard, as it provides

essential information for correcting misalignment and ensuring precise navigation.

Overall, the World Magnetic Model provides a comprehensive representation of the Earth's
magnetic field, specifically addressing the declination angle and its implications for magnetic
navigation and orientation. It serves as a valuable tool for various applications that require

knowledge of the Earth's magnetic field properties.

3.2 Sensor Models

In the development of Inertial Navigation Systems (INS), sensor models play a crucial role in
accurately estimating the motion of objects. These models describe the behavior and characteristics
of the sensors used to collect data for navigation purposes. By understanding the sensor models,
INS can effectively interpret and utilize sensor measurements to determine position, orientation,

and velocity.

3.2.1 Gyroscope Error Model

Gyroscopes are essential sensors used to measure angular velocity in the body frame of a sensor.
However, they are prone to certain errors that can impact the accuracy of the measurements. The
most common errors associated with gyroscopes include scaling and misalignment errors, constant

bias, and noisy measurements.

Scaling errors refer to inaccuracies in the gyroscope's sensitivity or scale factor. These errors can
result in incorrect scaling of the measured angular velocity, leading to deviations in the reported
values. Scaling errors can arise from manufacturing variations, calibration issues, or changes in

the operating conditions of the gyroscope.

Misalignment errors occur when the sensitive axis of the gyroscope is not perfectly aligned with

the desired orientation. This misalignment can introduce additional angular offsets and errors in
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the measured values. Misalignments can arise from mounting or installation issues, mechanical

stress, or inherent limitations in the gyroscope's construction.

Constant bias is another common error associated with gyroscopes. It refers to a consistent offset
or deviation in the measured angular velocity, irrespective of the actual motion. Bias can result
from various factors such as temperature variations, aging of the gyroscope components, or
imperfections in the manufacturing process. Constant bias errors can cause drift in the estimated

orientation over time.

In addition to these errors, gyroscopes may also exhibit noise in their measurements. Noise can
manifest as random fluctuations or variations in the measured angular velocity values. It can arise
from electronic noise, environmental interference, or inherent limitations in the gyroscope's
design. Noisy measurements can affect the accuracy of the gyroscope readings, especially in

applications requiring precise angular motion tracking.

To mitigate these errors, calibration procedures are often employed to estimate and compensate
for scaling errors, misalignments, and constant biases. Filtering techniques and signal processing

algorithms can also be applied to reduce the impact of noise on the gyroscope measurements.

By considering the above we can model a gyroscope in the body frame as described in equation

(3.1) below:

wp' = Sgwp + by +ny (3.1)

The term S is used to describe the scaling of the sensor and the cross-axis correlation and would
ideally be an identity matrix [543 to indicate perfect scaling and no cross-axis correlation between
the sensor's measurements. The term w,, is the true angular rate in the body frame which is the

actual value we want to recover. The term b, represents the constant bias of the gyroscope, which

introduces a fixed offset or deviation in the measured angular rate. Lastly, n, represents the noise
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in the gyroscope's measurements, which accounts for random fluctuations or variations around the

true angular rate value.

The slow varying bias term by can be modeled as a first order Markov process driven by a white
Gaussian noise vector with standard deviation gj;45 , While the noise term ng can be described as

white gaussian noise with standard deviation g:

bg =Vbg ~ N(O' o_%ias) (3.2)

n, ~ N(0,02) (3.3)

By understanding and quantifying the effects of scaling, bias, and noise, it becomes possible to
develop accurate models and algorithms to estimate the true angular rate and compensate for these
errors. This allows for improved performance and reliability of gyroscopes in applications such as

inertial navigation systems, robotics, and motion tracking.

3.2.2  Accelerometer Error Model

Accelerometers are crucial sensors used to measure linear acceleration in the body frame of a
sensor. More than often, they are constructed by separate MEMS sensors, consisting of separate
proof masses and thus their axes are not always perfectly perpendicular. Similar to gyroscopes,
accelerometers are susceptible to various errors that can affect the accuracy of their measurements.

Understanding these errors is essential for reliable and precise acceleration sensing.

One common error associated with accelerometers is scaling error. This error arises when the
sensitivity or scale factor of the accelerometer deviates from the ideal value. Scaling errors can
lead to inaccuracies in the measured acceleration values, causing deviations from the true
acceleration. Factors such as manufacturing variations, calibration discrepancies, or changes in

operating conditions can contribute to scaling errors in accelerometers.
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Another type of error is the misalignment error. Misalignment occurs when the sensitive axis of
the accelerometer is not perfectly aligned with the desired direction of measurement. As a result,
the measured acceleration values may include additional components due to the misalignment,
leading to inaccuracies. Similar to gyroscopes, misalignments can result from mounting or

installation issues, mechanical stress, or limitations in the accelerometer's construction.

Bias is yet another significant error in accelerometers. Bias refers to a constant offset or deviation
in the measured acceleration, independent of the actual motion. It can result from factors such as
temperature variations, aging of components, or manufacturing imperfections. Biases can cause

drift in the estimated acceleration over time, impacting the accuracy of motion measurements.

Noise is also present in accelerometer measurements. Noise manifests as random fluctuations or
variations in the measured acceleration values, unrelated to the true acceleration. Noise can stem
from electronic components, environmental factors, or inherent limitations in the sensor design.

Minimizing the impact of noise is crucial in applications requiring precise acceleration tracking.

To mitigate these errors, calibration procedures are typically employed to estimate and compensate
for scaling errors, misalignments, and biases. Additionally, signal processing techniques, such as
filtering algorithms, can be utilized to reduce the influence of noise on accelerometer

measurements.

By considering the above we can model an accelerometer in the body frame as described in

equation (3.4) below:

ap' = Szap + by +ng, (3.4)

The term S, is used to describe the scaling of the sensor and the cross-axis correlation and would
ideally be an identity matrix [543 to indicate perfect scaling and no cross-axis correlation between
the sensor's measurements. The term @, is the true acceleration in the body frame which is the
actual value we want to recover. The term b, represents the constant bias of the accelerometer,
which introduces a fixed offset or deviation in the measured acceleration. Lastly, n, represents the
noise in the accelerometer’s measurements, which accounts for random fluctuations or variations

around the true acceleration value.
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Similarly, to a gyroscope, the slow varying bias term b, of an accelerometer can be modeled as a
first order Markov process driven by a white Gaussian noise vector with standard deviation ay,;,,
while the noise term n, of an accelerometer can be described as white gaussian noise with standard

deviation g, :

by = Vpa ~ N(0,0%,) (3.5)

ng~ N (0, 02) (3.6)

By considering these error sources and applying appropriate calibration and filtering techniques,
accelerometers can be modeled in the body frame to obtain more accurate acceleration

measurements.

3.2.3 Magnetometer Error Model

Magnetometers are essential sensors used to measure the Earth's magnetic field or the magnetic
field generated by objects in their vicinity. While magnetometers provide valuable information,
they are subject to various errors that can affect the accuracy of their measurements. Understanding

these errors is crucial for obtaining reliable magnetic field data.

One common error associated with magnetometers is offset error. Offset error refers to a constant
deviation or offset in the measured magnetic field, regardless of the actual magnetic field strength.
Offset errors can arise from factors such as temperature variations, electronic noise, or
imperfections in the sensor's construction. It is important to calibrate magnetometers to determine

and correct these offset errors to ensure accurate measurements.

Another type of error is the nonlinearity error. Nonlinearity occurs when the magnetometer's
response deviates from an ideal linear relationship between the measured magnetic field and the
actual magnetic field strength. Nonlinearities can arise from variations in the sensor's
characteristics or from nonlinear effects in the measurement circuitry. Calibration procedures can
help mitigate nonlinearity errors by establishing a more accurate mapping between the measured

output and the true magnetic field strength.
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Noise is also present in magnetometer measurements. Noise can manifest as random fluctuations
or variations in the measured magnetic field values. It can arise from electronic noise,
environmental interference, or other sources. Filtering techniques, such as signal processing
algorithms, can be applied to reduce the impact of noise on magnetometer measurements and

improve the overall accuracy.

Furthermore, magnetometers can be affected by external magnetic field disturbances or magnetic
interference from nearby objects. These external influences can introduce additional errors and
distortions in the measured magnetic field values. Shielding techniques or carefully selecting

measurement locations can help minimize the impact of external magnetic field disturbances.

By considering the above we can model an accelerometer in the body frame as described in

equation (3.7) below:

hyt = SNy (Agihpy + b)) + by, + 1y (3.7)

The terms S,,, and N,,, are used to describe the scaling of the sensor and the cross-axis correlation
respectively. They would ideally be identity matrices I5x3 to indicate perfect scaling and no cross-
axis correlation between the sensor's measurements. The term h,, is the true magnetic field
measurement in the body frame which is the actual value we want to recover. The term Ag; is used
to describe the soft iron errors that appear due to the presence of materials near the magnetometer
that distort the surrounding magnetic field but do not generate a field of their own. The term by;
represents the hard iron errors that arise from the presence of materials with magnetic properties
near the magnetometer. These materials introduce a constant bias or offset in the magnetometer's
measurements, regardless of the actual magnetic field strength or direction. The term b,,, represents
the constant bias of the magnetometer, which introduces a fixed offset or deviation in the measured
magnetic field. Lastly, n,, represents the noise in the magnetometer the measurements, which

accounts for random fluctuations or variations around the true magnetic field values.

Similarly, to a gyroscope, the slow varying bias term b,, of a magnetometer can be modeled as a
first order Markov process driven by a white Gaussian noise vector with standard deviation 0,4,
while the noise term n,, of a magnetometer can be described as white gaussian noise with standard

deviation o, :
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b = Vom ~ N (0, 0%1a5) (3.8)

Ny ~ N(0,0%) (3.9

By considering these error sources, employing calibration techniques, and applying appropriate
signal processing methods, magnetometers can provide more accurate measurements of the Earth's
magnetic field or local magnetic fields. Proper calibration and error correction are crucial for
obtaining reliable magnetic field data in applications such as navigation, compass orientation, and

magnetic anomaly detection.

3.2.4 Absolute Pressure Sensor Error Model
The error model for a pressure sensor typically includes several sources of error, including offset,
sensitivity, temperature dependence, and noise. These error sources can affect the accuracy and

reliability of pressure measurements obtained from the sensor.

Offset error refers to a constant deviation in the measured pressure reading compared to the true
pressure. It can arise from manufacturing variations, imperfect calibration, or environmental
factors. The offset error can be positive or negative, and it introduces a bias in the measured

pressure values.

Sensitivity error is another common source of error in pressure sensors. It refers to the deviation
in the sensor's response to changes in pressure compared to the ideal sensitivity. Sensitivity errors
can result from variations in the sensor's design, manufacturing process, or aging effects. These
errors can cause the sensor to over- or under-respond to changes in pressure, leading to

inaccuracies in the measured values.

Temperature dependence is a critical consideration in pressure sensor error modeling. Pressure
sensors can exhibit variations in their output with changes in temperature. These temperature
effects can introduce additional errors in the pressure measurements. Temperature compensation
techniques are often employed to mitigate the impact of temperature-dependent errors on the

accuracy of the measurements.
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Noise is another component of the error model for pressure sensors. It represents random
fluctuations or variations in the measured pressure values that are not related to the true pressure.
Noise can arise from electronic components, environmental factors, or inherent limitations in the
sensor's design. It can affect the precision and stability of pressure measurements, particularly in

applications that require high accuracy.

To accurately model the error in pressure sensor measurements, calibration procedures are
typically performed. Calibration involves comparing the sensor's output to a reference standard
over a range of known pressures and determining the error characteristics. This allows for the
estimation and compensation of offset, sensitivity, and temperature-dependent errors. Filtering
techniques and signal processing algorithms can also be applied to reduce the impact of noise on

the pressure measurements.

By considering the above we can model an absolute pressure sensor as described in equation (3.10)

below:

B = P +Esensitivity + bp + np (3.10)

The term P, describes the true or actual pressure obtained from the sensor, which is the value we
aim to recover. The value Egensitivicy represents the sensitivity error, which accounts for the
deviation in the sensor's response to pressure changes compared to the ideal sensitivity. The term
bp represents the constant bias of the pressure sensors, which introduces a fixed offset or deviation
in the measured pressure. Lastly, n, represents the noise in the sensor’s measurements, which
accounts for random fluctuations or variations around the true pressure value. It is important to
note that in pressure sensors, scaling errors caused by non-linearity are generally minimal and can

be considered negligible in the above model equation.

Similarly, to a gyroscope, the slow varying bias term bp of a pressure sensor can be modeled as a
first order Markov process driven by a white Gaussian noise vector with standard deviation 0,4,
while the noise term n, of an accelerometer can be described as white gaussian noise with standard

deviation op:
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bp = vpp ~ N(0,0p15) (3.11)

np ~ N(0,0%) (3.12)

By understanding and accounting for these error sources in pressure sensor models, it becomes
possible to improve the accuracy and reliability of pressure measurements in various applications,

including weather monitoring, industrial process control, and medical devices.

3.2.5 GNSS Error Model

Global Navigation Satellite Systems (GNSS) play a vital role in providing accurate positioning,
navigation, and timing information for various applications. However, the measurements obtained
from GNSS receivers are subject to errors that can affect the accuracy of the positioning solution.
Understanding and modeling these errors is crucial for achieving reliable and precise GNSS-based

positioning.

One of the primary error sources in GNSS measurements is the atmospheric delay caused by the
ionosphere and troposphere. The ionosphere, a region of the Earth's upper atmosphere, introduces
a delay to the GNSS signals due to the dispersive properties of the ionized particles. The
troposphere, on the other hand, introduces delays due to atmospheric conditions such as
temperature, humidity, and pressure variations. Models and correction techniques are used to

estimate and mitigate these atmospheric delays, improving the accuracy of GNSS positioning.

Another significant error source is the satellite orbit errors. GNSS satellites have known orbits, but
slight deviations from these orbits can occur due to factors such as gravitational perturbations and
atmospheric drag. These orbit errors can introduce inaccuracies in the calculated positions. Precise
orbit determination techniques and satellite ephemeris data are utilized to minimize the impact of

orbit errors on GNSS measurements.
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Multipath is another common error in GNSS measurements. Multipath occurs when the GNSS
signal reflects off nearby surfaces, such as buildings, trees, or other structures, before reaching the
receiver antenna. The reflected signal can interfere with the direct line-of-sight signal, causing
distortions and inaccuracies. Antenna design, receiver algorithms, and signal processing
techniques are employed to mitigate the effects of multipath and improve the quality of GNSS

measurements.

Clock errors in the GNSS receiver can also impact the accuracy of positioning. The receiver clock
is not perfectly synchronized with the satellite clocks, resulting in clock bias and drift. To account
for clock errors, GNSS receivers employ techniques such as receiver clock modeling, differential

corrections, and precise timing algorithms.

Finally, measurement noise and receiver noise can introduce random variations and uncertainties
in the GNSS measurements. Noise can arise from various sources, including electronic
components, environmental factors, and signal propagation effects. Filtering techniques, signal
processing algorithms, and averaging methods are employed to reduce the impact of noise and

enhance the accuracy of GNSS positioning.

Overall, understanding and modeling these various error sources are essential for accurate GNSS
positioning. Through a combination of advanced algorithms, models, and correction techniques,
the impact of these errors can be mitigated, leading to more reliable and precise GNSS-based

navigation and positioning solutions.

3.3 Sensor Fusion Algorithms

Sensor fusion algorithms play a crucial role in combining data from multiple sensors to obtain a
more accurate and comprehensive understanding of the environment. By integrating information
from different sensors, such as accelerometers, gyroscopes, magnetometers, and GNSS receivers,
sensor fusion algorithms can provide enhanced measurements, robustness, and reliability for

various applications, including navigation, robotics, and augmented reality.

3.3.1 Complementary Filter
A complementary filter is a signal processing technique used to combine two different sensor

measurements or data sources to obtain an improved estimate of a desired quantity. It is commonly
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used in applications involving attitude estimation, such as in robotics, navigation systems, and

inertial measurement units (IMUs).

The complementary filter works by blending the outputs of two sensors: one with a high update
rate but susceptible to noise (e.g., accelerometer) and another with a lower update rate but higher
accuracy (e.g., gyroscope). By combining the outputs of these sensors using appropriate filtering
and weighting, the complementary filter can provide a more accurate and robust estimate of the

desired quantity, such as the orientation or position of an object.

Typically, the accelerometer provides an estimate of the gravity vector, which can be used to
determine the tilt or orientation of an object relative to the Earth's gravity. On the other hand, the
gyroscope measures angular rates of rotation. The complementary filter combines the two
measurements by applying a low-pass filter to the gyroscope data and a high-pass filter to the
accelerometer data. The filtered gyroscope data is then integrated over time to obtain an estimate
of the object's orientation. The high pass filtered accelerometer data is used to correct for drift and

noise in the gyroscope measurements.

The complementary filter algorithm takes advantage of the strengths of each sensor: the high-
frequency response of the gyroscope for short-term measurements and the accuracy of the
accelerometer for long-term measurements. By appropriately tuning the filtering parameters and
the blending between the two sensor outputs, the complementary filter can provide a more accurate

and stable estimate of the desired quantity compared to using either sensor alone.

It's worth noting that while the complementary filter can improve the estimation accuracy, it may
not eliminate all errors or provide absolute accuracy in all situations. Factors such as sensor noise,
biases, nonlinearities, and environmental conditions can still affect the overall performance.
Therefore, depending on the specific application requirements, additional techniques or sensor

fusion methods may be necessary to achieve higher levels of accuracy and robustness.

The following equations presents a simple implementation of a complementary filter, where the

measurements of a gyroscope and an accelerometer are fused:

0=0a0,+(1—-—a)b,, (3.13)
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where 0o is the attitude estimated from the gyroscope, 04, is the attitude estimated from the

accelerometer and the magnetometer, and a is the gain of the filter[41].

3.3.2 Kalman Filters

The Kalman Filter is a specialized Bayesian estimator for discrete linear systems. It considers the
uncertainties in the measurements and the system model to estimate the true state of the system
[42] The Kalman filter is particularly effective in situations where there are linear relationships
between the measurements and the system state, and the noise is Gaussian. In the case of non-
linear systems, there have been developed extension of the Kalman filter, such as the Extended

Kalman filter (EKF) and the Unscented Kalman filter which we will describe later in more detail

[42].

The main objective of a Kalman Filter (KF) is to minimize the cost associated with a quadratic
function concerning the true latent space and the estimated space. It is a recursive filter, and it
operates in two steps: the “time update” or “predict step” and the “measurement update” or
“correct” step. The time update equations in the Kalman Filter are responsible for advancing the
current state and error covariance estimates to predict the future estimates for the next time step.
They project the estimates forward in time based on the system dynamics. On the other hand, the
measurement update equations are responsible for incorporating new measurements into the
predicted estimates. They provide feedback by improving the initial estimates to obtain more

accurate and refined estimates, known as the a posteriori estimates [43].

A discrete time linear system of a stochastic process can be described using the following set of

difference equations:

Xk41 = Akxk + Bkuk + wy (314‘)

Zpy1 = Hkxk + vy, (315)
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Where x}, is the system state vector, Ay, is the state-transition matrix, uy is the system control-input

vector, By, is the system control-input model, z; is a measurement or observation of the system,

H,, is the observation model [44].

The random variables w;, and v}, represent the process and measurement noise respectively. These

noise variables are assumed to be independent of each other and follow a normal distribution[42].

Wi~ N(O, Q)

Vg~ N(O, R)

The Kalman filter equations for the system are the following:

Predicted (a priori) state estimate Xey1 = ApXp + Bruy
Predicted (a  priori)  estimate P, = AP AL +0Q
covariance

Optimal Kalman gain Kys1 = Ppyy HI (H Prp HY + R)™1
Updated (a posteriori) state estimate Xps1 = Xpp1 + Kiew1(Zs1 — Hi Xpyq1)
Updated (a posteriori) estimate Pri1 = (I — Kyy1Hi) Py
covariance

Where E[xk] = 5C\k and E[(xk - 55\]() (xk - fk)T] = Pk

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

By taking a closer look at the Kalman gain, we can observe that as the measurement error

covariance R approaches zero, the filter weights the residual (z 1 — Hy X) ;) more heavily. More

specifically,
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Aim K = Hi! (3.23)

In contrast, as the error covariance Pj, of the a priori estimate approaches zero, the Kalman gain

assigns less weight to the residual. Specifically,

lim K, =0 (3.24)
(P~ 0)

Alternatively, the weighting by K can be understood as follows: as the measurement error
covariance tends towards zero, the actual measurement is given greater trust and reliability, while
the predicted measurement is assigned less significance. Conversely, when the error covariance of
the a priori estimate approaches zero, the actual measurement is trusted less, and the predicted

measurement gains more confidence and credibility [22], [32]

N

Time Update Measurement Update
(“Predict™) {“Cormeet”)

L

Figure 3.5 The discrete Kalman filter cycle [32]

3.3.3 Extended Kalman Filter (EKF)
Extended Kalman filter (EKF) is an extension of the Kalman filter that can handle non-linear
system models. It linearizes the system dynamics using a first-order Taylor series approximation

and applies the Kalman filter equations to estimate the system state. The EKF is widely used in

65



applications where the system dynamics are non-linear, such as in the case of sensor fusion

involving magnetometers or GNSS measurements.

The estimated state and measurement vectors are characterized by their probability densities,

which are determined using a non-linear function for the mean value and scaling the standard

deviation of the estimated state by a linear function. Similar to the Kalman filter, the Extended

Kalman Filter (EKF) considers the presence of noise in the system[42]. As a result, the original

non-linear equations for the system are transformed into the following set of equations:

X1 = f Xk, Uy, Wi) (3.25)
z = h(xp, uy, vi) (3.26)
The EKF equations for the non-linear system are the following [32]
Predicted (a priori) state estimate Xr1 = (X, ug, 0) (3.27)
Predicted (a  priori)  estimate Prii = AP AL + W owW/r (3.28)
covariance
Optimal Kalman gain Kis1 = Py Hi (H P HE + ViR V)™ (3.29)
Updated (a posteriori) state estimate Xps1 = Xpopq + Kies1 (241 — h(X51,0))  (3.30)
Updated (a posteriori) estimate Pry1 = (I — K1 Hy) Py (3.31)
covariance
Where A is the Jacobian matrix of partial derivatives of f with respect to x,
i
Afj) = T g (Zk) Uk, 0) (3.32)

[J]
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W is the Jacobian matrix of partial derivatives of f'with respect to w,

2 fii

owpj)

Wiij) = (Zye, wi, 0) (3.33)

H is the Jacobian matrix of partial derivatives of 4 with respect to X,

AL e 0) (3.34)

V is the Jacobian matrix of partial derivatives of 4 with respect to v,

ohy;
Viij1 = W[[j (Xk11,0) (3.35)

For an INS system, it is common to use an EKF with the following state vector [31]:

xx=[9 ¢ 92 g3 b9 b9, b95]" (3.36)

Where q is the quaternion orientation of the device, and b9 are the bias terms of the gyroscope.
Since the gyroscope is the most sensitive sensor in terms of bias error and stability, by including it
in the state vector we can significantly improve the accuracy of an INS without increasing the

complexity of the EKF substantially.

The system dynamic equations are the following [31]:

1
q =5S(w-b%)q

1 1
= >S(@a-35(:q
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0 -w; —w; —w3][q 0
_ o, 0 w3  —wy| |1 +1 b9,
- 0)2 _0)3 0 0)1 q2 2 b'g2
0)3 0)2 _0)1 0 q3 bg3

Vi = Cxi

am] — [Ca 03><3
m Cm O3x3

Where:
—q2 Q3
Chob=-2| % 90
qo —q1
And
qs qz
Chn=-29 —¢1
—q1 —qo

3.3.4 Unscented Kalman Filter (UKF)

—b9y  —=b%; —bI3][q0

0 b9, —b9,||q1
—b9, 0 b9, |19z
b9, —b9, 0 q3

|L5...

—qo 1
qs QZ]
k

—q2 (g3

91 9o
92 —qs3
q3 42 1

(3.37)

(3.38)

(3.39)

(3.40)

The Unscented Kalman Filter (UKF) is a variant of the Kalman Filter that addresses the limitations

of the Extended Kalman Filter (EKF) in handling non-linear systems. Instead of linearizing the

system dynamics and measurements, UKF uses a deterministic sampling technique called the

Unscented Transform to propagate the mean and covariance of the state through non-linear

functions[42].

The UKF selects a set of representative sigma points that capture the mean and covariance of the

state distribution. These sigma points are then transformed through the non-linear functions to

estimate the predicted mean and covariance of the state. The transformed sigma points are
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weighted to account for the uncertainty and propagated through the measurement function to

obtain the predicted measurement mean and covariance.

The predicted state and measurement estimates are combined with the actual measurements using
Kalman gain, similar to the standard Kalman Filter. The UKF iteratively updates the state estimate
and covariance by incorporating new measurements, producing improved estimates that account

for both process and measurement noise.

The UKF offers improved performance compared to the EKF in handling non-linear systems, as it
avoids the errors introduced by linearization. It provides more accurate state estimates and better
uncertainty estimation, making it suitable for a wide range of applications where non-linearities

are present.
Disclaimer:

This thesis does not extensively analyze the Unscented Kalman Filter (UKF) due to its
computational demands and limitations for implementation in our embedded system. The focus of
this paper is on alternative filtering algorithms that are more suitable for real-time applications and
resource-constrained environments. While the UKF is recognized for its effectiveness in non-linear
systems, we encourage interested readers to explore the extensive literature and resources available

on the UKF for a comprehensive understanding of its applications and benefits.

3.3.5 Madgwick Filter

Madgwick filter is a sensor fusion algorithm commonly used for estimating the orientation
(orientation tracking) of an object using data from inertial sensors such as accelerometers,
gyroscopes, and magnetometers. It was developed by Sebastian Madgwick and is known for its
simplicity and efficiency, making it well-suited for real-time applications, including motion

tracking in wearable devices, robotics, and virtual reality.

The Madgwick filter utilizes a gradient descent algorithm to optimize the orientation estimate by
minimizing the error between predicted and measured sensor data. It considers the sensor
measurements, sensor noise characteristics, and the properties of the sensor fusion algorithm to

calculate the most accurate estimate of the orientation.
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It is important to note that the Madgwick filter assumes a static magnetic field and a small angular
rate, making it more suitable for applications where the object's motion is relatively slow, or the
magnetic field is relatively stable. In scenarios with high angular rates or dynamic magnetic fields,

alternative sensor fusion algorithms may be more appropriate.

The Madgwick filter has gained popularity for its simplicity, low computational requirements, and
effectiveness in estimating orientation. However, it is essential to understand its limitations and
consider the specific requirements of the application before employing it as a sensor fusion

solution.

In the provided figure, a block diagram of the Madgwick filter for a MARG sensor array is
presented. For a detailed mathematical description and derivation of the filter, we highly

recommend studying the original paper by Madgwick[45], [46].
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Figure 3.6 Madgwick algorithm block diagram for a MARG sensor array [45]

The following is a brief overview of the general form Madgwick Filter algorithm[46]

The main goal of the Madgwick algorithm is to find the minimum value of f ( 5q, Ed, 53 ) which

is given by the following equations [46]:

min f(34, Ed, 5%) (3.41)
gq e R*
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f(§q.%d, %) =33"® "d ®iq — (342)

20 =9 @1 92 qs] (3.43)

fd =[0 d, d, d,] (3.44)

5 =[0 s, Sy s, | (3.45)

Where 34 is the heading of a sensor in the Earth frame with respect to the body frame, £d is the

reference vector that is measured by the sensor in the Earth frame and

the sensor.

5§ is the output value of

By utilizing the gradient descent algorithm, it is possible to predict the heading of the sensor

gflkﬂ [46]:

Where [46]:

f(2qe. °d, °s

V SA Ed Sa

Sqher = S5, A’ S) k=012..n
|| (Eqki d;

Vi(3Gx, ®d, °8) = J"(34x, ®d )f(8qr, °d, °8)
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2 dy <§ - q5 — q%) + 2dy(qeqs + 9192) +2d,(q193 — 90q2) — Sk
1

2dy(q192 — qoqs) + 2dy (5 - qf - q%) +2d,(qoq1 + 92q3) — s

1
| 2d,(q0 492 + 41 d3) + 2dy(a293 + qoa1) + 24, (5 - qi - q%) -5

(3.46)

(3.47)

(3.48)



](qu,Ed):

Zdqu - 2dzq2 Zdyqz + 2d2q3 _4dxq2 + Zdyql - Zdz% _4dxq3 + Zdy% + Zdqu
= _de‘h + Zdqu deQZ - 4dyQ1 + Zdz% dech + 2sz3 _de% - 4dyqz3 + 2dzqz
deqz - Zdyql deqB - Zdy% - 4'dqu de% + Zdqu - 4'dzqz deql + Zdy‘h

Additionally, the optimal value of u where the heading g4, is guaranteed to converge to a

specific value is given by the following equation [46]:

e = a||lqwrl|dt, @ >1 (3.49)

Finally, by utilizing the above equations for a device that is equipped with a magnetometer, an

accelerometer, and a gyroscope, the following equation is derived [46]:

Jt o (Qe-1, Eb)fyp (A1, *a, b, Sm)
1755 (@e=1, b ) fyp(Qie-r, *a, Fb, Sm )|

gqest,k = gaest,k + (ng,k - :8 ) At (3-50)

3.3.6 Mahony Filter

The Mahony filter is another sensor fusion algorithm used for estimating the orientation of an
object based on data from inertial sensors. Similar to the Madgwick filter, the Mahony filter aims
to combine measurements from accelerometers and gyroscopes to provide an accurate estimate of

the object's orientation [47]—[52].

The Mahony filter is an alternative to the more computationally intensive Kalman filter and offers
a lightweight and efficient solution for real-time orientation tracking. It incorporates a nonlinear
complementary filter that utilizes a quaternion representation of the orientation to perform sensor

fusion.
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The Mahony filter considers the gyroscope measurements to estimate the change in orientation
over time and then fuses this information with the accelerometer measurements to refine the
orientation estimate. By using a complementary filter approach, the Mahony filter combines the
strengths of both sensors while mitigating some of the limitations and errors associated with each

sensor type.

It is important to note that the Mahony filter, similar to the Madgwick filter, assumes certain
conditions such as a static magnetic field and relatively slow angular rates. Therefore, its
performance may be affected in scenarios with fast or abrupt movements or in the presence of

dynamic magnetic fields.

The Mahony filter is known for its simplicity and efficiency, making it suitable for resource-
constrained systems such as embedded platforms. However, it is essential to evaluate its
performance in the specific application context and consider factors such as sensor noise,

calibration, and environmental conditions to ensure accurate orientation estimation.
The equations for the original Mahony Filter are the following [51]:

We first compute the suggested orientation error by utilizing the determined gravity vector v and

the measured acceleration vector a [51]:
2(9193 — q042)

V(gqfast,k) = 2(qoq1 + q3) (3.51)
(96 —af — 45 +43)

€1 = ° Ay X V(gqest,k) (3.53)
€ k+1 = € T €x41AL (3.53)

Afterwards we apply a PI compensation to the measured angular velocity @ [51]:
Swipr = Swper + Kperi1 + Ki€piq (3.54)

Finally, we compute the orientation by integrating the rate of change [51]:
Eestk = EECIest,k ® [0; wk+1] (355)

gqest,k = EQest,k + ngst,kAt (3-56)
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4 System Design

4.1 System Architecture

The system architecture of the proposed Inertial Navigation System (INS) consists of various
components that work together to provide accurate position and orientation estimation. The key
components in the system include a microcontroller unit (MCU), a 3-axis accelerometer, a 3-axis

gyroscope, a 3-axis magnetometer, a barometric pressure sensor and a GNSS module.

Q
P \00 GNSS Data

3-Axis Accel
paoaar » Position
& g
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3-Axis Gyro Computation Device
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Figure 4.1 Implemented INS architecture [28]

4.1.1 Power Supply Architecture

The system is designed to be supplied with voltages up to 60V. To accommodate this input voltage
range, a synchronous DC/DC buck converter is used to step down the voltage to the required level
for the various components. To ensure clean and stable power supply, the system incorporates a
series of analog filters, bypass capacitors and two separate low-dropout (LDO) regulators for
voltage filtering. The analog filters and capacitors are used to smooth out any voltage fluctuations
or noise in the power supply, while the LDO regulators help regulate the voltage and provide clean

and low-noise power to the MCU and sensors.
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Figure 4.2 Synchronous DC/DC buck converter circuit

The proposed power supply architecture incorporates several important protection features to
ensure the reliability and safety of the system. These protection mechanisms include electrostatic
discharge (ESD) protection, overvoltage protection, overcurrent protection, and reverse voltage

protection.

/ LDO |$ Analog Loads

DC Input 1 DbpCmDC
DC Power :> Protection IDCI}]?,(I: Buck 5 DC/I;_?]
Circuit nput Tiler T utput Filter

\ LDO |:>Digitall.oads

Figure 4.3 Proposed power supply architecture

To begin with, the inclusion of an ESD diode is crucial for safeguarding the power supply against
electrostatic discharge events. ESD diodes are designed to divert high-voltage transients, caused
by static electricity or other sources, away from sensitive components and prevent them from
damaging the circuitry. By incorporating an ESD diode, the power supply architecture becomes

more resilient to ESD events, reducing the risk of malfunctions or failures.

Furthermore, a p-channel transistor (PMOS) is employed for reverse voltage protection. The

PMOS transistor acts as a switch that is normally closed, allowing current flow in the desired
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direction. However, if a reverse voltage is applied, the PMOS transistor opens, preventing the
reverse current from damaging the power supply or the connected devices. This protection
mechanism is particularly important in scenarios where accidental reverse polarity connections

may occur.

Additionally, a gate Zener diode is implemented to provide overvoltage protection. The gate Zener
diode acts as a voltage regulator that clamps the voltage at the maximum permitted voltage,
preventing it from exceeding the safe operating range of the circuitry. By limiting the voltage to
an acceptable level, the gate Zener diode ensures that the power supply and its components are not

subjected to excessive voltages, which could otherwise lead to component damage or system

malfunction.
Vin Q1
141 [
|/
D2'A
D1
R1
@
GND

Figure 4.4 Proposed power supply input protection circuit

Moreover, the DC/DC integrated circuit (IC) utilized in the architecture features overcurrent
protection. The specific IC is designed to monitor the current flowing through the power supply
and automatically limit it to a safe level if an overcurrent condition is detected. Overcurrent

protection is vital in preventing excessive current from damaging the power supply, its
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components, or the connected devices. By incorporating this feature into the DC/DC IC, the power

supply architecture becomes more robust and capable of handling various load conditions.
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Figure 4.5 MAX176404AATA+ syncrhnous DC/DC block diagram[53]

4.1.2 MCU architecture

The MCU serves as the brain of the INS system. It is responsible for processing data from the
sensors, implementing the sensor fusions algorithms, and controlling the overall operation of the
system. The system utilizes a powerful and efficient ARM microcontroller that offers robust
computational capabilities and a diverse range of peripherals, essential for seamless integration of

sensors and effective communication within the system.

More specifically, an STM32G4 microcontroller was utilized. The STM32G series
microcontrollers from STMicroelectronics offer a powerful and versatile solution for embedded

systems applications. With their high-performance ARM Cortex-M4 core, rich set of peripherals,
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and low-power features, they provide efficient and reliable operation. The series includes advanced
analog capabilities, safety and security features, and benefits from a comprehensive development
ecosystem. With scalability, compatibility, and extensive support, the STM32G series is well-
suited for a wide range of applications, making it a popular choice among developers in industries

such as industrial automation, consumer electronics, and IoT devices.
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Figure 4.6 STM32G4331 Block diagram [54]
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4.1.3 Sensors Architecture
Firstly, an accelerometer is utilized to measure the linear acceleration along three axes (X, Y, and
Z), offering valuable data regarding the system's motion. It detects changes in velocity, allowing

for the estimation of position and orientation over time.

Z

X
Direction of detectable
acceleration (top view)

Figure 4.7 3-Axis accelerometer

On the other hand, the gyroscope measures the system's angular velocity or rotation rate around
the three axes (X, Y, and Z). Its purpose is to provide information about the system's rotational
motion to the MCU. By integrating the data from the gyroscope, the MCU can estimate changes
in the system's orientation or attitude over time. To enhance the accuracy of the orientation

estimation, the gyroscope data is fused with data from the accelerometer.
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Figure 4.8 3-Axis gyroscope

Additionally, the magnetometer is utilized to measure the Earth's magnetic field along the three
axes (X, Y, and Z). This device provides information about the system's heading or azimuth. To
obtain accurate estimates of the system's orientation, the magnetometer data is combined with data

from the accelerometer and gyroscope through sensor fusion techniques.
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Figure 4.9 3-Axis magnetometer
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For precise positioning, the system incorporates a GNSS module (Global Navigation Satellite
System). This module receives signals from multiple satellites, such as GPS, GLONASS, or
Galileo, to determine the system's latitude, longitude, and altitude with high accuracy. This
positioning information can be utilized to correct drift or accumulated errors in the measurements

of the inertial sensors.

Finally, the system includes a pressure sensor that measures absolute atmospheric pressure. This
sensor offers valuable insights into changes in altitude or depth, assisting in altitude estimation and
vertical positioning. It is integrated into the system and connected to the MCU, enabling data

acquisition and processing.

4.1.4 Peripherals and Communication

The proposed design incorporates four essential sensors: the accelerometer, gyroscope,
magnetometer, and pressure sensor, which establish communication with the MCU through a serial
protocol interface. To ensure optimal performance, three distinct SPI buses were implemented,
with each sensor being connected to its dedicated bus. This approach offers numerous significant
advantages. Firstly, it enables individual configuration and optimization of each SPI bus, allowing
for customization based on the unique requirements of each sensor. As a result, higher
communication speeds can be achieved, leading to enhanced data acquisition and processing
efficiency. Additionally, in the event of a sensor failure, the remaining sensors can seamlessly

continue communicating with the MCU, thereby bolstering the overall robustness of the system.

Moreover, if a multi-core MCU is employed, the core unit would have the capability to
concurrently communicate with multiple sensors, further enhancing efficiency. It is important to
note that this configuration does require additional resources, including MCU pins and system
memory. However, by leveraging separate SPI buses for each sensor, the design successfully
strikes a harmonious balance between flexibility, performance, and fault tolerance. By allowing
independent configuration, achieving higher communication speeds, and ensuring continuous
operation in the face of sensor failures, the use of separate SPI buses provides significant benefits

for the overall system performance.
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Figure 4.10 Single aster single slave SPI bus [55]

In addition to the sensor communication via the SPI buses, the MCU also establishes
communication with the GNSS (Global Navigation Satellite System) module using a UART
(Universal Asynchronous Receiver-Transmitter) interface. The UART is a commonly used serial
communication protocol that enables the exchange of data between the MCU and the GNSS
module. Through the UART interface, the MCU sends commands or queries to the GNSS module
and receives position, velocity, and timing information in return. The UART protocol is well-suited
for this purpose as it provides a straightforward and reliable means of serial communication,
allowing for seamless integration of the GNSS functionality into the overall system. The MCU
configures the UART interface with the appropriate baud rate, data format, and flow control
settings to ensure accurate and efficient data transmission between the MCU and the GNSS
module. By utilizing the UART interface, the MCU can effectively utilize the GNSS module to

enable accurate positioning and navigation capabilities within the system.

In addition to its internal communications with various peripherals, the MCU offers the capability
to communicate with the outside world using either a UART (Universal Asynchronous Receiver-
Transmitter) or a CAN (Controller Area Network) bus interface. These interfaces serve as crucial

communication channels for connecting the MCU to external devices or systems.

The UART interface provides a reliable and widely used serial communication protocol. It enables
the MCU to establish point-to-point communication with other devices, such as sensors, displays,
or other microcontrollers. By configuring the UART with specific baud rate, data format, and flow

control settings, the MCU can transmit and receive data in a synchronous or asynchronous manner.
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This flexibility allows for seamless integration and data exchange between the MCU and a wide

range of external devices.

Start Bit Data Frame Parity Bits | Stop Bits
(1 bit) (5 to 9 Data Bits ) (0Oto 1 bit)|(1 to 2 bits )

Figure 4.11 UART message frame [56]

On the other hand, the CAN bus interface is particularly well-suited for applications that require
robust and reliable communication in an industrial or automotive context. It is a multi-master,
multi-node bus protocol designed to facilitate communication among devices within a network.
The CAN bus allows for high-speed and fault-tolerant data transmission, making it suitable for
applications that demand real-time data exchange, such as in-vehicle networking, industrial
automation, or distributed control systems. The MCU, when equipped with a CAN bus interface,
can serve as a node within a larger CAN network, exchanging messages with other devices,

sensors, or controllers.
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Figure 4.12 CAN2.0B message frame [57]

4.2 Hardware Design

This thesis focuses on the development of a custom two-sided printed circuit board (PCB) tailored
to meet the specific requirements of the Inertial Navigation System (INS). The primary goals of
the PCB design were to create a reliable and efficient electrical design while maintaining a compact
form factor without compromising signal integrity. The implemented PCB consists of an 8-layer
configuration with dimensions of 25x28, providing the necessary space and layers for
accommodating the intricate circuitry of the INS. To address these goals, several considerations

were taken into account during the PCB design process.
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The PCB was designed with robustness in mind to ensure reliable performance in various
conditions. Design techniques such as adequate trace widths, appropriate grounding, and proper
decoupling were implemented to minimize noise, crosstalk, and interference. This helps maintain
signal integrity and reduces the chances of electrical issues that could impact the accuracy of the

INS.

The size constraints imposed on the PCB design necessitated a compact form factor. Careful
attention was given to component placement, routing, and layer stacking to optimize the utilization
of the available space. This involved careful consideration of the placement and orientation of

components, as well as the routing of signal traces and power lines, to achieve an efficient layout.

Preserving signal integrity was a critical aspect of the PCB design. To ensure the accuracy of sensor
data and minimize noise, measures such as controlled impedance routing, proper termination, and
ground plane management were implemented. These techniques help maintain the integrity of
high-speed signals, prevent signal degradation, and mitigate the impact of electromagnetic

interference.

Careful selection of components was undertaken to meet the desired performance criteria and size
constraints. Components with suitable electrical characteristics, reliability, and small footprints
were chosen to optimize the design. This included selecting sensors, MCU, voltage regulators,
capacitors, and other passive components that were well-suited for the specific requirements of the

INS.

4.2.1 Schematic Overview

In this thesis, the Altium Designer PCB and EDA software package was utilized for the PCB design
process. One notable feature is its hierarchical schematic capture model, which greatly assists in
managing and organizing modular designs. This hierarchical approach allows for the reuse or
modification of specific schematic sheets in future iterations or versions of the design. This
capability proves especially advantageous in the context of complex designs, as it streamlines the

design process, promotes consistency, and facilitates efficient updates and revisions.

The following figure presents the hierarchical schematic that was implemented for the purpose of

this thesis:
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Figure 4.13 SNS INS Hierarchical schematic

As it can be seen in the above figure, the schematic of the implemented INS device consists of the

following sections:

e Power Supply Schematic

e MCU Schematic

e Accelerometer and Gyroscope Schematic
e Magnetometer Schematic

e Barometric Pressure Sensor Schematic

e (Connectors and Interfaces Schematic
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4.2.1.1 Power Supply Schematic

The figure below presents the schematic of the power supply. To enhance clarity and facilitate
usage, each component is labeled with a designator based on the schematic/page number. For
instance, since the power supply schematic is the second schematic, each component number

begins with the digit "2." Therefore, you will find components labeled as C21 instead of C1, and
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Figure 4.14 SNS INS power supply schematic

The schematic shown above illustrates the implemented supply architecture, which was discussed
in the previous section. The power supply for the proposed system primarily consists of three key
components: the synchronous buck converter, an LDO responsible for supplying power to the

digital circuits, and another LDO designated for the analog circuits.

The synchronous buck converter utilized in the system operates at a switching frequency of 500
kHz. It is designed to provide a nominal output voltage of 3.3V and can deliver a maximum output

current of 400 mA. The synchronous design of the buck converter, along with the absence of a
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Schottky diode, contributes to its efficiency. It can achieve a peak efficiency of 92%, allowing for
optimized power conversion with reduced losses and heat generation. To ensure the safety and

reliability of the converter, it is equipped with thermal and overcurrent protection mechanisms.

Synchronous DC/DC @ 500 kHz, Vin = 5-48V, Vout = 3.3 V @ lout = 400 mA
ULVO @ 5V(24%1.07/4.39 = 5.84V)
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Figure 4.15 SNS INS DC/DC converter schematic

To optimize cost-efficiency, the first LDO chosen for the digital circuits is a general-purpose one,
as high performance and extremely low noise are not critical requirements in this case. However,
for the analog circuits to achieve a high-performance Inertial Navigation System (INS), a clean
and precise power supply is essential. Hence, the second LDO chosen for the analog circuits is a

more expensive low-noise variant, specifically designed to meet the stringent power quality

demands of the system.
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Furthermore, we have successfully incorporated the protection circuits as detailed in the previous

section. These protection mechanisms are vital for safeguarding the power supply. Our power

supply protection consists of three key components: an ESD diode, a PMOS reverse polarity

circuit, and a gate-source Zener diode.

With these protection measures in place, our system is capable of withstanding electrostatic

discharge (ESD) of up to 20kV even through direct contact. It can also handle reverse voltages of

up to 60V, providing a robust defense against accidental polarity reversal. Moreover, the power

supply can accommodate input voltages of up to 60V.
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Figure 4.18 SNS INS input filters and protection circuit schematic

It is important to note that the power stage is designed to operate optimally at an input voltage of
24V, which we highly recommend as the recommended input voltage for the system. This voltage

level ensures the best performance and efficiency of the power supply.

Lastly, the power supply sections incorporate numerous filters and bypass capacitors to effectively
mitigate noise. By employing these filters and bypass capacitors, we can effectively suppress
unwanted noise, ensuring a clean and stable power supply for the system. Additionally, the size
and footprint of the capacitors, as well as the rated voltage were carefully considered to prevent
capacitance derating. Wherever possible, larger footprint sizes were chosen to ensure the proper
functionality of the filtering circuits. On the other hand, smaller footprint sizes were elected when
it was appropriate, to reduce board size. Notably, at our switching frequency of 500 kHz, the noise
measured at the LDO output capacitors reaches an impressively low level of -90 dBV. This
demonstrates the effectiveness of our noise reduction measures and ensures a high-quality power

supply for the system's components.

To gain a more in-depth understanding of the design and derivation of the filters, we highly

recommend consulting the cited references in this section.

4.2.1.2 MCU Schematic
The following figure showcases the schematic of the MCU and its associated peripheral hardware.

This section primarily focuses on crucial aspects such as allocating the appropriate pins to the
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corresponding nets, the external high-speed oscillator for the MCU, the bootloader circuit, the reset

circuit, and the inclusion of analog filters and power supply bypass capacitors.
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Figure 4.19 SNS INS MCU and peripherals schematic

To ensure proper functionality, it is essential to allocate the correct pins to their respective nets,
establishing the necessary connections for various signals and interfaces. Additionally, the
inclusion of an external high-speed oscillator aids in providing a reliable and precise clock source
for the MCU, ensuring accurate timing and synchronization of operations. Care must be taken
when choosing the load capacitors for the quartz oscillator, as erroneous values may affect
performance. For a detailed explanation on how to calculate the proper value for the crystal load

capacitors the following application by STMicroelectronics is strongly recommended.

Moreover, it is recommended to place a bypass capacitor near the NRST pin of the MCU to prevent
erroneous reset due to noise and supply voltage fluctuations. A ferrite bead along with a series of

capacitors is recommended, to ensure proper functioning of the MCU analog circuits. Finally, a
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series of bypass capacitors is recommended, to ensure clean and stable power supply to the digital

circuits of the MCU.

The BOOTO pin of the is intentionally set to ground with a strong pull-down resistance, to ensure
booting from the MCU’s flash memory. An LED is also allocated to the MCU for general purpose

use.

4.2.1.3 Sensor Schematics

The following figures illustrate the schematics for the gyroscope and accelerometer sensor, the
magnetometer and the barometric pressure sensor. Similarly, to the MCU design, the main design
guidelines to be considered are proper pin allocation and the placement of bypass capacitors. In
the magnetometer schematic, a noteworthy aspect is the utilization of a 3-wire SPI (Serial
Peripheral Interface) communication protocol. This configuration allows for the utilization of the
external interrupt pin of the sensor, which can be advantageous for triggering interrupts and

capturing specific events or data from the sensor.
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Figure 4.20 SNS INS Accelerometer-Gyroscope schematic

91



A
Idd.max = | SmA (& Vdd = 2.5V
INTIDRDY/SB0. [l OROY MAG Frprs SRRy Mainfd (], MCU[38]
3 SDASDISDO _— Mainf4C], MCU[38]
Ha
: MOSE MAG
Mainfdc], MCU[B cs Ne Hix g
14c] t ol T o MainfdC], MCU 38|
(4], ML scuae nE
-5 6
LaF GND "
o asn
CISTDLTR
c
Tte EGNIKO METEOBIO NOAY TEXNEID
Magnetometes EXOAH HAEKTPOAOL QN MHXANIKGN
N KAIMHXANIKON YHOAOITETON
TOMEASENIKOINANION, HAEKTPONIKEY | B
KAILVETHMATAN IAHPOSOPIKIE.
Sz Nismber [
- Evangeion i
Sachlis Sictanos

2 3 p
P
W «\\,El-m.
! Kbl
1 yoo INT DRDY N_LPS > Main| 1C], MCUT3A]
Vdd 10
Mainf 1C), MCU3A TS IFS -
b Sof cs
Mataf 10}, MeU[3A| [T L o] s
Mainf1C], McU[ 3] HIOSLLES? - 3°] A
C sDOsAl i
o
o
B
W Sezuces) WD)
5
lm —le lm L[w lm lm lmlm —
BRI Tt Tz W0ar ]t Tt ] 00
€
T EENIKO METEZOBO HONTTEXNERO
N EXOAHHAEKTPOADT2N MIDANBEN
KATMIXANIKEN YHIOADITETON
TOMEAT ENIKOINGNIEGN, HAEKTPONBHE | B
KAITVETHMATON ILA HPOGOPBULE
e s 7y
At 61 w09
los Hris toforou
2 3

Figure 4.22 SNS INS barometric pressure sensor schematic
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4.2.1.4 Connectors and Interfaces Schematics
In the final schematic, several components are included: the GNSS module, the CAN transceiver,
the RF connector for the GNSS module, and the main board connector. Once again, we follow the

same guidelines as with the previous schematics.
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Figure 4.23 SNS INS connectors and interfaces schematic

It is important to acknowledge that there is potential for significant improvements in the RF circuit
to enhance the receiver (Rx) sensitivity. However, due to the size constraints of the board and the
complexity involved in designing and evaluating an RF circuit, it was not included in the scope of

this thesis.

4.2.2 PCB Design Overview

As far as the PCB design is concerned, as stated previously, the primary goals of the PCB design
were to create a reliable and efficient electrical design while maintaining a compact form factor
without compromising signal integrity. Due to careful consideration of various factors such as

signal integrity, form factor, cost, and manufacturability, the decision was made to implement an
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8-layer two-side PCB design. Although an alternative option could have involved a 6- or 4-layer
design with the addition of blind vias, ensuring a more compact form factor, a thorough evaluation
of the final cost and ease of manufacturability led to the conclusion that the initial 8-layer design

was more favorable.

4.2.2.1 Design Rules and Manufacturer Capabilities

During the PCB design process, one of the critical aspects is assessing the capabilities of the chosen
manufacturer and defining the design rules accordingly. Understanding the manufacturer's
capabilities is essential to ensure that the PCB can be manufactured to meet the desired
specifications. By establishing appropriate design rules, the design team can optimize the layout
for manufacturability, reliability, and cost-effectiveness, while considering the manufacturer's
equipment, processes, and limitations. This proactive approach not only helps prevent
manufacturing issues but also streamlines the production process, ultimately resulting in a high-

quality and efficient PCB.

Furthermore, in PCB designs where signal integrity and accurate routing are paramount, the
significance of design rules becomes even more pronounced. These rules act as a framework that
governs critical aspects of the PCB layout, specifically tailored to maintain signal integrity and
minimize potential challenges. They define parameters such as trace widths, clearances, and
impedance control, guaranteeing that high-speed signals propagate reliably and without
interference. By adhering to these design rules, the design team can mitigate signal degradation,
crosstalk, and electromagnetic interference, optimizing the overall performance and functionality
of the PCB. Thoroughly considering and implementing these rules is essential to ensure the

design's success in meeting the stringent signal integrity requirements of the PCB.

94



In the following outline we will highlight the most important rules set during the design process.

Track to Track Clearance 4 mils/0.102 mm

Track to Pad Clearance 5 mils/0.127 mm

Via to Track/Pad Clearance 5 mils/0.127 mm

Copper to Via/Track/Pad 10 mils/0.254 mm

Min /Preferred/Max Track Width 5 mils/10 mils/ 25 mils

Controlled Impedance Track Width 6.45 mil / 4.153 mils / 4.136 mils

(Outer/inner layers)

Min/ Preferred/ Max Via Hole Size 0.25mm /0.25mm / 0.9 mm

Min/ Preferred/ Max Via Hole Diameter 0.4 mm /0.45 mm/ 1 mm

Differential Pairs Routing 90-ohm impedance profile, preferred gap 0.127 mm

Matched Length Classes OSC, SPI buses, CAN bus
Table 4.1 Design Rules

Regarding the manufacturer's capabilities and available options, several key factors stood out as

particularly important:

e FR-4TG 155 Core

¢ 1.2 mm PCB thickness

e ENIG finish

e 1 U” Gold Thickness

e 1 oz outer copper weight

e 0.5 oz inner copper weight
e Controlled Impedance

e Epoxy fileld and capped Vias on pad

The following figures illustrate the chosen stack-up for this design, as well as the controlled

impedance profiles for the 90-ohm and 50-ohm traces and the via type.
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Layer Stack Legend

Material Layer Thickness Dielectric Material Type Gerber
GF-004 Top Layer 0.04mm Signal GTL
Prepreg 0.10mm 3313 Dielectric
= ——— CF-004 Int1 (GND) 0.02mm Signal G1
Cora 0.20mm  FR4 Dielectric
ez CF-004 Int2 (Signal) 0.02mm Signal G2
D |—— Prepreg 0.11mm 2116 Dielectric
== CF-004 Int3 (3v3A) 0.02mm Signal G3
Core 0.20mm  FR4 Dielectric
CF-004 Int4 (Plane) 0.02mm signal G4
D }——7 Prepreg 0.11mm 2116 Dielectric
== CF-004 Int5 (Signal) 0.02mm Signal G5
—— Core 0.20mm FR4 Dielectric
ez CF-004 Int6 (3V3D) 0.02mm Signal G6
U Prepreg 0.10mm 3313 Dielectric
Pl A CF-004 Bottom Layer 0.04mm Signal GBL
——e p
——
ey
R,
Total thickness: 1.22mm
Figure 4.24 SNS INS PCB stackup
Transmission Line Structure Table
Impedance Id Transmission Line ‘Target Impe alculated | Trace layer |Wide Trace Width|Narrow Trace Width|Gap layers |Su CIeamnce]Target‘Tolemnce
1 Coated Microstrip 49.99 Top Layer  |0.16mm 0.16mm Int1 (GND) |Board Layer Stack|0.13mm _|5%
2 Edge-Coupled Coated Mi i 89.97 Top Layer  |0.14mm 0.14mm 0.13mm|Int1 (GND) |Board Layer Stack|0.13mm _[5%
3 Offset Stripline 50 50.00 Int1 (GND) [0.11mm 0.11mm Top Layer,Int2 (Signal) |Boa|vd Layer Stack|0.13mm |5%
4 Edge-Coupled Offset Stripline {90 90.03 Int1 (GND) |0.10mm 0.10mm 0.13mm| Top Layer,Int2 (Signal) |Bnald Layer Stack|0.13mm  |5%
5 Foﬂset Stripline 50 50.01 Int2 (Signal) [0.11mm 0.11mm Int1 (GND),Int3 (3v3A) |Board Layer Stack|0.13mm |5%
6 ]'Edg@CoupledOﬁuat Stripline {90 190.02 Int2 (Signal) [0.10mm 0.10mm 0.13mmy|Int1 (GND),Int3 (3v3A} -IBoBrd Layer Stack|0.13mm  [5%
7 Et)ﬂset Stripline 50 50.01 Int3 (3v3A) [0.11mm 0:11mm Int2 (Signal),Int4 (Plane) |Bna|d Layer Stack|0.13mm (5%
8 |Edge-Coupled Offset Stripline 90 90.02 Int3 (3v3A) [0.10mm 0.10mm 0.13mm|Int2 (Signal),Int4 (Plane) |Board Layer Stack|0.13mm _|5%
9 |Offset Stripline 50 50.01 Int4 (Plane) [0.11mm 0.11mm 13 (3v3A),Int5 (Signal) |Board Layer Stack|0.13mm_|5%
10 Edge-Coupled Offset Stripline |90 190.02 Int4 (Plane) |0.10mm 0,10mm 0.13mm|Int3 (3v3A),Int5 (Signal) |Boe1'd Layer Stack|0.13mm |5%
1 Offset Stripline 50 50.01 Int5 (Signal) |0.11mm 0.11mm Int4 (Plane),Int6 (3V3D) |[Board Layer Stack[0.13mm [5%
12 Edge Coupled Offeet Stripline |90 00.02 Int5 (Signal) [0.10mm 0.10mm 0.13mm|Int4 (Plane),Int6 (3V3D) |Board Layer Stack0.13mm _[5%
13 Offset Stripline 50 50.00 Int6 (3V3D) [0.11mm 0.11mm Int5 (Signal),Bottom Layer|Board Layer Stack|0.13mm |5%
14 Edge-Coupled Offset Stripline |90 00.03 Int6 (3V3aD) |0.10mm 0.10mm 0.13mm|Int5 (Signal),Bottom Layer|Board Layer Stack|0.13mm  |5%
15 Coated Microstrip 50 49.99 Bottom Layer|0.16mm 0.16mm Int6 (3V3D) |Board Layer Stack|0.13mm |5%
16 Edge-Coupled Coated | ip 89.97 Bottom Layer|0.14mm 0.14mm 0.13mm|Int6 (3V3D) |Board Layer Stack|0.13mm 5%

Figure 4.25 SNS INS transmission lines structure table
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Via Type

. . . T, T R

X

Figure 4.26 SNS INS Via type

4.2.2.2 Physical Layout and Components Placement
The PCB layout of the implemented INS (Inertial Navigation System) device is crucial for
ensuring its proper functionality. In the presented figures, the layout showcases the arrangement

and organization of components, traces, and planes on the PCB.

Top Layer (Scale 2:1) Int1 (GND) (Scale 2:1 Int2 (Signal) (Scale 2:1)

Figure 4.27 SNS INS layout
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In this design, the PCB utilizes an 8-layer configuration. Out of these 8 layers, four layers are
dedicated to power and ground planes. These planes are responsible for efficiently distributing
power and providing low-resistance pathways for electrical current throughout the PCB. By
incorporating power and ground planes, the design ensures a stable power supply and reduces the

risk of voltage drops, which could affect the performance of sensitive components.

The remaining layers, the other four layers in this case, are allocated for signal routing. Signal
routing involves the placement of traces that connect various components and enable the
transmission of signals between them. These layers are carefully designed to minimize
electromagnetic interference (EMI) and crosstalk, which could negatively impact the integrity of
the signals. By separating the signal layers from the power and ground planes, the design reduces

the chances of interference and improves overall signal quality.

Component placement is a critical aspect of PCB design as it directly impacts the performance,
manufacturability, and reliability of the electronic device. Proper component placement involves
strategically arranging the various components on the PCB to optimize signal integrity, thermal
management, and ease of assembly. The following figure presents the top side and the bottom side

of the implemented PCB.

IERiew Bottom View

o B
[

-
-

5
ST aw
- 4

i mERE

Figure 4.28 SNS INS realistic view
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The top side of the PCB showcases a well-thought-out arrangement of key components, namely
the MCU and its peripherals, MEMS sensors, connectors, and the digital supply LDO. Given the
MCU's significance in terms of signals and traces, it has been strategically positioned at the center
of the board. To maximize space utilization, an LQFP package was chosen, as it allows for the
placement of vias and traces underneath the MCU. This decision is particularly advantageous since
blind or buried vias are not available, resulting in a reduction in overall board size. The rest of the
components have been placed around the MCU, as most of them communicate directly with it.
Furthermore, except for the main board connector and the large bypass capacitor of the LDO, the
remaining components are small and lightweight. This deliberate design choice minimizes
assembly complexity, time, and cost. It enables the top side of the PCB to be assembled first
without concerns of component movement or detachment during the reflow process of the bottom

side.

On the bottom side of the PCB, strategic placement has been given to the heavier components,
such as those related to the power supply circuit and the GNSS module. Placing them on the bottom
side allows for efficient heat dissipation due to their weight and potential heat generation. This
positioning also takes advantage of the proximity to larger copper areas or heat sinks, which aids
in effective thermal management. The GNSS module, specifically, was placed on the bottom side
due to its weight and large footprint. The UART signals from the GNSS to the MCU, being low
speed, are not at risk of compromising signal integrity when transitioning between PCB layers.
Furthermore, the RF signals of the GNSS were meticulously routed with impedance matching at

50-ohms to ensure optimal performance.

4.2.2.3 PCB Assembly
For the PCB assembly process, a reflow approach was chosen. To facilitate this method, a PCB
stencil was designed for both sides of the PCB. This stencil enables precise application of solder

paste onto the designated pads and ensures proper alignment during component placement.

By using a PCB stencil, the solder paste is applied in a controlled and consistent manner,
improving the accuracy and reliability of the solder joints. The stencil acts as a guide, allowing for
the precise deposition of solder paste onto the PCB pads, which are essential for establishing

electrical connections during the soldering process.
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The stencil design is carefully crafted to match the PCB layout, ensuring precise alignment of the
openings with the corresponding pads. This alignment is crucial for accurate placement of the

components, as it ensures that each component is properly positioned on its designated pad for

optimal soldering results.

To ensure the proper placement of components during the assembly process, several essential
documents were created. These documents include draftsmanship documents containing the

mechanical layout of components for each side of the PCB, as well as a Bill of Materials (BOM).
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Figure 4.29 SNS INS top side assembly document
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View from Bottom side (Scale 5:1)
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Figure 4.30 SNS INS bottom side assembly document

4.3 Sensors Overview
Using the LPS22HB barometric pressure sensor, LSM6DSV16BX accelerometer and gyroscope
sensor, LIS2MDL magnetometer, and Teseo-LIV3FL GNSS module in an INS device provides a

comprehensive set of sensors for accurate and reliable navigation and orientation estimation.

The LPS22HB sensor is a barometric pressure sensor commonly used in INS devices. It provides
accurate and reliable measurement of atmospheric pressure, which is crucial for altitude estimation
and navigation applications. Additionally, it offers high resolution and low noise performance,
enabling precise pressure readings. The LPS22HB sensor is also equipped with an embedded
temperature sensor, allowing for temperature compensation, and providing further accuracy to
pressure measurements. Its compact size, low power consumption, and compatibility with various
communication interfaces make it an ideal choice for applications where precise pressure data is

required.

The LPS22HB sensor boasts several notable characteristics, including a wide pressure range
spanning from 260 to 1260 hPa. It incorporates a high-resolution 24-bit analog-to-digital converter

(ADC) for precise pressure measurements. With a pressure sensitivity of 4096 LSB/hPa, it ensures
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accurate and reliable readings. Additionally, the sensor exhibits excellent performance with a

pressure noise level of only 0.0075 hPa rms/vHz enhancing its sensitivity and precision in

capturing subtle pressure changes.

HLGA-10L
(2.0 x 2.0 x 0.76 mm)

Figure 4.31 LPS22HB pressure sensor [58]

The LSM6DSV16BX sensor combines a 3-axis accelerometer and a 3-axis gyroscope in a single
chip. This sensor offers high accuracy, excellent stability, and low noise characteristics, making it
suitable for motion sensing and orientation estimation in INS devices. The accelerometer provides
precise measurements of linear acceleration, while the gyroscope enables accurate angular velocity
measurements. With configurable measurement ranges, flexible output data rates, and advanced
digital signal processing features, the LSM6DSV16BX sensor offers versatility and adaptability to
different motion sensing requirements. Its small form factor, low power consumption, and reliable

performance make it an ideal choice for motion tracking and orientation-based applications.

The LSM6DSV16BX sensor offers exceptional capabilities for measuring linear acceleration and
angular rate. It features a wide linear acceleration measurement range of 2 to 16 g, allowing for
precise detection of various levels of acceleration. With a linear acceleration sensitivity ranging
from 0.061 to 0.488 mg/LSB, it ensures accurate and detailed measurement resolution.
Additionally, the sensor exhibits a low noise density of 70 pug/vHz , minimizing unwanted signal

interference and maintaining data integrity.
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In terms of angular rate measurement, the LSM6DSV16BX sensor provides a generous range of
125-4000 dps, enabling the capture of a broad range of rotational speeds. Its angular rate
sensitivity, varying from 4.375 to 140 mdps/LSB, allows for fine-grained measurement resolution
and precise tracking of angular motion. Moreover, with a noise density of 3.5 mdps/vHz), the

sensor delivers reliable and stable angular rate measurements with reduced noise interference.

Ly,

LSM6DSV16Bx

LGA 14L
(2.5 x 3.0 x 0.71 mm) typ.

Figure 4.32LSM6DSVI6BX IMU sensor [59]

An additional advantage of the LSM6DSV16BX sensor is its embedded low power sensor fusion
algorithm. This algorithm combines data from the accelerometer and gyroscope to provide
accurate and efficient orientation estimation. By leveraging this feature, the sensor enables real-
time fusion of motion data, minimizing computational requirements and optimizing power

consumption in the INS device.

103



The LIS2MDL sensor is a 3-axis magnetometer designed for magnetic field measurement and
sensing applications. It provides accurate and reliable measurements of the Earth's magnetic field,
enabling precise heading determination and compass functionality in INS devices. The LIS2MDL
sensor offers high sensitivity, low noise, and excellent linearity, ensuring accurate magnetic field
readings. It features a wide dynamic range and configurable measurement modes, allowing for
adaptation to different environmental conditions. The sensor's small package size, low power
consumption, and compatibility with various communication interfaces make it suitable for
integration into compact and power-efficient INS devices. The LIS2MDL sensor plays a crucial
role in enhancing the accuracy and reliability of orientation estimation and navigation

functionalities in the INS device [60].

The LIS2MDL sensor excels in magnetic field measurement with its impressive specifications. It
provides a wide magnetic field range of +/- 50 gauss, allowing for precise detection of both weak
and strong magnetic fields. With a sensitivity of 1.5 mgauss/LSB, it ensures accurate and fine-

grained measurement resolution, enabling the capture of subtle variations in the magnetic field.

One of the notable features of the LIS2MDL sensor is its low noise figure of 3 mGauss rms, which
ensures reliable and consistent magnetic field readings. This low noise characteristic minimizes
signal interference and enhances the sensor's sensitivity to detect and measure magnetic fields
accurately. With this level of performance, the LIS2MDL sensor proves to be a reliable choice for

applications that require precise magnetic field measurements and reliable compass functionality.

Teseo-LIV3FL is a Global Navigation Satellite System (GNSS) module designed for precise
positioning and navigation applications. This module supports multiple satellite navigation
systems, including GPS, Galileo, GLONASS, BeiDou, and QZSS, enabling reliable and accurate
positioning in various regions worldwide. It offers high sensitivity, low power consumption, and
fast time-to-first fix (TTFF), ensuring quick and efficient acquisition of satellite signals and rapid

positioning updates.

The Teseo-LIV3FL module incorporates advanced positioning algorithms and signal processing
techniques to deliver precise positioning information, even in challenging environments with weak
satellite signals or obstructed views. It provides accurate latitude, longitude, altitude, and velocity

data, enabling accurate tracking and navigation capabilities for INS devices.
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Figure 4.33 TESEO-LIV3FL GNSS module [61]

With its small form factor, low power consumption, and support for various communication
interfaces such as UART, 12C, and SPI, the Teseo-LIV3FL module is easy to integrate into INS
devices. Its high accuracy, reliable performance, and comprehensive satellite system compatibility
make it suitable for a wide range of applications, including vehicle navigation, asset tracking, and

outdoor positioning systems.

4.4 Sensors Calibration

4.4.1 Spherical Fitting

Calibrating a magnetometer and accelerometer is crucial for obtaining accurate measurements and
ensuring reliable data in various applications such as navigation, robotics, and motion sensing.
One effective technique for calibrating these sensors is through spherical fitting, which involves
determining the calibration parameters by fitting data to a mathematical sphere model. Let's

explore the process in more detail [7], [62].

The magnetometer measures the ambient magnetic field, while the accelerometer measures the
acceleration experienced by an object. Both sensors have inherent biases and sensitivity variations
that need to be accounted for in order to obtain accurate measurements. Calibration is the process

of determining these biases and variations and compensating for them.

105



The magnetometer and accelerometer mathematical models, as mentioned earlier, are represented

by the following equations:

Magnetometer Full Model hpt = SpuNpy (Agi by + bpy) + by + 1y
Magnetometer Calibration Model W= Agihy + by
Accelerometer Full Model apt = Sa,ap + b, +ny,
Accelerometer Calibration Model apt = S,ap + b,

Table 4.2 Magnetometer and Accelerometer error models

Section 3.2 provides a comprehensive examination of the aforementioned equations and their

corresponding parameters.

To calibrate these sensors using spherical fitting, a set of data points is collected by rotating the
device in different orientations. The data points consist of the raw sensor readings along with the

corresponding known reference values of the magnetic field or acceleration.
The calibration process involves the following steps:

Data Collection: The device is rotated in various orientations, ensuring that the full range of
motion is covered. For each orientation, the raw sensor readings (magnetometer or accelerometer)
and the corresponding reference values are recorded. It is important to collect a sufficient number

of data points to achieve accurate calibration.

Data Preprocessing: The raw sensor readings are processed to remove any noise or outliers that
might affect the calibration accuracy. Filtering techniques such as averaging, or outlier rejection

can be applied to clean the data.

Sphere Fitting: The preprocessed data is used to fit a mathematical sphere model. The sphere
represents the ideal response of the sensor without any biases or variations. The goal is to find the

sphere that best fits the collected data points.
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Calibration Parameters: Once the sphere fitting is performed, the calibration parameters are
determined. These parameters include offset biases and scale factors that need to be applied to the
raw sensor readings to compensate for the inherent biases and variations. The calibration
parameters are calculated based on the deviation between the measured data points and the fitted

sphere.

Calibration Validation: After obtaining the calibration parameters, it is essential to validate the
calibration. This is done by collecting a separate set of data points and comparing the calibrated
sensor readings with the known reference values. Any residual errors can be further minimized by

refining the calibration parameters using optimization techniques.

By following this process, the magnetometer and accelerometer can be accurately calibrated using
spherical fitting. The calibrated sensors will provide reliable and precise measurements, enabling
the accurate determination of magnetic field strengths or object accelerations in real-world

applications.

It's worth noting that there are various other calibration techniques available, and the choice of
method depends on the specific requirements and constraints of the application. Spherical fitting,
however, remains a popular and effective approach for achieving accurate calibration of

magnetometers and accelerometers.

4.4.2 Gimbal Test Rig calibration

A gyroscope calibration was performed using a gimbal test rig and a calibrated gyroscope as the
ground truth. The calibrated gyroscope served as a reference for accurate measurements. The
gyroscope was carefully mounted onto the gimbal test rig, ensuring proper alignment and stability.
Controlled rotational movements were executed using the test rig, simulating different orientations

and angular velocities.

During the calibration process, readings were collected from both the gyroscope under test and the
calibrated reference gyroscope. Discrepancies between the readings were analyzed, aiming to
identify systematic errors or biases present in the gyroscope. Statistical methods and mathematical

modeling were employed to quantify the discrepancies and calculate correction factors.

The correction factors derived from the analysis were considered as calibration parameters, which

were subsequently implemented in the gyroscope's measurement system. This ensured that future
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measurements would be adjusted by the appropriate factors, compensating for any identified
errors. The aim was to enhance the accuracy, reliability, and alignment of the gyroscope's output

with the ground truth provided by the calibrated gyroscope.

The calibration process facilitated a reduction in measurement errors and biases, resulting in
improved accuracy and performance of rotational motion measurements. The calibrated gyroscope
can now be confidently utilized in various fields, including navigation, robotics, aerospace, and

other applications where precise measurement of rotational motion is essential.

4.5 Software Design

The software design of an Inertial Navigation System (INS) plays a crucial role in ensuring
accurate and reliable navigation capabilities. In this section, we present an overview of the software
design implemented for our INS device, leveraging an STM32 MCU, Low-Level (LL) drivers,
and a Real-Time Operating System (RTOS).

4.5.1 Software Architecture
Our INS device incorporates FreeRTOS, an open-source real-time operating system, as a
fundamental component of its software design. FreeRTOS offers a multitasking framework that

enables concurrent execution of multiple tasks while efficiently managing system resources [63],

[64].
RTOS

Entry Point (main())

Setup

Cmm | @TaskZ | | Task3

Figure 4.34 RTOS overview [65]

Interrupt Service
Routine (ISR)
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One of the primary advantages of FreeRTOS is its preemptive task scheduler, which prioritizes
tasks based on their urgency or criticality [63], [64]. This ensures that high-priority tasks receive
the necessary processing time, allowing the INS device to meet critical timing requirements and

exhibit real-time responsiveness.

What actually happens®
*assuming single-core processor
“preemptive scheduling”
ISR
(H/W)

Priority
(S/W)

Task B Task C D Task C

0 Task A || Task A

0 0 = 0 0 ool

“tick”
1ms

Task A Task A

time

Figure 4.35 RTOS Task scheduling [65]

FreeRTOS provides robust task management capabilities, allowing for the creation, deletion,
suspension, and resumption of tasks [63], [64]. This modular approach facilitates code
organization and maintainability by dividing the software into separate tasks, each responsible for
specific functionalities. Tasks in FreeRTOS have their own independent execution context and
maintain different states such as Running, Ready, Blocked, or Suspended [63], [64]. The task
scheduler dynamically switches between tasks based on their priorities, ensuring efficient resource

utilization and real-time responsiveness.
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Figure 4.36 RTOS Task states [65]

The synchronization and communication mechanisms offered by FreeRTOS enable inter-task
coordination and data sharing. Semaphores, mutexes, and queues allow tasks to synchronize their
activities, exchange information, and control the flow of data [63], [64]. These mechanisms
facilitate efficient communication and ensure proper synchronization among the various

components of the INS device.

Task A
Queue
)
m| <
|3
== Task B
// g8
First in, first out (FIFO)
Task C

Figure 4.37 RTOS Task communication [65]
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Efficient resource management is another significant advantage of FreeRTOS. It enables effective
utilization of system resources such as CPU time, memory, and peripherals [63], [64]. With

FreeRTOS, we can prevent resource conflicts, allocate resources as needed, and optimize the

utilization of the STM32 MCU's capabilities.

RTOS Memory Allocation

RAM Task 2
Stack
Stack 2
xTaskCreate()
TCB 2
Heap Task 1

Kernel Object 1 Stack 1

Tack 2 / xTaskCreate()
Task 1 I lICER

Static «——— xTaskCreateStatic()
#define configSUPPORT_STATIC_ALLOCATION 1

Figure 4.38 RTOS memory Management [65]

In the software design of our INS device, we have made use of the STM32 Low-Level (LL) drivers
provided by STMicroelectronics. These LL drivers play a crucial role in facilitating direct
interaction with the STM32 microcontroller's peripherals, enabling efficient hardware-specific

functionalities implementation.

One of the significant advantages of LL drivers is their ability to provide a layer of hardware
abstraction. By abstracting the low-level details of hardware programming, these drivers simplify
the coding process and allow developers to focus more on the core functionalities of the INS
device. This abstraction layer shields developers from the complexities of register-level access and

low-level configurations, resulting in code that is more readable, maintainable, and easier to debug.
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LL drivers offer a comprehensive set of APIs and functions that cover a wide range of peripherals
on the STM32 MCU. These peripherals include GPIO pins for sensor interfacing, SPI for
communication with external devices, timers for precise timing requirements, interrupts for
efficient event handling, and more. The availability of ready-to-use functions for peripheral
configuration and control significantly reduces the development time required to implement these

functionalities.

Performance optimization is another key advantage of LL drivers. STMicroelectronics has
developed these drivers with a focus on maximizing the performance of the STM32
microcontroller. The implementations provided by the LL drivers are highly optimized, ensuring
efficient utilization of hardware resources. This optimization results in high-speed data transfer,

precise timing accuracy, low latency, and overall improved system performance.

Another benefit of LL drivers is their portability across different STM32 MCU models. These
drivers are specifically developed by STMicroelectronics to be compatible with various STM32
microcontroller series. This portability allows for easy migration and code reuse when working
with different STM32 devices. Developers can write code using the LL drivers for one STM32
MCU model and seamlessly transfer it to another model within the same family, reducing the effort

required for adapting the software to different hardware platforms.

4.5.2 Task Management

In the recommended application, several tasks have been implemented to handle different
functionalities of the INS device. Each task is assigned a specific priority, name, and stack size
using the provided osThreadAttr t structure. The tasks are managed by the RTOS to ensure

efficient scheduling and execution.

In the following table, each task in the implemented INS is presented, along with its main role,

stack size, priority and run time.
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Task Name

Stack Size

Priority

Run time

Role Description

Led Task

512 Bytes

Lowl

The ledTask is responsible for
periodically  driving the LEDs,
providing visual feedback or status

indication on the INS device.

Mag Task

512 bytes

Normal

The magTask is responsible for fetching
the magnetometer data. It remains in a
blocked state until it receives a
notification from an ISR) indicating the

availability of data.

XL/GY Task

512 bytes

High

The XL/GY task is responsible for
fetching the gyro and accelerometer
data. It remains in a blocked state until
it receives a notification from an ISR)

indicating the availability of data.

Tx Task

640 bytes

Low

The Tx task is responsible for
periodically transmitting the INS data
through UART and CAN interfaces

SFLP Task

512 Bytes

Normal

The SFLP task is responsible for
fetching the gyro bias and gravity vector

from the LSM6DSV16BX sensor.

LPS Task

512 Bytes

Low

The LPS task is responsible for fetching
the pressure sensor data. It remains in a
blocked state until it receives a
notification from an ISR) indicating the

availability of data.

GNSS Task

512 Bytes

Normal

The GNSS Task is responsible for
periodically parsing the GNSS data.

Fusion Task

512 Bytes

High

The Fusion task is responsible for
periodically executing the sensor fusion

algorithm.
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Self-Test Task

1024
Bytes

High7

The self-test task, when enabled during
start-up, executes a sequence of self-
tests to check the functionality and

integrity of each sensor.

Table 4.3 Implemented Firmware Tasks

An overview of the implemented software is offered by the following figure:

l

Initialize all
configured
peripherals

Initialize OS kernel

entry point (main() )

LED Task

Tx Task

LPS Task

MAG Task

SFLP Task

Fusion Task

XL/GY Task

SelfTest Task

GNSS task

Figure 4.39 Proposed firmware RTOS Implementation
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4.5.3 ISR Management
The proposed INS device incorporates several Interrupt Service Routines (ISRs) to handle critical
events and ensure timely response and data processing. These ISRs play a vital role in managing

interrupt-driven events and enabling efficient communication and data retrieval within the system.

The first ISR is the CAN RX ISR, responsible for handling messages received through the CAN
interface. When a CAN message is received, the ISR is triggered. It extracts the relevant data from
the message and initiates the necessary actions or processing based on the received information.
This ISR ensures smooth communication and data exchange between the INS device and external

systems via the CAN bus.

The second ISR is the UART RX ISR, which is dedicated to handling messages received through
the UART interface. When a message is received over UART, the ISR is invoked. It captures and
processes the incoming data, allowing for appropriate actions or data parsing routines to be
initiated. This ISR facilitates effective communication and data reception from external devices or

systems connected to the INS device via UART.

Furthermore, the INS device utilizes GPIO External Interrupts for detecting events related to the
gyro, accelerometer, magnetometer, and pressure sensors. These interrupts are triggered when the
respective sensors indicate that data is ready for retrieval. When an interrupt occurs, the ISR
associated with the specific GPIO External Interrupt is executed. The ISR routine notifies the
respective sensor RTOS task, which transitions from a blocked state to a running state. The sensor
task then fetches the data from the sensor, enabling further processing and utilization within the

INS device.

By leveraging ISRs, our INS device optimizes resource usage and ensures efficient handling of
sensor data acquisition. The interrupt-driven approach allows for prompt response to events and
efficient utilization of processing resources. Overall, the utilization of ISRs enhances the
performance, responsiveness, and reliability of the INS device by enabling timely data retrieval

and seamless communication with external systems and sensors.
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5 Eexperimental Results

5.1 Stationary Sensors Output

Several tests were conducted to evaluate both the implemented device and its accompanying code.
The device was securely mounted on a stationary test rig, which was placed on a stable surface.
Due to the device's high sensitivity to even the slightest movements and vibrations, precautions
were taken to ensure the user remained at a safe distance from the device during the data sampling

process.

The sampled data was subsequently plotted using the Python matplotlib library. The figures

presented below depict the output generated by the device for each sensor:
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Figure 5.1 Overall sampled data
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As expected, the sampled data measure the true values of the magnetic field, the gravity field and
the angular rate of the device, with the addition of noise and bias as was described in section 3 of
this thesis. Furthermore, the data was also represented as a histogram to assess the performance of
each sensor. The histograms provide insights into the distribution patterns of the sensor readings.
In general, the majority of sensors exhibit a close approximation to a normal distribution. However,
an exception can be noted with the accelerometer, as it was challenging to obtain data without

external accelerations and vibrations given the current setup.
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Figure 5.14 Magnetometer Data Y-axis histogram
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Overall, the implemented device performed as expected during the stationary test, providing
accurate measurements of the physical quantity. It exhibited exceptional performance in terms of
noise reduction. The results of the noise tests conducted on the device are illustrated in the

following figures:
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Figure 5.23 Gyro Noise PSD
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5.2 Calibration Output

For the magnetometer calibration, a spherical fit model was employed to estimate the magnetic
field biases and scale factors. The collected data from the magnetometer was processed using the
spherical fit algorithm, which considers the non-linearity of the magnetic field. The resulting

calibration parameters were then applied to correct the raw magnetometer measurements.
The figures below display the raw uncalibrated magnetometer data alongside the corresponding

calibrated data:
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Figure 5.26 YZ Magnetometer Data
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3D Scatter Plot of Magnetometer Data
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=25

Figure 5.29 Magnetometer 3D scatter plot

The calibration plot for the magnetometer illustrates the difference between the raw magnetometer
readings and the calibrated values. The plot shows how the calibration process effectively
mitigated the biases and improved the accuracy of the magnetometer measurements. Any
remaining deviations between the calibrated values and the expected values indicate the presence

of residual errors that may require further investigation or fine-tuning of the calibration model.

Similarly, the accelerometer calibration utilized the spherical fit model to determine the
accelerometer biases, scale factors, and misalignments. By applying the calibration parameters
derived from the spherical fit algorithm, the raw accelerometer data was corrected to enhance its

accuracy.
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The figures below display the raw uncalibrated accelerometer data alongside the corresponding

calibrated data:
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Figure 5.31 YZ Accelerometer Data
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XZ Accelerometer Data
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Figure 5.33 Accelerometer 3D scatter plot

The accelerometer calibration plot showcases the discrepancy between the original accelerometer
readings and the calibrated data. It demonstrates how the calibration procedure effectively reduced
biases, corrected scale factors, and accounted for misalignments. The remaining deviations, if

present, can provide insights into any residual errors or sources of noise that need to be addressed.
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5.3 State Estimation Algorithm Evaluation

In addition to the device's functionality test, the Madgwick algorithm was implemented to
incorporate sensor fusion techniques. The algorithm combines data from the accelerometer,
magnetometer, and gyroscope to estimate orientation in the form of Euler angles. This integration
enhances the accuracy and stability of orientation estimation by reducing the individual sensor's

inherent limitations.

The figure below illustrates the outcome of the algorithm after subjecting the device to multiple

rotations.
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Figure 5.34 Madgwick Algorithm implementation results

The plot demonstrates a smooth transition as the device undergoes rotations. After initialization, it
takes a few hundredths of a second for the algorithm to converge and accurately estimate the
correct orientation. During this convergence period, the estimated orientation gradually aligns with
the actual orientation of the device. The plot showcases the algorithm's ability to adapt and refine
its estimation over time, ultimately achieving a reliable and accurate representation of the device's

orientation.
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6 Conclusions

In conclusion, this thesis project has successfully achieved the design, assembly, and
implementation of a PCB for an Inertial Navigation System device. Additionally, the firmware
development process was carried out to enable efficient operation of the device. The focal point of
this research was the implementation of a sensor fusion algorithm, specifically the Madgwick
algorithm, which effectively combines data from multiple sensors to enhance the accuracy and

reliability of the INS system.

The design and assembly of the PCB involved careful consideration of various factors, such as
component selection, layout optimization, and ensuring proper electrical connections. Through
meticulous planning and execution, a functional and robust PCB was created, serving as a crucial

hardware component of the INS device.

Furthermore, the firmware development process played a vital role in enabling the interaction
between the hardware components and the software algorithms. By writing efficient and reliable
firmware code, the INS device was able to process sensor data, perform necessary calculations,

and generate accurate navigation outputs.

The implementation of the Madgwick algorithm for sensor fusion allowed for the integration of
data from multiple sensors. By combining these inputs, the algorithm effectively estimated the
orientation and position of the INS device, resulting in improved navigation performance. The
successful integration of the Madgwick algorithm demonstrates the potential for enhancing
navigation accuracy in various applications, such as unmanned aerial vehicles (UAVs),

autonomous vehicles, and robotics.

Overall, this thesis project not only showcased the ability to design and assemble a PCB for an
INS device but also demonstrated the significance of firmware development and the
implementation of sensor fusion algorithms. The results obtained contribute to the field of inertial
navigation, providing a foundation for further advancements in navigation technology. The
successful completion of this project emphasizes the importance of interdisciplinary efforts,
combining knowledge from electrical engineering, firmware development, and sensor fusion

algorithms to create innovative and practical navigation solutions.
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7 Future Work

The completion of this thesis project lays the foundation for several potential avenues of future
work that can further enhance the capabilities and performance of the designed INS device. The

following areas present promising opportunities for exploration and development:

Integration of GNSS Module: Incorporating a Global Navigation Satellite System (GNSS) module,
such as GPS or Galileo, into the existing INS device would significantly improve its positioning
accuracy and reliability. Future work could focus on designing and implementing the necessary
hardware interfaces and developing drivers to enable seamless integration of the GNSS module

with the existing system.

Expansion of Sensor Fusion Algorithms: While the Madgwick algorithm has proven effective in
combining sensor data for accurate orientation estimation, exploring, and implementing alternative
sensor fusion algorithms can provide valuable insights and performance improvements. Future
research could involve integrating algorithms such as the Extended Kalman Filter (EKF) or
Mahony algorithm and comparing their performance against the Madgwick algorithm. This
comparative analysis would facilitate a deeper understanding of the strengths and limitations of

different sensor fusion approaches.

Performance Evaluation and Optimization: Conducting comprehensive performance evaluations
and optimization efforts would be crucial for enhancing the overall system performance. Future
work could involve conducting extensive testing scenarios to assess the accuracy, stability, and
robustness of the INS device under different environmental conditions and dynamic motions.
These evaluations could lead to further refinement of the firmware, calibration processes, and
algorithmic parameters, thereby improving the system's accuracy and response in real-world

scenarios.
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