‘\

ILﬁﬁaukumu S umuwzu u:um V\ // qu W /

11.0 MEMC Xunpockonwu

[Mpod. a-p Tonop Toaopos
tst@tu-sofia.bg

Gyroscope

Spin
L=1wm - - 'ﬁ)‘axis
: - L]
angular
momentum

The rapidly spinning
innar wheel will maintain
its direction in space

if the outside framewaork
changes.
o

R




CbabprKaHue

Knacnyecku *Xunpockon

MUpomeTsbp

BnbpaunoHHN MUKPOXUPOCKONU
BnbpauMOHHN NPbCTEHOBUAHUN *KUPOCKONNU
[MAB (SAW) MUKPOXMPOCKONMU

MUPOCKOMU C BNAaKHECTa ONTUKA

J1a3zepHU XKNpocKonu



Knacunyecku xu POCKOIN - 18bpao cMMeTpuyHO TSMO, BLPTSLLO Ce OKOMO

efHa HernoaBMXHa To4Ka.
AKO cymaTta OT MOMEHTUTE Ha BCUYKM CUIM CIPSIMO HEMOABMXKHATA TOYKa € Hyna,
XXMPOCKOMbT Ce Hapuya ypaBHOBECEH, 3ana3Ba NOCTOSAHHO HamnpaBNeHNETO CU B
MPOCTPaHCTBOTO.

AKO B TOYKa OT OCTa Ha ObP30 BBLPTSLL, CE XKMPOCKOM Ce MPUNOoXu cuna, To octa Ha
XXMPOCKONA LLe ce OTKITOHW MO HanpaBfieHMe Ha MOMEHTa Ha cunarta cnpsmMo
HenoABMXXHaTa Tovka. [ABMKEHMETO Ha ocTa My e Be3NHEPLIMOHHO — C NpemMaxBaHe Ha
HaToBapBaHETO ABMXEHUEeTOo crnmpa.




*upockon c egHa cTeneH Ha cBoboaa (*Kupomertbp)
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[MpunoxKeHune - 3a U3MepBaHe Ha MOMEHT U/IN BI/IOBa CKOPOCT.



3a HaBUrauus n ctadbunusamnpaHe ABMKEHUETO
Ha ronemMmu nraBaTenHu cboBe, CAMOSETH,
pakeTn, KOCMUYECKM Kopabu, oNnTUYHK ypeamn v
OPBXENHU CUCTEMM.

*CIIOXXHA KOHCTPYKLINS,
‘ronsiMa Maca

‘ronsima KoHCymMaLms Ha eHeprus,
*TPyQHO Ce MUHMaTIopuamnpa.



MpunoxeHue Ha MaKpPO-XXMPOCKON B OMNTUYHU ypeau 3a
nogabp)XaHe Ha NOCTOSIHHA NMOCOKa
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AKo cTabuNHOCTTa Ha 06pa3a e Hal-BaXKHUA NPUOPUTET, HAN-A0OPOTO peLleHne e Aa
Ce M3N0A3Ba }KUPOCKOoN ¢ 6bP30 BbPTALL Ce poTop. KamepaTa Wwe noaabpka
HanpaB/IEHNETO U TPYAHO ce OTMecTBa. AKo ce Hanara 6bp3a cMAHA Ha NOCOKaTa e
TPYAHO Aa ce NpeMecTu KamepaTa . -KMPOCKONbT He MOXKe Aa ce cnpe BegHara,

nopaan KoeTo cTabmans3aTop € XKMPOCKON ce npuaara Camo B HAKOM CrieuuanHu
cayyaw.
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[NbpBM NpUMmep Ha CUNNLMEBA MUKPO-
n3paboTka Ha KyninmpaH pe3oHaHCeH © — I, + Iy — I: ﬁfJOQ o
XUpomMeTbp. I, w,,

‘ INPUT AXIS - INPUT INERTIAL ANGULAR RATE Q

GYRO ELEMENT

GIMBAL
STRUCTURE

0.3x0.6 mm

VIBRATORY
DRIVEN AXIS

¢ = ¢g 8in wpt

VIBRATORY
OUTPUT AXIS 6 ELECTRODES

Mpounssoauten Draper Laboratory 1990 r. BbHWHAaTa KapAaaHHa paMKa ce 3a4BUKBa
€/IeKTPOCTAaTUYHO C NOCTOAHHA aMNANTYAaQ, a uYpe3 CeH30p Ce OTYUTA ABUXKEHMETO Ha
BbTpeLWHaTa pamKa. Pe3sontoumsaTa Ha brioBaTa CKopocT e camo 4 deg s 1 yecToTHMA AnanasoH

e 1 Hz.



MukpoxcupocKon e yCTPpOUCTBO, KOETO M3MEePBa bI/10Ba
CKOPOCT WM BIbA Ha POoTaumna OKoNo oc. [ovTn BCUUYKK
cb3pageHn pocera MEMC xxunpockonum nsnonsear
BMOpUpPaLLN MEXaHNYHU ENEMEHTH, 3a a CEH30pUpaT
poTauuna. Te He CbaAbPKAT BbPTALLM Ce YaCTU, KOUTO
U3NCKBAT Jarepu, nopaam Koeto moraT JieCHO Aa ce
MWHUTIOAPU3NPAT U NPOU3BEXHKAAT CEPUNHO Ypes3
MUKPO-MEXaHNYHU TEXHONIOTUN. BCUKn BUBpUpalLLm
UPOCKONU ca 6Ba3mpaHn Ha NPEHOC Ha EHEePrusa Mexay
1Ba BUOpMpaLLM pexXnma Ha CTPYKTYpa npeam3BUKaHU
OT KOPUOJINCUBO YCKOpeHne. KopnoamcosoTo
YCKOPEHME e HapevyeHO Ha PPEHCKUA YYEH N NHKEHEP
Gaspard G. de Coriolis (1792-1843).



[TPUNOXKEHUSA HA MUKPOXKMPOCKONUTE:

* bUTOBa ENEKTPOHUKA — Ha KapTuHaTta B (3D)
MOMHTEPU , KAMEPWU, FreoCcTalMOHAPHM NO3ULIMOHMPALLLM
cuctemu (GPS), mobunnun tenedonn, nrpm .

* MHAYCTPUaNHU NPOAYKTU — poboTH, Ha
MALLMHU, Ha NPeBO3HM CpeacTBa.

* MeauuKnHa — BbPTALLKU CE€ CTONOBE, XMPYPTUYHMU

MHCTPYMEHTMW.
* BoeHHU NPUNOKEHNA — UHTENUTEHTHU aMYHULUN,
YNpPaBASEMUN PAKETU U OPBHKENHU CUCTEMMU.



Sandia’s self-guided bullet prototype can hit target a mile




Sensor Type: Gyroscope (&

- MEMS gyroscopes are used for measuring angular rate

Earth rotation: 0.004°/s

The aircraft
ROLLS around
the longitudinal
or fuselage axis.

The aircraft
PITCHES around
the lateral or
wing axis.

The aircraft
YAWS around
the vertical axis.
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[lpnnoxeHune

YnpassieHne n Hasurayua
e Ceryeu cKytep

— U3nonssa 5 MEMC GYROSCOPE / SPEED
CONTROL BOARDS

MPOCKONa 3a AeTeKuus
Ha HAK/JIOH U poTaLumA.

o

BATTERY MAIN LOGIC BOARD




BnbpaunoHeH pe3oHaHCEeH MUKPOXUPOCKON

[MpnHUMN Ha gencreune

[1ByaMmeHCHMOHHa BUOpaLUnOHHa cMcTtemMa ¢ ABa OpPTOroHanHu
BUOpaALMOHHM pexxuma. EanHuAaT BubpaymoHeH peXXxmm CbOTBETCTBA Ha
OBWXEHWEeTO Ha mMacara no oc X 1 uma cobcteeHa 4Yectota o,. Apyruar

BMOpaLIMOHEH pexrM € B y HanpasrieHne ¢ 4ecToTa w,.
ObBukHoBEHO W= o, lNpn paboTa

MacaTa ce 3agBuxBa BUOpaLMOHHO
Mo OC X C YyectoTa oy —paboTHa
YyecToTa, bnmska 8o o, . AKo ce
NosiBU brrosa ckopocT (2

| o nepneHauKynsapHo Ha paBHUHATA Ha
Iiiaas yepTexa, B crecTBMe Ha ABeTe
— |—
1 OBWXEHUd Ha MacaTta Bb3HWKBA

KOpPMONMCcoBO yckopeHue a.. ToBa
yCKOpEeHMe e nepneHanKynsapHo Ha ocTa X. B cbLIoTO HanpaBneHwue,
HO ¢ obparTHa nocoka Bb3HUKBaA Kopuonucosa cuna @, =-ma. , KOATO
3adBWXBa MacaTta BbB BepTuKarnHa nocoka. Ypes ceH3op ce namepBna
NpeMecTBaHETO MO Y KaTo No TO3U Ha4YnH ce onpeaensa brroearta
ckopocT Q [4].
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MEMS Gyroscope Chip
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Pe3oHaHceH Xupockon ¢ rpebeHHo KanaunTUBHO
3aBUXBaHe
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Macarta B LeHTbpa ce 3aaBukBa BUOpaLMOHHO B XOPU3OHTarnHa nocoka
ypes aBa rpebeHHn KoHaeH3aTopa. [pu Bb3HUKBAHE Ha brnoBa CKOPOCT
No BepTuKanHaTa KoopamHaTa, macaTta 3ano4ysa ga Bubpupa
neprneHanKynsapHO Ha paBHUHATA Ha YepTexa. Te3n Bubpauumm ce
oTYyMTaT Ypes KanauuTMBEH CEH30pP, KOMTO ce obpa3syBa mexay
noasfioXxkkaTta U paBHMHAaTa Ha MacaTa.



KamepTOHEeH MUKPOXUPOCKON
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[1BeTe macu ce 3agBmxBaT BUOpauUMOHHO B npoTtuBodrasa. [pu
nosdBa Ha BepTUKarHa brfoBa CKOPOCT MacuTe 3ano4ysar CbLO Oa
BUOpuMpat B NpoTuBodrasa neprneHauKynspHoO Ha YyepTexa.
[TpoTuBOasHnTE BUbBpaLmmn No3BonsBaT ga ce npunoxart
andoepeHUumnanHn cxemMmun 3a nsmepBaHe Ha KanauuTeTta, KOUTo

AaBart Mno-cujieH CnMrHasi n ca HO-yCTOVIHMBM Ha BbHLLUHW
MEXaHNYHWN BITNAHUA.
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KoHcmpykmueHu npobriemu:

-Kopronucosata cuna e crnaba, nopagu Koeto TpssbBa ga ce n3nosnaea
MaKCMMarnHo ycurnBaHe Ha BUbpauumte B Ppe30HAHCEH PEXUM;

*TpsibBa oa ce B3emar crneunanHm MepKn 3a OTCTpaHsiBaHE BIUSAHUETO Ha
oKoriHaTa cpeaa;

*4yBCTBMTENHOCTTA Ha OTYMTAHETO € 3aBncMMa OT BpayHOBOTO ABMKEHUE;
/131CcKkBa CNoXHa efekTPoHHa CUCTEMA;



MEMC unpockonu ¢ apxuTeKkTypa Tvn
pa3npeneneHa maca

N3non3Ba ce Bb3MOXHOCTTa 3a NOBULLABAHE Ha YECTOTHUS AnanasoH Ypes naronssaHe
Ha MHOIOKpaTHM paanarnHo pasnofioXXeHn pe3oHaTopu ¢ ONM3KM Pe30HAHCHU YecTOTU B
3aBWXBaLLNSA pexum. 3aBMKBAHETO N CEH30pPUPaHETO ca edhekTUBHO pasaeneHn Ypes
cdopmmnpaHe Ha MyNTUAMPEKLMNOHEH 3a4BUXKBaLL, PEXUM, KOMTO Npeobpasysa
KopuornucoBaTa cuna B TOP3MoHEH MOMeHT. CeH3opuTe n3aMepBaT TOP3NOHHUSA MOMEHT.
HamansBa ce kBagpaTypHaTta rpeLlka 1 Hynesara rpellka Ha uaxoaa.
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Oscillators

Sense-Mode

/ Oscillator Frame

Torsional
Sense- Mode

Sensing
Electrodes







TpnoceH MEMC »xunpockon (2009 r.)

Sensing mass .
Driving mass

1s
% ST

Driving

%%% direction

J=:

‘ Driving capacitive
l plates

Capacitance variation due to
_— angular velocity is read by

f . ! the electronic interface
(No angular velocity) (Angular velocity applied)




Single driving mass ST - Microelectronics

Drive mode Yaw mode: (2,

AM10096V1
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Bubpupallm CTpyKTYpu B MUKPOXKMUPOCKONU

1

z (O
|

CTpyKTypa Ha BUbpuUpaLl, NPbCTEHOBUAEH XUPOCKON U GOPMU Ha
BMOpaLMM B 3aBUCUMOCT OT HanpaB/IEHMETO Ha bl0BaTa CKOPOCT

D.




Bubpupaly npbcTeHOBUAEH XXUPOCKON

AmMnanTygaTta Ha BTopaTa enactuyHa ¢opma nam popmarta Ha
CeH3opupaHe (q.,,..), € MPONOPYUOHAAHA HA bas108aMA
CKOPOCM OKO/10 HOPMAAHAMA OC U ce 0080 Ype3

Kbaeto A, e KOHCmaHma 3asucewja om eeomempuama Ha
CeH30pa U e MHo20 cmabusiHa No omHoweHue Ha
memmnepamypa u rnpoovaxumenHocm Ha paboma Ha
ycmpouticmeomo. Q KayecmeeHUs aKmop Ha MexaHu4YHama
CMpPYyKmMypa, w, € be/108ama pe3oHaHCHa Yecmoma Ha
npbcmeHa, q,,,. € 8UbpayUOHHaMa amnaumyoa Ha
nbpeama enacmu4yHa gpopma (3adsuxsaw,ama opma) u w,
e b2/108aMma CKOPOCM OKOs10 HOPMAsIHaGMa oc.



Drive and Conftrol
Electrodes

r\ Hﬁf)_\\—\a SupportSprings Sense Vibrating
__ Vode = CTpyKTypa Ha BUbpupauy,
z A NPBbCTEHOBUAEH XUPOCKON
‘\15{ (a) EnactmuHu dopmm Ha
BMOpaumm n3non3BaHM 3a
\ paboTa . (b) nbpBa
Y enactmyHa dopma (c)

(
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VibratingRing Drive Vibrating BTOpa e/1aCTHUYHA d)o pN\a

Wode OpueHTMpaHa Ha 45
S d Control
N Bectrodes cnpsmMo nbpeaTa bopma ¢
WAEHTUYHA YecToTa.

Nl

antinode

antinode h\a“~\>anﬁnode




CHMMKa oT CEM Ha 80 um
neben n anamersvp 1mm
n3paborteH ot
NOAUCUNNLNA

| NPbCTEHOBUAEH

’ \‘ ‘ \ *KUPOCKOT

YBennyeH mnirnea Ha
CEeH30pPHUA eNneKTpoL
C Bb3AyLUHa

MeXanHa ot 1.2 um



HARPSS Bubpupaly I'Ip'bCTeHOBM,EI,eH XUPOCKON

Sense and Control -
Electrodes

I\,

') V\"ihmling Ring

Support Springs

Drive and Control
Electrodes _—
High Aspect-Ratio Combined Poly and Single-Crystal Silicon.
PaspaboteH e B The University of Michigan.
Mma Bnbpupall NpbCTEH N 8 NnoaabpXKalln MPY>KUHMN.

Bcska npy)kmHa e kbM ABa enekTpoaa 3a 3aJBuKBaHe U
CeH3opupaHe 3a Ja ce KOMMeHcnpa acumeTpusara.

HARPSS nma Bucoka pesoniound, HACHK LWYM NPy HyNeB CUrHan
N BUCOKA TEPMUYHA YCTONYMBOCT.



HARPSS Gyroscope

* [lpegnmcTBa:
— MankKa mexxguHa mexay npbCTeHA U eNeKkTpoaa
— [onAama CTPyKTYypHa BUCOUYMHA
— No6Bbp CTPYKTYPEH MaTEPMA

 YysctButenHoct ~ 200 [uV/(°/s)]

* 33 Q~ 1200, pesontouusata e ~ 0.01 [°/s] npwu
1 Hz yecTOTHaA NneHTa.

* MuH. geTektTupaH curdHan ~ 5x103[°/s] 3a 10
Hz 4eCTOTHA NeHTa
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BnoK Anarpama Ha oTYMTaLLLATa U yNpaBAsBallaTa e/leKTPOHNKa HeobxoaMma 3a OTBOPEH-
KOHTYpP CXema Ha BUbpupall, NPbCTEHOBUAEH }KUPOCKOM.



bpayHoOB WwWym

MUWHUMaNHO feTeKTMpPaHaTa broBa cKopocT (W, ..) 30 8ubpupawus npbcmeHosuoeH
MUKPOCKOIM e rpasorpornopuyuoHanHa Ha MUHUMAAHOMO 0emeKmupaHo HarnpexeHue Ha
es1ekmpooa Ha ceH3opa v,.., Koemo ce onpeoess Ype3 8X00HUSA emasioHeH Wym Ha
omyumaw,ama eepuaa U Wyma Ha HarnpexeHUemo rnosay4yeHo 8 CeH30pa ObaXaAW,0 ce Ha
bpayHosomo 08uxceHuUe 8 npbCmeHo8UOHaAMa cmpykmypa. bpayHosomo 08uixceHue Ha eoHa
CMPYKMypa e MexaHU4YHo-mepmu4YeH Wym rnpeou3suKkaH om MOosEKYAAPHA KOAU3UAa om
0bKpwvMHCaBawWama cpeda u npedcmasnsasa pyHoameHmasneH wymos KOMMNoHeHM Ha
ceH3opHama cmpykmypa. Cnopeod penayuama Ha Nyquist cnekTpanHaTa NABTHOCT Ha
NPOMEHALLATa Ce CMNa OTHECEHA KbM NPOU3BOJIHO MEXAHNYHO CbNPOTUBNEHUE €:!

KbaeTo k; e KoHcmaHmama Ha Boltzmann (1.38 1023 J/K) u T e abcontomHama
memnepamypa. 3a cucmema maca-rnpyxcuHa-oemrgep om emopu ped oemrigepupauus
¢akmop D e eksusasieHmMeH Ha MexaHU4YHOmMo cvripomusnaeHue (R) u bpayHosomo wymoso
npemecmeaHe CbOmeemcmaeauwio Ha Masu NMPoOMeH/UB8A CUAAa OMHeCceHa KbM mosda
demrngepupaHe cmasa

KbaeTo G(f) e cunosama mpaHcghepHa hyHKYUA Ha cucmemama om emopu ped om muna
maca-npyxuHa-oemrigpep: 0 = \KM/D w, = 2mf, = N

3a HamansiBaHe Ha 5payHOBI/IF| LHYyM - rofidMa Mmaca " pe3oHaHCHa 4YeCToTa



The terms used in this technical article are defined as follows:

Power supply (V): This parameter defines the operating DC power supply voltage
range of the MEMS gyroscope. It is recommended to keep Vdd clean with minimum
ripple. A good practice is to use an ultra-low noise, low-dropout regulator to power the
MEMS gyroscope.

Power supply current (mA): This parameter defines the typical current
consumption when the MEMS gyroscope is operating in normal mode.

Power supply current in sleep mode (mA): This parameter defines the current
consumption when the MEMS gyroscope is in sleep mode. To reduce power
consumption and have a faster turn-on time, in sleep mode the driving circuitry is on, the
mechanical mass is kept oscillating and the reading chain is turned off. For analog
gyroscopes, an external pin can be used to configure this mode. For digital gyroscopes,
users can configure a control register through the 12C/SPI interface for this mode. Other
suppliers don't provide a sleep mode (or standby mode).

Power supply current in power-down mode (4A): This parameter defines the
current consumption when the MEMS gyroscope is powered down. During this mode,
both the mechanical sensing structure and reading chain are turned off. For analog
gyroscopes, an external pin can be used to configure this mode. For digital gyroscopes,
users can configure the control register through the I12C/SPI interface for this mode. Full
access to the control

registers through the I2C/SPI interface is guaranteed also in power-down mode.



Full-scale range (dps): This parameter defines the measurement range of the
gyroscope in degrees per second (dps). When the applied angular velocity is beyond
the full-scale range, the gyroscope output signal will be saturated. However, this
saturation will not damage the gyroscope and will have no negative impact on its
performance.

Zero-rate level (V or LSBs): This parameter defines the zero-rate level voltage for
analog gyroscopes when no angular velocity is applied to the MEMS gyroscope sensing
axis. It is not ratiometric to the power supply voltage and ideally it is equal to the output
reference voltage Vref on a dedicated output pin for analog gyroscopes. For digital
gyroscopes, the zero-rate level is typically O LSBs. It is also not ratiometric to the power
supply voltage.

Sensitivity (mV/dps or mdps/LSB): Sensitivity in mV/dps defines the relationship
between 1 dps and the analog gyroscope's output voltage change over the zero-rate
level. Using this parameter the user can convert the gyroscope’s output voltage signal
into angular velocity. For digital gyroscopes, sensitivity (mdps/LSB) is the relationship
between 1 LSB and milli dps. So the user can directly convert a digital gyroscope’s
measurement in LSBs to angular velocity.

Sensitivity change vs. temperature (%/°C): This parameter defines the sensitivity
change in percentage per °C when the temperature varies from 25°C room temperature
for analog gyroscopes. For digital gyroscopes, it defines the sensitivity change in
percentage (%) over the operating temperature range specified in the datasheet (for
example, from -40°C to +85°C).

Least significant bit (Isb) is the bit position in a binary integer giving the units value, that is, determining whether the number is
even or odd. The Isb is sometimes referred to as the right-most bit, due to the convention in positional notation of writing less
significant digits further to the right. It is analogous to the least significant digit of a decimal integer, which is the digit in the ones
(right-most) position



MEMC xunpockonsT ¢ Han-manku pasmepu go 2014
e Ha pupmaTta Maxim mogen MAX21000

Upon components we

Gyroscope MEMS Die Size Evolution (3-axis)

analyzed since 2010, the A
MAX21000 currently offers i : 5 :
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Die Size Evolution of MEMS Gyroscopes
Source: Yole/S+C Inertial MEMS Manufacturing Trends 2014



BbHLWeH Bng Ha xunpockona MAX21000

* Package: LGA 16-pin
* Dimensions: 3.0x3.0x0.9mm
*  Pin Pitch: 0.5mm
*  Marking:
MXG3A
1329

010FA

Package top view

Orientation of Axes
(from datasheet)

Package Side View Package back view

© 2014 by SYSTEM PLUS CONSULTING, all rights reserved.



Inertial MEMS Market Forecast

. Inertial sensors is a $4B market in 2013!

- Growing to $5.4B soon, driven by the growth of the mobile market

* Volumes are booming: 9B units predicted in 2018!
— As combo solutions are adopted in consumer and automotive, the added value of each device is increasing

Global MEMS Inertial Sensor Market - 2011 - 2018 market
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e Tytal M units 2553 3544 4607 5709 6668 7585 8398 8946
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MHepunoHEeH namepBaTeneH Mmoayn

XYZ
Accelerometer

Z-Axis Gyro | fE bR R LU

XY-Axis
Gyro
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1cm

(inertial measurement unit IMU) egHa ot nbpBute MEMC pa3spaboTtku.



EE=s| = = . :
=======zzzzzsIEzziiooiic =

e essssssssse-———-—====ZSSZSRE



Wafer-level
molding

" Face-to-face
contact
MEMS/ASIC

Getter film Through-silicon via
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8. The EU-funded microscopic-sized gyroscope DAVID {Downscale Assembly
of Interconnected Devices) project focuses on developing an inertial sensor
system with extremely high packaging density for the hybrid integration of MEMS
and ASIC devices.

NHepunoHeH namepsateneH moayn (IMU) ¢ 10 ctenenun Ha cBoboaa: 3 ocoB
akcenepomeTbp; 3 OCOB XMPOCKOM; 3 0OCOB MarHUTOMETBLP M CEH30P 3a HansraHe
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Combo Size (mm?)
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InvenSense MPU-9150 9-Axis IMU (2012)
Overview
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+  Specificities of this component:

—  Small package: 4x4mm?

—  MEMS part is single chip: single ASIC & MEMS monolithic structure bonded to the
ASIC

—  Single die for magnetometer. Rather large: 3.76mm?

—  Accelerometer: separate structures for the 3 axis. Gyro: single structure for the 3 axis
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(smaller than accel part)
— Advanced ASIC technology node (MEMS): 0.18um
- Rather old ASIC technology node (Magnetometer): 0.35um
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MEMS Accelerometer + Gyroscope

InvenSense

Compass

MEMS Accelero/Gyro

Magnetometer AsiC

LGA substrate

Magnetic concentrator
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Aerospace (iPhone) Coordinate System

- Termed “NED” system: x=North, y=East, z=Down
- Gravity positive, acceleration negative

+ Roll range -180 to 180 deg Roll ¢ N x Compass
. Pitch range -90 to 90 deg -180 10 180 deg Pointing

Direction
« Yaw range 0 to 360 deg

- Compass heading = Yaw
- Angle convention: Clockwise
- Sequence: Yaw, Pitch, Roll

Pitch 6
-90 10 90 deg

Ey

Compass p

0 to 360 deg
D, z

2 “freescale- "




Android Coordinate System

- Termed “ENU" system: x=East, y=North, z=Up
- Acceleration positive, gravity negative

- Roll range -90 to 90 deg U, z Roll ¢ N,y

. Pitch range -180 to 180 deg vawy e M Compass

+ Yaw range 0 to 360 deg 010 960 deg e
_ Compass p

- Compass heading = Yaw 0 to 360 deg

« Angle convention: Anti-Clockwise
- Sequence: Yaw, Roll, Pitch

Pitch @ !
-180 to 180 deg

E, x

-

+“freescale- 12 e et e




Windows 8 Coordinate System

- Termed “ENU" system: x=East, y=North, z=Up
- Gravity positive, acceleration negative
. Roll range -90 to 90 deg vz

Yaw

. Pitch range -180 to 180 deg ° %< \J/
. Yaw range 0to 360 deg o1 50 de T
« Yaw=Minus Compass heading

- Angle convention: Clockwise

Compass Pointi
Roll ¢ Dfrecp;on "

-90 to 90 deg /

Pitch @

- Sequence: Yaw, Pitch, Roll
-180 to 180 deg

-
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OnNTUYHM XKNpoCcKoNwU

basupart ce Ha edpekTa Ha Sagnac (1913) — ABa NPOTUBOMOSIOXHO BbPTSLLM CE B KPbI C
pagnyc R CBETNMHHKU NbYa, KaTo caMmmUTe HOCUTENWM Ha CBETIIMHA Ce BbPTAT bIfoBa
ckopocT ). 3abenssBa ce pasnuka BbB BpeMeTo At Ha gBaTta nbya. AKO ONTUYHUTE
HOCUTENWN He Ce BbPTAT, ONTUYHMUTE CUTHANN U3MUHABAT NbTHA B ABETE MNOCOKN 3a €HO U
CbLLO BpeMe. AKO ONTUYHUA HOCUTES Ce BbPTU ONTUYHUS CUrHAM, KOUTO Ce OBWMXN B
CblLiaTa NocokKa e MMma Manko no-rofsaMo pascTtosiHMe 3a U3MMHaBaHe CrpsaMo fbya
OBwxell ce B obpaTtHa nocoka. ToBa e npuymMHaTa 3a rnosiea Ha pasnukarta BbB
BpemeTo At Ha ABaTa Nb4a, KOETO Ce NpecMdaTa Ypes popmynara

At = N2nR

Source Optical
Detector Path

(a) Optical path stationary (b) Optical path rotating with
angular velocity Q

1 | | N4nR’Q

~

I
N — 6pon 0BMKONKK, C — CKOpPOCTTa
Ha cBeTnnHarta. OTumTa ce Bpeme
Unn pasnuka BbB (pasu Ha ABaTa
nbya.HocnTenat Ha cBeTNUHa e
6obuHa oT BnakHecTa onTtuka ¢ N
HaBWBKW. ToBa e 3anerHasno B
OCHoBarTa 3a pa3paboTBaHe Ha
domMbpPO-ONTUYHK XKNUPOCKOMNU
(Interferometric fiber-optic gyro -
IFOQG).



CBETNUHEH OETEKTOP

da30B O
: moaynatop -
MonspwusaTop
= oy )
laser | = , I N
dnbpo :
cbeanHuTen Prbpo
cbeauHuTen
LLInpoKo yecTtoTeH cBET/IMHEH U3TOUYHUK — CCW

(cBeTOAMOA) Ce N3NON3Ba 3a CBbP3BAHE Ha

/'bY4a BbB BXOAHMA U U3xoaHUA dubpo Kaben.
BxoaHunA b4 MMHaBa Npe3 NoAspu3aTop KOMTO OCUrypABa B3aMMOLENCTBUE CbC

CPEeLLYNONOKHUA NbY Npe3 onTuyHaTa 6o6MHa. M3xoaHMA bY MUMHABA Npes NosApmu3aTop.
BTopw LeHTpaneH KynayHr pa3aens aBaTta ibvya B oNTMYHaTa 606MHa, KbAETO MWUHaBa npes
MOAYNaTOP U3MNON3BaH 3a reHepMpaHe Ha Bpeme-NpoMEHSLL, Ceé U3XOAEH CUrHA/l MNOKa3Ball,
poTaumata. MoaynaTopbT € USMEeCTeH OT LUeHTbpa Ha 60bmHaTa 3a Aa ce nsscHU ¢asosaTa
Pa3/IMKa Ha CPeLlynoioKHUTe nbun. Cnen MmuHaBaHe npes 60buMHaTa ABaTa bya ce
PEKOMOMHMPAT 06paTHO B NONAPU3ATOP U Ce HacouBaT B AeTekTop. Pa3oBaTta pas3nvKa B ABaTa

'bYa € NPOonopLMOHa/iHA HA brnoBaTa CKOPOCT Ha bobuHaTa.
Hama aBuKellm ce 4acTu, BUCOKA HAAEKAHOCT U HUCKA UeHa. MoaapbrKKa Ha HaBUraLuMOHHU

CMCTEMU, HACOYBAHE M HACTPOMBAHE HA aHTEHUN, MHEPLMNOHHU N3MepBaTENHU CUCTEMM 33
KOCMMYECKN Kopabu n BOEHHU paKeTun, B yNpaBAeHUETO Ha Boeing 777 v xenukontepu
Comanche. Pa3paboTeHu ca 3a NnoaAbp!KaHe Ha YNPaBAEHUETO Ha NPOAB/KUTENHN KOCMUYECKU
noneTu.


../../../EBOOKS/e-mule/Handbook of Modern Sensors (Springer 3ed, 2004).pdf
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Cxema Ha SAW-IDT »upockon IDTs and a SAW resonator

IDT ceH30pH

Pedonektopu

SAW






KoHcTpykuma Ha MEMS-IDT MMKpOCEH30pHa cMctema KOMbUHMpaLLa
aKCeNnepoMETbP C }KMUPOCKON B e4NH Yun

Gyro sensor

Piezoelectric
film

Silicon

dcceleration

Perturbatyon mass
array forfgyro




NHepLUUWOHEH XMPOoCcKon (akcernepoMeTbp 3a brnoBa CKOPOCT)

Stator: Stationary Base

Angular
<+—_displacement
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M3mepBa Cce brnoBoO YCKOPEHNE YpPE3 NPOMAHA Ha KaNnaunUTeTa mexay potTaumMoHHO ABUXKELLUN Ce
NAaCTUHM Ha POTOpPAa U HEMOABUXKHWN NNACTUHU Ha CTATOPA. [lhacTnHuTe ca O(I)OpMeHM no Ablrun
OT KOHUEHTPUNYHU OKPBHKHOCTMH.
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