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A study of mechanical vibration measurement

using microelectromechanical system (MEMS)
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mm%wﬂumiﬁﬂmmmLﬁulﬂiéﬂumiﬂizqﬂ@?LméfﬁmmmLs'uwmsuum%malw%
9an1A (Microelectromechanical system, MEMS) Tunsinnsduaziiiounasadessnsna
nan1sIseuUseanduaesdiuie nsinAmnuseaia wagnsinanusanaln nanisideludiuves
N133PAULIEIANUIIAIIRAIUSY (MEMS) a1unsadssyndldlunisinnisdesls  dwnsu
nans3veludniidunnusatnlagldnsduasitouiinud 6 Hz waz 11 Hz Tutiananuss
0-2g wunduaraildanndiinauss (MEMS) Wudndnlnonseiuniuss uenainiis
Wudaandyiannmss (MEMS) fidyaasumutiosuasmuizdfunisianisduasiiiou
Fidmnusslaunn

AdAgy : MEMS, vibration measurement, MEMS accelerometer



Abstract

This research studies the application of MEMS (Microelectromechanical system)
accelerometer to measure the acceleration. The experimentation can be divided into two
parts: static acceleration and dynamic acceleration. In the case of static acceleration, the
result shows that the accelerometer is suitable to sense the tilt angle. In the dynamic
acceleration, the relationship between the output voltage and the acceleration in the range
of 0-2g at the frequency of 6 Hz and 11 Hz are investigated. The results show that the
output voltage is proportional to the acceleration. The signal is clear (low level of noise).
Also, it is suitable for measuring at low level of dynamic acceleration.

Keywords : MEMS, vibration measurement, MEMS accelerometer
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NITUIUNITHAR Faeg19vpdAsesdnsnamandlann Uu (pump)  AeuLnsdLwes

(%
I AdAa v

(compressor) tasastululin (generator) Judu wazilissanniasesdnsnawaniidnwue

Yy v
a = U IS

nsvhausuufuseusailfiAnnsduasiowiniuaue msduaziteuiiiatuiuenadl
mmmmmﬂﬂamamaqLﬂ%ﬁm (unbalance of rotating machine) miﬁaﬂqusﬁmauwm
(misalignment) mi%’uazLﬁauﬁLﬁméﬁuﬁa’jflLﬁuﬁaqﬂﬂammzé’umiﬁuazLﬁauagjslu
vourwaiiansuld lumenduiuminisefunsduasifiowunuiodyyianisduaziiiou
AnUndthionamnedainnsdnnsetuluniesdnsna wWunsanvsevouuse (bearing) o
winadnsldrnudunaiuiwdudu wiesrandildiinisnsiainnisduasiiiounaznis
Ansedyansduasdiouainsativenan nnisideuveundesdnsldiui Faruns
maﬁ@mié’uamﬁau%qLﬂudawﬁﬂumiﬂﬁq%’ﬂm (maintenance) 1a3a3dnsnnelulsaa
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Iuﬂfliﬂ’lqﬂ%’ﬂwmﬂ%qﬁ'ﬂiﬂa mslfounisduasiiiou (vibration monitoring) un
Judesdiflanuddaun wiesdeiildfuedsunsnarslunmsTadua anisduasiioufios
Sapusauuulndledidnvdn (piezoelectric accelerometer) Fsfinanesan1sin a3
WUUKNULAEA (single axis) wieauwnu (triaxial accelerometer) é’QLLamﬂugﬂ 1.1 47279
m’mLi'qﬁ'i%’[,uﬂ'1ﬂqmamﬂiiM'}Miﬂi’ﬂé’@iijﬂﬁﬁ%zLﬁauié’tﬂuasmﬁu,azmammh
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U 1.1 drimanusauulndledianysn : Bruel & Kjaer
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aglsimuiineussuulndledidnnin (piezoelectric) tuiisiangedniisdain

v Y

1 [ = Y Y 1 1 1% o 1 £ =
Anusuduiissdafus  (sensor)  deliaunsanannavesnuslaiesdnluded
druUsznaududnidu d1uvenaIedve1eUsey (charge amplifier) Asandlugy 1.2 dwu
n1slavaya (data acquisition) waralun1sUsrunanadygiad (signal processing)

Ko v a ¢ o Y] = a v ¢ 1 &
wanndderaslilusunsulumaiemendyaunisduasiioudnime aunsalsneg wanil
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U 1.2 1a309e18Useq : Kistler
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duaziiiounuunnnd (hand held) Fadunisinerdruniludiinenuss dveieusey

dunsladeya uagdrunsussanadygandlimeiu wsesianisduasiiouiuunnm

5U 1.3 1e3esilasevinsduaziiiouuuunnm SKF CMVL 3850
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Y

sedumsduaziioulaesiu (overall) annsaldipsosinnisduaziiou (vibration meter) 34
sfaldlanzuuinveinisduaziiiow winndesnisiasginuunnsoenaiasinina
svdadliiadesinszinisduasifiou (vibration analyzer) Aananslusy 1.3 Faanunsanfiv
foyanisduanifieunariinszidygnauiiuzuiuulamuaa (time domain) uaglaw
Aud (frequency domain)  nnsAszeuBvesntsduazioululauunudied
aruddryegeBslunsusuandeunnsesnasnuaninnisldiuveedesdnsnaldilusgng
ﬁiumﬁmwﬁé’@mmﬁluhLuummﬁlﬁ?uéfaﬂ‘é’ﬁ%mst,l,ﬂamL%EJ%LLUUL%Q (Fast Fourier
transform) 3o vl fiiieaunnsy (spectrum) Anudvesn sduasfiouaunndy
mudiesusaldlumsinneiteunnsewmasnauanmnsidnuvenaiosdinsnals
nfinanundsduasiuldinisnnsianisduasiiowlasldfinanussaunsald
pvaiamsiauvenaiesinsld egrslsinuludlagtuulumaluladiduniiununuay
ﬁ’@umﬁuasjﬂﬁmL%Mﬂﬁﬁmiﬁwméﬁ%’ui (sensor) wuvlval q Tusaudedntaninusee
wuiy fa¥nanusfifauiulaeefeulumaluladdidoniifiinauissuuussuy

v

w3oenaluihgania (Microelectromechanical system) wie MEMS dideffefivuindn

Umiintssuinvilinaliiinasessuuidesnisin uenainiddsaunsaussuanadyyiula
Nelagldasdidnnsetindtunugiu Faludagiudiinaiiuswuy MEMS  digniun




Uszgnaldiuaunsaduanusady Wudnsndunsiinueesgeandsde (air bag) Tu
sosud ¥3eldluN1IAIVANNITVINATUYBIMIUNARAAIMNTTH AFUANNITNUTDIITARAN LY

v v

AouwmaswUUNNN LGy uenaniidefusensdidguainisldmsuininanfeiisnnig

ninnildemeuiudisuiuuudy wagmemanailiodunuifeiddianuaulanaziiend
ALY MEMS  3dsegndlglunisinnisduasiiouvauniasdnsnalageide
wNMINUgILTesiITuIuy MEMS ysanmsdniunisussananadyyiaduiugiu uas

Wisuieunaiilanunisiamesiinanuisawuulndledidnnsn (piezoelectric)

1.2 InguszadAvadlasan1sivy
1.2.1 efnwinsUszndld MEMS lumsiarusauuvangunsiansdiudag
(gravitation) wagAaLsanain (dynamic acceleration) suldwAnsinnis
duaziiiou
1.2.2 wiewFeuifisunaildanniidinaniugunsalinnussildlugnannssy
1.2.3 wlefnwnrundululdlunmsuszgnduagiaunisnisiadsnanlunsinnig

AUALLIDUTBILAIBIINTNA

1.3 Yaulnuaela3INIsIve
1.3.1 Anwinisinanusauvanalaglifainanusy (MEMS)
1.3.2 sonuuuiazaisyaiiianmsduasiiouiianinsnaiunisduasiiioufinn
Ang 9 e
1.3.3 aaﬂLLUULLasa%ﬁmmq%Uismawaé’zgigm
1.3.4 AnwmaaessUszendld MEMS lumsiansduaziiieutasiuiouiiivuiuns
TalagluirinanuLs

1.3.5 agunan1sAnwiilaiienuuinislunisiiluussyndldanuass




1.4 Usglgvunaindnaglasu

1.4.1 lgsenumsideduiiugruiemennstunisussguivnisseauynzadudiu
YINEN I PR IR RO RE

1.4.2 lpinTesileinnsduasiiouiiina nnsysannsueimnssuaIvIag 4 laun
a - a a & a ¢ a st < & ]
IMINTINATEINE IMnTsuBdnvseinduaraouiimeidazilunugiudeluly

% ) A A o Y a = & =t

myaswasiaunasesliodanldliasuaziinmgn Wunsiannues wazan
sunulunisndn sasnaudunisiiudneninlunisudsduvesgnannssuves
Uszina

1.4.3 ansauszandiia.JuganeaediiuiinAnwilildlunisiseusaaisnmsians

duazinounaenIulendeldevesfnfusiuum 9




UNN 2
NUNIUITIUNTTUNNYITD
(Literature review)

TuuniagnanifanisnuniIudssunssuiiiedItes (literature  review) vnguii
WEITD9 NNFEDNLUUNISNAABY TS 1UALLDUAAIL
2.1 uAeNNYIVD9

NUATENNE909 T UUTENALNETNISANWIUITUINUITYLTDINITNAADUBAY

[

fimunisesnuuugUnsalinmuissdmiunisesnuuumameluladinieenalyifiganiaien
o 73 [1.] Sefnwnisusznausiinausawuy MEMS dhfuuiuisasiiia (PCB) wie
Tﬁiﬁ’mmmLs'qﬁLﬁmnﬂmimﬂmwumﬂﬁgq (drop test) leAnwdqaiaiildandiia
mmLi'qLﬂamﬂﬂizmuﬁuﬁuﬁizﬁummqqm f NIDUNAMINITINITAN &) VOIRVIBLNN 29
g0 [2] fldnandanislddiannusadiang 9 lunistaauss dnsuanuidely
AnsUssnAliogsunsnansegsnnunsUsuieu (calibration) sasneinansaiieldlunis
Sapudoadudiu wienuisuves Albarbar et al.[3.] Fufunisnwanumngaulunis
Uszedld MEMS Tumsihfisnuanmiaiesinsnalaeisnismeass uenaniéainuided
Anwudisudiounisld MEMS Tumsfannussiunsdunlagldlsunsudugedndae
dmuieasinumnsiannusadeadn (static acceleration) WAL AATINLS
TWughe wieminussnadm (dynamic acceleration)  wuAImssinTuanmsduasiou

YaapIasdinsnatduiu

2.2 el

f¥uiuuuszutaiosnaliliingania (Microelectromechanical — system) 3o
MEMS  fewaluladiildadretudauvenaionanarlniilusedulunseu nio
Microfabrication fstiuwuiavesdudiuresgunsaifivszneulngldnalulad MEMS 34
vuasaudtesnimisluaseulvaudmatsdadues Twhuouferfulssanvesgunsal
Siannsedndiiadrainmalulad MEMS duiifwusiusznouselassadegnedieldauds
Tnssafreifimnmadududouduiu gunsaibidnnseindnldinaluladvos MEMS awiso
Ul dudasud (sensor)  wwudaiamaudy (pressure  sensor)  faTAA1LSY
(accelerometer) 1alsalay (gyroscope) 1Judu uaﬂmﬂﬁiuﬂwﬁ’umﬂﬂaﬁ MEMS 1a
Wandulpensiemelulad MEMS wldlunisasrslulaswenyiowmas (microactuator)

%39 LAsesdnsnasyauluasey (micromachine) 8naae



manlanauuditsgunsaidiannseindiiadsumewmelulag MEMS dulszneu

fa

Yumeawmeluladseauluasou saiuaunsaldidnnsatindnas1siusmemalulag MEMS 34l

)

guaLan gunsaldidnnselindmdunidndudloundinannuseildnalulag MEMS #aia

Y

AussRInaniinuauiRunnasandainanusawuulndlediannin(piezoelectric) Aodl

a o v A

uaLan dmintey wasiiddgAelisnagnuindiadisuiudiinanusauuulngleddnm

3n  (piezoelectric) é’ﬂﬁ?uéfﬁmmmLi'qéﬁ’mmﬁqgﬂﬁﬂﬂﬂisqﬂﬁﬁﬂuqqamﬁsﬁﬂmmuﬁ
vissluiuduvasmeuimed saenaululnsdiiedeuiidudu
NAINNITNUTBIAIINALLIILUU MEMS (MEMS Accelerometer)

Fr¥npnussuuy MEMS annsaudseantdifuaessuan feil

1. wuulnwdles%adin (piezoresistive based accelerometer)

U v ! dﬁl ¥ a 1 al aa = a v
G]’J’J(ﬂﬂ’l’ml,iﬂLL‘U‘U‘U‘UiSﬂ@Uﬂ’JEJiJ’JﬁG]@@EJUUﬂ’]UVIEJ’Jﬁ@LLUUiW@I‘Ui‘ZIﬁVIWG]ﬂ@Q@QLLﬂ(ﬂﬂIugU

9

[
Y

2.1 FegnunsaRasanlmdunisfuasifiounuunilseauduainuasife (single degree of
freedom) leiansduagiviouduuiafiaanuatgauaziinn1sduaziiounasvinlilndles

Favin Yassdyaalniheonuinuanussiiiindu

2. uvumU@nn (capacitive based accelerometer)

v v

TinAusevlintonAerannisiUisunlauernainuy (capacitance) IEnINNNIA waY

8udnlnsmdain (conductive electrode) segvinsiulussazuau fawandlug 2.1

Piezoresistors Vibration oy pgitever Sensing A 5§l Seismic
Capacitors  Yibration Mass
Substrate Errmr OO S Substraie v N
[ i X
Husc\ f Proof mass [ i

5U 2.1 dudseneuvesininnuse (MEMS) Albarbar et al.[3]




2.3 firfuiaanuse (MEMS) Analog device ADXL 335

ADXL 335 1Jusirinanuisanuvanuuny d93ansineglugae 3 g neluvszneudielng
Fanau (polysilicon) wayisasdmiuuTuusedaysyrau (signal conditioning) ﬁLmﬁwmﬂu
wuuawnden (analog output) LUsHUATIMILAILLSE @3nsaldinanuldualauiladadnisin

ANULBEITRLING wardia1u1saianusnain (dynamic acceleration) dulaunnis

Y = = @ v
AUALLNBUY NIBUTINNNTENULTUAY

o o 1Y

dnsunuanuiue (specifications)

q

wanalARINIIIUANIALIAN YU

NdFYVo6

M1319% 2.1 AavandRvessiinaause ADXL 335

v v

Parameter
129N1730 *39
(Measurement Range)
Anulaidudadu +0.3 %
Nonlinealrity % 9f full scale
Al Welwlwides Vs =3V
WA X 300 mV/g
WAY Y 300 mV/g
WY Z 300 mV/g
Ahasimafisziuausasintugud
(ZERO g BIAS LEVEL) delwides
Vs wirdu 3 V
WA X 15V
RVRY 18%
WAL Z 15V

Wapaigs ADXL 335 fid




nsAneNsuszanald MEMS Tunisiamlnanseuuusain

friarnusauu MEMS Tdyanailihosnamesmmsidesvesuivihduunuly
wuaka (vertical) Tnefuualinnussundasunumniimsnddufiamaiesfuusdouga
Tunwaunudaaimuelhidu +g wailrnusaiiu —g demuusliifienmsetuduiu

LSIUNE9URIlan AILEASIUAISY 2.2

A9 2.2 MISMAUAAIULSIIULAAZLUILAY

FLNRUINITIN AMILssluLAazLny

A Ay A,
Z, 0 0 -0
2, 0 0 +g
s 0 g 0
y, 0 +g 0
X4 -9 0 0
X, +9 0 0

Ted 2z, venefeumisd unu z Suluuunis
2z, vanefisiuisd unu z Faduuuais
y,  vanefeiuied unu y Baulusunis
y,  mnefeiumied unu y Fadluninis
X, vanefeiuied unu x dulununis
x,  vanefsiumded unu x Faduuuais
A MefIAuLSIuLUILAY X

A, ngReRLIlULUINAL Y

A, vnsfaausslulnny z




UNA 3
A1598NLUUNI5IY
(Research Design)

Tuuniieznaniniseanuuuiasiiliassdmsuiinauiss (MEMS) n1svaasq
nsiaanussuvais sulannnisinauliunig (gravity)  wazn1sinanuLsanadn
(dynamic acceleration) Suldud nsianisduaziiion (vibration) FeflswaziBundsll
3.1 nseaNUUURNes A sdmSuR AN (MEMS)

Tumsveaesiaslildssiuitnanusaiissdu 3V 3oildlaeldlediues LM

317 Welviszaudyaaddiniviniu 3 V dandlugy 3.1

+15V +3V
O] LM 317

N

5U 3.1 UHUAIWRTINGES



11

3.2 MINAAINAMULTILUUEDR
Tun1snaasanianusswuvainazldtnainusaiiinainusaldugisveslan

(gravitational acceleration) %qﬁwlﬁﬁmmsmmmuﬁéfmmiwmaaqLLﬁai’ﬂLawﬁwwIaaﬁLma

(output voltages) Tuusiazuni sUlALALAY X LAY Y WAZLAY Z VIFITAALLTS Aslandluy

U 3.2

»

©
&©

A\

0

5U 3.2 MaRaunuLasi InALLTs
3.2.1 YANAaReEMIUNITINANNLTIUUEDA
YANAaRIdIMTUNTInANUSILUUATAUSENB UMY
wiuUSugfiannsauiuanaudedlatsuansusy 3.3
AinA1se (MEMS) ADXL 335 wiaufiauinan auwandlugy 3.4

1995lnides 3V Aauandlugy 3.1

A

fameatanlwas Fluke 287 d115U7ANaRANLNUTNIANLYDIAIINAITULI

(MEMS) slauandlusy 3.5

U 3.3 winuSugunanunsauiuanundesla
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U 3.4 frinauss (MEMS) ADXL 335 wiaufinusiwin

U 3.5 fdneadaniiwes Fluke 287
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3.2.2 JUABUNITINAMULTIUUUEDR

1.
2.

fafIInANULT AN USRS 3V

AnAinA1LSe (MEMS) fuuviuuiuguuazinasgunsaleang o dsanslusy 3.6

vy
aAa A<

lngliunu z vaeirinarnse (MEMS) ffiaddulunwinalagszunu xy sguu

WTEUY
yusvinAassseuLnuagluiuiueu (horizontal) lneisuann1svsusey

wnu X Tufian1eamuduuniniasias 10 9961

= 1

JuiinAlamnanlaanununa@Nvesminause (MEMS) medndnea

Handmes

(% vy
LYY |

Mniufndeia e (MEMS) Tnglduny x Sferiulunnidagssuny yz
BHUULITZUIU MUAYTINAINSS (MEMS) sauunu y Tufiemeniuduuniing
afiaz 10 serm

Hufinelamaafildanuauiaavessiiinannss (MEMS) fendnea
RIGHGLE

MR iaaangs (MEMS) Tnelduny y fiedauluuuadegssuny zx
2EULLLITTUNU Ui IAALLEY (MEMS) sauwnu z Tufieniamuduwing

AS9ay 10 29

Y]

ufinAlianmanlaanunuisauvesa innase (MEMS) aufinea

Almas

‘D)e

U 3.6 AnAsirinannusadniuuviuyTuyy
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3.2.3 HaNISNAARINITIAAMULTILUUEDR

M52 3.1 L3adnafilaanunuieauveIf inAUS AT NYUIBULNY X UUSEUIU Y2

z
A

s 0

“~

7
X #

\

7

: 49 y

996N X axis y axis Z axis 971 X axis y axis Z axis
V) V) V) V) (V) (V)
0 15100 14930 @ 1.8080 180 1.5200 @ 1.5040 @ 1.2095
10 1.5100 1.5535 @ 1.8040 190 1.5200 @ 1.4510 @ 1.2130
20 15100 1.6030 | 1.7910 200 1.5200 @ 1.4010 @ 1.2260
30 15100  1.6590 @ 1.7640 210 1.5200 @ 1.3575 @ 1.2470
40 15150 1.6990 @ 1.7350 220 1.5200 1.3120 @ 1.2760
50 15100 1.7330 @ 1.6990 230 1.5200 @ 1.2725 @ 1.3160
60 1.5100 1.7607 = 1.6600 240 1.5200 @ 1.2415  1.3605
70 15100  1.7822 @ 1.6150 250 1.5200 1.2214  1.4040
80 15200  1.7965 @ 1.5600 260 1.5200 @ 1.2070 = 1.4590
90 1.513054+ 1"801 68 1. 5150 270 1.5100 | 1.2030 | 1.5010
100 15120 17985 @ 1.4615 280 1.5100 @ 1.2070 @ 1.5575
110 15120 1.7860 @ 1.4200 290 1.5090  1.2201 @ 1.6070
120 15120 @ 1.7640 @ 1.3635 300 1.5070 @ 1.2402 = 1.6520
130 1.5149 | .1.7395 | 1.3240 310 1.5080 @ 1.2687 @ 1.6940
140 15160 1.6990 @ 1.2810 320 1.5101 @ 1.3070 @ 1.7350
150 15190 1.6550 @ 1.2510 330 1.5100 @ 1.3465 @ 1.7646
160 15190  1.6060 | 1.2270 340 1.5100 1.3930 @ 1.7875
170 1.5190 1.5590 @ 1.2140 350 1.5150 @ 1.4400 @ 1.8015
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voltage(V)

2.00

1.80 -

1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00

0 30 60 90 120 150 180 210 240 270 300 330 360

degree | —Vx -—=—\y Vz |

U 3.7 Taadinailanndrinaanansailenyusauwnu X
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'
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)'0493_, ,

X
I\
|
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/
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Ve
ys

M50 3.2 L3adnafilaannunuieanuveIn inAUs e uyuIauLNY Y UNTEUU X2

29¢1 X axis y axis z axis 2971 X axis y axis z axis
V) V) V) V) V) V)

0 1.8015 1.5200 1.4920 180 1.2065 15100 1.5110

10 1.7972  1.5200 @ 1.5590 190 1.2140 15100 @ 1.4480

20 1.7850 1.5100 1.6060 200 1.2270 15100 @ 1.4040

30 17620 1.5100 @ 1.6550 210 1.2500 15200 1.3570

40 17330 1.5100 @ 1.6960 220 1.2840 15200  1.3140

50 1.6950 1.5100 1.7360 230 1.3240 15200 @1.2770

60 1.6510 15100 1.7670 240 1.3650 1.5100 @ 1.2430

70 1.6090 15100 1.8020 250 1.4200 1.5000 1.2260

80 1.5640 1.5080 1.8020 260 1.4540 15040 @ 1.2125

90 15105 @ 14954 @ 1.8075 270 1.5050 @ 1.5050 @ 1.2090

100 14550 14950 1.8050 280 15520 15100 1.2110

110 1.4000 1.4950 @ 1.8050 290 15960 15100 1.2220

120 13570 14970 1.7704 300 1.6460 @ 1.5100 @ 1.2440

130 1.3070 1.4990 1.7355 310 1.6970 15100 @1.2770

140 12720 1.5021  1.6875 320 1.7310 15100 1.3120

150 1.2440 15070 @ 1.6565 330 1.7590 @ 1.5100 @ 1.3500

160 1.2280 1.5100 1.6200 340 1.7820 @ 1.5100 @ 1.3960

170 1.2110 15100 @ 1.5580 350 1.7950 15100 1.4410
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voltage(V)

2.00
1.80

1.60

1.40

1.20

1.00

0.80

0.60

0.40

0.20

0.00

0 30 60 90 120 150 180 210 240 270 300 330 360

degree Vx vy

Vz|

U 3.8 laadmanilandrinanusalionyusauwnu y




18

M54 3.3 LIadnafleannunuieauven inAUS AT VLUTBULNY Z VUTEUIU YX

99AN X axis y axis Z axis 971 X axis y axis Z axis
V) V) V) V) (V) (V)
0 1.5167 @ 1.8021 @ 1.4970 180 1.5062 @ 1.2032 = 1.5099
10 15756  1.7952 @ 1.4980 190 14610 @ 1.2052 = 1.5099
20 1.6227 17796 @ 1.4970 200 1.3991 1.2202 1.5100
30 1.6770  1.7498 @ 1.4970 210 1.3599 = 1.2380 @ 1.5149
40 1.7140 1.7199 @ 1.4990 220 1.3124 = 1.2697 = 1.5099
50 1.7525 16730 @ 1.4990 230 1.2771 13042  1.5099
60 1.7770  1.6271 1.4990 240 1.2458 = 1.3440 @ 1.5099
70 1.7924  1.5857 & 1.4990 250 1.2259 =~ 13910 @ 1.5099
80 1.8014 15230 @ 1.4990 260 1.2100 @ 1.4510 @ 1.5085
90 1.8015 @ 1.5200 . 1.5100 270 1.2064 14989 @ 1.5095
100 1.8004 1.4690 1.5065 280 1.2135 15610 1.4965
110 1.7880 1.4177 = 1.5056 290 1.2321 16178 @ 1.4965
120 17710 13740 @ 1.5085 300 1.2540 1.6590 @ 1.4965
130 1.7390 1.3210 @ 1.5065 310 1.2850 @ 1.7019 @ 1.4965
140 1.7050 @ 1.2850 @ 1.5077 320 1.3320 1.7430 @ 1.4965
150 1.6610 1.2510 & 1.5060 330 1.3765 17701 @ 1.4960
160 1.6170  1.2276 | 1.5060 340 1.4290 @ 1.7909 @ 1.4960
170 15710  1.2118 1.5060 350 1.4725 = 1.8021 @ 1.4990
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2.00
1.60
Sn .

1.20 ‘\-\'\l\.__l - -M . M

1.00
0.80
0.60
0.40
0.20

0.00 T T T T T T T T T T T
0 30 60 90 120 150 180 210 240 270 300 330 360

voltage(V)

degree | «—vx —=-vy Vz

U 3.9 laadwmanlanndrinanusalienyusauwnu z

€
©

2D
2,

21791579 3.1 3.2 1az 3.3 Nt ladnaie1wAuauewnUY9R1InANNLTIRTU

wazdadluwuIfTalinaruanns Ll saLanslanenise 3.4

1%

A1579 3.4 TadmafisuralnU X WAL Y wazuny z 33uuasdacluniing

AUMUINNTI voltage (V)
X 18015
X, 1.2064
Ya 1.8018
Y, 1.2030
2, 1.8075
2, 1.2090

A1 3.4 wnuiehadeandasiaridulukuisdiaiegsevning 1.2 69 1.8 V
Aatiumndesn smAladmalusdazunuiioaglukuissuiy (Wiins8uuuazideeas)

anunsamleainaunis 3.1 94 3.3
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Xi+ X
X, :% 3.1
Y, =t 3.2
2
z,- 5t 3.3
2

Tnofl X, mnedshadimaiildanunu x ileunu x sglunnsyuiu
Y, wneiadmaiildanuny y dewnu y agluluITEUIY
Z, vaneidhiadinatilsainunu z Weunu z eglunnszuu
X, snefdhadinaildanunu x deunu x Fuluwuifs
X, wneddadeafildanunu x dounu x Taduwuai
Y, wneddhadnaildanunu y deunu y T7uluuuais
Y, wnedhadmafildanuau y deunu y Fadluwuais
Z, wneddaadvaiildonuu z dounu z Fuluiunis
z, vanefdhadinaiildainunu z dewny z aduuuaia

a1naunsi 3.1 3.2 uas 3.3 avla

X,=1.5040 V
Y,=15024 V
Z,=15083 V

3.2.4 msAuaumiaiaula (sensitivity) Tundazunuuasfnainn1uLs
as19 3.1 3.2 way 3.3 wuinnunuleiifiedtulununihadinaieuldadl
AUsEIN 1.8 V ‘mnLLmﬂmagﬂuuuaazmubaﬁmﬁ]ﬁémléf%ﬁmﬂizmm 15V uag
mnunulaiiiadaslunnnladnafienuldesiiuszann 1.2 V

satumntafwanUasulumsaeanussmdasuliazyinlilaaiainulive s
(1.8V-15V)

wnUseun 300 mV/g Femseiuaiainula
g

FAAMULTIFINUINTA1UTTU

ﬁszﬂumiwamamﬁ’ﬁ (M1519 2.1)
ashqisﬁmmmmiﬁaﬂdnmﬁ]ﬁm’mﬁmwmmmﬂﬂfﬁﬁmﬁu'aéfﬁmmml,éq (MEMS)
dhiuaseswiuUsudiaueannde fuiuddinsdnamauinifevaweiuag
Aawanafiinannnsinge Mnedderes Pooya Najafi Zanjani et al. [4.]lalaus35n159m
aulvesinianuss (MEMS) Sauansldluaunis 3.4 5936 WATLUVDILNUAIIN

ANMULSBABUNULUIRIRIwaERsluaNNTS 3.7 919 3.9
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S, :\/(Xl - Xo)2 +(X, - Xo)2 +(X3— Xo)2 34

S, :\/(Yl _Y0)2 +(Y, _Yo)2+(Y3 _Yo)2 35

S, :\/(21_20)2+(Zz_zo)2+(zs_zo)2 3.6
1ng X, Y, waz Z, fio ladmaannunuisanudiouny x fiattuluwunis

vy
N a

X, Y, war Z, fio hadmnannunuiaudiowny y Sadtuluwuii
Xy Y, war Z, #e Lamnaenunuianaiiowny z Sattuluwni
S, vuneisAaulvesdrinasslulwny X
s, vangiernauhivesirinausaluwiuny y

S, ueisarnnhvesirinnusslulwLny z

0, =sin™ Mj 3.7
Sy

6, =sin™ Y=Y 3.8
Sy

0, =sin™ Z‘ZOJ 3.9
S,

0, MUNLAYUUAY X VBITTINAINULITUASUAURLIFY
6, vanefauuny y vesininanunsaiguiuluing

6, MUERBULNY Z VBIRTIRALLI R UAURLIAY

3.2.5 mannunsndiausznauaina (scale factor matrix) fgisinassastiasiign
(least squares method)

Fafilenaniudsduiannuianaialunisiadiiannusadfusiuaseraia
aldnse  (misalignment)  Feonavilhiinenuaaimadeutuld nmsmaudug
sywieennussiildandiinmuswazliadineanieanuuny uenainnsldaunis 3.1
3.6 adluiive 3.2.4 uarfEuisamlalanismilaenisniunsngiiusenevaina (scale

factor matrix) [5.] Fsiisneazidundsilae
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Avualiausanldiduanusaisuduaaiuliunlsveslan , A (normalized  earth

gravity) Fauansldmaaunts 3.10

A
== 3.10
A g

hadmanlaandrinanusasaiuunuannsadeulegluslunindlasaunis 3.11.1

ey 3.11.2

Taeiua

Ahx Sll S12 S13 Vx Ox
Ayr=1Sa Sp Sy [Vy+10y

A, Sy S Si3lV, O, 3.111
V
A Siu S Sz Oy VX
Awy = S21 S22 S23 Oy Vy
A, S;i Sy Sy O, 12 3.11.2
(A
AAuali A =1A, 3.11.3
A
V,
et N/
Lay V=_" 3.11.4
VZ
1
A =[s]V 3121

A, MupiannmesauLTLisuiuaulduni

A, wsfsAussisuiuaNldunseslantuluiLail X
A, mnglarnusaiiguiuaulduaavedaniuiuiunu y
A, netenLsLisuiuaultunwedlanluLuInny z
V  mnedannmesvedhannadildaindiinaus

V, mneddbhannafildainuny x vesirinamuis
wnefadaadimatildannunu y vessinaimuss

V, vneddhamnafildainuny z vewininaning

[S] wwefsunindiusznauaina (scale factor matrix)
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0, wwedihadwmaluwea (bias) Tuwuaunu x
0, nnefsliadmaluied (bias) lukuwiunuy
0, wnedshadwmaludea (bias) Tuluaunu z

aun1s 3.12.1 awnsaleulmilasldauaudfivesunsndlanaunis 3.12.2

A =VT[ST 3.12.2
%30
Sll S21 S31
_ S12 S22 S32
[Anx Ay An]—ﬁlx vV, 'V, 1] S S, S 3.12.3
o, O, O,

NI ngRIUsEnevanaluaunis 3.12.3 agnuindimlinsiuan 12 @adeen
LinsruAnmnafiaslddoyaainn1sneaeennediainainuss (MEMS) Aisumnisinge fie 6
Auaduldun Xy, X, vy, Yy, Zp, 2z tun1sAIL

Toyans 6 sunisazgnianldlunisAuiuaunisi 3.13
AT =V'[s] 3.13

A, wnedannwesaiusslussazunuiisuiuauliunlswedlan

A’lXi
Aui = Awyi
Ahzi

A nstsausavguduaulunasueslantuluIway X ALY i
Ay neisanusaiisuiuanuldulsvedlanluwwiuny y fidumia i
A, vngisausaviguduanulinasueslanuLLILAY Z ARIWAUS i

3 I ¢ av v ~ a 1
MNEAINasTadafmaNlAnaNNITNAasdlaeils1uazduneall

V, mnsfsaliadmaninlaainunu X Ad1unis i
V,; vngieanbadeaninldainunu y v i
V,  nefealaadea inlaanninug z A8mna i

[S] wunefawsindiusznauawna (scale factor matrix)
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lngn1sussynanvadiniadu (linear algebra) lunisuinisanaseuuuidsaesioniign

(least squares method) wnsngiUsznevanaausamlaanaunisaail

ST = (T V) "M [A] 314.1

1ng

[A]= A 3.14.2

bbele

i
v]=| V2 3.14.3

dmsuning [A,] wazuning V] awnsemlaainnimeassaed

;%
a

smusldiemansdiudidifsasiaiumnunulaununioe s inanusdifiegau
szfmualiviiu —g ez vuaunuesiinauseiiiadadusfdawinu g
Fatumnunuresninaus it ulunuane ausaieufuussliudiaesan
Tuwnuiuwifu A, =1 wazvnnunuvesiniarnussiiiatadluwuaie mumsaiieuiuns
Ttugmedanluwnuiuwiiu A, =1
WALy z FaulunRs
YmsvnaeLazAUNaa 6 mudaayldangl
FUINN519unY Z Taslunuang (z L) W0 X Az unuy agluiuissuny
A, =0 0 1] 3.15.1
V"=V, Vo Yy 1]=[1.5050 15050 1.2090 1] 3.15.2

AUALNTINUNY Z FUUTUULIAG (2,) WU X Uae WAL Y BglulwITEUIY

A, =[o 0 -1 3.15.3

V' =NV Vy, Vi 1]=[1.5105 1.4954 1.8075 1] 3.15.4
FILUAUINTITINLNUY Y Fadluwuing (y,) %N Z ey Wy X ag"luumszmu

A =[0 1 0] 3.15.5

V' =NMe Vi Ve 1]=[L5100 1.2030 15010 1] 3.15.6
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Fuvtansneay y Soulunuans (Yy) WnU Z uag wnu X aglukusyuny
A, =[0 -1 0] 3.15.7
V" =Mw V,u V., 1]=[L5130 1.8018 15150 1] 3.15.8

Fuvtin1TunU X Sasluuuai (x,) iy z wag wnu y egluuussuiy
As =1L 0 0] 3.15.9
V' =Ms Vs Vis 1J=[12064 14989 15095 1] 3.15.10

Fuvtiin1T9unu X B3UluuuRe (X ) unu y wae unu z eglunuassuny
As =[-1 0 0] 3.15.11
Vo' =Me Vi Vi 1]=[1.8015 1.5200 15100 1] 3.15.12

nauns 3.14.2 way 3.14.3 azla

AT o o 1
A | |0 0 -1
(A |_|0 1 0 3.16.1
4] A, | [k N o
Rl |l 0D
'BheT_ __l 0 0_

el

V," | [1.5050 15050 1.2090 1.0000
V," | |15105 1.4954 1.8075 1.0000
V= \Z{ _|15100 12030 15010 1.0000 3162

V,' | |15130 1.8018 15150 1.0000
V, | [1.2064 1.4989 1.5095 1.0000

V,' | [1.8015 1.5200 1.5100 1.0000)

naunns 3.14.1 [sT :([V]r[\/])l[\/ﬂ&]

mtuazlansndiausenauaina (scale factor matrix) fisaunis 3.17.1 uag 3.17.2

-3.3602 0.1173 -0.0002
[S]r: 0.0151 -3.3375 0.0784
0.0309 -0.0543 -3.3404
49971 49247 49219

3.17.1
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~33602 00151 00309 49971
w3e [S]=| 01173 -3.3375 -0.0543 4.9247
~0.0002 0.0784 -3.3404 49219

3.17.2

. ’/. |

5U 3.10 nsviyusauwny X 1uyu 6

Ausslunsasiunnudonyusounu X fienesuduuninilaeivualiuny z ey
é’ QI 1 1 ] a0 1 U 1 1 1] a0 1 U
PuluwwiRanuanusduuny z' J61 Wiy —geos@) druanussluiny y dAuviiiu
—gsin@) vie AT =[A, Ay A,J=[0 —sin@ -cos@)] 3.18.1

Tuhussfeiuanusslusazuwwnudedinisuyusouuny y Tuiirniswmauduwninnduy

wu Olaeiunu x dAesvuluiufwisandusy 3.11 anunsauanslanaunts  3.18.2

y ’// \“
U 3.11 nsvyusouunu yluuw 6

[Am Ahy Ahz]:[_cose) 0 —Siﬂ(@)] 3.18.2

'KhT

feogaumndeinIsmasIyusousny y Wuyy 30 s Tneliunu x dAadaulu

wpanldlagtiliasnafilaainniseasdwinais 3.2 wuindiauiiu
Thadmafildannuny x = 1.7620 V
Thadwadildainuau y = 1.5100 V
Thadmafiléarnuny z = 1.6550 V

ANULTINlAaInauns 3.12.3 azla

A =[-08496 00019 -04884
wagmnIeuLiisuiunguifsaunis 3.18.2 asla
AT =|-cos@o) 0 —sin@0)|=[-0.866 0 —050(]
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FaflAnlnalAeany

Tuhuesferiuanusdluwsaziuiwnudefinsnyusouwnuy 2 Tufiamaniudy

wiinluyn Oleeiunu y dArsvuluuufduantugy 3.12 awnsouansladsaunis
3.18.3

U 3.12 nsnyuseuwnu z 1uyw 6

AT =[-sin@) -cos@) 0] 3.18.3
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A1519 3.5 AuLslulualnu y Alaannnisaiwae (least squares regression) WSsuliieu

umnansslukuIuny y manguilaenisnyusouwni x lufirnaniuduuniing

z
:
L0
x’/ '

997" P RHIEN AL 997" AL AL

regression N regression Bt
(9) @) (9) @

0 0.021 0.000 180 0.018 0.000
10 -0.181 -0.174 190 0.194 0.174
20 -0.345 -0.342 200 0.361 0.342
30 -0.531 -0.500 210 0.505 0.500
40 -0.662 -0.643 220 0.655 0.643
50 -0.774 -0.766 230 0.785 0.766
60 -0.865 -0.866 240 0.886 0.866
70 -0.934 -0.940 250 0.950 0.940
80 -0.978 -0.985 260 0.995 0.985
90 -0.994 -1.000 270 1.005 1.000
100 -0.980 -0.985 280 0.989 0.985
110 -0.936 -0.940 290 0.942 0.940
120 -0.859 -0.866 300 0.873 0.866
130 -0.775 -0.766 310 0.775 0.766
140 -0.637 -0.643 320 0.646 0.643
150 -0.489 -0.500 330 0.512 0.500
160 -0.324 -0.342 340 0.356 0.342
170 -0.166 -0.174 350 0.199 0.174
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1.50

1.00 ~

0-50 //*J“\\

0.00 . . . . . /

30 60 90 120 150 180 210 240 270 300 330

acceleration/g

o \ /
-1.00 %

v

-1.50

degree | —e—theory =~ —=— regression

U 3.13 nsmSsuiisuseninaanusdbuiuannu y ildannsiuiniumame g
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A1519 3.6 ALsTluLLaLU Z AlaainnsAtuaad (least squares regression) LUSguLiieu

fumnansslukuIun 2 Magulaenisyusouwnu X Tuiiamanuduwing

z
b
L0
x’/ '
997" P RHIEN AL 997" AL AL
regression N regression Bt
(9) @) (9) @

0 -1.001 -1.000 180 0.999 1.000
10 -0.983 -0.985 190 0.983 0.985
20 -0.935 -0.940 200 0.936 0.940
30 -0.841 -0.866 210 0.863 0.866
40 -0.741 -0.766 220 0.762 0.766
50 -0.618 -0.643 230 0.625 0.643
60 -0.485 -0.500 240 0.474 0.500
70 -0.333 -0.342 250 0.327 0.342
80 -0.149 -0.174 260 0.143 0.174
90 0.002 0.000 270 0.002 0.000

100 0.181 0.174 280 -0.186 -0.174
110 0.318 0.342 290 -0.351 -0.342
120 0.505 0.500 300 -0.500 -0.500
130 0.635 0.643 310 -0.638 -0.643
140 0.776 0.766 320 -0.772 -0.766
150 0.873 0.866 330 -0.867 -0.866
160 0.949 0.940 340 -0.940 -0.940
170 0.989 0.985 350 -0.983 -0.985
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1.50

1.00 / =‘¢\\
0.50

wl N

acceleration/g

0 / \
-1.00

-1.50

degree —e—theory =~ —=—regression

U 3.14 nemilSguiisuseninaanussluiuanny z Alennsiuiniunangug
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A1519 3.7 AnuLsslulualnu z Alaainnisatuaad (least squares regression) LwWsguliieu

fumansslukuIn z Maguflaenisuyuseuwnu y Tuiirnanuduuniing

X
I\
: ,
I Ve
P
ys"
997" ALY ALY 99PN PRHIEN ANLTY
regression V) regression N
(9) ©) (9) @
0 0.057 0.000 180 -0.007 0.000
10 -0.167 -0.174 190 0.203 0.174
20 -0.325 -0.342 200 0.350 0.342
30 -0.488 -0.500 210 0.508 0.500
40 -0.625 -0.643 220 0.652 0.643
50 -0.759 -0.766 230 0.775 0.766
60 -0.863 -0.866 240 0.888 0.866
70 -0.979 -0.940 250 0.944 0.940
80 -0.980 -0.985 260 0.989 0.985
90 -0.999 -1.000 270 1.001 1.000
100 -0.991 -0.985 280 0.995 0.985
110 -0.991 -0.940 290 0.958 0.940
120 -0.875 -0.866 300 0.884 0.866
130 -0.758 -0.766 310 0.774 0.766
140 -0.598 -0.643 320 0.657 0.643
150 -0.494 -0.500 330 0.530 0.500
160 -0.371 -0.342 340 0.377 0.342
170 -0.164 -0.174 350 0.226 0.174
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1.00

= - /
c
i
g OOO : T T T T T T T T T T
g 30 60 90 120 150 180 210 240 270 300 330 360
m . \ /
-1.00
-1.50

degree —e—theory  —=— regression

U 3.15 nsmlSeuiisuseninaanusdbuiuaunu z Alaannsauiniunamg g
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A1519 3.8 Annasaluluauny x #laainnisawaes (least squares regression) WUSauliieu

fumnansslukuIeny X Manguilaenisnyusouwni y Tuiiemasmauduuning

X
I\
: ,
I Ve
P
ys"
997" ALY ALY 99PN AT ANLTY
regression V) regression N
(9) ©) (9) @
0 0.000 0.000 180 0.000 0.000
10 -0.186 -0.174 190 0.158 0.174
20 -0.371 -0.342 200 0.305 0.342
30 -0.515 -0.500 210 0.473 0.500
40 -0.682 -0.643 220 0.643 0.643
50 -0.798 -0.766 230 0.756 0.766
60 -0.891 -0.866 240 0.849 0.866
70 -0.944 -0.940 250 0.925 0.940
80 -0.999 -0.985 260 0.967 0.985
90 -1.013 -1.000 270 0.987 1.000
100 -0.985 -0.985 280 0.971 0.985
110 -0.940 -0.940 290 0.928 0.940
120 -0.862 -0.866 300 0.850 0.866
130 -0.746 -0.766 310 0.751 0.766
140 -0.611 -0.643 320 0.622 0.643
150 -0.472 -0.500 330 0.473 0.500
160 -0.286 -0.342 340 0.331 0.342
170 -0.172 -0.174 350 0.180 0.174
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1.50

1.00

0-50 /J“\

i ™,

acceleration/g

-0.50

-1.00

-1.50

degree —e—theory —=— regression

U 3.16 nsmiSeuiieuseninanusdluiuainu X Alaannsawiniunamgeg
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A1519 3.9 AnuLsTlulualnu X Alaannnisaiwae (least squares regression) WWSsuliieu

fumanssluluIny X Manguilaen1snyusouwni z Tulienamuduuniing

y

A

|

| .
X
o’
27
Z
D9AN AL AL NG AL AL
regression Vi) regression N
9) 9)
@) (9)

0 -0.026 0.000 180 0.001 0.000
10 -0.224 -0.174 190 0.153 0.174
20 -0.382 -0.342 200 0.361 0.342
30 -0.565 -0.500 210 0.493 0.500
40 -0.690 -0.643 220 0.653 0.643
50 -0.820 -0.766 230 0.772 0.766
60 -0.903 -0.866 240 0.878 0.866
70 -0.955 -0.940 250 0.945 0.940
80 -0.987 -0.985 260 1.000 0.985
90 -0.987 -1.000 270 1.013 1.000
100 -0.984 -0.985 280 0.989 0.985
110 -0.943 -0.940 290 0.928 0.940
120 -0.886 -0.866 300 0.855 0.866
130 -0.780 -0.766 310 0.751 0.766
140 -0.666 -0.643 320 0.594 0.643
150 -0.519 -0.500 330 0.445 0.500
160 -0.371 -0.342 340 0.269 0.342
170 -0.217 -0.174 350 0.123 0.174
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1.50

1.00

0.50

0.00

acceleration/g

-0.50

-1.00

-1.50

30 60 90 120 150 180 210 240 270 300 330
degree

—e—theory =~ —=— regression |

U 3.17 nemiSeuiiuseninaanusdduiuannu X Alennsauiniunamgug
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A1519 3.10 Aassluluannu y Alaainnrsaiuaes (least squares regression) LWseguiigy

Aumnansslukuuny y magulasnisvyuseuiny z Tuiiamanuduwing

y
A
|
| o
X
o’
\
Z
D9AN AL AL NG AL AL
regression Vi) regression N
9) 9)
@) (9)
0 -0.993 -1.000 180 1.004 1.000
10 -0.963 -0.985 190 0.992 0.985
20 -0.906 -0.940 200 0.934 0.940
30 -0.800 -0.866 210 0.870 0.866
40 -0.696 -0.766 220 0.759 0.766
50 -0.535 -0.643 230 0.640 0.643
60 -0.379 -0.500 240 0.503 0.500
70 -0.239 -0.342 250 0.344 0.342
80 -0.028 -0.174 260 0.142 0.174
90 -0.019 0.000 270 -0.018 0.000
100 0.151 0.174 280 -0.224 -0.174
110 0.321 0.342 290 -0.411 -0.342
120 0.465 0.500 300 -0.546 -0.500
130 0.638 0.643 310 -0.686 -0.643
140 0.754 0.766 320 -0.818 -0.766
150 0.863 0.866 330 -0.903 -0.866
160 0.935 0.940 340 -0.966 -0.940
170 0.983 0.985 350 -0.998 -0.985
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1.50

1.00 / ‘\‘\,\
o 050
s / \\\
.
g 0-00 T T T T T T T T T
§ 30 60 90 120 150 180 210 240 270 300 330
® 050

-1.00

-1.50

degree

| —e— theory +regression|

U 3.18 nymSuiisuseninaanusdluiuannu y Alaannsauiniunamgeg
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3.3 NMIAABINITINANNLTINAIR (dynamic acceleration)

Y A [

TuiI T NH I ULIT198 UL ANANIDINITNAADINIAINULT D ULARNAINANULTUAIINT D
ANULTsans Tuidataznantinisnaassinanusanaln sulawnnisduaziiioulaslunis
NAaRITelaLYIINTIAAIUSITIANIINNTE AL IDUVRIYANARDITIUTENB UMY UIR

auna (rotating unbalance) wagwiuawaySaiawandlugy 3.19 n uay 5U 3.19 4

6. PC

3. Vibration meter 4 T

1. Rotatin% unbalance - 5 NLA/D Card
- = PCI 6221

7 Digital mutimeter— 1§
5 8 _Oscilloscoﬁe

2 Fixed fixed beam @

E 4. Signal processing circuit
2 [9.MEMS m 10. B&K %elerometer
2

5U 3.19 1 uxun1mmsdnnegunsaldmsunisnnaes

gunsalitldlunismaassusznaudog
1. ﬁqmmalaiamqa (rotating unbalance)
2. muaUsasiuUaeBaudude s (fixed-fixed beam)
3. ipRosiannsduaziiieu (vibration meter) Ju VM — 82 vosu3tv RION
4. rasgldediiusiiaruiss (MEMS)
5. mindmsudsunndyanaeuaendudyaiafinea (AID Card) dilunns
NAaosild n3nvasu3sh National Instrument (N1) Ju PCI 6221
6. ARuNMRTAMSUUITIaNad 0
7. Adneataniines (multimeter)
8. ooadalagalay (oscilloscope)
9. fArinAuLse (MEMS) ADXL335

10. s InAnuLes (piezoelectric) B&K Accelerometer

. gmanaliauna (rotating unbalance)
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.

| ;JHIHIHIIJ'f.'.’ i
I - aaa%‘[@ aIﬂU

(oscilloscope)
wEasiansduasiiiou
FInoadaniines

(digital multimeter)

(vibration meter)

U 3.19. v mMsdnegunsainldlunismaass

3.3.1 NSNAABIRIANUFUNUSIZHINIANULTIAUTIAALAD
seusunaulunisnnass
mMsveaasaLduiuSsEnisadnafildaindainanuss (MEMS) fuanuiss
ldnn3aaianisduasifiou (vibration meter) lunsasuuinnulsynaudiennusly

a

wuAl X @adsliinu x SRFsTuluwuIfg wwwnu y Geddliuny y SRadauluwuan)
LATWUILNY Z Fenalriwny  z dRavTulunuifs) Tnganudnkilunisneass aglgnainug
Uszanas 6 Hz way 11 Hz fsfiansutunaunail

1. daegunsalasuanslugy 3.19

[
v v v '

2. YSuAueeulissuuiANNRsISuIRUSEUN 6 Hz AnsasiinaanuLs b
2 L,
AU Z BUUTULLIR
3. SuUsumIuLssauvRINBLaasialdiinnIsduazI Ao uaIUNTEIIAdUDT]
ANUsEUN 6 Hz ¥158%79ANURsISUTIRUDITEUU N1939ANNAAINA1IVINAIIND
Wasuluieadnisgasyilinisduaziiisuilasunladluagraunnsatulunis
NAABIUSUAINULTINS DVUIAVDINSAUALLIDUNANUD 6 Hz @unsavinlalee
al' d' <@ ¥ 1 d' Y= 1 1 dl ¥
nswasunlasenudiantssludiemud 6 Hz Juiinaialnuesantaain
wsasinn1sduazioululuun RMS wisuduinlianmantaainaiinainuisaly
num ac
4. Fesdaanussudlagliunu y A9aTuluuuifnayinn1smaasinIude?
Al

(%
v v v ]

5. AnnssinAnusalaelinny z TiRadduluwuifawasyinnisneasiniudanaiy
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USuyauenesliinnudsssuyfvesssuuUssann 11 Hz yinisvnaesnagy

v

VoNaN VoNd uazUaNvin
Tuiingudyaailaandiiannusaaziaesinnisduasiiiou (vibration

meter) lage1umne n1sa A/D u PCI 6221 wasu3¥v National Instrument

Wisuisudygrailaandiinannuisiuas 21neTevinnsaudzLiiou
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NANISNAABINIAMNUSUNUSTENI19AULTINUIAALAD

NANISNARBINIANUFUNUTTENINaMN AN LA 1NFITAAIULTINUAINULT IR LA RN

W3 IANSAUALIIRUNAIL 6 Hz way 11 Hz wandlasanisne 3.11

A1519 3.11 ANUAURUSTENINNAMAINUAMULTILULLILAY X 91 A7 6 Hz

AT a9
( m ] mV (ac)

o

1 31
2 80
3 100
4 130
5 160
6 170
7 200
8 250
9 290
10 310
LT 340
12 360
=] 380
14 420
15 450
16 530
17 560
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600

500
y=31.132x /

voltage(mV)
N w N
o o o
o o o
po)
N
’ I
o
[{e}
(o]
\ [{e]
\
*

/ i
100 *

acceleration (m/s"2)

U 3.20 A9 mluansanuduiusseninmnusaivlianinalukuinu x 1nud 6 Hz
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A1519 3.12 ArudunussEnItshadmanuanusslulwLay y 1 aud 6 Hz

AT Tadng
[ m j mV (ac)

"

1 30
2 60
3 100
4 130
5 150
6 170
7 210
8 250
9 270
10 310
11 340
12 360
12 400
14 430
15 450
16 490
17 520
18 540
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600

500

voltage(mV)
w B
o o
o o

N
o
o

100

y = 30.427x
RZ=009986

e

5 10

acceleration(m/s”™2)

15

20

U 3.21 Anmluansanudiiusseninmnusaiuliadinalukuiinu y 1a3ud 6 Hz




47

A1519 3.13 ANUAUNUSTEMIN AN UAMULSIULLILAY Z 7 AUD 6 Hz

ALY Tadne
( m ] mV (ac)

o

1 40
2 62
3 100
4 130
5 160
6 170
7 230
8 260
9 280
10 310
11 350
12 360
13 390
14 420
15 450
16 500
17 530
18 550
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600

500

voltage(mV)
w S
o o
o o

N
o
o

100

y =30.77x e

R? = 0.9965 /

10 15

acceleration(m/s"2)

20

U 3.22 nemluansanuduiusseninmnussiuliadnalukuiuny z 1a3nud 6 Hz
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A1519 3.14 ANUAUNUSTEMINIAAMANUAMULSILULLILAY X 71 AuD 11 Hz

AT Teding ALY Theding
( m j mV (ac) ( m ) mV (ac)
s? s?
1 36 16 485
2 60 17 510
3 90 18 530
4 119 19 570
5 145 20 590
6 170 21 620
7 202 22 640
8 234 23 660
9 268 24 680
10 292 25 700
11 320 26 710
12 360 20 720
13 380 28 731
14 420 29 750
15 460 30 770




50

700
600 y=2

500 R®=0.9988 /
400 /

300 /

200 /

100 /

O T T I I
0 ) 10 15 20 25

acceleration(m/s”2)

voltage(mV)

U 3.23 nymluaniauduiusseninmnusaiuliadwaluiuanni x 131ud 11 Hz
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A1579 3.15 AnNduiussernInlhadmaiuaLsslulILAg y 1 aud 11 Hz

ALY Tading ALY Tading
( m ) mV (ac) ( m j mV (ac)
s? s?
1 37 16 460
2 64 17 500
3 89 18 530
4 120 19 564
5 140 20 585
6 174 21 595
7 200 22 630
8 225 23 638
9 257 24 660
10 290 2> 675
11 320 26 710
12 350 Vil 720
13 370 28 732
14 425 29 750
15 450 30 770
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700
600

500 y = 29.308x /
R? = 0.9984 /

400 >

200 *

100 /

O T I I I
0 5 10 15 20 25

acceleration(m/s”2)

voltage(mV)

U 3.24 nsmluaniauduiusseninmnusaiuladwaluiuauny y finnud 11 Hz
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A11519 3.16 ANUAUNUSTEMINNIAAMANUAIULIIIULLILAY Z 7 AuD 11 Hz

ALY Tading
( m j mV (ac)

o2

1 46
2 68
3 90
4 122
5 156
6 196
7 212
8 240
9 270
10 301
i 320
12 350
= 370
14 425
15 466
/ey 524
18 535
19 580
20 595
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700
600
500
400
300
200
100

voltage(mV)

y = 30.095x /

R? = 0.9967 /

10 15
acceleration (m/s"2)

20

25

U 3.25 nsmluansanuduiusseninmnusaiuliadnaluiuiinu z 1ead 11 Hz
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1
o I

3.3.2 mawSeuiisudyrailaandainaiuie (MEMS) dudyyiamlaaindaia

v v

anusslndladiannsn (piezoelectric)

Tummeasalouiieudygrunlaranndrinnnusa(MEMS) Auarinaiuse nd

v v 1

ladiann3n (piezoelectric) vilalnafndsdiainarnuseisasilivuuiuauiuandlugy

3.26
accelerometer

(MEMS)

accelerometer (piezoelectric)

(%
LYY 1

U 3.26 mMsfindadirinaussiuauluuAIuiianes

gunsalusznaumeiinausakuulndledianysn (piezoelectric) B&K gu 4807B wuu
IEPE awla (sensitivity) 100 mV/g TunisneaesiarllulFssuuunszuansd (constant
current) 4 mA Ingluiinsnsesdgiamnievsisdygiale q wazdiinaauss (MEMS)
ADXL 335 ynmsvnaadtaenislndeuluSudu (initial condition) Tnen1siudiuaasas

lodayaanauandugy 3.27

A1INAULST (MEMS)

B&K (Piezoelectric)

accelerometer

Urmiz=57 . @ml Urms= 16 Smll

5U 3.27 dygranndrinanusailaiinnisdunuudase
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3.3.3 mavaaasldfainnnuse (MEMS) funisduasiiouvaniasdnsna
iioflaznaassfsnmiiululilunsiiludsegndlifinanuse (MEMS) Ay
w3esdnsnalunuass lunmsveaesismeasauisuieuliidiuauusnsndaaiduainns
AadeaTamnusesanusulaun frianinuge (MEMS)  #a¥naruiseannadesinnis

duaziiou (Vibration meter) 3u VM 82 RION uassiaiaanussuulndledianyin

(piezoelectric) accelerometer ju B&K 4507 B 1agn1sAnfi@iinyiesduuiuHuaIuig

wotmastunialdaunanuanddusy 328 andudedyyiaaindiinninusadng

Y

poadaladlay (oscilloscope)

wiestanisduasiitou fInAULS9 (Peizoeletric)
(vibration meter) accelerometer B&K
4507B

FrINAIUL (MEMS)\

(%
Y

U 3.28 msfindadirinausainiuyatemestuiialiaung
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WoRnnsdrInAussisanvusiuaulaedliidauswmasnuindygiunlaainga

[

Tapusansanunandlanagy 3.29 fis 3.33

A139AULSS (MEMS)

1A3R9IRNSEUELIoY

(Vibration meter)

B&K (Piezoelectric)

accelerometer

Lrms=6 . BEml) Urm=s=  @.&66U

CH 158 . Az, |[HEem=E . Bmlly

U 3.29 dayayramlanndrinanusadielifinnisduasiiou
Wenageunisauluudasslagnisenuruaiutavassidudouluidudu (Initial

condition) wudhdayaaiilaaninsanandladagy 3.30

AINAINULTS (MEMS)

£ @ -7.68m)

B&K (Piezoelectric)
accelerometer
1AIDIIANSAUEELIDU

(Vibration meter)

Lrm==45.2ml Urm== 13 cdml
[EEERSE Al B CHZ o 58 Al B CHE w58 Al

U 3.30 dyayraunlanndrinanusaliefinnisduasiiiouwuudase

A ¢ a i 1Y) = Y o Ay v Yo
danawesisumyuudnisduazitoudsliguussdygrailavandlasasy 3.31
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AVINAIULSS (MEMS)

AIDIIANTAUALLTIBU

(Vibration meter)

B&K (Piezoelectric)

accelerometer

Lrms=17 . Sml) Lrm=s=32 .3ml)
CH1a 58 Bl )|E/ MR SE Ol R CHE w0 S0 Enl|=

U 3.31 dyarauiilanindarinanuisailosowmasisunu

¥

WenawasisunyudninamudsssuAnuitnsduasiouiinu Ul sWudy gy

Aldandrinanuseanunsasanslansgy 3.32

AINA1ML59 (MEMS)

4 o O -
LAIDNINATTEUALINDU

(Vibration meter)

B&K (Piezoelectric)

accelerometer

Urms=42 .8mU Urms=42 " 1ml)
CH 1350 .0mV(E/ MRk SE . OIS/ CHE 50 0nliE/
—

U 3.32 dyrauiilandrinanusalieinnisauasifieulndminudsssuwd

mMsssuiisunTiTztanasuanudnlaandrinanuss (MEMS) wagiasesinnis

Audzioy
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Tun1snaasemaidnasualnudnlaanndainainuss (MEMS)  Wisuiisuiu
alnasunlanasesinnisduaziiiou lneld A/D card dwaludinauiinmesinenaaoi

AUD 11 Hz wuhanasuanudanansouandasnisgy 3.33 0 uae v

3.0

A AT AR A A A
NUVAIVATARVAYAVAVIVAYAIN

VY VI ¥ VTV Y W Y

Voltage (V)

0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Time (s)

Voltage (V)

0 10 20 30 40 50 60 70 80

90 100
Frequency(Hz)

U 3.33 n dyaramnuduazainasuilanndrinainnss (MEMS)
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(%

IS)

N

G
——
™~
Le—]
—
SR
|
{—""]
]
|
—"
|
|
~ |
N
[
.|
L

Voltag
o
o
o
I
|
—1
I
L
|
L —
——
|
—]
™
[
—~ |
"
—
I
|
—
N
[
]
—

0.25
YW VTN Y (Y YV
0.50
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Time (s)
05
04
s 03
I
s
2 02
0.1
L .
0 10 20 30 40 50 60 70 80 90 100

Frequency (Hz)

U 3.33 @ dyanauanuduazaunasuiilaandiinanusainesesinnsauasiou
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NISILATIZANANITNAADY
(Experimental Analysis and Discussion)

Tuunilaznamdwmanisnaasdluuny 3 wiaunuIAsIEwaziUSauLfiguNanns

(%
v a4

7N9aIN AU BN NAREIRIEILTawU RN AR ItiRe

4.1 AATIVHANIINARBINTIAAULTIUUUETR
NNHANINARRWINT NS 3.7 5U 3.8 uaggy 3.9 nuwnndiinainuse (MEMS)

nyusouknulaazliiiansdsuudatiadnaluiuinnuty dmsuwnuimaednaoiunuis

[
[y

fnswasuudadlagazuagivyunnseinluwuinnanifernunutulifiasduluwuing

a1

! I Ay v a S aa & o ¢ Y
wuihadmanlavziiaigegafoUsyana 1.8 V wazmnunuiuiifiadamuitaliadnaile

Y

'
[

eilAngareUssinu 1.2V

dusumnulivesiiinauss (MEMS) mnfualiiavesiaiaanunsdudin
Fuwiiy +g wasfirvasininnusdlufintanu —g uarnuinanulvesdITnaus I
Taanann1s 3.4 aun1s 3.5 uazaunis 3.6 Ine X, , Y, waz Z, 9naunis 3.1 aun1s 3.2

aydunis 3.3
X,= 15040V
Y,= 15024V
Zos 011 5083

ziulainliadmalunuiunuy x wnuy wazunu z da1Uszana 15V ude =

Xo =[\%j Feaonadasiusuideaess Pooya Najafi Zanjani et al (2010)

211M1519 3.1 91579 3.2 waz »1919 3.3 azle

X,=1.8015V  Y,=1.5200 V z, = 1.5100 V
X,= 15130V  Y,=1.8018 V z, = 15150 V
X,= 15105V  Y,= 14954V Z, = 1.8075 V

St

Sy :\/(Xl - X0)2 +(X, - Xo)2 +(X3— Xo)2

= \/(1.8015 —1.5040)? + (1.5130 —1.5040)? + (1.5105 —1.5040)?
= 297.71 mV
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Sy :\/(Yl _Yo)2 +(Y, _Y0)2 +(Y; _Yo)z
= \/ (1.5200 —1.5040)% + (1.8018 —1.5040)? + (1.4954 —1.5040)2
=298.35 mV

S, =(Zi—Z0)? +(Z, — Z0)? +(Zs - Z)’

= /(1.5100 -1.5083)? + (1.5150 —1.5083)? + (1.8075 — 1.5083)°
=299.27 mV

vseaanulluluanny x = 297.71 mV/g
Araulalunualng y = 298.35 mV/g

Apullulwing z = 299.27 mV/g

'
al

Fadlowssumeuiuguantanssylitisnulavindu 300 mv/g wuindalnalAeaniu

9

Tunsmuesnddusenauaina (scale factor matrix) asiandluaunis 3.14.1 lay

£ ¥ a % 1

133 danatfosiaanuinidnmsfenanatnsaliviunindiiusenavainaiitolinle
Auduiusszrinshadnaiuauslalaslinuduiusdmansluaunis 3.12.1 &3
3.12.3 3§mi(§fménai”1Lﬂué’aﬁ%’%’amﬂaﬁummﬁwm 6 FUVUI AD Xy X, Yy, Y, Zr
way z, Tadnarsaudlusagiundsiioanandaiaamdsasgminallunisdiuam
Wevmwninddusenovaina [S] uazilelduninddiusznevaina  winhunduianiie
Wisuisufuaildnnngul]  dmsuaunismangquiannsamidainaunis 3.18.1 f

3.18.3 nuidmnulnaidesiulaeniswseuiiuanunsasanslassgy 3.13 fisgy 3.18
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parameter AMEANUR NANITNARDY

ANUNTZY

]

(data sheet)

analla lelsildss Vs = 3V

AU X 300 mV/g 300 mV/g
IR VRY 300 mV/g 300 mV/g
AU Z 300 mV/g 300 mV/g

Aasimaiiseiuanusaintugud
(ZERO g BIAS LEVEL) delwides
Vswiniu 3 V

AU X 15V 1.5040 V
WAy 15y 1.5024 V/
A 7 1.5V 1.5083 V/
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ANALOG
DEVICES

Small, Low Power, 3-Axis £3 g
Accelerometer

ADXL333

FEATURES

3-axis sensing
Small, low profile package
4 mm x 4 mm x 1.45 mm LFCSP
Low power : 350 pA (typical)
Single-supply operation: 1.8 VVto 3.6 V
10,000 g shock survival
Excellent temperature stability
BW adjustment with a single capacitor per axis
RoHS/WEEE lead-free compliant

APPLICATIONS

Cost sensitive, low power, motion- and tilt-sensing
applications
Mobile devices
Gaming systems
Disk drive protection
Image stabilization
Sports and health devices

GENERAL DESCRIPTION

The ADXL335 is a small, thin, low power, complete 3-axis accel-
erometer with signal conditioned voltage outputs. The product
measures acceleration with a minimum full-scale range of +3 g.
It can measure the static acceleration of gravity in tilt-sensing
applications, as well as dynamic acceleration resulting from
motion, shock, or vibration.

The user selects the bandwidth of the accelerometer using the
Cx, Cy, and Cz capacitors at the Xour, Your, and Zour pins.
Bandwidths can be selected to suit the application, with a
range of 0.5 Hz to 1600 Hz for the X and Y axes, and a range
of 0.5 Hz to 550 Hz for the Z axis.

The ADXL335 is available in a small, low profile, 4 mm x
4 mm x 1.45 mm, 16-lead, plastic lead frame chip scale package
(LECSP_LQ).

FUNCTIONAL BLOCK DIAGRAM

+3V
i Vs
ADXL335
OUTPUT AMP
3-AXIS
SENSOR | | =
Cpc = | ACAMP [_| DEMOD |— OUTPUT AMP
1 —|~ OUTPUT AMP
E O
com ST a
Figure 1.

Rev.0

Information furnished by Analog Devices is believed to be accurate and reliable. However, no
responsibility is assumed by Analog Devices for its use, nor for any infringements of patents or other
rights of third parties that may result fromits use. Specifications subject to change without notice. No
license is granted by implication or otherwise under any patent or patent rights of Analog Devices.
Trad rks and regi itradk ks are the property of their respective owners.

One Technology Way, P.O. Box 9106, Norwood, MA 02062-9106, U.S.A.
Tel: 781.329.4700 www.analog.com
Fax:781.461.3113 ©2009 Analog Devices, Inc. All rights reserved.




ADXL3335

TABLE OF CONTENTS

Features

APPLICALIONS.....ncvreverererrrcicieieteeeeeeeeerse e sessessessesseaesessessessessennenns

General DeSCriPtion ......cc.cueueueurivreeneereeeeeeeenersessesseeseseesesessessessens
Functional Block Diagram ...........cccccccucinininininicccicincinescenns
Revision HiStOry ...

Specifications

Absolute Maximum Ratings..........c.eceeeereureunerremnereceeeersensensennerneees

ESD Caution.....cceeueieeeteieieeeteeeeereeeeete et ese e sse e senens

Pin Configuration and Function Descriptions...........ccceceuunueeee.

Typical Performance Characteristics ........cocceuviuvcinirerccirnirnennnce.

Theory of Operation ... 10

Mechanical Sensor 10

REVISION HISTORY

1/09—Revision 0: Initial Version

Applications Information..............

Outline Dimensions

Performance

Power Supply Decoupling

Setting the Bandwidth Using Cx, Cv, and Cz.......ccvvurrnnnnce.
Self Test

Design Trade-Offs for Selecting Filter Characteristics:
The Noise/BW Trade-Off........cocovinuremrernerernerrerceinenseneennes

Use with Operating Voltages Other than 3 V.......c.ccccccecveneneaee

Axes of Acceleration Sensitivity

Layout and Design Recommendations

Ordering Guide

Rev.0|Page 2 of 16

10
11
11
11
11

11
11
12
13
14
14




ADXL3335

SPECIFICATIONS

Ta=25°C, Vs =3V, Cx = Cy = Cz= 0.1 uE, acceleration = 0 g, unless otherwise noted. All minimum and maximum specifications are
guaranteed. Typical specifications are not guaranteed.

Table 1.
Parameter Conditions Min Typ Max Unit
SENSOR INPUT Each axis

Measurement Range +3 g

Nonlinearity % of full scale + %

Package Alignment Error +1 Degrees

Interaxis Alignment Error +0.1 Degrees

Cross-Axis Sensitivity' +1 %
SENSITIVITY (RATIOMETRIC)? Each axis

Sensitivity at Xour, Your, Zout Vs=3V 270 300 330 mV/g

Sensitivity Change Due to Temperature3 Vs=3V +0.01 %/°C
ZERO g BIAS LEVEL (RATIOMETRIC)

0 g Voltage at Xour, Your Vs=3V 1.35 1.5 1.65 Vv

0 g Voltage at Zour Vs=3V 1.2 1.5 1.8 Vv

0 g Offset vs. Temperature +1 mg/°C
NOISE PERFORMANCE

Noise Density Xour, Your 150 ug/VHz rms

Noise Density Zour 300 ug/Hz rms
FREQUENCY RESPONSE*

Bandwidth Xour, Your® No external filter 1600 Hz

Bandwidth Zour® No external filter 550 Hz

Reir Tolerance 32+15% kQ

Sensor Resonant Frequency 55 kHz
SELF-TEST®

Logic Input Low +0.6 \

Logic Input High +2.4 Vv

ST Actuation Current +60 MA

Output Change at Xour Self-Test 0 to Self-Test 1 | =150 -325 -600 mV

Output Change at Your Self-Test 0 to Self-Test 1 | +150 +325 +600 mV

Output Change at Zour Self-Test 0 to Self-Test 1 | +150 +550 +1000 | mV
OUTPUT AMPLIFIER

Output Swing Low No load 0.1 \Y

Output Swing High No load 2.8 \Y
POWER SUPPLY

Operating Voltage Range 1.8 3.6 \

Supply Current Vs=3V 350 MA

Turn-On Time’ No external filter 1 ms
TEMPERATURE

Operating Temperature Range —40 +85 °C

' Defined as coupling between any two axes.

2 Sensitivity is essentially ratiometric to Vs.

3 Defined as the output change from ambient-to-maximum temperature or ambient-to-minimum temperature.

4 Actual frequency response controlled by user-supplied external filter capacitors (Cx, Cy, Cz).

> Bandwidth with external capacitors = 1/(2 x 1 x 32 kQ x C). For Cx, Cy = 0.003 pF, bandwidth = 1.6 kHz. For Cz = 0.01 pF, bandwidth = 500 Hz. For Cx, Cy, Cz = 10 WF,
bandwidth = 0.5 Hz.

¢ Self-test response changes cubically with Vs.

7Turn-on time is dependent on Cx, Cy, Cz and is approximately 160 x Cx or Cy or Cz + 1 ms, where Cx, Cy, Cz are in microfarads (uF).
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ADXL3335

ABSOLUTE MAXIMUM RATINGS

Table 2.

Parameter Rating
Acceleration (Any Axis, Unpowered) | 10,000 g
Acceleration (Any Axis, Powered) 10,000 g

Vs -03Vto+3.6V

All Other Pins

Output Short-Circuit Duration
(Any Pin to Common)

Temperature Range (Powered)
Temperature Range (Storage)

(COM-03V)to(Vs+0.3V)
Indefinite

—55°Cto +125°C
—-65°C to +150°C

Stresses above those listed under Absolute Maximum Ratings
may cause permanent damage to the device. This is a stress
rating only; functional operation of the device at these or any
other conditions above those indicated in the operational
section of this specification is not implied. Exposure to absolute
maximum rating conditions for extended periods may affect
device reliability.

ESD CAUTION
ESD (electrostatic discharge) sensitive device.
Charged devices and circuit boards can discharge
A without detection. Although this product features

patented or proprietary protection circuitry, damage

‘!E I \ may occur on devices subjected to high energy ESD.

Therefore, proper ESD precautions should be taken to
avoid performance degradation or loss of functionality.
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ADXL3335

PIN CONFIGURATION AND FUNCTION DESCRIPTIONS

Table 3. Pin Function Descriptions

4 4
zZ > > z
o o u
16 15 14 13

nch1  ADXL335 4,
TOP VIEW
sTH 2 (Not to Scale) 1O
+Y
COM[3 +Z 10
NC [14 +X 9 [
5 6 7 8
0 0 n n
= = = §
O 0 O 2
o (8] (&] N
NC = NO CONNECT
NOTES

Xout
NC
Your

NC

1. EXPOSED PAD IS NOT INTERNALLY

CONNECTED BUT SHOULD BE SOLDERED

FOR MECHANICAL INTEGRITY.

Figure 2. Pin Configuration

07808-003

Pin No. Mnemonic Description

1 NC No Connect'.

2 ST Self-Test.

3 COM Common.

4 NC No Connect'.

5 COM Common.

6 COM Common.

7 COM Common.

8 Zout Z Channel Output.

9 NC No Connect'.

10 Your Y Channel Output.

11 NC No Connect'.

12 Xour X Channel Output.

13 NC No Connect'.

14 Vs Supply Voltage (1.8V to 3.6 V).
15 Vs Supply Voltage (1.8V to 3.6 V).
16 NC No Connect'.

EP Exposed Pad Not internally connected. Solder for mechanical integrity.

'NC pins are not internally connected and can be tied to COM pins, unless otherwise noted.
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ADXL3335

TYPICAL PERFORMANCE CHARACTERISTICS

N > 1000 for all typical performance plots, unless otherwise noted.
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Figure 3. X-Axis Zero g Bias at 25°C, Vs =3V
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Figure 4. Y-Axis Zero g Bias at 25°C, Vs=3 V
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Figure 5. Z-Axis Zero g Bias at 25°C, Vs =3V
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Figure 6. X-Axis Self-Test Response at 25°C, Vs=3V
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Figure 7. Y-Axis Self-Test Response at 25°C, Vs=3V
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Figure 9. X-Axis Zero g Bias Temperature Coefficient, Vs =3V Figure 12. X-Axis Zero g Bias vs. Temperature—

Eight Parts Soldered to PCB

40 1.55 T
|| N=8
1.54
1.53
30 ]
1.52
S 1.51
P
20 2 1.50 - —
—
5 =7
o 149 [—= =
— | | -’/
1.48
10
1.47
- 1.46
0 —] o 1.45 -
-3.0 25 -20-15-1.0-05 0 05 1.0 1.5 20 25 3.0 3 —40 -30 20 10 0 10 20 30 40 50 60 70 80 90 100 %
TEMPERATURE COEFFICIENT (mg/°C) g TEMPERATURE (°C) g
Figure 10. Y-Axis Zero g Bias Temperature Coefficient, Vs =3 V Figure 13. Y-Axis Zero g Bias vs. Temperature—
Eight Parts Soldered to PCB
20 1.50 T
N=8
| | 1.48
1.46 A —] N~
19 =[] A —
1.44 L4
z [~
S 1.42
- = L~ M"\'\.\
10 2 1.40
S -
|| B o 1.38 > =
- ,./V‘ ‘
|| 1.36 —- ,.'l/_, N e
: Pz R
- 1.34 _y =
1.32 |
0 L o 1.30 o
7 6 5432101 2 3 45 6 7¢ —40 -30 20 10 0 10 20 30 40 50 60 70 80 90 100 £
TEMPERATURE COEFFICIENT (mg/°C) g TEMPERATURE (°C) g
Figure 11. Z-Axis Zero g Bias Temperature Coefficient, Vs =3V Figure 14. Z-Axis Zero g Bias vs. Temperature—

Eight Parts Soldered to PCB

Rev.0 | Page 7 of 16




ADXL3335

20

% OF POPULATION

1]
0.285 0.288 0.291 0.294 0.297 0.300 0.303 0.306 0.309 0.312 0.315

SENSITIVITY (Vig)
Figure 15. X-Axis Sensitivity at 25°C, Vs =3V
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Figure 16. Y-Axis Sensitivity at 25°C, Vs=3V
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CURRENT (pA)
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THEORY OF OPERATION

The ADXL335 is a complete 3-axis acceleration measurement
system. The ADXL335 has a measurement range of +3 g mini-
mum. It contains a polysilicon surface-micromachined sensor
and signal conditioning circuitry to implement an open-loop
acceleration measurement architecture. The output signals are
analog voltages that are proportional to acceleration. The
accelerometer can measure the static acceleration of gravity

in tilt-sensing applications as well as dynamic acceleration
resulting from motion, shock, or vibration.

The sensor is a polysilicon surface-micromachined structure
built on top of a silicon wafer. Polysilicon springs suspend the
structure over the surface of the wafer and provide a resistance
against acceleration forces. Deflection of the structure is meas-
ured using a differential capacitor that consists of independent
fixed plates and plates attached to the moving mass. The fixed
plates are driven by 180° out-of-phase square waves. Acceleration
deflects the moving mass and unbalances the differential capacitor
resulting in a sensor output whose amplitude is proportional to
acceleration. Phase-sensitive demodulation techniques are then
used to determine the magnitude and direction of the
acceleration.

The demodulator output is amplified and brought off-chip
through a 32 kQ resistor. The user then sets the signal
bandwidth of the device by adding a capacitor. This filtering
improves measurement resolution and helps prevent aliasing.

MECHANICAL SENSOR

The ADXL335 uses a single structure for sensing the X, Y, and
Z axes. As a result, the three axes’ sense directions are highly
orthogonal and have little cross-axis sensitivity. Mechanical
misalignment of the sensor die to the package is the chief
source of cross-axis sensitivity. Mechanical misalignment

can, of course, be calibrated out at the system level.

PERFORMANCE

Rather than using additional temperature compensation circui-
try, innovative design techniques ensure that high performance
is built in to the ADXL335. As a result, there is no quantization
error or nonmonotonic behavior, and temperature hysteresis

is very low (typically less than 3 mg over the —25°C to +70°C
temperature range).
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APPLICATIONS INFORMATION
POWER SUPPLY DECOUPLING

For most applications, a single 0.1 pF capacitor, Cpc, placed
close to the ADXL335 supply pins adequately decouples the
accelerometer from noise on the power supply. However, in
applications where noise is present at the 50 kHz internal clock
frequency (or any harmonic thereof), additional care in power
supply bypassing is required because this noise can cause errors
in acceleration measurement.

If additional decoupling is needed, a 100 Q (or smaller) resistor
or ferrite bead can be inserted in the supply line. Additionally, a
larger bulk bypass capacitor (1 uF or greater) can be added in
parallel to Cpc. Ensure that the connection from the ADXL335
ground to the power supply ground is low impedance because
noise transmitted through ground has a similar effect to noise
transmitted through V.

SETTING THE BANDWIDTH USING Cy, Cy, AND C;

The ADXL335 has provisions for band limiting the Xour, Your,
and Zour pins. Capacitors must be added at these pins to imple-
ment low-pass filtering for antialiasing and noise reduction. The
equation for the 3 dB bandwidth is

Fa=1/2n(32kQ) X Cx, v, 2)
or more simply
Fsa=5pF/Cix. v 2

The tolerance of the internal resistor (Reiwr) typically varies as
much as +15% of its nominal value (32 k), and the bandwidth
varies accordingly. A minimum capacitance of 0.0047 uF for Cx,
Cy, and Cz is recommended in all cases.

Table 4. Filter Capacitor Selection, Cx, Cy, and Cz

Never expose the ST pin to voltages greater than Vs + 0.3 V.
If this cannot be guaranteed due to the system design (for
instance, if there are multiple supply voltages), then a low
Vi clamping diode between ST and Vs is recommended.

DESIGN TRADE-OFFS FOR SELECTING FILTER
CHARACTERISTICS: THE NOISE/BW TRADE-OFF

The selected accelerometer bandwidth ultimately determines
the measurement resolution (smallest detectable acceleration).
Filtering can be used to lower the noise floor to improve the
resolution of the accelerometer. Resolution is dependent on
the analog filter bandwidth at Xour, Your, and Zour.

The output of the ADXL335 has a typical bandwidth of greater
than 500 Hz. The user must filter the signal at this point to
limit aliasing errors. The analog bandwidth must be no more
than half the analog-to-digital sampling frequency to minimize
aliasing. The analog bandwidth can be further decreased to
reduce noise and improve resolution.

The ADXL335 noise has the characteristics of white Gaussian
noise, which contributes equally at all frequencies and is
described in terms of ug/VHz (the noise is proportional to the
square root of the accelerometer bandwidth). The user should
limit bandwidth to the lowest frequency needed by the applica-
tion to maximize the resolution and dynamic range of the
accelerometer.

With the single-pole, roll-off characteristic, the typical noise of
the ADXL335 is determined by

rms Noise = Noise Density x ( [BW x1.6)

It is often useful to know the peak value of the noise. Peak-to-
peak noise can only be estimated by statistical methods. Table 5
is useful for estimating the probabilities of exceeding various
peak values, given the rms value.

Table 5. Estimation of Peak-to-Peak Noise

% of Time That Noise Exceeds

Peak-to-Peak Value Nominal Peak-to-Peak Value

Bandwidth (Hz) Capacitor (puF)
1 4.7

10 0.47

50 0.10

100 0.05

200 0.027

500 0.01
SELF-TEST

The ST pin controls the self-test feature. When this pin is set to
Vs, an electrostatic force is exerted on the accelerometer beam.
The resulting movement of the beam allows the user to test if
the accelerometer is functional. The typical change in output

is —1.08 g (corresponding to —325 mV) in the X-axis, +1.08 g
(or +325 mV) on the Y-axis, and +1.83 g (or +550 mV) on the
Z-axis. This ST pin can be left open-circuit or connected to
common (COM) in normal use.

2Xrms 32
4xrms 4.6

6 X rms 0.27
8 X rms 0.006

USE WITH OPERATING VOLTAGES OTHERTHAN 3V

The ADXL335 is tested and specified at Vs = 3 V; however, it
can be powered with Vs aslow as 1.8 V or as high as 3.6 V. Note
that some performance parameters change as the supply voltage
is varied.
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The ADXL335 output is ratiometric, therefore, the output
sensitivity (or scale factor) varies proportionally to the
supply voltage. At Vs = 3.6 V, the output sensitivity is typi-
cally 360 mV/g. At Vs = 2V, the output sensitivity is typically
195 mV/g.

The zero g bias output is also ratiometric, thus the zero g
output is nominally equal to Vs/2 at all supply voltages.

The output noise is not ratiometric but is absolute in volts;
therefore, the noise density decreases as the supply voltage
increases. This is because the scale factor (mV/g) increases
while the noise voltage remains constant. At Vs = 3.6 V,
the X-axis and Y-axis noise density is typically 120 ug/NHz,
whereas at Vs = 2V, the X-axis and Y-axis noise density is
typically 270 ug/NHz.

Self-test response in g is roughly proportional to the square of

the supply voltage. However, when ratiometricity of sensitivity
is factored in with supply voltage, the self-test response in volts

is roughly proportional to the cube of the supply voltage. For
example, at Vs = 3.6 V, the self-test response for the ADXL335
is approximately —560 mV for the X-axis, +560 mV for the
Y-axis, and +950 mV for the Z-axis.

Xout =-19
Your =09
Zoyt =09

Xourt =09
Your =19
Zoyt = 0g

At Vs =2V, the self-test response is approximately —96 mV for
the X-axis, +96 mV for the Y-axis, and =163 mV for the Z-axis.

The supply current decreases as the supply voltage decreases.
Typical current consumption at Vs = 3.6 V is 375 pA, and typi-
cal current consumption at Vs = 2 V is 200 pA.

AXES OF ACCELERATION SENSITIVITY

Az

Ay

4

Figure 23. Axes of Acceleration Sensitivity; Corresponding Output Voltage
Increases When Accelerated Along the Sensitive Axis.
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Xour =09 l

Your =-19
Zoyt =09

Xout = 0g Xout =09 o
Your =09 Your =09 z
Zoyt =19 Zoyr =-19 g

Figure 24. Output Response vs. Orientation to Gravity
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LAYOUT AND DESIGN RECOMMENDATIONS

The recommended soldering profile is shown in Figure 25 followed by a description of the profile features in Table 6. The recommended
PCB layout or solder land drawing is shown in Figure 26.

i CRITICAL ZONE
tp T.TOTp
1 S e
RAMP-UP

T R I
x T Tsmax = A
g ¥

T ZOE
E SxIN
E _____________________

ts
PREHEAT RAMP-DOWN
l«—— t25°C TOPEAK—— ) "

TIME
Figure 25. Recommended Soldering Profile

Table 6. Recommended Soldering Profile

07808-002

Profile Feature

Sn63/Pb37

Pb-Free

Average Ramp Rate (T.to Tp)
Preheat
Minimum Temperature (Tsmin)
Maximum Temperature (Tsmax)
Time (Tsmin to Tsmax)(ts)
Tsmax to TL
Ramp-Up Rate

Time Maintained Above Liquidous (Tv)

Liquidous Temperature (Tv)
Time ()
Peak Temperature (Tp)

Time Within 5°C of Actual Peak Temperature (tp)

Ramp-Down Rate
Time 25°C to Peak Temperature

3°C/sec max

100°C
150°C
60 sec to 120 sec

3°C/sec max

183°C

60 sec to 150 sec
240°C + 0°C/-5°C
10 sec to 30 sec
6°C/sec max

6 minutes max

3°C/sec max

150°C
200°C
60 sec to 180 sec

3°C/sec max

217°C

60 sec to 150 sec
260°C + 0°C/-5°C
20 sec to 40 sec
6°C/sec max

8 minutes max

EXPOSED PAD IS NOT

INTERNALLY CONNECTED
BUT SHOULD BE SOLDERED
FOR MECHANICAL INTEGRITY.

DIMENSIONS SHOWN IN MILLIMETERS

Figure 26. Recommended PCB Layout
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OUTLINE DIMENSIONS
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TOP VIEW 050-—F  BOTIOMVIEW ) L g.15MAx
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1.50 FOR PROPER CONNECTION OF
1.45 — 0.05 MAX THE EXPOSED PAD, REFER TO
1.40 0.05 THE PIN CONFIGURATION AND
{ 0.02NOM FUNCTION DESCRIPTIONS
_/ = 11 COPLANARITY SECTION OF THIS DATA SHEET.
SEATING 0.08
PLANE 0.15 REF

Figure 27. 16-Lead Lead Frame Chip Scale Package [LFCSP_LQ]
4 mm x4 mm Body, 1.

45 mm Thick Quad

(CP-16-14)
Dimensions shown in millimeters

111808-A

ORDERING GUIDE

Model Measurement Range | Specified Voltage Temperature Range | Package Description | Package Option
ADXL335BCPZ! +3g 3V —40°C to +85°C 16-Lead LFCSP_LQ CP-16-14
ADXL335BCPZ-RL' +3g 3V —40°C to +85°C 16-Lead LFCSP_LQ CP-16-14
ADXL335BCPZ-RL7" | £3g 3V —40°C to +85°C 16-Lead LFCSP_LQ CP-16-14
EVAL-ADXL335Z! Evaluation Board

' Z = RoHS Compliant Part.
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