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LOW-COST GYROSCOPE / KALMAN FILTER / CALIBRATION

Gyroscopes are commonly used as sensors for measuring angular velocity of
objects in several applications such as unmanned aerial vehicle (UAV), robot balance
control, car navigation, etc. Usually, sensitivity and accuracy of response are essential
parameters of gyroscopes to affect the performance of the motion control. The
gyroscopes based on micro-electromechanical system (MEMs) have been receiving
increasing attention since the micro-machining technology was developed. A
reduction in cost, size and weight is an attractive aspect of MEMs-based gyroscopes.
However, the low-cost MEMs-based gyroscopes have more sensitivity to disturbance
noise and scaling factor in their output signal. According to the literature reviews,
some parameters of low-cost gyroscopes do not meet the specification mentioned by
manufacturers and they are very sensitive to ambient temperature and noise during the
operation, leading to error in measurement and control systems. The objective of this
research is to propose the automatic calibration to improve the efficiency of two axis
low-cost gyroscopes. The calibration technique was developed based on a platform
with two axes of rotation and exact orientation feedbacks. The adaptive compensator
with the Kalman filter was employed to estimate parameters of gyroscopes and the

random test method was applied to calibrate the angular displacement and velocity.
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2.2.2 é'hnimmammmunm‘lﬁdmﬁm (The Discrete-Time Kalman Filter)
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53ﬂﬂwajﬁilla3@aﬂaiﬁum@\1 ANITIDIATANTU %’]ﬂﬂﬁ]ﬂﬂmﬂ’lﬁl,Wi%UﬂlﬂuuUU Stochastic
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ﬂ')llﬂiJll@g]} Fl]1ﬂl,l,°]J°]JFl]Tﬁ@\?ﬂ10ﬂm¢]ﬁ’l’ﬁ§liVI'JUl'lJGU’ENiZUUWﬁ?ﬁilﬁ@ﬂi%N'lmﬁﬂ'lugsUﬂﬁ X
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o l')a'lﬁlﬂna'lﬂu\ulﬂﬂmﬁ'lulll@]f]lu@\i o
X, =Ax _,+BuU, , +Ww, , : Process Model (2.1)
° [ [ o 4 & A
ﬁﬂJﬂTiﬁ’]ﬂiﬂﬂ’liﬂﬂﬂ’ll@’l@]mﬁ%’lﬂl“ﬂu!,G]f’f]ﬁ o L'Ja’lclﬂna'lﬂu\? o

Z, = HXk +V, : Measurement Model (2.2)
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(3 =

< v Ao < . . -
Taoll w, uaz v, Wudaanasuniunldanmsialianyueiilu Gaussian White noise 3%

O 9

1 = 3 o A a3 o w = 4 o
avndouguinaziaianuulsdsiniy Q nag R awdrdy Biminesanlaasy

(Power Spectrum) AINNNEIUANND BT 0IEUNTUINULULNA (Normal Probability) 18
Y

i
p(w)~N(0,Q) (2.3)
p(v) ~N(O,R) (2.4)

o Y A ~ 9 @ 1 [ 9
ﬂ’lﬂ‘u@iw X A9 ﬁﬂ']ugﬂﬂigll'lﬂ!hl@inﬂﬂgﬂiﬂ\‘]ﬂ’lall']u a']ll'lﬁﬂﬂﬁgll']mﬂ']ag\jﬂu']sll@\i

aoue (%) lannauns

X, =AX_,+Bu,, (2.5)
MruaANUAANa1AIAMITZINA18291 TN (Predicted Error Covariance) A9

P =AR_A"+Q (2.6)
ANUAANAIANIENAINITNTBIT YA (Filtered Error Covariance)

R=(0-KH)R" (2.7)
Tasf K o Kalman gain tazanusadiuialdnnaunis

K =P H' (HR H" +R)™ (2.8)
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K A9 Kalman Gain 1131 Scalar 11003510A1 Kalman Gain #82A11)520121e01142909 R

Aaa (Y =
NANYANNAINTOINANIUAD
X =% +K,(z, —HX,) (2.9)

nnaumsludansesmaniuuuunar lidetiies ildnd1nudisdundifuaiingo
uieaunIgeantdu 2 @91 A aun13U5VIa1 (Time Update) tazauni1sSunisia
(Measurement Update) aun1515uaine ﬁ’amauaum@imwudawﬁ’wﬁﬁmummﬁﬂi;ﬂ’uuaz
Tamdeuvesnmstszanainanaaiie 1 gundnsdszinaamihuessisnaiae'll du
dun1sdiunisiarzasudauesaenistloundu Ao msﬁ”@ﬂ%ﬂwﬁ%gﬂmm%ﬁﬁu
msdsznaniie1d1du1FansdSudyanisUsznadaani Tasaunisdiumnan
a1u130i3on 183y aun13@11u1e (Predictor) tazaumsdSunistaaziden ldiuilu
AUNITATINME (Corrector) TN TUAIRUNTIHINUVDITINTBIAI ULV ldoiiiea

HaAAaga 2.3

TR

aumMsUSuna (Predictor) aumsUSumMIIA (Corrector)
1. dsznamaaiuzaranti 1.A1 Kalman Gain

A A . g 1

X, = Ax,_, +Bu, K, =0 H (HF H +R)

2. aAnuAanaanMIdsznaaamn| | 2. alszanaanius
b= Aﬂ-IAT +0 X =X +K,(z, - Hx))

3. ANVAANAIANIINAINTNTDIT YYD

517 2.3 dwumshauvesdinsesmauuupna liaeiies

P =(-K,H)P
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2.2.3 &?f:unimmammmunmdmﬁm (The Continuous-Time Kalman Filter
or Kalman-Bucy Filter)
@ 1 A I A & @
@I’JﬂﬁfJ\iﬂWﬁ?JWuLHJ‘UL’Ja'Iﬂ’E]LHENLTJ“LJ’E]ﬂgﬂl!ﬂﬂﬁuﬂﬂlﬂﬂﬁ’]ﬂi@ﬂﬂ'laiJ'lu

v 1 ¥ o a < @ o 4
FIDGUUNUFIUVDIUUT AN NAdamaaing lvosszuunainselszmnudniuzne
X = AX+Bu+Gw (2.10)

z=Hx+vVv (2.11)

'
13 =

I 1% 1% I .
Taed w taz v duduanasuniuinldanmsialianyueily Gaussian White Noise &1

D)

1 A g L4 a I o w o Y A A
mmaﬂlﬂug{ummzummmuﬂsﬂiamﬂu Q o R ﬂWNﬁTﬂUﬂWﬁuﬂiﬁ X ADHADIULUD

srppiszanalgandansesntannu awisarm 1danauns

%= A%+ Bu+ K (z — HX) (2.12)
Taoh K Ao Kalman Gain tazanniasiunn lannaums

K=PH'R™ (2.13)
111501171 P 91025 Matrix Riccati Differential Equation

P=AP+PA" +GQG' —KRK' (2.14)

(J A Y gz '
Tumseenuuudnsesmaniuiie laniunmsmaanuulsilsmm Q uaz
9 2 [
R tuh ldneudieern aremgiitedesldmsquusedszmuanieldmstszumaniug
o < ~ o Y a0 A Y A Y o ' A
youdgraniuieonivuld Tuauideildidenldainsesniauiuuuuaidaeiios
: @ o J ' [ . . 1
FUNNIZAUNITTIa09d0 U158 1uTU51n55 MATLAB 5901 Simulink 410031

1 A o @ @ . g A 9 3 oA (J
LLTJTJL?ﬁ113J@]ﬂLH@Q #1115 UM Kalman Gain 1120019111 Kalman Gain N@N172A9472
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(Steady State Kalman Gain) 1A8%11115A11994A1 Kalman Gain 910@4n15 2.13 a2 1¥a1na

annzasinlglumsdszunaaoiuzvosszuuluanmsi 2.12

2.3 msvarelSuaalariine199auuudiaes (Model Reference Adaptive

Yax .
System) Tagl¥35M5 Gradient Method
@ @ a Y a o =\ v o A o ' o '
MsdSuarriiaedauuuiiaos dnanlumsiauasazdsuamaandsaie
4 o Y v 14 o
Moluszuiiei11dnuuana 1999910 1M WNYOILVUTI009 (Model) 1AZ T2 U
{ 9 { v 4 o < @ <
Nd0IM15 (Plant) vua 11 910319 2.4 Theminnvewuusiasuily y, omunvesszuuiu
< 1 1 14 g‘; A v A o @ 1A
y oz e JunnuuanaNsenIeImMWnnaaed (Emor) taziduilsnimsidivm as 6
[ T W A Y 1 1 4 o
Mydsumals (0) mealvanuuana19se1 UM YNUBIVVTIADIUAL IV

{ 9 o v | '
Adpamsnua’lil Taervualy Loss Function (J ) 3iAn

1
J(0)==¢° (2.15)
2
y
Plant >
u J2] Adaptive Algorithm €
or Adaptive Mechanism

Model >

\ ym

JUN 2.4 UHUAMNANMIINNUVEI MRAS
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msisumvesueeninals( @) mvualae

a@o__d__ . d 2.16)
& “do do '

e=y-vy, (2.17)

ﬁ — _% (2.18)

do do '
o —y A0 0ATIMIUTVA (Adaptation Gain)

v W a 9 Aa o . o
MINIUANUU VY UAIFTIADNBWUVTIA0I9INNYBY VDY Gradient Method 9£1INT
@ 1 @ { a . . 4 Y
d5uaraaudsnteluseuufaulalufeanie Negative of Loss Function (J) 10 14
1 1 1 o < [ Y da! [
MANULANANTZHINTZDUMazuDUTaerua 1 TasanuEilunmsdsuarazivegny
Y v w =R 1w v v Y A Y A o Y
A1on51MIUSUA Femoaimsliudrneuasnlfodarunzauiiesninervveildszuy

Vaadesnn'lg

=}

2.4 NIFadULNeU
v Yy 9 o Aa oA A Aq ¥
FTUUMIIANNILVUITADIINNANITIANTAINU TR DD TagnszuIunsnldy
lumsasnvdeumnansiavedszuLizond nsgUIUMsTUIRoY Aons IiounannI 1L
1 o A o L (% 4 Yy I XK @ v
UATEUVMIIN 1D TNz aan UM UNaALIANATeITE VY uaad linuDInNUdNHU S
sEMINAIBUNALAIoIANA TagdunainiuamdmiunszuiumsaowisuiFond

AMINIF1U (Standard)
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5 ’ y= f(x)
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—— Curve fit, y=f(x)
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= dx (2.19)
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Degrees of Freedom 2
Resolution of Angular Position Feedback 0.29 degree
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Maximum Rate of Motor (z) 320 degree/s
Range of Angular Position Feedback (x) + 150 degree
Range of Angular Position Feedback (z) + 150 degree
Test Section Area 300 x 300 mm’




32

v d‘ A = o
412 @mwuilsznevveunesieaeuiiaulelsaladuazmsniuaumsiiam
A A I 9y IR A = 1
wsesiloaauiion 1 Isalnl 2 unuilszneudlginsaideliswazideanail
s s < saq Y A A
1. 195 1auenes RX-28 tunemosnlglunisnyuunu x ¥oun0dile
~ = <3 a ~ o 1T A A A A Y 1
douioy UAMWE WFIYUNINTAGA 480 degree/s MU uFuRTINTOINAOUN Inog U
o ] 14
+ 150 degree AIUANMINIUFNIUNNNOIA RS-485
s s < saq ¥ A A
2. 1595 19UeIA05 RX-64 1Tunomosnlglunisnyuunu z v9an30440
= = 3 a ~ ° 1 a ~ A A Y '
doufioy UAWG WFIYUINNGA 320 degree/s MU uFURTINTOINADUN In0g U
o ] 4
+ 150 degree AIUANMINIURNIUNNNOIA RS-485
I d o [ J A
3. USB-RS-485 adapter 11/ug1nssid1msvuasninweia USB ¥931A304
A PR 4 A qu s
Ao IneIlunesa RS-485 1 l¥AIUAUNBINGS RX-28 11AZ RX-64
o e < s A T v
4. Data Acquisition (DAQ) NI USB-6008 1Y uginsalireuaony Tisunsy
Y
LabVIEW dm5vaie lwiaeanazsudyanaainlelsalall
s 4 < o = 4
woIAns RX-28 uaz RX-64 Miaonldiduginsaindsznovu ludreyaines
I J o 7| s A ' . LR QG axe o qUA !
vesanouInsamed a1 ladnesuazmsiFouasuny Daisy Chain Fuiluitsdwsvldizouas
4 @ 9 [ 1 1 dy [] = [ 9
vamesralsAINIouny Tagaiuilszneumaitisaueg luunama@edny Inseasenieuen
| a { ' o
Wuwara@ninuassINTZUNNIINAIBUDN A15ATVANNITIIUYDINOIADT INI1TAIVAN
o 1 A A Y o == a1 Y o I 1 3 9 4
auwnialunisindeun laglgarnivguuuung Tasiailounduiuaininouldanes

¥ Potentiometer

PD
Oy ref > — Motor RX - 28 > 0,
controller
PD
ez,ref - —» Motor RX - 64 > 0,
controller

A A ~ 4 Y v =
gﬂ‘ﬂ 4.2 ﬂﬁﬂ’J’UﬂllﬂTil,ﬂaf]u‘l/]"llﬂxill’é)mﬁ)iIﬂﬂi%@]’mﬂﬂﬂmmUWﬂ



33

A 7
3‘]J°VI 4.3 Yoo T RX-28 oy RX-64

310 4.4 USB-RS-485 adapter

A A =% o Y a 4
lﬂiﬂﬂﬂ@ﬁ@utﬂﬂﬂqﬂjiﬁiﬂﬂ 2 HNUATUAUNTITNINIUAIYIADNWILADT

{ {o & a & A a ) o
Tsunsuildaruguie LabVIEW Taedi Toolkits N3 uiudssanaunmandmsuldniugy

ey 2

9
f‘ﬂi‘ﬁ”lx‘ﬂusll’t’NiJ’t’)L@]’t’)%‘ﬂQﬁ@\‘]@]’NNII‘Uu%ﬂuﬂii@ﬂﬂﬁllﬁﬂﬁcluﬂWﬂWu’Jﬂ V.2 N1TNU

@ { g a 4 kS
51]@\‘153‘]_]Uﬁ]%gﬂﬂ?ﬂﬂuiﬂﬂﬁifgﬂnmﬁlﬂu Digital Signal 1N ldsunsunouNIARI1NUY

g

s 4

o J ] Y 4 4 | 4 ] =] o
dyanuvzgnasiiu lldwemesniivesanou Insamesuazdi laflnesegnioluda Fevzds
4 @ o [l { o 1 1 o [} a 1 <3 14
Tuomeinyulddidumisisivuanazdsamrdiunuuayuildoninduldaaes
I [ o o 4 J 1
1iludyey 1 Digital Signal naundeTdsunsuaruay tiovomosvyulunaazuuiunu
4 Aa g’/ J [ I 1 v
wuaes v lsa lndhaansededynrnoonuilugluesadyniunua1edng (Voltage)
A & . 1 1 @ A o o
M u Analog Signal 9zgndeao 1189 DAQ NI USB-6008 1o 1n15u1)asd a9 Analog

ilu Digital udraandulifiszananalulisunsunruqumsiauae i



34

digital USB — RS-485 digital Servo Motor with
E ) adapter i ) Encoder
LabVIEW
2012
digital DAQ analog
— — Gyroscope sensor
NI USB - 6008
Computer

A o A oA a
:.jiﬂtﬂ 4.5 ﬂ'lﬁﬂ')'i_lﬂllﬂ'li‘]/]'l\i'luﬂlﬂ\uﬂ5ﬂﬁﬂﬂﬁaﬂlﬂﬂﬂqﬂiiﬁ1ﬂﬂ

o d‘ IS =
4.1.3 ﬂ"lﬁ‘ﬂﬂﬁﬂ‘llfni‘Vn\‘nuélli’)ﬂlﬂif’)\‘iNﬂﬁf’)ﬂ!ﬂﬂﬂl’!ﬂiﬁﬁiﬂﬂ

o A ' %’, o o 1
msmmumiﬂmumamamaﬂmmammuuu é’“l%’mmsamwuﬂmgmm

=

A A g a A = Y ¥ 1o 1 A
mimaaummzmmwawwﬂumsmaaummmmm”lﬂ ﬁ]?ﬂﬂ?ﬂ?tlﬁﬂﬂﬂﬂﬁlﬂaﬂu
sy Y < Y J o ] ' 3 a A A
Gll’f)\ii\lf’)!,ﬁ’e)ﬁ/l"lﬂﬁﬂﬂli’)uTﬂﬂLﬂﬂi'ﬂiiﬁ’d1h1iﬂ‘ﬂﬁiﬂﬂ?ﬂ’ﬂllLS’JLG]quIlI{luﬂWiLﬂﬁ’e)uﬂ
Y4 o [] a 4 i A [ 4 o
vl,@ﬂ]}i]1ﬂﬂTi‘HTE]‘LélW‘L!‘ﬁGU@\‘]GIHWIuﬂl%ﬁumiuﬂWiLﬂa@u%mﬂﬂﬂﬂ“lJL’Jf,ﬂ L’Wd'é]ﬂﬂ’ffflﬂﬂ'liﬂ%i'lu
[l Y
Gllf]\i!ﬂ%f]\‘lfl’f]ﬁ@ﬂ!‘ﬂElﬂllﬂi‘iﬁiﬂﬂ ﬁmﬁ‘mﬁa‘uwamma‘uﬁumﬁaauwmm‘umuuu"lﬂ (Step
% I a ) @ =~ < a
Response) VDIUUNU X LATLUDU z é]?\ﬁ]%ﬂ]‘Ll@uWG]ﬁWTiiUEl,G]aSMluﬂ'liﬁﬂ‘ULﬂﬂUﬂ’J'llllﬁ’)&ﬂf\ﬁéll
o ] a o < a P {
LLﬁ$Gl'ILH’iHQHquI1I I@]EJﬂ'l”Viuﬂﬂ’)'liJLi’JLG]NiEHJGU'ENM@Lﬁ@iﬂﬂﬁflﬁllﬂuq’a}ﬁ 60 degree/s

o Y A A v o 1 =\ A =~
u,a3mwuﬂimﬂa@uw"lﬂamumm 120 degree IﬂﬂllNﬁﬂ1‘i@]ﬂﬂﬁu€)\1ﬂl®\1ﬂ1ima@uﬂ

(%

Tuinu x azunu z uaaanagili 4.6 uaz 4.7 Muaia

9
% v

MIRANIAO DA UDIABD UNALUDTUITY A 1nTosdouiieuauIsandoun

@ o v { o [ ] a Y v A Y Y [
Tgsdmmisidimualassnuinnus niayuldegneluamnas I3 ldnanu x vazunu z

o X 2

1 4 <3 a o ] a { Y a
ﬂ'lﬂ')'lllﬂa'lﬂlﬂa@u"lj’é]\‘]ﬂ'ﬂﬂIj'JL‘IN1!1]l,l,ﬁ$§I'lI,I,Wu\‘]lfb'\‘llqlNﬁlﬂ@muuulﬂ@ﬁ]'lﬂﬂ')'llla$l?]f]ﬂ

"y A YA

[ 1 4 ) v
1umssu—m%’agammmmamuu 10 bit LLﬁS’;UTﬁJTj%ﬂ‘U%’Nﬂl@ﬁ;l)ﬁﬂﬂ’ﬂ\iﬂ * 150 degree
] Y
e ¥msulasAmd a2 1319 Analog Signal 1z Digital Signal INAAINADIAAA DU
3 A 4 4 1 Ao o 1A
Iﬂﬂﬂ??hli?!%\iﬂum@\‘li\lmﬁﬂiflﬂ’lﬂJﬂﬁTﬂLﬂﬁ@uﬂTﬂﬂTﬁﬂﬁ"fl&ﬂ 3.18 % LATAUAUILBIYY

A @ I A 1 Ao a g
NANNLAINIVEINBABTUAINNNAAIANADUIINAINMHUAAAL U 0.29 %



120
3
5h
g 60
Angular Displacement
0 [ r T T T i
4 7 8 9 10 11 12
time (s)
% T T T T ; -
» Angular Velocity
60 dl
g
3 \
3 30 \
0 [ r [ [ r
4 7 8 9 10 11 12

1 Y
g‘ﬂﬁ 4.6 wammauaummaauvgmmmuuu‘lmmuﬂu X

120

60

degree

Angular Displacement

T r T T T

10 11 12 13 14 15
time (s)

T T T T T

90

Angular Velocity |]

60

degree/s

30

v 9
gﬂ“ﬁ 4.7 waﬂ1iﬁa1Jﬁummauwmmmuuu%mmlmu z

35



36

414  Yuneumsaourienlelalnl
1 a 3 a
msdszuanimsiieed nsgeuisunnuduFauuaznisaouiion
o [ a <3 EY = 9 =1 3’1
awruusayuyedlalsalal lunsinutuiindoyauazuaaiwanisaeuiousIung
msmugumsiauvesnsesdeuiion e Isa Tnliden g lUsunsy LabVIEW TaeTiniiiang
1 Y Y
yoeTsunsuarugumissiinulduanslunianuin ¥.3 Flivuaeunisiiaunivua
[ d' é = = U dy
naaeaagln 4.8 FasazDeAAll
a ¥y < 4 o 1 Ao = l v
1. Aaaudusos 1o lsd Taduudunianfivuadeazoguunnu x nazog
= o A =} = % A A
HUARGINVUNY z VounTeslodo oy TaerunsormIBN x (x—) Azl TsaTadl
o £ Y [ 14
Tragnasa linedsassdwnuenes
2. natju “START" luTdsunsuaewmiionulalsalatiosunisiiau
2 ! a ¢ 2 & & ¢
woldsunsuTaeizuanmsdszananinsiiimes luduaouiiTdsunsudalduomoinyu
I . { o v (Y <] 4 [
iU sine wave N mua udr5udyanailoundvnnouldamesuazdygruainlalsalnl
d' 9 1 a J 9 o [y 1 9}& o 1 [
e ldlunisdszuiaaimisiimes lasldarvasonuudiuar lagiinusiudy
o 9 oA ] A o ' 9
Ansoamany udmaaswan ndoaurazmanadulamesilszunun 1
1 a 14 g’/ d' Y o [
3. vatrenIn1sIliaeso nduaoun 2 IdnudyyiwlaTsalall
4 <3 Aa ) 1T A [
o l¥lunszuiumsdeuiouanud uFauazduriagayyle Tsa Tndae 'l
= < a = < a Yy A 9
4. msaoueuaNuE Ty Tlumsaewiisunnuiusaynldaiaonlsd
U [ 1
MINAABUIVUGY (Random test) Taoutiailudosdiune
1 2 J dﬁl A A [ o J
(4.1) MInaaUUUTN TAsMINNAVUITOE 9] 1NOANNANNUT
a 9 o 9 4 9 3 Ao Y 1
Fadu TagTsunsurzdalduemeinyualsanuianualaun -100, -80, -60, -40, -20,
] @ ~ 9 ] Y4
-10, 10, 20, 40, 60, 80 118 100 degree/s HazoIUdgIUN 1A01n T T5d Tl viinNuduwus
a 9 a o 9 1 [~ a 9 <3 a
wuduvosdunauazierdyanaaanan1ny il usaduresnnusudFay (% FS)
vunth Tlsunsy

a 3 A

(4.2) msnadevnvuguIaenisguldounadud q tloniad
o 3 & q 9 ¢ v 3 4o P
anuansalumsiag Tdsunsudealduomoinyudronnuiindmualdun 20, 60, 100,
1 oAy Y o g 1 <3 o 9
-20, -60 118 -100 degree/s HazoA N IaonlaTsaInl sghusazanuiisiuau 20 doya
< a J ' a ' Aa v
TsunsuaginuuazingizidoyaudndaiHan1nNUAANAIATZ I AIANUAANIALDUGN
' o ¥ 3 a

HAzAAMUAINT0 TUMIIAIV0INNUEUTIYN (% FS) vuni Talsunsu
= o 1T A ~ o 1A Y A Y
s. msaevsuduniusayy lumsaewiioudmmuasaynldiaonld

U 1 v W 3 a (] '
ﬂ”liVlﬂﬁi’]']JLL']J']JfﬁJLGIfHL?]EJ'JﬂHﬂUﬂTiﬁ@ULﬁﬂUﬂ'JTNLi'JL%QQNIﬂﬂllﬁﬂlﬂuﬁﬂﬂﬁjuﬁ@



37

U A 1 2 N 4 @ o J
(5.1) ﬂ']'i“I/Iﬂﬁ’t’J‘ULL‘U‘UQﬁJIﬂfJﬂ']iLWiJﬂW%UL%@fJ 9 Lﬁﬂﬂﬂ?WNﬁNWM‘ﬁ

a o J YN} 1T A { o [
wadu TasTdsunsuazdaliuomeivyu T dedwnuaFayunsiua lusag -120 degree

q

] Y ]
1JauD 4 120 degree INNUUHM 1A UEIIAET 10 degree Hazor1udaarai lavinlalsalny

9 9

[ @ S A a o [~ a
WianudunusIFuduvesdunanaziotanaudnagasnanindiy i adu
o 1A 9
VOIMNUIFINY (% FS) vuni Ta)sunsu
1 1 ya a %} 4 1
(5.2) Minaaovnvugulasmsguliounaandgi o ienial
o g < Y 14 o o 1T A { o Y
anuannsnlumsiag TagTdsunsuazdeliuomodmyu ludadumiagayuidimualaun
1 1 d’ 9 o % 1
30, 60, 90, 120, -30, -60, -90 a2 -120 degree aze1uA1IN 18010 lalsalal idiudas
o ] a ) Y <3 a d 9 Y
AU OFIYNI U 20 Yoya TUsunsuazinunazIAsIzRUoyaualIuaaInag
1 =Y 1 =) 1 1 Q 901
AANVAANAIATLUY AIANVAANAIALVVFUHAZAIANIVAINITOTUNITTATIVD
Ui (% FS) vunthllsunsuy
Y
% 1 ] ] I~ a
6. TuapuganIoie nsuaasnin1L luntueuvean11ns uFayy

o 1T A Y =K
Lla3GI'ILLWH\‘IW\‘IMNL!EI'J%Q%‘UI‘]Jil,!,ﬂﬁJ



38

1. Anadlalsalail
VA IAR LN

v

2. msﬂnmmﬁmnﬁma%

v

v a i Y
3. BAUFEMINIIFABI VN
deyanalolsalml

v

4. MIARUINUA NS AT

- J

Y

AT
1 A 4
Amanaaunanes

A[ﬂ”ﬁmaamwfjn

5. MITOUNYLAMHUIT 3

anny lisluFadu (% Fs)
MANUAANA AT
AMANVAANAIAUD T
Annuansalumsing (% Fs)

4[ﬂ”li1/lﬂfff]‘ULL”U‘Ud3J

6. uanamanuliuiven
(uncertainty)
VBIN NI ATINIAZA WU
Fauitldonlolsalad

anny lisluFadu (% Fs)
MANUAANA AT
ANNUAANA AUV UGY
Annuansalumsing (% Fs)

9
C%

317 4.8 TuneumsaouiionlalseaInl



39

o d
4.2  HaNSA9ADIUNTN
1 a 4 § o a o g o o
mysznaamatwesn Idinavueluandvei ldsaosmsriauTasls T sunsay
1 o 4 g}J
MATLAB lu @71 v94 Simulink n1591a9aa1unisavedscuululdsunsuuu
o Y g}/ [ Y 9 a = g}/ [ (Y]
midaiwisnaavuaoumsdivunlunslyauaie annediansoalruguainlsuay
a a o d‘ 1 o 9 9 a o [y
aiszdniamnisihaiuvesszuuieonuuuneuiilldIFlunisldaueie dmsuy
1 a I'4 ] 9 ] o 3 1
msdszanaamnnieesvosdyyia lalsalad lduuinissiaosaniunmsailu 3 dau
[ { @ @ (] { [ a I'd
Ao @uh 1 MINTBIFQYIUTUNIUAWAINTOIAIANIU a2uh 2 Msdszmammsiimes
% (% % =Y ] H ] a rd
Tagldarraseuuulsuallda1nds Gradient Method HAZ@IUN 3 NMTFAFIAINITINADS

Tnudyanalelsalnl

Hen Encoder

2} 1. o (2. [___1 Bias 5___|3. Dy comp
e Kalman filter [T Parameter | __ p| Compensation e

| . .

| Estimation Scaling Factor ¢

|

| A

| |

B/ /B ., A A\ o

~ ° o
:.j“lJ‘VI 4.9 N1391AVIFADTIUNITU

[

° o 4 { & < s
Tumisnaaedldmvuadygramanaeunnldninouldamesiludyny i

9

4 a 4 { ) [ 3 [ a
Sine Wave A1 0.25 Hz Huounaganisindoui 30 degree d115u i udyn1ud19d

Lo

[

A A @ A o @ 3 a A Ay Y <] Y
ﬂ]ﬁ!ﬂa@uﬂl!ﬁﬂ\iﬂﬂgﬂﬂ 4.10 ﬁ”lﬁi‘llﬂ')’]llﬁ?lf]ﬁ%llliuﬂ’]ﬁlﬂaﬂuﬂﬂhlﬂﬁ]”lﬂl@uiﬂﬂlﬂﬂi

a

3 4 [ o 1 A @ @ ! °
Lﬂumimmgwu‘ﬁmamigﬂunmmtmmnguLﬁﬂUﬂULaanmmmﬁJﬁ 4.11 ‘IUﬂTii]"lﬁi’)Q

G

o g; a 1 . I ] < Aa

aigapm"lﬂiaiﬂﬂuuwmsmwmﬂfmms 3.1 Iﬂﬂﬂ? 7] Lﬂuﬁw)mwmmmgmwm
A ~ 2 9 I ° oA ' A I

ﬁumﬂmﬂa@mﬂmﬂLauiﬂmﬂamazﬂmuﬂmmmmu (5)ua$mmﬂaam1/dﬂm<s (a)

1w o W ) [ [ o I [
ININY 1.25 U482 200 AINUAIAY FIUITUTUYIUIUNIU (vg)ﬂmumﬂuﬁaujtymwmu
. . . (4 ~ d‘ Y 2 a ) [
LYY Zero-Mean Gaussian White Noise Llﬁﬂﬂﬂﬂgﬂﬂ 4.12 Lwaimﬂu’ouw@ﬁmsuwﬂﬁau

o (3 1 a 4 @ Y
ﬂ1smqmmmmmmmamuuazmiﬂizmmﬂmﬁmmaiTﬂﬂsl%)mwmﬂmuuuﬂsum"lﬁ’



Angular Displacement from Encoder

60 T T T T T

-40

I r r r r

0 10 20 30 40 50
time (s)

A [ 1A < Y 4
:.j“lJ“I/I 4.10 muwmwmummauiﬂ@maﬁ

degree/s

Angular Velocity from Encoder

100 T T T T T

0 10 20 30 40 50
time (s)

g a < Y 4
4.11 ﬂ'J’]iJLi'J!ﬂNiJiJﬂ’lﬂl@uiﬂﬂl@ﬂﬁ

=h.

1

Qan




41

Gyroscope Signal

2 T T T T T
1.5 7
z
o i
>
0.5 7
0 r r r r r
15 20 25 30

time (s)

5U7 4.12 dyana T Tsaladaes

4.2.1 f’ﬂ‘iﬂii’)\‘ia”ifgQ1ﬂ!§ﬂﬂ3ﬂﬁ]ﬂﬁ?ﬂi@@ﬂ1aﬂ1u

dygraan h IsaTaddlidygrasuniuiloriudinsssniauiuuan
7 Tovauiiotiounudygyiuainlalsalaidy Taowa

]

@ = Yy
dygranlaldyyimusuniud
nmsnsosdyausuniulaglddansesnaniunansnegd 4.13 dyguiniudInsos

2 3 a @ o L 1 A o ' a 4
mamuu%Lﬂueuwﬁiﬁ}ﬂnmimamﬁmumimiuﬁ’mm 2 uuﬁa ﬂ?iﬂi%ﬂ?mﬂ’lw'ﬁnﬂﬁ@i

Tasldarramesnuulsunlda1nds Gradient Method #1011

2 T T T T T
L5k
|
s
z
> 1
05 —Gyroscope Signal i
--+--Kalman Filter
O r r r r r
0 5 10 15 20 25 30
time (s)

319 4.13 dyaunndInesnanIy



42

v a d Y LYY Y

4.2.2  msilszanammnaniimesiaglydvaweuuulSuaala
NU1TUINITHINIUVRIAI¥ALB e UVYSUA11A9103T Gradient

o o o I [ a %
Method TaofidyaalaTsaTadfriudinsesmanimiudyy w1999 A1vaLve
1 ' 9 v W Y o <3 a <} Y = J

suvdiua ldezdSuaazvaelddyaunnuEuFauueuduIdamesinnuuanaig
[ 9 a 9 ~ [ a A Sidy o Y 1 a I'4
nndyauddlosigaudninsgli 4.14 wan latvzsih ldaunsodszanaamsiines

A 9 oA A 14 [ ~
Vlﬂf]\‘]ﬂ']ﬁulﬁ’gﬁﬂﬂwafnﬁlllﬁzu']ﬂ!ﬂ']ﬂlfNL‘]JuL!agﬁlﬂaa%lﬂﬂm@ﬁllﬁﬂﬂﬂQEﬂﬂ 4.15 a2 4.16

Adaptive Compensation
2 T T T T T
15[ A A NAADBRAAS AR ) 1
2 SERRRRRRE R
30 y
>
0.51 J‘ Kalman Filter 7
' """"" Signal of gyroscope model
0 i r I r r r
0 20 40 60 80 100 120
time (s)

A o < J A [ a
5U7 4.14 Mavaedyanuannouldames Meunudya1us1909

Bias
2 T T T T T
151 7
z
300 1
>
0.5 7
0 r r r r r
0 20 40 60 80 100 120
time (s)

319 4.15 msdsznannoanu (0)



43

Scaling Factor
0.01 T T T T T
- 0.0051 N
%
5
2
G
> 0 i
_0005 r r r r r
0 20 40 60 80 100 120
time (s)

H 1 A o A
317 4.16 mydsznamamnadvlames (&)

v a ) Vv
423 msvawemwnimesiinudyanalelsalail

oA a o 9 (% [ @
namslszuanndoavunazanaaaunnein ldnindvaseuuulsud
9
188287% Gradient Method 1 lunisih llsaseldnudyaralalsalnd1d drvuald
a s ¥ o & 1 A= g9 A P} A qua 1 a ¢
wimeinsdesduilumind 1 ldmsmaunasvestoyaiie Iniluavesninlnesuaa

Aa913197 4.2

A 1A A o
ATTNN 4.2 Waﬂ’]ﬁﬂﬁgujmﬂ'ﬂﬂﬂ\uﬂullﬁ$ﬁlﬂaﬁ\ﬂﬁ/\|ﬂl@]i’)5

a 14 1 i o 1 ~
RERIERE MAMruA AUNAY
AU (O ) 1.25 1.2501
[ A 4 A
manaauames (@) 0.005 0.00459

' v 9
Tumssaseandouvunazanaauianes Iidudyara 'l Isalaliu

° c’dy Y o Yo o A @
Gluﬂ’]ﬁﬁ]’lﬁ@\‘]ﬁﬂ'luﬂ’limuulﬂﬂ']ﬂ']i‘]fﬂl%ﬂﬁlwﬂﬂﬁﬂgﬂ]u']mulﬂiiﬁiﬂﬂﬂN’lui]’]ﬂ@‘]')ﬂﬁf]ﬁﬂ’lall’lu

A { [ a 4 [ [ < 4
(&) Taoldaun1sn 3.23 wanmssasei lianuAanaadlofounudyaauou Idanos

anaaAnaglin 4.17 uaz 4.18



Qan

&
=
=h.

100 T T T T
— Gyroscope
""" Encoder
50 o
5 0
Q
o
-50 g
_100 I r r I
0 20 40 60 80 100

time (s)

[ < a 1 <
4.17 dyanuanuEadauszinga lsaladuavidoulnaees

501 — Gyroscope [|
--*== Encoder
4 ﬁ
1 n 1}
[
P
g
> ofi :
el ]
i
i
‘.‘:.
-50 7
r r r r
0 20 40 60 30 100
time (s)

=h.

@ o 1T A 1 <3 Y J
4.18 dyanaduriadausznin v lsa Tnduazduldames

44



45

43 apl

A S

d‘ [ 2 CZ) A
mseenuuuiAsesledewfon lalsalnlon lula 2 unufeuny x uazuAU z
Y A P 7 S A ° ' A Ay o A
Iaienldiwes Tauetaesniinisaruguanrislunisindouiiarea1n1uuUUUAA
: o o ] a <3 a o 1
Feamsomruad a1 1By lunsiauruTlsunsy LabVIEW
d' (2 d’ ya g’/ % zﬂl A =
nanamsasuduesndnIuzasauiio I unauuuTutiulaveunsosliodoutiion
g}/ = A A o x a = [ U
TaIsaTaduuiimanuaaianaouninidivua Funavnanuazidealumssudidoya
A aFayuunia 10 bit v linisulasardyn a5z ni1e Analog Signal 1Az Digital Signal
a d’ da! o % o 3 td' o = g’/
mannuaatamaouIu divsunssudygiulalsaladdiinisaouifionuu
1% DAQ NI USB-6008 lumssudaanalalsalaludardsldssuranaluldsunsuaiunn
o U = ] Y I 2 @ Y 1 o
M Tludwvesnszuiumsaouiounsia &ty 4 Tunsunanldun msnsesdyia
% 1 a 4 1 a 14 Y
A10dInTeeAaNIUIazYTLINUAINITINNDS NMITAITEAINITINAS IMIATa I
= 3 a ~ o 1 a =
TaTsalnd msaeuifiounrtumS nFayunaznisaoutioudiuvnuugayy Taol
o gl.l A o Y 1 a Jq 9
Tdsunsuarugumsiaumuiuaeuimuua uazuaasnanimisiiaes 1 ldnsu
o 4 @ (% o
Tunissiaesdnrunisainisnsesdyaiasuniulaslddinseanianiu n1ssiau
% [ @ 9 A 1 ~ A o as
voamsaseuuulSualldmedsymuanlevuutazanaasunamesa1nisnis
<3 T o [
Y09 Gradient Method teae1¥1H U@ INT09A1@NIN @1Ns0nsoIdaIMsunIu 1A
o @ o o 1 a P
HazHaNMsIINUveIA vt UVl Sudr Idne i sadseammnimes ideanis

FazithuszTenilumsaeuieudyaale Isalnde 11



=
unn s
v a d
NaﬂTi“Vlﬂin’]‘llﬂ15ﬂ5$3~l1ﬂ£ﬂ1w1513~l!ﬂ93

wazmsaeuhavlalsalail

g o ' a 4
Tuuniiflumsuaaananisiinuvesnszurumsidszunianimisimoesuas
a 4
msaouioulalsalal 14Tsunsy LabVIEW Ainsizideyauazudaananisaeutiion
' o 4 X 3 4
THungldau siinsnaaouTaeldiguaeslalsalal LPYS03AL i wigwiaos
a @ < a o (2
¥Ha MEMs @151503a021015 15ayn1d 1y 2 unufe Pichuaz Yaw 51U 2 @7
4 a s A { @ 1 @ % ]
otfSoumfounisiimeinlaninlalsaladidedoanunasjudearnu daldug
o <3| v o &
nmynadeumsauiy 3 dauasil
v A 1 a 14 Y
daui 1 Mmadsznaamnnines Usznoudie
- MINTOITYYIUTUNIUAIBAINTOIN AN
1 a J 9 o v o Y
- msdsznammaines Inslisaronuulivaa 1
1 a o v o oo
- M3saweaIsnes Iinudyaianinlalsala
' A = 3 a = 3 a
drui 2 msaeuiouanuEuFayy TumsaeufisuanuG usayuvelalsalall
1 1 % ' I '
Tuugazuuaunu ldidenldnisnadgevuuugy Fauusldiiu nmsnaaevuuugu
A [ I~ a zg d‘ d’ [ [ Jd A 9 14
TAgN1TINUAIAIINIGT NFIYUIUIT0Y ) 1WOMIANUAUNUTIFUTUVO LB UITDS
{ o 1 1 a 3 Aa 1 Aa 9°1
nimsaeufisunaznisnadeuunugylaenisquldounan1us AFIYUAUANE
A o ¥ J o [ o A
ieganuansa lumsiagweusuaes Tasihmsnagounylalsalalddn 1 wag 2
l ~ = o 1T A ~ ° 1 A
daui 3 Mmsgeuieudumuadayy lumsaeuisudumiagayuvoslalsalal
1 1 % 1 I J
Tuuaazuuaunu 1didenldnisnagevuvugy Fwvaldilu n1snaaeunvugu
A 1 ° ] a dﬁf A A o @ J a Y 14
Tagn IS INUAIE IR UUTIYVYUITE 9 INOHIANNTUNUTIFUTUVOUFULTDS
A o v J a o 1A 1A S
nimsgeuiieunaznmsnadeunuuguIaensguliounaduruusayuauauE o
A o ¥ J o Y o A
ioganuansn lumsiaswousues Tasihimsnagounylalsalalddn 1 wag 2
a P 9 1 a 4 = <3 a
winimesnlannnszuiumsidsznummsmes nsgouieund G uFIY
=~ o [] a g‘/ <3 4 A a a 9
pazmsgo Ui uniugayuiuaztulse Tosilumsmuilsz@nsaimns ldau

] Y
TalsaTadsimgnlunszurumsdanazaiuaulduingsiu



47

a d
5.1 ﬂ]‘iﬂi%ﬂ]ﬂ!?ﬁﬂﬁﬂd!ﬂﬂi

511 MSNTOINYRIAIUNIUAILAINTOINIANIY

= Y o I'4

lumsnagou ldmmuadygranianaouildnuuemes lunaazuuauny

<3 o { a o 4 { 4
ihdayana Sine Wave 12118 0.25 Hz HUOUNAYA 30 degree FY1AIN15IATOUNYDINDINDS

g 9 o 9

1 S A

newanneu Idamesuandezii s.2 uay 5.3 laIsaladiidenldlunisnadende

LPY503AL Fedsdaanaeoninlugldvesdyanaunnuaisdndiiludayaias Analog Signal

s Y a 3

2 A = a P2 1A Y @ =
mmwazLaﬂmmwwimmaiﬂwwammwuﬂ”l’flu@uamﬂmmuammmiww 5.1

Y

(% { o 9 ] @ 4
dyaruved o IsaTadfsudunluTdsunsy LabVIEW 92 1u@1n509010011N 0N 509
dyaasuniu dygaved h Isaladd lddiudansesaaniunaz dyans e Isalal
A J [ A [ A @ dy I a Y o
NHUAINTRINAUIAAIAIFUN 5.4 dyanunriudInsesmamutisziudunalniums

Uszanaamniimes laeldarvasennulsua 1§35 Gradient Method #1011

v
=

gﬂ% 5.1 LPY503AL Gyroscope

A a 2 1A ]
A1TIWNN 5.1 WﬁWﬂJmeiGUENU]ﬁ]IiﬁIﬂ‘IJ LPY503AL QWﬂQSJ'E)ﬂWiGl"INTLl

Symbol Parameter Test Min Typical Max Unit
Condition Specification
FSA 4X - OUT 130 °[s
Measurement Range
FS ouT 1120 °[s
SoA 4X - OUT 33.3 av /s
Sensitivity
So OuUT 8.3 ov /]S
Voff | Zero-rate Level - 1.23 A"
Vref | Reference Voltage - 1.23 v
Vdd | Supply Voltage - 2.7 3 3.6 v




degree

T T T T

encoder (degree)

time (s)

100

3

i1

=
N

o [ =N < 9 4
5.2 GIWLLWHQL‘D'QMM‘ﬂ?ﬂl@uiﬂﬂlﬂﬂﬁ

degree/s

80

60

40

20

-20

-40

-60

-80

T T T T

encoder (degree/s)

r r r r

20 40 60 80
time (s)

100

3

1

~
N

g a < Y 4
5.3 ﬂ'ﬂi]lﬁ')lﬂf\n;i]ﬂ’lﬂl’ﬁ)uiﬂﬂ!ﬂﬂi

48



49

volt

raw gyroscope signal

Kalman filter

0 I r r r r T T T
0 10 20 30 40 50 60 70 80

time (s)

31U 5.4 dyanandinsesnany

5.2 madszanamwnniimeslagl¥draenuulioiala
Tuaiuwesmstsvanumminiines laslddmawounulioaa 189103t
Gradient Method ﬁuﬁwﬂwmmuﬂ%”uéﬁ”lﬁ’%sﬁ1mswwﬂwwiwﬁmaﬂﬁ’ﬁ’uﬁ’ﬂujﬂgmam
wuldames Tasfidyaia lolsaladimudinsosmanniudyaudndwandagl

A J a J [ A
Nns.s uazNamsﬂizmmmwnmmamammgﬂm 5.6

volt

""""" Signal of gyroscope model

Kalman filter

r r T T

20 40 60 80 100
time (s)

= [ <3 Y d A v o Y a
gﬂVI 5.5 MIYAUYY ﬂJiUﬂﬂlﬂWﬂLf)uIﬂﬂLﬂﬂﬁmﬂ“UﬂU UYIUD WO



50

Bias

volt

0 20 40 60 80 100
time (s)

1/(Scaling factor)

02 U 13 T T y
— 1/(Scaling factor) |]

0.1 7

v/ (degree/s)

0 20 40 60 80 100
time (s)

zd' ] a 4
3119 5.6 M3szammnines

' a ) Vo o
513 msvawsmwnnimesldnudyanadelsalml
J ~ A s A Y @
nanisdszuianndouuuuazamaasudanesnlaainarraiye

Y
nuuUSua21aA207% Gradient Method T Tunisiir ldsawe i nudyaalaTsalal
9

v
=

Y o Y a 4 g’/ ] 1 A = 9 1 A 9 I
Iddualdmisiimoesnidesaniluaiaed 39ldnsmiaunasaesdoyario 1413
] a o oA A 79 Yo o £
AMveansiimes Tumsyaweandeuvutazanaawdames Innudyanale Isalaiu

1 U a 4 [ { 2
Tdaun1s 3.23 wanmsdszuiaaImsine s uaaIqin1s 19N 5.2 Han1svaLseday i
a J 1 a 1% { < 1w
TaTsaTaldreminiimesangievesguaaudasdezl 5.7 mngdaziuldndyaiw
Ay Y A o < Y s 4 = o
TalsaTadd Idianuaaramaounndyaruoulaaaes uazilonSeuisununanissase
o a o A 1 [ {
dygralalsaladdrenisilimesnldvinnisdszuiuainanaegl s.s uag 5.9
g‘a [ =~ Y dg! A = @ [
nnwansyareuy dygiaain b lsaladlianugndesunnduileieunudyyio
<] Y 4 Y 2 J 1 a 4 Y o o 1 Y
nnouldames uaaslimunnszuvlsznunimnimes lneldasasunulsunld

Z 1 a s Y Y
uuﬁ”lll”lﬁﬂl]53%1ﬂ!ﬂ1W1513Jm@51/]@@@fﬂﬁ]lﬂ



A oA a 4
ATTNN 5.2 Wafnﬁﬂﬁgll']ﬂ‘!ﬂ']lﬂﬂ\‘]lﬂullagﬁlﬂaa\‘uw\lﬂlﬂﬂﬁ

a 4 1 1 Y a 1 1
W3Ne3 ANGNOVDINHEN A91nM3Iszanun
Andeayu 1.23V 1.2628 V
1 A 4
1/(mmﬂaamwﬂmaﬁ) 0.0083 V/(degree/s) 0.005905 V/(degree/s)
100 T T T T
750 1
2
3
Encoder
750 i
""""" Gyroscope (Parameters from datasheet)
-]00 r T T T
0 20 40 60 80 100
time (s)
{ o <3 Aa 1 3 o
517 5.7 dyanuanusaFawsznind lsa Tnduaziouldaaes
d' 9 a I'4 = Y a
W%ﬂl%ﬂﬂﬂﬂWWi?MmﬂiﬂWﬂﬂﬂJ’E'JSU’EN@WZWI
100
75F .
30 b ) I i A ’
25 1 ] 1
.25’ 1 1 0l
| i T U\ i \ |
=50 B
Encoder
75| H
""" Gyroscope
_100 L r r T
0 20 40 60 80 100
time (s)

51/ 5.8 dyanuanuiuFawsznin b lsaladuaziduldaaed



52

60 T T T T

degree

-40 Encoder f

""" Gyroscope

0 20 40 60 80 100
time (s)

51l 5.9 dyanaduriaFamszninhlsalnluaziduldaaes

= <
5.2 ﬂ"l‘iﬂf’]‘ll!ﬂﬂﬂﬂ?’luﬁjl%ﬂﬂgu
3 A o o

Tumsaeuiouanuiudayy 1819 1 15a 1l LPYs03AL $112u 2 @alumisnaaes
d’ =} 1 1 = (% d’ Y = (% Y a = (%
monfSeumsuanuuanatsveslalsalalsimgnyuednu Biemedny guaameinuuas

~ ~ ' A P Yo Y A D] A Y a ] ]

Wiswisaimisilmesnilszua lanudeyavingionisldnuidnanlaszyld

a 3 A < v 3 A = g A =
msaeuisuaNuE uFywiuns Idanusugauinnuaududunalumsasviiiou

J J J J : 1 I 1

uazeanedaan lalsalalTasldmsnageunuugudwsldiluaesdiuno

U { U A J < a 2 4

AU 1 nIsNaaeuLUUFdNIAENITIANNAIAIWIT NFIYNTUIT 00 9
A Y] v JdAa 9 A o = A
Mo IANNFUHUTIFUd UV U UIesNIMIdouiion 1ea91nlalsalnl LPYs03AL
I P [ [ Y A A < 1A
WgwsesNawisadaalla 2 uuaunufe unu xuazuny z lnslianandinaoghn

9
£120 degree/s Nad@o 9Ny 39si1msao o lunaazuurnnulusa9 -100 degreess
4 ' a 3 { @ < 1 ' 3 a

24 100 degree/s tive lilwinuaaumnan ls Tsa Tal5u 18 inudoyalunaazmnnuE wda

o 9 g‘/ '

I 3 Poyanaunu x HaguNl z LaziAunae kansdoufisuvedlalsalnl LPYS03AL
AN 1 TUuAU x UATUAY ZLAAIAIATITI9N 5.3 LAY 5.4 ATUAIAY HANITA VLN
voalaTsaTal LPY503AL #2% 2 Tuunu x aguny z Haadndanstan 5.5 1ag 5.6 AUa19 L
Y] ] 4 1 I~ a 9 I'4 o
naluaasaNuduiussznI AU uFuvouou Inamesuazioanann lalsa Inl
LPY503AL @99 1 luunu xuazunu zuaaaaaglan s.iouag s.11 auaidvuay
] @ o 1 <3 a 9 4 o
nslanuduiutsznaeanuI uFaguveveulaameitazioranaainlalsa Ing

LPY503AL @7 2 Tunnu x nazunu z udaeasgili s.12 waz 5.13 mud ey iWerhmsad



53

a [ o J a 4
Wunwr TdusuwmFadusz ldanuduiusiFadulugdaunmnduass y, ) ive 14
J [ a 1 4 1 1 o
Tunismiannu ldiflhusaduvesdoya Tasarinnunaiandensz1i19A191001599

sazani ldnnanuduiuiisaduie
e (X)=y(x) -y, (x) (5.1)

A A 1 A @ v da k)
114D e .(X) feo MmanuamIAMADUNINANNTUNUTITUTY
=1 1 3
y(x) 09 A191NN1TIA

" g N Y 9 A A A o a = 9 A A
ﬂ’JHJVliJLﬂuLGNLﬁWUENﬂJE]33!aw‘j@mi’EN;JE]’J@@‘NJW@WWJE}?J”E]WUENL’iJuE]’E]ﬂVlﬂ

Q

o o J A 9 ~ 1 [~ a 9 dy S I 4
NUUIANVTUNUBIFUTUNINNG A Iﬂﬂﬂ?ﬂ'Nllhllll,ﬂul,“lfﬂlﬁuu!,l,ﬁﬂﬁiugﬂlﬂ’E]imﬂ!@]

13
VDA UANTLNA

eL
%e, =—%x100 (5.2)
max ro
& a 4 g o 4oy 4 4
10 e A9 AIANUANAAADUIINANNANNUTIFUTUNNINNGA
A T g
f 9 AUANALNG

9
a o

v { 1 J a < a 1
daufl 2 msnadeunnugulaenisguldounanud nFayuanausl 9

4 ' o 3 o
Lﬁ@ﬂﬂ'J']llﬁ']ll'liflcluﬂ']ij@c]f']"ll@\uc]fulc]fﬂi bluﬂ'liW']ﬂ']ﬂ'J']iJa']iJ'liﬂcluﬂ']iﬂ']G]ﬂﬁﬂ'lﬂ'mJ

ﬁi’m’sueﬁ’ama (N sample) 1111 14359 i 'mﬂm:waamummmmmmﬂammaammuﬁu

DN

mmmﬂmmﬂsﬁum@wm@gamﬂ“lmzﬁ'ummwaﬁ'umau%’u'lﬂ WIANMI
XEt, .S; (P %) (5.3)

Y [ A 4 oA o Y A
m&immummwﬂuuw 95% ﬂTWLlﬂbl‘Vf Clne

CI _+tv95 vgsxj— (95 %) (5-4)



54

1 { g}J 1 1 4
MSHINVOITUNITN 5.4 HUAIVDY Sx mﬂﬁ’mmnmm@amnauwﬁﬁ Usegunisal

! v 9 9 v
nMsinunIedoyaninnisHan dmsuszAUANUITENUTUITHNIeD 9Ty anIaoar

' A A Sx = Sx A A y A 9 ' A
VOIAURAAD _tV'QSW G +tv'95W wennsaduReIvestoyan d Ao

Cl S
d="lot (5.5)
2 V,95 ﬁN .
v [
wiuswudeyandesnslumsiaansodszana 1d Tagauns
2
T, 0S
N; ~ [%) (95 %) (5.6)

Aa o t;‘ A Yo 9 o 3 9 A I
ﬂlu\i'lu'lfi]ﬂul?l@ﬂ{l‘b'fl]']u'luéll’l’)uuﬁ{luﬂ'lﬁﬁ'lﬂﬁ'lllﬁ'lll'lﬁﬂ{luﬂ'lﬁ?ﬂ“]ﬂ 20 Yoya LW@UJu
"o ¥ A A vy o A 1 Yno ) Yo ) 4

ﬂ']ﬁ‘V]ﬂﬁ@U'J'm']u'JuaUﬂiJuﬁVllﬁ@ﬂblsb'uclJLWfNW@ﬁiﬂlliJ E’Jﬁ]flhlﬂ‘ﬂ']ﬂ']'ilﬂﬂﬁ@ﬂiﬂﬂ{lﬁll@!@'ﬂﬁ

v g 3 9 Sy v ° [ oA
HHUATIYAITULTI 50 degl‘ee/SLﬂﬂﬂl@yjﬁﬂllﬂﬁ]qﬂllﬂiiﬁiﬂﬂ“ﬂquﬂu 20 ATY UIANVYILUU

9 Y 1 v ° 1 1w ' ~

HIATFIUVBDITVDYA (Sx)hlm‘mﬂu 0.3959 Myvuaa1 Cl m1nu 0.25 LLV]UﬂTaQ‘IUﬁNﬂ'ﬁ‘W 5.6

Y 1 1w 1o A A 9 < 9 kS ~
%Zulﬂ‘ﬂ'] NT IN1NUY 10.91 Llﬁﬂ\‘lj'ﬁnuQUWLaﬂﬂchHGlUﬂTilﬂﬂﬂl@Ha (N =20) HUINYIND
1 < 9
ABNIILNVVBYD

]
= 1

' { e a ' 3
Tudqun 2 WilunsldanuSusayuinsiuaun lalsalals o Tasidon

q
v v

3 a A o ~ 1 v 1 o o @ 1 A VoA
ANNGIFIYUNIIMITRUNSY 6 AMUAAZAIIIE 22 AT MIAURALAZANTSAVUIIATFIY
Y9490y a91nn153A wan1saoutfion lalsalal LPYs03AL @2# 1 Tunnu x uazunu z

. o o o o o
HAAINIANTNG 5.7 wag 5.8 awdey wamsdouriion loTsa1nl LPYs03AL @7 2 Tunnu x

v 9
HAZUAY ZUAAIAIAIII9N 5.9 1A 5.10 AIUEIAY IINHANITTOUINIUUUAINITD
o a 4 1 a a 1 @ %’ g‘;
111RTLHMIAANUAANIATE VY ANVAANAIAUDTGN ANNEIN130 TUNITIAETINNT
A himiveuvesdoyasinlalsalnl LPYso3AL @27 1 naz 2 Helauaasn Tagagil

1115199 5.20 FUSTVAANVAANAIATLUY NITUINFUAT

Bias error = |Xtrue — 7| (5.7)
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ANUG Encoder Gyroscope Measured Values (degree/s) .
v .y Y Aundy y.(x) | e(x)
(degree/s) | (degree/s) | q3ai 1 ASIN 2 A5IN 3
10 11.0730 11.9685 11.5877 11.3979 11.6514 10.8416 0.8098
20 20.5279 21.4883 21.8691 22.2499 21.8691 20.1480 1.7211
40 38.1232 38.0528 39.1951 39.3855 38.8778 | 37.4671 1.4107
60 58.6510 58.9963 58.2348 57.4732 58.2348 | 57.6726 0.5622
80 79.1789 75.9416 75.5608 75.3704 75.6243 | 77.8782 -2.2539
100 99.7067 98.9795 99.1699 97.8372 98.6622 | 98.0837 0.5785
-10 -9.7976 -11.8310 -10.6887 -11.6406 -11.3868 -9.7014 -1.6854
-20 -20.5279 -22.1124 -22.4932 -22.4932 -22.3663 | -20.2632 -2.1031
-40 -38.1232 -35.0594 -37.3441 -35.6305 -36.0113 | -37.5823 1.5709
-60 -58.6510 -59.0493 -60.1917 -59.0493 -59.4301 | -57.7878 -1.6423
-80 -79.1789 -77.5177 -78.2793 -78.8505 -78.2158 | -77.9934 -0.2224
-100 -99.7067 -96.3669 -96.5773 -97.8901 -96.9448 | -98.1989 1.2541
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-100[

yL(x) =0.9843*x - 0.05757

® Gyroscope measured values

Linear curve fitting, yL(x)
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aANus) Encoder Gyroscope Measured Values (degree/s) ,
v .y y Aundy y (%) e (X)
(degree/s) | (degree/s) | q3ain1 ASIN 2 GEATE
10 11.0730 10.0067 9.8148 10.7741 10.1985 11.5761 -1.3776
20 20.5279 19.9830 20.7504 20.7504 | 20.4946 20.5726 -0.0780
40 38.1232 40.5372 39.9693 39.0515 | 39.8527 38.5656 1.2871
60 58.6510 60.2772 59.8942 60.6501 | 60.2738 59.5573 0.7165
80 79.1789 78.2243 80.8699 79.3581 | 79.4841 80.5491 -1.0650
100 99.7067 102.7900 101.8460 101.2790 | 101.9717 | 101.5409 0.4308
-10 -9.7976 -9.8356 -10.4025 -10.2135 | -10.1505 -10.4382 0.2877
-20 -20.5279 -23.6304 -20.9848 -21.7407 | -22.1186 -21.4110 -0.7076
-40 -38.1232 -37.7197 -37.9087 -40.3653 | -38.6646 -39.4040 0.7394
-60 -58.6510 -60.6572 -62.7359 -61.6020 | -61.6650 -60.3957 -1.2693
-80 -79.1789 -80.0210 -81.4380 -81.0049 | -80.8213 -81.3875 0.5662
-100 -99.7067 -101.2800 -102.4140 -102.0360 | -101.9100 | -102.3793 0.4693

gyro(degree/s)

yL(x) =1.023*x - 0.4192

® Gyroscope measured values

— Linear curve fitting, yL(x)
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AUE Encoder Gyroscope Measured Values (degree/s) \
. . o awade | Y, (X) | e (X)
(degree/s) | (degree/s) ATIN A3IN 2 ATIN 3
10 11.0730 11.4422 11.8226 11.0617 | 11.4422 10.9351 0.5070
20 20.5279 21.9050 22.0952 21.3343 | 21.7782 | 20.2520 1.5262
40 38.1232 39.2513 39.0608 39.6323 | 39.3148 | 37.5904 1.7244
60 58.6510 55.3860 56.7170 56.3372 | 56.1467 | 57.8185 -1.6718
80 79.1789 78.4966 78.1156 78.4966 | 78.3696 | 78.0467 0.3229
100 99.7067 97.9982 99.1396 96.4763 97.8714 | 98.2748 -0.4034
-10 -9.7976 -9.7102 -10.4722 -12.1868 | -10.7897 -9.6308 -1.1590
-20 -20.5279 -20.1365 -20.1361 -20.7072 | -20.3266 | -20.2044 -0.1222
-40 -38.1232 -36.1913 -38.0964 -37.7153 | -37.3343 | -37.5428 0.2085
-60 -58.6510 -58.5636 -58.1831 -58.7538 | -58.5002 | -57.7709 -0.7293
-80 -79.1789 -80.1994 -81.1520 -81.5330 | -80.9615 | -77.9991 -2.9624
-100 -99.7067 -94.8981 -96.0395 -95.4688 | -95.4688 | -98.2272 2.7584

100

gyro(degree/s)
S
T

=50

-100["

yL(x) = 0.9854*x +0.02376

® Gyroscope measured values |]

— Linear curve fitting, yL(x)
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anus) Encoder Gyroscope Measured Values (degree/s) .4
. - - awade | Y (X) | e.(X)
(degree/s) | (degree/s) A3IN A3IN A39N 3

10 11.0730 11.7209 11.4936 11.0141 11.4095 11.1073 0.3023
20 20.5279 19.6754 19.5165 20.6412 19.9444 20.7238 | -0.7795
40 38.1232 39.3522 40.9697 40.3324 40.2181 38.6200 1.5981
60 58.6510 59.7963 60.8518 59.9871 60.2117 59.4988 0.7129
30 79.1789 79.7941 79.2214 80.1758 79.7304 80.3778 | -0.6473
100 99.7067 101.3640 99.9820 101.3640 100.9033 101.2566 -0.3533
-10 -9.7976 -9.9199 -10.1107 -11.0652 -10.3653 -10.1202 -0.2450
-20 -20.5279 -21.3727 -20.5636 -20.3950 -20.7771 -21.0340 0.2569
-40 -38.1232 -39.1470 -40.4831 -39.7196 -39.7832 -38.9302 -0.8530
-60 -58.6510 -60.0294 -60.2203 -61.4567 -60.5688 -59.8090 -0.7598
-80 -79.1789 -80.1912 -81.4299 -80.8582 | -80.8264 | -80.6880 | -0.1385
-100 -99.7067 -99.1519 -101.391 -101.439 | -100.6606 | -101.5668 0.9062

100

501

g o

2
&
yL(x) =1.017*x - 0.1551
-50 7
® Gyroscope measured values
-100] Linear curve fitting, yL(x)
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ﬂ'ﬂlll%"']
20 60 100 -20 -60 -100
(degree/s)
Encoder
20.5279 58.651 99.7067 -20.5279 -58.651 -99.7067
(degree/s)
f gj@ﬁ Gyroscope Measured Values (degree/s)
1 21.8691 58.9963 98.9795 -22.1124 -59.0493 -96.3669
2 21.8691 58.2348 99.1699 -22.4932 -60.1917 -96.5573
3 21.4883 57.4732 97.8372 -23.2548 -59.0493 -95.0342
4 21.8691 58.8059 98.0276 -22.4932 -60.1917 -95.7957
5 22.2499 57.4732 97.6468 -22.6836 -56.0029 -95.9861
6 22.4403 57.6636 98.0276 -22.1124 -59.4301 -95.9861
7 21.6787 57.8540 98.0276 -22.4932 -60.1917 -95.6053
8 21.4883 57.2828 97.8372 -21.7316 -59.8109 -95.9861
9 21.6787 59.1867 99.1699 -21.9220 -57.1453 -95.4149
10 21.6787 57.4732 97.6468 -21.7316 -60.1917 -95.6053
11 21.6787 57.8540 98.4083 -22.4932 -59.2397 -95.0342
12 22.8211 56.9020 98.5987 -22.3028 -59.6205 -98.8421
13 21.6787 57.4732 99.3603 -19.0661 -58.6685 -95.9861
14 21.4883 58.6155 97.6468 -22.3028 -59.0493 -95.7957
15 22.6307 57.8540 98.2180 -20.9700 -57.1453 -97.8901
16 21.6787 57.6636 97.8372 -22.1124 -59.8109 -95.0342
17 21.6787 58.2348 98.0276 -22.3028 -60.1917 -96.3669
18 22.0595 57.4732 97.2660 -20.7796 -60.5724 -96.1765
19 22.4403 58.8059 98.2180 -18.8757 -59.4301 -98.0805
20 21.8691 58.4252 98.0276 -19.6373 -56.7645 -96.3669
21 21.1075 58.2348 97.8372 -21.3508 -60.5724 -96.7477
22 22.2499 59.1867 98.5987 -22.6836 -59.2397 -97.8901
‘ﬂliméﬂ 21.8881 58.0539 98.1894 -21.7887 -59.2492 -96.2336
Std. dev. 0.3434 0.5875 0.4835 0.9905 1.0885 0.8672
Bias err. 1.3602 0.5971 1.5173 1.2608 0.5982 3.4731
Random err. 0.6868 1.1751 0.9670 1.9810 2.1769 1.7345
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20 60 100 -20 -60 -100
(degree/s)
Encoder
20.5279 58.651 99.7067 -20.5279 -58.651 -99.7067
(degree/s)
f gjﬂﬁ Gyroscope Measured Values (degree/s)
1 19.9830 60.2722 102.7900 -23.6304 -60.6572 -101.2800
2 20.7504 59.8942 101.8460 -20.9848 -62.7359 -102.4140
3 20.7504 60.6501 101.2790 -21.7407 -61.6020 -102.0360
4 20.7504 61.4060 101.0900 -20.9848 -62.1690 -101.0910
5 20.7504 60.4611 102.2230 -21.7407 -59.6623 -102.7920
6 21.7096 61.0280 102.9790 -20.7958 -60.4182 -102.7920
7 20.7504 60.6501 101.8460 -21.3628 -62.1690 -101.6580
8 22.8607 61.5950 101.0900 -21.3628 -62.9248 -101.6580
9 21.3259 60.2722 102.0340 -21.1738 -62.7359 -103.3590
10 18.6400 60.2722 100.9010 -20.9848 -62.5469 -101.8470
11 21.5178 61.0280 102.0340 -24.1973 -62.3079 -99.9571
12 20.3667 60.2722 101.2790 -20.4179 -62.1690 -99.3902
13 20.1748 62.3508 101.6570 -22.1186 -62.1690 -103.9250
14 22.2852 59.8942 102.0340 -22.4966 -59.9013 -104.3030
15 19.7911 60.2722 101.6570 -22.6021 -60.6572 -102.3590
16 21.1341 63.1067 102.7900 -21.9297 -60.2793 -99.5791
17 21.9015 60.4611 102.0340 -20.9014 -60.2793 -99.9571
18 20.5585 61.5950 101.2790 -19.7676 -62.9248 -101.6580
19 20.3667 61.9729 102.2230 -20.7124 -58.9565 -100.3350
20 22.0933 60.2722 103.3570 -19.9565 -62.1690 -99.5791
21 21.3259 61.4060 102.6010 -21.8462 -58.9565 -100.1460
22 21.7096 60.2722 102.4120 -21.6573 -62.3579 -102.0360
‘ﬂliméﬂ 20.9998 60.8202 101.9589 -21.4700 -61.4434 -101.5229
Std. dev. 0.7127 0.6852 0.5761 0.8437 1.2080 1.2681
Bias err. 0.4719 0.7634 2.2522 0.9421 2.7924 1.8162
Random err. 1.4254 1.3704 1.1522 1.6874 2.4161 2.5363
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20 60 100 -20 -60 -100
(degree/s)
Encoder
20.5279 58.651 99.7067 -20.5279 -58.651 -99.7067
(degree/s)
f gjﬂﬁ Gyroscope Measured Values (degree/s)
1 20.5812 57.7309 98.8814 -20.5693 -58.2906 -95.2498
2 19.8191 56.9688 96.5952 -21.1409 -57.338 -95.8213
3 20.2001 58.874 97.5478 -20.5693 -58.6716 -95.2498
4 20.2001 56.0163 98.6909 -20.1883 -57.9096 -94.2973
5 19.6286 58.3024 98.8814 -21.3314 -59.2431 -95.6308
6 20.2001 57.9214 98.6909 -21.1409 -57.5285 -95.8213
7 19.8191 55.4448 96.7857 -20.3788 -58.8621 -95.8213
8 19.2476 57.1594 98.1193 -20.1883 -59.4337 -95.0593
9 20.7717 57.7309 97.5478 -22.8555 -58.6716 -95.8213
10 20.2001 57.9214 98.1193 -20.5693 -59.2431 -95.4403
11 20.0096 58.6835 96.9763 -19.9978 -58.8621 -94.8688
12 20.0096 57.7309 98.3098 -21.7124 -58.6716 -93.9162
13 20.2001 58.3024 96.7857 -21.3314 -59.0526 -94.8688
14 22.1052 59.4455 97.3573 -20.5693 -58.4811 -95.0593
15 20.5812 57.1594 98.6909 -21.3314 -57.9096 -95.0593
16 20.0096 57.9214 98.3098 -20.9503 -59.2431 -95.8213
17 20.7717 58.1119 97.5478 -20.5693 -59.2431 -95.0593
18 20.2001 56.9688 98.1193 -20.7598 -58.8621 -95.8213
19 20.9622 57.3499 98.5003 -19.6168 -59.0526 -96.2024
20 19.4381 58.874 98.1193 -19.9978 -58.4811 -95.2498
21 20.0096 57.9214 98.1193 -21.1409 -59.4337 -95.2498
22 19.4381 57.7309 97.1668 -20.7598 -58.4811 -95.2498
ﬂlﬂﬂéﬂ 20.1525 57.7690 97.9193 -20.7598 -58.7097 -95.3260
Std. dev. 0.4232 0.7009 0.6613 0.4867 0.5119 0.4210
Bias error 0.3754 0.882 1.7874 0.2319 0.0587 4.3807
Random error 0.8464 1.4019 1.3227 0.9734 1.0239 0.8420
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20 60 100 -20 -60 -100
(degree/s)
Encoder
20.5279 58.651 99.7067 -20.5279 -58.651 -99.7067
(degree/s)
f gjﬂﬁ Gyroscope Measured Values (degree/s)
1 19.6754 59.7963 101.3640 -21.3727 -60.0294 -99.1519
2 19.5165 60.8513 100.9820 -21.5636 -60.2203 -101.3910
3 20.6412 60.6827 101.3640 -21.3950 -60.4567 -101.4390
4 21.9933 59.9871 101.6540 -22.5403 -60.4567 -102.2010
5 18.3233 59.4145 101.8450 -20.6315 -60.0294 -100.1050
6 20.6412 59.4145 101.2720 -20.4406 -60.4791 -98.5803
7 18.7096 59.0560 102.5090 -22.6856 -60.8608 -102.3910
8 19.4823 60.6371 99.4771 -21.0133 -59.0517 -101.7730
9 19.1644 59.0560 99.3318 -22.3494 -60.7155 -99.3425
10 21.6070 59.9648 102.5310 -22.1586 -60.2426 -101.6290
11 18.1302 60.6371 100.7910 -22.7312 -60.2426 -100.1050
12 19.0960 60.6827 99.4548 -21.5859 -59.8152 -99.1519
13 20.6412 59.2013 99.0730 -21.2042 -60.8608 -99.1519
14 19.9370 62.2554 100.2180 -21.2583 -60.2882 -102.2010
15 21.2207 59.5831 101.3640 -21.5859 -59.0517 -100.1050
16 18.1302 60.6371 101.2720 -19.4862 -60.4791 -99.7236
17 19.7096 60.6371 102.9900 -20.8224 -60.2426 -99.7236
18 18.3575 60.1557 99.0730 -21.7768 -60.0973 -101.1540
19 18.3233 60.4919 99.8366 -20.2498 -60.2426 -99.7236
20 21.0276 60.9192 101.3640 -21.0133 -63.0517 -99.1519
21 18.3233 62.6371 100.6000 -20.6315 -60.7155 -100.2950
22 19.9370 60.8280 99.6457 -20.4406 -60.0517 -99.7236
ﬂlﬂﬂéﬂ 19.6232 60.2916 100.7975 -21.3360 -60.2300 -100.3621
Std. dev. 1.0768 0.7572 1.0470 0.7117 0.4886 1.0745
Bias error 0.9047 1.6406 1.0908 0.8081 1.5790 0.6554
Random error 2.1536 1.5144 2.0939 1.4233 0.9773 2.1490
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aANus) Encoder Gyroscope Measured Values (degree) ,
v .y Y ARy Y (X) e (X)
(degree) | (degree) | qfaii 1 A5IMN 2 A5IN 3
-120 -119.9410 -120.4850 -118.7660 -119.9690 -119.7400 | -119.9397 0.1997
-110 -109.9710 -109.2870 -108.2550 -108.2420 -108.5947 | -109.8769 1.2823
-100 -99.7067 -98.0880 -98.4318 -98.4318 -98.3172 | -99.5172 1.2000
-90 -89.7361 -88.4365 -87.3232 -88.7802 -88.1800 | -89.4538 1.2739
-80 -79.7654 -79.4725 -78.6130 -79.9568 -79.3474 | -79.3904 0.0430
-70 -69.7947 -70.5085 -69.3053 -69.4772 -69.7637 | -69.3270 -0.4367
-60 -59.5308 -59.4668 -58.4505 -60.6851 -59.5341 | -58.9676 -0.5665
-50 -49.8534 -48.9709 -50.5179 -49.3147 -49.6012 | -49.2002 -0.4009
-40 -39.8827 -40.3507 -40.5226 -40.9645 -40.6126 | -39.1368 -1.4758
-30 -29.9120 -30.0116 -30.1210 -30.6991 -30.2772 | -29.0734 -1.2039
-20 -19.9413 -20.3729 -20.3771 -20.2010 -20.3170 | -19.0100 -1.3070
-10 -9.9707 -10.2057 -10.0338 -10.2057 -10.1484 | -8.9466 -1.2018
10 9.6774 10.5932 10.9370 10.7651 10.7651 10.8842 -0.1191
20 19.6481 21.9124 21.5687 21.7405 21.7405 | 20.9476 0.7929
30 29.6188 30.2002 31.6845 31.5126 31.1324 | 31.0111 0.1214
40 39.5894 41.8005 40.7819 41.2976 41.2933 | 41.0744 0.2190
50 49.5601 52.6168 51.5855 52.7887 52.3303 51.1378 1.1925
60 59.5308 61.7014 61.0138 60.4982 61.0711 61.2012 -0.1301
70 69.2082 70.9579 69.7547 71.2761 70.6629 | 70.9686 -0.3057
80 79.4721 78.4955 81.7614 80.9020 80.3863 | 81.3280 -0.9417
90 89.7361 90.3303 92.7368 91.8774 91.6482 | 91.6874 -0.0393
100 99.4153 100.2740 101.3060 102.8530 101.4777 | 101.4567 0.0210
110 109.6770 112.1090 111.9370 112.4530 112.1663 | 111.8138 0.3525
120 119.6480 123.9440 123.9240 122.0530 123.3070 | 121.8775 1.4295
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aANus) Encoder Gyroscope Measured Values (degree) ,
v .y Y ARy Y (X) e (X)
(degree) | (degree) | qfaii 1 A5IMN 2 A5IN 3
-120 -119.9410 -124.3520 -123.9800 -122.9590 -123.7637 | -122.3594 -1.4042
-110 -109.9710 -109.9080 -112.8560 -112.6450 -111.8030 | -112.1920 0.3890
-100 -99.7067 -101.0330 -100.8630 -103.3930 -101.7630 | -101.7245 -0.0385
-90 -89.7361 -89.7697 -90.1099 -91.1303 -90.3366 | -91.5565 1.2198
-80 -79.7654 -81.2566 -83.4676 -81.0865 -81.9369 | -81.3884 -0.5485
-70 -69.7947 -69.9841 -70.4943 -71.5148 -70.6644 | -71.2202 0.5558
-60 -59.5308 -61.3247 -62.0050 -62.9853 -62.1050 | -60.7531 -1.3519
-50 -49.8534 -50.8724 -51.3826 -51.8928 -51.3826 | -50.8841 -0.4985
-40 -39.8827 -41.5025 -42.0127 -41.6726 -41.7293 | -40.7160 -1.0133
-30 -29.9120 -29.2255 -29.7357 -30.4478 -29.8030 | -30.5479 0.7449
-20 -19.9413 -20.5200 -19.1594 -20.3499 -20.0098 | -20.3797 0.3700
-10 -9.9707 -9.6035 -10.1614 -9.9437 -9.9029 | -10.2117 0.3088
10 9.6774 11.0386 11.5497 11.2090 11.2658 9.8254 1.4403
20 19.6481 20.4966 20.8373 20.4966 20.6102 19.9935 0.6166
30 29.6188 29.9396 31.3024 30.7914 30.6778 | 30.1617 0.5161
40 39.5894 41.1528 40.9828 41.3229 41.1528 | 40.3297 0.8232
50 49.5601 49.1145 50.3050 50.8152 50.0782 50.4978 -0.4196
60 59.5308 60.9842 61.5385 62.6032 61.7086 | 60.6659 1.0427
70 69.2082 69.6297 68.9494 69.5855 69.3882 | 70.5349 -1.1467
80 79.4721 82.5293 80.8227 81.6890 81.6803 | 81.0020 0.6783
90 89.7361 89.4234 91.9745 92.6548 91.3509 | 91.4693 -0.1184
100 99.4153 99.9774 101.0140 99.1429 100.0448 | 101.3401 -1.2954
110 109.6770 109.4890 110.4450 112.5470 110.8270 | 111.8050 -0.9780
120 119.6480 120.4510 122.7880 123.0020 122.0803 | 121.9734 0.1069
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aANus) Encoder Gyroscope Measured Values (degree) ,
v .y Y ARy Y (X) e (X)
(degree) | (degree) | qfaii 1 A5IMN 2 A5IN 3
-120 -119.9410 -117.6360 -119.2590 -119.0870 -118.6607 | -120.2170 1.5563
-110 -109.9710 -109.1140 -108.9100 -108.6270 -108.8837 | -110.0945 1.2108
-100 -99.7067 -99.7185 -100.5800 -99.2013 -99.8333 | -99.6731 -0.1602
-90 -89.7361 -88.5690 -89.7756 -89.0861 -89.1436 | -89.5500 0.4064
-80 -79.7654 -78.6261 -80.0051 -79.1432 -79.2581 | -79.4267 0.1686
-70 -69.7947 -69.8889 -68.3385 -68.1661 -68.7978 | -69.3035 0.5056
-60 -59.5308 -59.1931 -58.1588 -58.1880 -58.5133 | -58.8825 0.3692
-50 -49.8534 -49.3146 -49.4870 -49.4870 -49.4295 | -49.0571 -0.3725
-40 -39.8827 -39.3717 -40.4060 -40.4060 -40.0612 | -38.9338 -1.1274
-30 -29.9120 -29.7736 -30.4356 -30.4356 -30.2149 | -28.8106 -1.4044
-20 -19.9413 -20.8375 -20.6652 -20.8325 -20.7784 | -18.6873 -2.0911
-10 -9.9707 -10.2052 -10.5499 -10.3775 -10.3775 -8.5641 -1.8134
10 9.6774 11.7712 11.4265 11.2541 11.4839 11.3846 0.0993
20 19.6481 22.3750 22.2026 22.3750 22.3175 | 21.5078 0.8097
30 29.6188 31.5998 32.8064 32.2895 32.2319 | 31.6311 0.6008
40 39.5894 42.7207 42.3623 41.8451 42.3094 | 41.7542 0.5551
50 49.5601 50.6638 51.1810 51.3533 51.0660 | 51.8775 -0.8114
60 59.5308 59.5100 61.0614 61.5785 60.7166 | 62.0007 -1.2841
70 69.2082 71.6314 71.9761 72.1485 719187 | 71.8262 0.0925
80 79.4721 82.7184 82.0289 82.1219 82.2897 | 82.2471 0.0426
90 89.7361 92.7713 92.7713 93.1331 92.8919 | 92.6682 0.2237
100 99.4153 103.6860 102.8240 102.6520 103.0540 | 102.4955 0.5585
110 109.6770 113.3920 112.3600 112.0150 112.5890 | 112.9142 -0.3252
120 119.6480 125.5150 125.6880 124.4810 125.2280 | 123.0377 2.1903
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aANus) Encoder Gyroscope Measured Values (degree) ,
v .y Y ARy Y (X) e (X)
(degree) | (degree) | qfaii 1 A5IMN 2 A5IN 3
-120 -119.9410 -117.3240 -119.7210 -120.0640 -119.0363 | -120.9793 1.9430
-110 -109.9710 -109.9060 -110.3030 -111.6180 -110.6090 | -110.9316 0.3226
-100 -99.7067 -100.2050 -99.9198 -101.6870 -100.6039 | -100.5872 -0.0167
-90 -89.7361 -90.9607 -88.3924 -90.7895 -90.0475 | -90.5388 0.4913
-80 -79.7654 -80.8031 -80.2318 -81.6592 -80.8980 | -80.4904 -0.4077
-70 -69.7947 -72.8136 -71.0711 -71.8695 -71.9181 | -70.4419 -1.4762
-60 -59.5308 -60.9582 -61.4719 -60.7629 -61.0643 | -60.0979 -0.9664
-50 -49.8534 -51.7639 -52.4215 -51.5927 -51.9260 | -50.3451 -1.5810
-40 -39.8827 -41.3406 -41.1453 -39.7997 -40.7619 | -40.2966 -0.4653
-30 -29.9120 -30.6022 -30.5781 -31.6054 -30.9286 | -30.2481 -0.6805
-20 -19.9413 -19.6925 -19.8637 -19.6925 -19.7496 | -20.1996 0.4501
-10 -9.9707 -9.4677 -10.1526 -9.8102 -9.8102 | -10.1512 0.3411
10 9.6774 11.2493 11.0781 11.6158 11.3144 9.6501 1.6643
20 19.6481 20.3719 20.2007 20.5431 20.3719 19.6986 0.6733
30 29.6188 28.1247 29.6897 29.3232 29.0459 | 29.7470 -0.7012
40 39.5894 39.1547 38.7882 39.9867 39.3099 | 39.7954 -0.4855
50 49.5601 48.9381 50.1366 494517 49.5088 | 49.8439 -0.3351
60 59.5308 61.1666 60.4817 61.3378 60.9954 | 59.8923 1.1030
70 69.2082 69.9467 69.0666 70.0938 69.7024 | 69.6452 0.0571
80 79.4721 79.7301 81.9559 79.0452 80.2437 | 79.9892 0.2546
90 89.7361 91.1025 90.2464 91.7633 91.0374 | 90.3332 0.7042
100 99.4153 100.3720 100.1770 101.0570 100.5353 | 100.0879 0.4474
110 109.6770 110.4980 108.4670 110.5220 109.8290 | 110.4297 -0.6007
120 119.6480 119.9870 118.4220 120.8190 119.7427 | 120.4785 -0.7358
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ANUIEY
30 60 90 120 -120 -90 -60 -30
(degree)
Encoder
29.6188 | 59.5308 | 89.4428 | 119.6480 |-119.9410| -89.7361 | -59.5308 | -29.9120
(degree)
ﬂ%ﬁ‘ﬁ Gyroscope Measured Values (degree)
1 31.8785| 61.2017 | 93.0241 | 122.9120|-119.2200 | -89.7882 | -59.0369 | -30.7879
2 32.5646 | 61.3733 93.8817| 122.8170 | -119.3910 | -87.9015| -59.5823 | -30.6155
3 31.7070 | 60.8587 | 93.3672| 122.8170 | -120.4110 | -90.9888 | -58.8648 | -30.0984
4 32.5646 | 61.8878 | 92.1730| 122.9890 | -119.9010 | -88.9302 | -59.9276 | -30.2708
5 31.8785 61.0302 | 93.7167 | 122.7820|-119.5400 | -89.6166 | -59.2369 | -29.7536
6 32.3931| 60.3441 | 93.7167 | 122.6110|-121.2620 | -89.4451 | -58.8382| -30.4432
7 31.8785| 60.6872| 93.0371| 121.1120|-119.5610 | -89.4030 | -59.5243 | -30.7879
8 31.7070 | 61.2017 | 92.8656 | 121.1120|-118.8800 | -89.2736 | -59.6959 | -29.5812
9 32.0500 | 59.3150 | 93.7232| 122.4730|-118.5400 | -89.9193 | -59.9984 | -30.0987
10 32.3921 60.3441 92.5290 | 122.3030 | -119.3910| -89.7882 | -59.3811 | -29.1871
11 31.8584| 60.1726 | 91.8429| 122.3030 | -119.3910 | -89.1021| -59.3811 | -29.7034
12 32.7160 | 61.2017 | 92.5290| 122.6430 | -118.8800 | -88.9306 | -59.2090 | -29.8883
13 32.5445 60.5157| 92.0145| 122.8130|-120.0710 | -88.4160| -59.8967 | -30.9080
14 31.3439| 61.3733 91.8429 | 121.9630 | -120.3950 | -90.1312 | -59.8764 | -29.0150
15 31.7160 | 61.5448 | 92.1860 | 122.8130|-121.2530 | -91.1603 | -58.9694 | -29.1871
16 32.8775| 60.3441 | 90.6423 | 122.3030 | -120.5670 | -89.6166 | -59.8974 | -30.0476
17 31.1724 | 60.8587 | 92.5290 | 122.8130|-120.0520 | -89.4451 | -58.9648 | -30.7359
18 32.0300 | 60.2801 92.0145| 121.9630 | -120.0520 | -89.6166 | -58.9627 | -29.0150
19 32.7160 | 60.1086 | 91.3284| 121.9630 | -119.8810 | -90.6076 | -58.9627 | -29.7034
20 324450 | 61.6522 | 93.0436| 122.3030 | -119.5250 | -89.9193 | -58.8648 | -30.0569
21 31.8584 | 59.5944 | 93.0436| 122.1330|-120.9100 | -90.2635| -58.9772| -29.7034
22 32.2015 60.7946 | 91.1569 | 122.1330|-120.0520 | -89.7472| -58.9764 | -29.8823
‘t"hm?;lﬂ 32.1222| 60.7741 92.5842 | 122.3987 | -119.8662 | -89.6474 | -59.3094 | -29.9774
Std. dev. 0.3959 0.5516 0.7635 0.4465 0.6318 0.5920 0.3877 0.5264
Bias err. 2.5034 1.2433 3.1414 2.7507 0.0748 0.0887 0.2214 0.0654
Random err. 0.7918 1.1032 1.5269 0.8931 1.2635 1.1840 0.7754 1.0528
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ANUIEY
30 60 90 120 -120 -90 -60 -30
(degree)
Encoder
29.6188 | 59.5308 | 89.4428 | 119.6480 |-119.9410| -89.7361 | -59.5308 | -29.9120
(degree)
ﬂ%ﬁ‘ﬁ Gyroscope Measured Values (degree)
1 29.9396 | 60.9842 | 89.4234| 120.4510 |-122.3520 | -89.7697| -60.5765| -29.2255
2 31.3024 | 61.5385| 91.9745| 122.7880 | -121.9800 | -90.1099 | -61.3247 | -29.7357
3 30.7914 | 62.6032| 91.6548 | 122.0020 | -121.9590 | -91.1303 | -62.0050 | -29.2255
4 29.7692 | 62.2188 | 91.6344 | 121.4720|-122.4900 | -89.5996 | -62.6853 | -30.4478
5 31.4728 61.7085| 90.8453 | 119.6010 | -121.5990 | -90.4500| -61.4948 | -29.9058
6 31.4728 | 62.5589 | 89.8894 | 122.3220|-122.6190 | -92.1507 | -62.2920| -29.2255
7 30.7914 | 61.2426 | 90.7840 | 120.2370 | -120.9800 | -90.6201 | -61.3247| -29.7675
8 31.3024 | 62.4331 89.9337 | 120.7470 | -121.4700 | -90.9602 | -61.1546| -29.5656
9 30.1099 | 629433 | 90.1037 | 120.9610 | -122.8300 | -90.2799 | -60.1750 | -29.7357
10 31.4728 61.9229 | 91.1242 | 120.5330|-122.4900 | -91.9807 | -60.8553 | -30.9262
11 309617 | 61.5827 | 90.2738 | 121.1320 | -122.7890 | -91.4704 | -60.6029 | -30.0917
12 30.4507 | 61.4127 | 90.2738 | 119.7300 | -122.7890 | -90.1099 | -61.8349 | -34.6837
13 31.1321 61.7528 | 90.7398 | 119.6010 | -120.5100 | -93.8515| -61.3247| -30.0758
14 30.7914 | 62.4331 91.5901 | 120.9610 | -123.1290 | -90.9602 | -61.7818 | -29.2255
15 30.9617 | 62.6032| 91.6344| 120.4920|-120.5780 | -90.7901 | -62.3451| -31.0963
16 30.6210| 62.0930 | 90.7840 | 120.9170 | -120.6800 | -90.6201 | -61.3539 | -29.5656
17 30.2803 | 60.5180| 90.9541| 119.9410|-122.1090 | -91.1629 | -61.4948 | -31.0963
18 30.7914| 61.0283 | 90.1037 | 121.0870|-121.1910 | -89.5996 | -61.4036 | -29.3956
19 30.1099 | 61.4127 | 90.9098 | 118.9210 | -122.5100 | -92.3208 | -61.1750 | -29.2255
20 30.6210 | 60.8582 | 90.5697| 118.9580 | -123.8420 | -92.4909 | -62.1219 | -30.0758
21 30.4507 | 62.0930 | 90.1037| 118.9210 | -120.5510 | -90.6814 | -60.6736 | -29.5656
22 30.2803 61.2426 | 89.7636 | 119.2610|-120.6600 | -91.3329| -60.0254| -29.5656
‘t"hm?;lﬂ 30.7317 | 61.7862 | 90.6835| 120.4664 | -121.7878 | -90.9495 | -61.3657 | -29.8757
Std. dev. 0.4600 0.5722 0.6215 0.9432 0.8981 0.8238 0.5927 0.6024
Bias err. 1.1129 2.2554 1.2407 0.8183 1.8467 1.2134 1.8349 0.0363
Random err. 0.9201 1.1445 1.2429 1.8864 1.7962 1.6477 1.1853 1.2048
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30 60 90 120 -120 -90 -60 -30
(degree)
Encoder
29.6188 | 59.5308 | 89.4428 | 119.6480 |-119.9410| -89.7361 | -59.5308 | -29.9120
(degree)
ﬂ% Q‘ﬁ Gyroscope Measured Values (degree)
1 31.6099 | 61.4062 | 93.2884| 124.8260|-119.9490 | -88.5610| -57.8785| -30.8079
2 31.9647| 61.4062| 93.8055| 125.1710|-117.8800 | -88.9663 | -58.5680 | -30.1184
3 31.6199 | 61.5785| 93.1160 | 124.6530|-119.9490 | -88.2242 | -59.7746| -30.2633
4 31.6199 | 61.7509 | 94.3226 | 124.9980 | -120.2940 | -88.7413 | -58.2232| -30.4931
5 31.9647| 61.0614 | 93.4608 | 122.9300 | -120.4660 | -89.7756 | -59.2575| -29.9460
6 324818 63.3023 93.9779 | 124.4810 | -119.2590 | -88.3966 | -58.2232 | -29.6013
7 31.7923 61.4062 | 94.4950 | 124.3090|-117.7080 | -89.2585| -58.2232| -29.9460
8 31.7923 60.5443 93.1435 | 125.5150 | -118.3980 | -88.7413 | -58.7404 | -30.8079
9 31.9647| 62.0957| 93.1160| 124.8260 | -119.4300 | -88.0518 | -58.3956 | -30.6355
10 31.9647| 61.7509 | 92.9436 | 124.4810|-119.4320 | -88.5690 | -58.9127| -30.1184
11 32.1371 61.7705 | 93.2884 | 124.9980 | -118.5700 | -87.6728 | -58.2232| -29.0841
12 31.7923 | 60.8890 | 93.1160 | 124.3090 | -119.9490 | -88.7413 | -59.0851| -29.6013
13 31.2752 | 61.5785| 94.3226 | 124.4810|-119.4320 | -88.0518 | -58.2232| -30.2908
14 32.1371 62.7852 | 93.9776 | 124.9980 | -119.7770 | -87.7071 | -58.3956 | -30.6080
15 31.6199 | 61.0614 | 93.1160| 123.9640 | -120.9830 | -88.1518 | -59.4299 | -30.1184
16 323094 | 62.4404 | 93.4608 | 123.7920 | -119.6040 | -88.2422 | -58.2232 | -29.7461
17 31.4476 | 61.6004 | 93.2884| 124.6530 | -119.0870 | -88.5960 | -57.5337| -30.2908
18 32.3094 | 62.4404 | 93.4608 | 125.3430|-119.2590 | -88.4441 | -58.5680| -30.1184
19 32.1371 61.9233 | 92.5989 | 125.5150 [ -119.9490 | -88.3996 | -59.2575| -29.9185
20 31.6199 | 60.8890 | 94.4950 | 123.2740|-119.5950 | -87.5347 | -58.5690 | -30.1184
21 32.4818 | 62.6128 | 93.1160 | 125.1710|-119.4320 | -87.8794 | -58.2232| -29.4600
22 32.8266 | 61.2338 | 92.7713 | 124.4810|-118.2250 | -88.7413 | -58.0508 | -29.4289
ﬂlnﬂéﬂ 31.9383 61.6840 | 93.4794 | 124.6362 | -119.3968 | -88.4069 | -58.5336| -30.0815
Std. dev. 0.3083 0.5603 0.4989 0.5448 0.6840 0.4141 0.4425 0.3878
Bias err. 2.3195 2.1532 4.0366 4.9882 0.5442 1.3292 0.9972 0.1695
Random err. 0.6166 1.1207 0.9977 1.0896 1.3679 0.8281 0.8850 0.7757
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ﬂ'ﬂll!,g”l
30 60 90 120 -120 -90 -60 -30
(degree)
Encoder
29.6188 | 59.5308 | 89.4428 | 119.6480 |-119.9410| -89.7361 | -59.5308 | -29.9120
(degree)
ﬂ% Q‘ﬁ Gyroscope Measured Values (degree)
1 29.1247 | 61.1666 | 91.1025| 119.9870 |-118.3240 | -90.9607 | -60.9582 | -30.6022
2 29.6897 | 60.4817| 90.2464 | 119.4220 |-119.7210 | -89.3924 | -61.4719| -30.5781
3 29.3232 | 61.3378 | 91.7633 | 120.2160 | -120.0640 | -90.7895 | -60.7629 | -31.6054
4 28.8096 | 63.0499 | 92.1603 | 120.8190 |-120.4060 | -90.6182 | -59.4173 | -31.8997
5 30.7170 | 60.3105| 90.7360 | 123.3870|-119.2080 | -91.4743 | -58.3659 | -31.1158
6 29.8369 | 60.4817 | 91.1265| 120.4770 | -119.5230 | -90.6182 | -60.6158 | -31.2630
7 30.4468 61.3378 | 90.9313 | 120.3600 | -120.2350 | -91.1561| -60.9582| -31.5573
8 29.5185 60.4817 | 91.1330| 119.7640 | -121.4330 | -91.9576| -60.5917 | -31.8007
9 31.2066 | 60.7075 91.9345 | 119.8160 | -120.6320 | -90.6182 | -61.9887 | -30.5781
10 31.8915| 61.3378| 89.7087 | 119.2230|-120.2350 | -91.1015| -60.9582| -31.0918
11 31.7443 | 60.6802 | 90.9072 | 120.9900 | -118.8650 | -91.4743 | -60.7870 | -30.4069
12 29.6657| 59.1120| 90.2223 | 120.1340 | -120.4060 | -91.5302 | -60.9341| -31.4583
13 30.0081 59.9681 90.5648 | 118.5930 | -120.7490 | -90.9607 | -61.1294 | -32.6327
14 284672 | 61.5090 | 90.2464 | 120.9430 | -121.0910 | -90.7895| -59.9309 | -31.4342
15 29.6657 | 59.2832| 91.4449| 119.9870 | -118.8650 | -89.6468 | -61.6431 | -32.1191
16 29.4399 | 59.9681 92.2769 | 119.7920 | -119.7210 | -90.6728 | -60.4446| -30.4310
17 29.6384 | 59.2832| 90.5888 | 120.4770|-121.1180 | -91.1592| -61.6463 | -31.9478
18 29.5185| 61.0435| 90.3935| 119.4220 | -118.0090 | -92.6407 | -60.6158 | -30.7493
19 30.8642 | 60.6256 | 90.7360 | 118.5930|-119.2080 | -91.4167 | -59.9309 | -30.5781
20 30.0081 59.6256 | 91.5921| 118.7640 | -121.4060 | -90.5016 | -60.2493 | -29.8933
21 30.6930 | 59.9681 90.3935| 118.2750 | -120.2350 | -90.7318 | -60.2252 | -31.7766
22 30.5217| 59.7696 | 91.5921 | 119.7100 | -120.9200 | -91.7591 | -59.3932| -31.2630
ﬂlnﬂéﬂ 30.0220 | 60.4684 | 90.9908 | 119.8745 | -120.0466 | -90.9969 | -60.6332 | -31.2128
Std. dev. 0.7468 0.6913 0.5952 0.7200 0.8492 0.5254 0.6406 0.5603
Bias err. 0.4032 0.9376 1.5480 0.2265 0.1056 1.2608 1.1024 1.3008
Random err. 1.4937 1.3826 1.1904 1.4400 1.6985 1.0508 1.2813 1.1206
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Gyroscope LPY503AL Gyroscope LPY503AL
Parameter W’Jﬁ 1 W’Jﬁ 2
UNU x UNU z UNU x UNU z
Bias (V) 1.263 1.257 1.273 1.270
1/(Scaling Factor) (V/(degree/s)) 0.0059482 | 0.0059831 0.0059446 | 0.0058663
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Gyroscope LPY503AL Gyroscope LPY503AL
Parameter W’J‘ﬁ 1 W’J‘ﬁ 2
UNU x UNU z UNU x Unu z
Maximum Linearity Error -2.2593 -1.3776 -2.9624 1.5981
Non-linearity Error (%FS) 1.13 0.69 1.48 0.79
Maximum Standard Deviation 1.0885 1.2681 0.7009 1.0768
Repeatability (%FS) 1.09 1.27 0.70 1.07
Maximum Bias Error 3.4731 2.7924 4.3807 1.6406
Maximum Random Error 2.1769 2.5363 1.4019 2.1536
Uncertainty (type A) 0.50 0.58 0.33 0.50
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Maximum Linearity Error -1.4758 1.4403 2.1903 1.9430
Non-linearity Error (%FS) 0.61 0.60 0.91 0.81
Maximum Standard Deviation 0.7635 0.9432 0.6840 0.8492
Repeatability (%FS) 0.63 0.78 0.57 0.70
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%@Haﬂnmﬂﬁﬂﬂlﬂﬂ ROBOTIS Dynamixel RX-28 servo motor

&3

1-3. Specifications of RX-28

Rx-28
eight ) Tz
Dimension {mm 256 x506 =355
Gear R eduction Ratio 11e:
Applied Waltage (W) at 14 at 160
Final Reduction Stopping Torque Chgf.cm) 283 aHT
Speed(SeciS0 degrees] 0167 0126
Resolution 029"
Rurning Degres= 200°, Endless Tumn
violtage 12%e 16 (Recommended voltage: 14,40
b=z Current T200mA
Running Tempersture -57T ~ +3510
Command Signal Crigital Fachket
Protocaol R5485 Asynchronous Serial Communication (Sbit1stap, Mo P arity)
Lin k[ Physical] R5425 hulti Drap Bus
0 254 10 (D~253)

Communicdion Speed F343bps ~ 1 Mbps

Sensing & Measuring  Fosition, Temperature, Load, Input Volage, etc.
Materid Guality Full Metal Gear, Engineering Plastic Body

hdct or hiazon R E-hdAce

Standby Current a0 mA




.2 ﬁi’fmqgamemﬂﬁﬂmm ROBOTIS Dynamixel RX-64 servo motor

&4

1-3. Specifications of RX-64

RX-64
weight (g) 125
Dimension {mm) 402x61.1%x41.0
Gear Reduction Ratio 1/200
Applied Yoltage (V) at 15v at 18v
Final Reduction Stopping Torgue 64.4 77.2
(kof.crm)
Speed (Sec/60 degrees) 0.188 0.187
Resolution 0.29°
Running Degree 300°, Endless Tum
Voltage 12v~21V (Recommended voltage: 18v)
Max Current 1200mA
Running Temperature -5°C ~ +85°C
Command Signal Digital Packet
Protocol RS485 Asynchronous Serial Communication (8hit, 1stop, No Parity)
Link (Physical) RS435 Multi Drop Bus
ID 284 1D (0~253)

Communication Speed 7343hps ~ 1 Mbps

Sensing & Measuring Position, Temperature, Load, Input Voltage, etc.
Material Quality Full Metal Gear, Engineering Plastic Body
Motor Maxon RE-MAX

Standby Current 30 mA
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VYH1AUBI ROBOTIS Dynamixel RX-28 servo motor 6 ROBOTIS

Dynamixel RX-64 servo motor
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o~

4-M2TAP DP2

/ P.C.D P16
/’/ @22 — = 2750
4500 — /S N |
\ / 8 -M2.700 -
I : \// THRU HOLE
12 o1/ 0 T 0\ H—
‘ 12.500
50.600 -¢-- 1t
35800 33 *
17
SR p— ol
! ; /‘ T L
f— 17 - - 30 -—
e 24400 = - 35,500 ——==
- - 30
- 35.600 -
ROBOTIS Dynamixel RX-28 servo motor
8 -M2.5 TAP DP2.5
P.CD®22
25000 t=—
&6- ©2.700
i /HCJLETHP_
o 2 -
H©
i f N
18
1.100 J—*#‘ ¢‘ o
42500
'  — i
L . L —— == 3 500
= 34,400 —= 41

o 40.200 |

ROBOTIS Dynamixel RX-64 servo motor
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w1 gunselumsaeuiiaulelsalal
1. nsesaeuiionlaTsalnil
2. 130910l
3. USB to Dynamixel adapter
4. DAQ NI USB - 6008

5. TaTsalnlndoamsaouiien

a ;’J d
U.2 ﬂ]iﬂﬂﬂﬂq‘ﬂﬂﬁm
d‘ J [ a 4
1. ¥oUABNUADNNINDS
A 1 A = o a o 1 .
wouaaniosaauien lalsalay 2 unuiuneuiaes Iask1M USB to Dynamixel
g’/ 1 d o a ] [
adapter Tagaamlansuainduod USB to Dynamixel adapter Glﬁ’ag“luiwm RS-485 adLLeYA
H v 1
Tug1it .1 ndeeniusiimsse iluihgszou (12v~16v) Taomsnaaing POWER 7

unasane 1

(W[

{ g}/ 1 Jd v a J
gﬂﬁ V.1 MIAINWINFUAIATFUDI USB to Dynamixel adapter

2. @ARa driver Y99 USB to Dynamixel adapter §1vUFeuseiunoURIADS
2.1 Download the Dynamixel Driver file from our website and uncompress
it. (www.robotis.com/usb2dynamixel)
2.2 Connect USB to Dynamixel adapter to a PC, and the New Hardware
Search window will appear on the PC. Click on [Install from the list or

Specific Location].


http://www.robotis.com/usb2dynamixel

Found Mew Hardware Wizard

This wizaid helgs pou nstdl zoltware for:

JSE <-> Senal

') If your hardware came with an installation CD
o floppy disk, inseit it now.

What do pou want the wizard to do?

ztal hom a st o1 soeciic lecation [Advanced}

Click Nast to contnue

[ <Back || New> | [ cancel |

gﬂﬁ € .2 ‘H‘LTWI'N New Hardware Search

2.3 Move to where USB to Dynamixel adapter driver folder which was

uncompressed from step 2.1

Found New Hardware Wizard

Completing the Found New
Hardware Wizard

The wizard has firished natalling the software fee:

% USB Serial Converter

Click. Finich to cloze tha wizard

Y

] 17 2.3 11191919 Found New Hardware Wizard

&8
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2.4 If the New Hardwere Search window appears again, repeat the Step 2.2
to 2.3 one more time

2.5 Select Control Panel>> System>> Hardware>> Management Console.

System Properties

Device Manager

- The Device Manager lists all the hardware devices installed
% on your computer. Use the Device Manager to change the

properties of any device.
< | Device Manager >
Drivers

B Dirver Signing lets you make sure that installed drivers are
E' compatible with Windows. Windows Update lets you set up
howe Windows connects to Windows Update for drivers.

( Driver Signing || WindowsUpdate |

Hardware Profiles

P Hardware profiles provide a wap for you ta set up and store
different hardware configurations.

[ Hardwaie Profiles ]

L ok J| camce ]| appy

= Y1 .
3UN .4 1111914 System Properties

2.6 Check whether “USB Serial Port” is installed at “Port (COM and LPT)
of the Management Console. It would be convenient for the user to

remember the number of port (COM #) for network connection
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[ p— r al
L Device Manager BEE
File  Action Wiew Hep

o B & 2 A

+ g Dis drivas A
+- @ Dislay adapters

+k DYDJCD-ROM drives

+|- iy Floppy dek controllers

+ é Floopy disk drives

+ (=) [DE ATAATAPL controllers

| Keyboards

| é' Wice and other painting devices

s
T
+ B Monitors
e

| EE Metwork adapkers
5 Poits (COM &LPT)
i 5 Communiications Part (COM1)
i 5 Connumications Part (COMZ)

I SN P Rt 71

i & LEE Serial Port (C0M3) I

ey T

. sound, video and game controllers

]

+

+ Swsken devices

+ % Universal Serial Bus contraollers

<

= Y1 .
517 ¥.5 1A Driver Manager

U

2.7 Double-click on “USB Serial Port (COM#)”, and select “Port Setting >>

Advanced” to modify the Latency time to 1 ms. Doing such will

increase the network speed.

" USB Sorial Pert 70M3) Proportios FE Advanced Settings for COM3
Genfal PotSefngs | Divd | Detaile
COM Pt Hrmber: =
venest [ 2]
it pee second. [T - e St Cancel
Skt el seings o conset peifornence preblens 2 low bad (ales
Datz bk |8 i 5 pieet hichier ettings for Faster peitcrnerce. Uetali
Faby Jione -] Heceive Bytesk 4095 =
Stoe b 1 | Tranam Eytesl: faom |
Elow corirel; [None =
Bl Opiicns: 1 Miscelaneous Ootions:
Aeston Defmils S siact lowie sartings b corisct r=epons procisie. Seeial Erumeralor 4
| Senal Frirter r
Latency Tiver Imseck: I
Cancel If Powser OIF Ll
Tineauls ESRaspn J
Sel A5 On Close r
Mininum Reed Timeoul (rsecl |0 = Dischle Madem Dl &t Stary [~
b wite Timeou [mse=) g -
0K Canesl

' 9
gﬂﬁ .6 HH1A19N13AIA1 USB Serial Properties
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3. AAAY driver Y99 USB to Dynamixel adapter & My Ui%ﬂ?“ﬂﬂu ROBOTIS Dynamixel

servo motor M1 11J54A51 LabVIEW

3.1 Select Tools - Import - Shared Library (.dll) in the "Getting Started"

window of LabVIEW.

BAGeting Started

Measurement & Automation Explarer...

rrrrrr Instrumentation 3
Merge ’ LabYIEW Evaluation Mode
Security »
User Hame
New Convert Build Seript... est from ni.com
%) Blag Sourss Contrl * | hews

LLB Manager.

& Emp o

"
B M Shared Varlable

9 Mor Distributed System Manager

Find ls on Disk...

Open Prepare Example Vs for NI Example Finder...
) ci  Remele Panel Connaction Manager... Discussion Forums
= Web Publishing Tool,.,
: Code Sh
= cw ode Sharing
L Ddvanced 3
[ ey KnowledgeBase
@ cwer Ay Request Support
[ CH,, WinWVisWdxl get highbyte v Help
[l Citt. #LabView ExampleWVisiexample2 vi Getting Started with LabVIEW

) Ci.. WLabView ExampleWVisWesamplel vi
) Co, WVIswaxl get lowbyte i

[, Ci. WVIsWdn get repacket parametervi
[ Ciw,, WLabView ExampletVistexample3,v
3 Browse,., Q Find Examples,,,

LabVIEW Help
List of Al News Features

Examples

Y

31U 2.7 111919 Getting Started 1141151051 LabVIEW

3.2 Select "Create VIs for a shared library," and then click "Next" button.

S Import Shared [ibrary

Specify Create or Update Mode O TS
@ Create Vs for a shared library
Creates VIs based on the header file and shared library file you provide,
O Update Wls for a shared library
Updates previously imparted \ls for the fallawing praject libraries
Project DLL File Date:
dynamixel,Ivib dynamixel dIl 17:28:12 1171672009
dynamixel Ivib dynamixel dil 17:30:40 11/16/2009
Back | [ Mext ][ Cancel | [ Help

9 1

] Ui .8 nrhag Specity Create or Update Mode
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A
N

3.3 Select dynamixel.dll and dynamixel.h in Dynamixel SDK folder.

b Miport Shared Lorary,

Select Shared Library and Header File O TS
Shared Library (.di) File

C WS oftwarefhintdynamnixel, dil

[ Shared library file is not on the lacal machine

Header (.h) File

Ci#Softwaretimporttdynamixel.h

Back | [ Mext | [ Cancel | [__Heln

pl U7 .9 1111619 Select Shared Library and Header File

3.4 Click "Next" button.

b Smport Shared ibrary:

)

Configure Include Paths and Preprocessor Definitions I%Tlli?l'l‘w“tms

Include

[ (X]( %] 8]
2]

Preprocessor Definitions (use " to separate multiple preprocessor definitions)

Back Mext Cancel Help

.10 HTA19 Configure Include Paths and Preprocessor Definitions

92



3.5

3.6

Click "Next" button.

& Import Shared Library

i NATIONAL
Select Functions to Convert NSTRUMENTS'

The shared library contains 23 function(s), The declarations of 21 functien(s) are found and recognized in  [a]
the header fle and these funclion(s) can be wragped. The remaining function(s) cannot be wrapped. i you
want 1o Impor these functians, please review the waming messages next ta the functians below, You wil
need to fix the problems before you can coninus with the wizard 8
v
dxl_gel_highbyte ©) ] dxl_gethighbyte =
Sloet lowbys O 2 lona = dxl_get_highbytetlong word);
dul_get result ()
dl_getrspacket_ermor ()
drl_get_rapacket_length ()
dl_get rxpackel_parameter ()
dul_infialize 0
dxl_makeword )
d_ping ©

dulrx_packet ()

dxl_set tepacket_id ()

dxl_set tepacketinstruction 0
drl_set_tpacketlength ()
dvl_set_tpacket_parameter ()
dwl terminate ()

dxl.ts-packet ()
dl_tars_packet () o
drl_wte_byte ()

dwl_wite_ward () o

)

Back | [ Mext | [ Cancel ][ Help |

3 N v.11 Wﬁ}W]'N Select Functions to Convert

93

If there is no specific reason, click "Next" button without changing the

basic value as below.

kS Import Shared Gibrary

N . . " NATIONAL
Configure Project Library Settings INSTRUMENTS'

Project Library Hame C.lvlib)
dynamirel

Project Library Path
CProgram Files Wi ational Instruments#LabVIE W 2003¥us er ibWdynamixel

[ Copy the shared library file to the destination directory,

[ Back | [ Mext ][ Cancel ][ Hel

31/

A
N

.12 H1a1g Configure Project Library Setting



3.7

3.8

Click "Next" button.

P Import Shared Nbrary

Select Error Handling Mode

Error Handling Mode
Mo Error Handling

Examnple Block Diagram

NATIONAL
INSTRUMENTS'

]

Device Number

Service Charnel

Return Value

Data Output

You want 1o call the generated function without any error handling.

Back__ | [ Next

| [ Cancel | [__Heln

3 U7 .13 1111814 Select Error Handling Mode

If there is no specific reason, click "Next" button without changing the

basic value as below.

b Mmpor Shared

Configure Vis and Controls

[ function retum

[ word

dxl_get_lowbyte ()

packet_parameter ()
alize (1

] dul_set_tupacket_instruction ()
=] dul-gettepacket.length (0
] dxl_set_txpacket_parameter ()

dxl_tars _packet ()
= dxlwite_byte O
2] dxl_wite_word )

2 ——

Settings | Name and Deseription

NATIONAL
INSTRUMENTS'

Wl Execution Properties
[JReentrant Exscution

Call Library Node Satiings
Thread

@ Run in Ul thiead

O Run in any thread

Declaration in Header File

DXL_APlint CALL_TYPE dxl_get_highbytel int word ):

Function Name
dxl_get_highbyte

Call Library Function Node Prototype
long « d=l_get_highbyte(long word);

Prefired Execution System
Same As Caller [¥]

Célling Convention
@ stdcall CWINAPI)
Oc

g gE

B

Back | [ Mext

] [_Cancel | [_Help

gﬂﬁ V.14 HEA Configure VIs and Controls



3.9 It shows the contents to be created. Click "Next" button.

& Mmport Shared brary

Generation Summary %Tlli%:n'\i'hs

The selected shared library and head file A
CitttSoftwaredtthint dynarnixel, dil
Ci#Softwareimportidynamixel, h

The generated files are installed in the following folder:
CiPrograrn Files#hational Instruments#LabVIEW 2009 user, ibwdynamixel2

The generated Ivlib name:
dynamixel.lvlib

The error handling mode:!
Mo Error Handling

Total number of selected functionts): 21

D=L-APIint CALL-TYPE dxl_get-highbyte( int ward ).

DXL_&P|int CALL_TYPE dil _get lowbyte( int word );

DL _APlint CALL_TYPE dxl_get_result()

DXL_AP| int CALL_TYPE dx|_get_rxpacket_eror( int erbit );

D=L_&P|int CALL_TYPE dx|_get_rzpacket_length():

DXL_APIint CALL_TYPE dxl_get_rspacket_pararneter( int index 3
D=L_APlint CALL_TYPE dul_initialize( int devindex, int baudnurn );
DRL_APlint CALL_TYPE dil_makeword{ int lowbyte_ int highbyte J;
DL_API void CALL_TVPE dxl_ping( intid )

D=L_APlint CALL_TYPE dul_read_byte( int id. int address ):
DRL_APlint CALL_TYPE dxl _read_word( intid. int address )

D#L_API void CALL_TVPE dxl_rx_packet();

DxL_4P| void CALL_TVPE dxl_set tepacket id( intid );

DRL_API void CALL_TVPE dixl_set_tipacket_instruction int instruction 3
D¥L-AP| void CALL-TVPE dxl-set_tupacket_length( int length );
DxL_4P| void CALL_TVPE dxl_set_tepacket_parameter( int index. int walue )
D¥L_API void CALL_TVPE dxl terminate();

DXL_AP| void CALL_TVPE dxl_t«_packet():

DL _API void CALL_TYPE dxl_txrz_packet();

P31 TADI ol (AL TVDE del wite’ hota( IntId_int addrecs. Int ualia 3¢ [xe)

Back | [ Mext | [ Cancel | [ Help |

pl U7 .15 #1119 Generation Summary

3.10 So far based on the set contents, create vi file.

k- Import Shared Librar

i NATIONAL
Generation Progress INSTRUMENTS'

Generate VIt dxl write byte, vi

[ Back Next | [ Cancel | [ Help

3 U V.16 11111919 Generation Progress
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The vi file creation of Dynamixel SDK is completed.

INSTRUMENTS'

Finish NATIONAL

Open the generated library

[ view the report

Back | [__Finish_| | Cancel | [_Heln ]

5U7 4.17 %1111 Finish

Dynamixel SDK functions can be called through LabView User

Libraries as below.
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M learlibraries |

.. dxl settxpa,.,

. dxl write by...

1

{1 dynamixel

Vis

B

Vis

.18 W14 User Libraries dn5uidonldy Dynamixel SDK Functions

97



98

=
v.3  Nilsupsuaeunaulalsalailonluiin
winanvesllsunsuaeuiionl Isaladda TusiAuaasdsg i v.19 aunsonuald
3 [ A
W 4 @ayune
1. aamisu llsunsy
[ o o I 4 1 @ 4
HAAIFDIAIYUA COM PORT d1MSUIB0UADNUNDINDS LEAAIADIULNIT
A ] 4 Il ° o A
ouaeNood tazudmsuTutasvga Tsunsu
2. AIULFAIIA UM TNV TUsuAsUAD LMY
A o U o % dal
TasiaaumMIiIauail
I g’; 1 a e
- STATE 1: START * 6luduaoun1slssinamnis imes luunu x
3 & 2 a
- STATE 2: luauaaunsdouneunuE sy luunu x
I g’/ o 1T A
- STATE 3: {luduaaunsaeueuduriausayyluunu x
I g’; 1 a o
- STATE 4: QluvuaounsUssinamnisimes luny z
3 & 2 a
- STATE 5: 1Wluauaaun s douneun G sy luuny z
3 & 2 a
- STATE 6: FINISH ** iljuaiuaoumsaououanuE uagayn luuny 2
3. AIULAAINA
o @ VoA 9 [ a 4 =1 <3
Fmsuuaaaain ldanmslszaiaamisnumesuazmigouieun1us)

Fayuuazdiagaueslalsalall

43 adaptive_parameter_Ipy503al.vi i o e S

ct Operate Tools Window Help

| AUTO CALIBRATION PROGRAM |\

SET COM PORT : 'f 5 H H MOTOR STATUS : (@) ‘| H START CALIBRATION |- H H sToP | | | ” .

STATE 1:START * | STATE 2 | STATE 3 | STATE 4 | STATE 5 | STATE 6 : FINISH ** .

X-Axis : Parameter Estimation

Bias and 1/(Scaling Factor) Estimation | P> |
f | Bias[V]

0.000
1/Scaling Factor [ V/(degree/s) |

-

Amplitude
Amplitude

aso | |

B W




99

13 2daptive parame

File Edit View Project Operate Tools Window Help

| AUTO CALIBRATION PROGRAM \| ]

” SET COM PORT

” H MOTOR STATUS : (@) H H START CALIBRATION | ‘| H sTor W

STATE 1: START *

STATE2 | STATE 3 | STATE4 | STATE5 | STATE 6 : FINISH **

X-Axis : Angular Velocity Calibration

S Graon [ proto FA%g |
P . S stope MAX STANDARD DEVIATION NON-LINEARITY ERROR (% FS)
- I 1 (I 1] { |
B INTERCEPT BIAS ERROR REPEATABILITY (% FS)
& RANDOM ERROR UNCERTAINTY 3
8 ( 1 (0 1
5
3

B P e Ty e —
4150 100 50 0 50 100 150
Encoder (degree/s)

File Edit View Project Operate Tools Window Help

| AUTO CALIBRATION PROGRAM | )

SET COM PORT :

” H MOTOR STATUS : (@) H H START CALIBRATION |- ‘| H sTOP W

STATE 1: START *

STATE 2 ‘ STATE 3 ‘ STATE 4 | STATE 5 | STATE 6 : FINISH **

X-Axis : Angular Displacement Calibration

XY Graph2 | Peto 2R |
r 120-, ~ SLOPE MAX STANDARD DEVIATION NON-LINEARITY ERROR (% FS)
100+ I 1] (I 1 [ J
? INTERCEPT BIAS ERROR REPEATABILITY (% FS)
3 RANDOM ERROR UNCERTAINTY F
g : N :
5

& ) [ '.

Encoder (degree)

d' Y = % )
JU7 v.21 miheaTisunsuaeuineusn Tuiia STATE 3
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43 =2daptive_parameter_IpyS03ali

t Operate Tools Window Help

| AUTO CALIBRATION PROGRAM \| ]

” seTcomporT:| 7[5 || ” H MOTOR STATUS : (@) H H START CALIBRATION [~ | ‘| H stop W | H

STATE1:START * | STATE2 | STATE3 STATE4  STATES | STATE 6 : FINISH **

Z-Axis : Parameter Estimation

h2 h2
Bias and 1/(Scaling Factor) Estimation | P ] J Compensation (S ] )
[ Bias [V] (

0.000
1/Scaling Factor [ V/(degree/s) |

fosoms |

z
Parameter E st

Amplitude
Amplitude

800 1000 1000

Time. Time.

13 zdaptive_parameter_py303alui (D S|
File Edit View t Operate Tools Window Help

H AU:I'O CALIBRATION PROGRAM \| i

” SET COM PORT:PE ol ” H MOTOR STATUS : (@) H H START CALIBRATION | ] ‘| H sToP| | | |

STATE1:START * | STATE 2 | STATE 3 | STATE4 | STATE S | STATE 6 : FINISH **

XY Graph4 | Peto O |

r 150~ 4 SLOPE MAX STANDARD DEVIATION NON-LINEARITY ERROR (% FS)
‘g INTERCEPT BIAS ERROR REPEATABILITY (% FS)
S RANDOM ERROR UNCERTAINTY Angular Velocity =
R € J ¢ J

B P e Ty e —
450 -100 50 0 50 100 15
Encoder (degree/s)

0

‘adaptive paramet..

d' Y = % )
JU7 v.23 e Tlsunsuaeuineusen Tuia STATE 5
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43 adaptive_parameter_IpyS03:
File Edit View

ools Window Help

| AUTO CALIBRATION PROGRAM | )

” H MOTOR STATUS : (@) H H START CALIBRATION |- ‘| H sToP W

STATE 1: START *

STATE 2 | STATE3 | STATE4 | STATES | STATE 6 : FINISH **

Z-Axis : Angular Displacement Calibration

XV Graphs | Peto ERSY |
r 120-, SLOPE MAX STANDARD DEVIATION NON-LINEARITY ERROR (% FS)
T U 1j I 1) ( |
@ INTERCEPT BIAS ERROR REPEATABILITY (% FS)
z ¢ J ( J ¢ J
4 RANDOM ERROR UNCERTAINTY i
4 p \ - )
k 1 1

s 0 50
Encoder (degree)

U @.24 wihaaTlsunsuaeuifiendn TusiA STATE 6: FINISH **
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Using Kalman Filter and Nonlinear Least Square Method, The 26" Mechanical
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Abstract. Gyroscopes are important sensors in motion control in equipment such as airplanes,
missiles and Segway. Low-cost gyroscopes have problems in signals such as bias, noise and scaling
factor that decrease the efficiency of motion control. Therefore this paper is to present signal
conditioning of low-cost gyroscopes using a Kalman filter to remove unwanted noise and nonlinear
least square method to estimate parameters for compensation errors to the model by comparison
with the encoder. The experimental results is shown that Kalman filter and nonlinear least square
method can be used in signal conditioning of low-cost gyroscope for a more accurate signal.

Introduction

Gyroscopes are commonly used as sensors for measuring angular velocity in many areas of
application such as navigation, homing, and control stabilization. Nowadays advances in micro-
machining technology have made the design and fabrication of micro-electro-mechanical systems
(MEMS) gyroscopes possible [5]. An operation of micro gyroscope is based on the motion of
vibrating oscillation. The proof mass is driven along the driving axis (x-axis) at the resonant
frequency of the driving mode. When an angular rate input along z-axis is applied to the sensor, the
oscillation of the mass along the sensing axis (y-axis) is induced due to the Coriolis force, which is
modulated by the oscillation along the driving axis. The angular rate can be estimated by measuring
the amplitude of the orthogonal oscillation [6-7]. The high performance gyroscopes have low noise
and low bias but high sensitivity thus the gyroscope is very expensive. Low-cost gyroscopes have
high bias and noise when they are used in many applications. Therefore, low-cost gyroscopes must
be calibrated before they are implemented. In 2008, Kwang Yong Lim, et al. presented self-
calibrating sensing technology using linear encoders and Inertial/magnetic Measurement Unit
(IMU). Ying-Chih Lai, et al. (2010) presented a low-cost attitude and heading reference system
(AHRS) with a self-developed three-axis rotating platform. The calibrations for each sensor are
accomplished by using the scalar calibration and the least squares methods. Eduardo Nebot, et al.
(1999) presented an efficient initial calibration and alignment algorithm for a six-degree of freedom
inertial measurement unit (IMU) to be used in land vehicle applications. Lei Wang, et al. (2011)
presented the calibration of low cost MEMS inertial measurement unit. The significant error of
IMU such as bias, scale factor, and misalignment are estimated in static tests, rate tests, and thermal
tests. The calibration method combined with Kalman filter is proposed to estimate parameters and
compensate errors. This paper presents signal conditioning of low-cost gyroscope using Kalman
filter and nonlinear least square method.

Mathematical Description

The system used for improving the signal from low-cost gyroscopes has 4 parts, i.e. DC motor with
encoder, Signal from the gyroscope, Kalman filter and adaptive compensator as shown in Fig. 1.
We used a DC motor with encoder to measure position and velocity.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www.ttp.net. (ID: 202.28 41.6-19/10/12,04:40:03)
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Fig 1. Block diagram of signal condition

where @, is angular displacement from encoder and r is reference input. Signals from the encoder
are used to compare the gyroscope’s signal. Next, the gyroscope is described by the equation [1],

[11]
1/
a)g=;(9—5)+vg (1

where € and o, are actual and measured angular velocities, J and & are the bias and scaling
factors of the gyroscope sensor respectively. and v, is gyroscope measurement noise. Finally, to
model the gyroscope bias, we use the equation

§=v, @

In [1], v, is white noise. [9] Assuming that the bias described by & = 0 then state space model

S D

From Fig. 1, A Kalman Filter is used to remove unwanted noise. Nonlinear least square method is
an adaptive compensator algorithm that proposed to estimate parameters and compensate errors to
model. We compare the signal of gyroscope model with encoder. Kalman filter is an optimal observer
that can reduce unwanted noise. State space model in (3) is of the standard form [10]

x=FEx+Fu+Go 4)
z=Hx+v (5)

where % is state estimation of Kalman filter, which is given by [1]
X = Ei+ M(z - H) (6)
where Kalman gain
M=PH'S™ (7
We find P from Matrix Riccati differential equation
P=EP+PE" +GOG" — MSM™ (8)

The w. M. G, Q, S, e and ég denote process noise, Kalman gain, covariance matrix of

observational (measurement) uncertainty, covariance matrix of process noise in the system state
dynamics, covariance matrix of state estimation uncertainty, error and signal from Kalman filter
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respectively.  Where Q=[5 0:0 5] and S=1.1 , resulting in the Kalman gains
M =[-2.132 0.2373]". Then state space for Kalman Filter is

Ej_ﬁlﬂﬁjﬂgjh‘é] ©

Next, the signal from Kalman filter is compensated by estimated parameter from nonlinear least
square method. Estimated parameters from nonlinear least square method are o and s . We
consider the least square error (LSE) function

e=0,-0, (10

LSE:i(ﬁe(r,.)f -6.(0),f (11)

i=l
From equation (11), we obtain
Minimize f(e.5)= Y (0.(), - 6,(),f 12)
i=1

By defining p = [a 5]" to minimize f(p)

Py = [ak S, ]T (13)

where & and n are number of calculation cycle and number data of signal from Kalman filter
respectively. In this article, we applied nonlinear least square method in MATLAB

Design of the Platform

In order to calibrate the low-cost gyroscope, a platform with two axes of rotation and exact
orientation feedback is developed. All components of the platform are fabricated with aluminum
and steel, and its mechanism is designed as a gimbaled platform as shown in Fig. 2.

Fig 2. Design of the platform

The test section is located in the center of the gimbaled part which is on the top of the whole
platform. Two axes of rotation are driven separately by high torque servo motor. Two servo motors,
Dinamixel RX-28 and RX-64, were installed on x and z axis respectively. From the datasheet,
in our case the maximum angular rate for RX-28 is480°/s and for RX-64 is 320°/s. The range
of the angular position feedback of the servo motor is +2.617 rad (+1507). These servo motors are
controlled by receiving commands from a PC that is interfaced to the built-in controller.
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Experimental Results

In experimental result, the motion of motor is sine wave frequency 0.25 Hz. There are many
gyroscopes’ signals. Fig. 3 is the low-cost gyroscope signal with noise, unknown bias and scaling
factor. When signal filter by Kalman filter shown in Fig. 4-5, the noise is removed but angular
displacement from gyroscope has a signal drift because of an unknown bias term. The nonlinear
least square method is used to estimate parameters (bias and scaling factor) shown in Fig. 6-7. We
found that the value of bias is -0.0116 and scaling factor is 0.9464. Subsequently, an adaptive
compensator compensated the parameter values to the gyroscope. The compensated system has
higher precision signal when compared with uncompensated system. The compensation results are
shown in Fig.8-9.

1.5

= —encoder 5 —4— Scaling Factor
30 -7 gyroscope E" sl
2 05 3 o
N 1 2 3 4 5 6 T
2 o iterations
H ’ :
=05 —*+—Biss.
:E” B 2 50
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a 10 20 ,;[J{ ) 40 50 (] iterations
time (s
Fig 3. Angular velocity z-axis signal from Fig 6. Parameter estimation
encoder and gyroscope soy
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=
]
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13 w
= =
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Conclusion

The efficiency of the Kalman filter showed that it has the capability to remove unwanted noise from
the low-cost gyroscope’s signal. The experimentation results of the adaptive compensator algorithm
showed high performance in estimating parameters (bias and scaling factor) using nonlinear least
square method. Therefore, Kalman filter and nonlinear least square method can be used in signal
conditioning of low-cost gyroscope for a more accurate signal.
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Abstract

Gyroscope is an important sensor in the motion control such as airplane, missile and Segway.
Low-cost gyroscopes have the problems in signal such bias, noise and scaling factor that decrease
efficiency of motion control. This paper presents signal conditioning of low-cost gyroscope using
Kalman filter to remove unwanted noise and nonlinear least square method to estimate parameters
for compensation errors to model by compare with encoder.
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