B B TR 2 F R R R

An Orientation Estimation under Accelerated Situation

Foro4 IRER Student : Shao-Chen Chang
g e B Advisor : Tony Chen
B w1 i
A
A Thesis
Submitted to Department of Computer and Mechanical Engineering
College of Engineering

National Chiao Tung University
in partial Fulfillment of the Requirements
for the Degree of
Master
in

Mechanical Engineering
May 2008

Hsinchu, Taiwan, Republic of China

pa

PERRAY L &T



AR M 4 @ B T R T o2 F K R OB OB

FidERR dagcie s R L

£E

v R R R BT L ST R RIE < INA YRR A il 8
Bobeig R ETRY PV AFREIAPRERZ L PHE % LRI E G
i R e AT Y AR NATh M Rl 2 o I T g B cE R

BUHERMEA BIRE RS FCEEREREREERIFELE GRE XD
?H%%@JF rEREBER O INT R A EREER -
BRESRET RRIE L Bl AR R E AP ERRER
ARE N FE S BRBRK Y O RB AREP R M A 0 X ARk Tt
SR
A2 P & oo f1 % Matlab fk e 0 £ 3@ % 7 < B H phicid
- BZEIR EEfr- BIERLEE T UA# RRINE G Ed e R
PRHIL > TRFAPUEFRBRED 2 PUEPF S ARBHAES & 0 fE
¥ i

L fhe B R 7 ] 7.80x107° > SeiE B 2RI R 2.87x10° m/s® 0 & i
B iR B 0.78 rad/s °

Page i



An Orientation Estimation under Accelerated Situation

Student : Shao-Chen Chang Advisor : Dr. Tsung-Lin Chen

Department of Mechanical Engineering

National Chiao Tung Unniversity

Abstract

In the past, the estimation of an object in motion is done by using inertial sensor. The
conventional approach can not apply to the object under a linear acceleration.
Although, in most cases, the object to be measured work under linear acceleration. In
this thesis, we proposed a novel design of orientation determination, using coplanar
gyro-free inertial measurement unit, magnetic field inductor and a distance sensor.
These sensor accompany with Kalman filter technique, can determine attitude,
angular velocity and acceleration of the object in motion.

When we determine orientation under linear acceleration, if the acceleration changes
fast, we design observer that accompany with “Fading Memory” technique, that will
be raised tracking ability of variable signal, and improve speed of state convergence.
According to our simulation by Matlab, the proposed design determines attitude in
motion successfully, which use seven single-axis accelerometers, a 3-axis
magnetometer and a distant sensor. Even though the acceleration is changed fast, this
observer tracks successful. Tracking error standard deviation on simulative data are

shown, 7.80x107 in quaternion of attitude, 2.87x10~ m/s* in acceleration and 0.78

rad/s in angular velocity.
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S0 0 1] Bl AT s ek R e AR i

ul’
A
[
I

)



b be
4] =l [’a.]+H, oo
e 0,0, -+(2.32)

H,=|sinf; —cosf; cosB, sinp,

22 aRd R AP D H)5E % F(null space)V

1 :
ba, =V |1V 4, (2.33)
1 j=4~6
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=% !+ & 5Bl ® Kalman Filter ~ EKF ~ AFKF

3-1 Kalman Filter
1960 # > d R.E. Kalman #7% % - & ¥ Lamm< @ > % 1132 (recursive)
KA TR R R A PR o d PP GlicE I E E EF g B Fpt
Fod RRE A i SRR Y R B 2 R o
FEEGREE-AEREARRE vV NFRES BT G T

rT’J
BOREE kR R £ RN AR AR Bk B ET

£ iR

13

B3] B ] v 535> 22X (mean square error) e

3-2 Extended Kalman Filter

d +“—F R R B aE R S d SN kLG b b s
b e G A A @ FRL AR RREX LR
A+ # & %Rl B (Extended Kalman Filter, EKF) o
¥R T nzb s ks

x(k +1)= £ (ke x (k) (k) +v(k) (3.1)
2k +1)= hlk + Lx(k + 1))+ w(k +1) |
B oy B kp R g oow EERIA S e e

BATFEERRIEC LA BLR NI AP - BHBE TR IR

4 RRREE S A R R B R T AP R

Predict equations
(e +116)= £k, 7(k | k) u(k) (32)
Pk +11k)= F(k)P(k | K)F (k) +O(k)

o BHIE RGP 1 £
MR E RRE -

[ R BT w— BHBRTIRRITREG

Correct equations
Wk +1)= Pk +1|k)H(k+1) [R(k +1)+ H(k+1)P(k +1| k)H (k +1)" ]’1

Plk+11k+1)= Pk +11 k)= W (k + D|R(k +1)+ H(k + )Pk + 1| K)H (i + 1) pr(k +1)
Res(k+1)=z(k +1)— 2(k +1| k)

&

716 I



Rk +1)k+1)=x(k+1]k)+ W (k+1)Res(k +1)

HY A~HAEL RE 4T 27 ¢

Ox =3 (k|k)
H@+U=%@+U
X le=i(k+1k)

F1¢t EKF it AR Bl 4™ #7ro7 :

--(3.3)

(3.4)

Evolution Known input N .
of the system (control or Ehst|mat|on of State covariance
(true state) sensor motion) the state computation
State at ¢, Input at z, State estimate at 7, State covariance at ¢,
x(k) u(k) %(k | k) P(k|k)
v
Evaluation of
Jacobians
ox x=i(klk)
Hlk+1)= oh(k +1)
Ox x=i(k+1lk)
v
v(k) Transition to ¢, State prediction State prediction covariance
a
2l xlk+1)= £ x(k k) + v(k) Rk +11K)= £k, 20k 1 K )ulk)) Plk+1]k)=F(k)P(k | K)F (k) +O(k)
v v
- Residual covariance
Measurement prediction
S(k+1)=
B+ 11K)=hlk-+1,3(k +1] k) Rk +1)+ H(k+1)P(k+11 k) (k +1)
v v
Measurement at ¢ ) i i
w(k+1) (c+1) s Measurement residual Wk +1) :F|Iter gain
Z =
e+ 1,3k +1) + wlk +1) Res(k+1)=z(k+1)-2(k-+1] k) Pk +1[K)H (k +1) Sk +1)"
v v
Updated state estimate Updated state covariance
F(k+11k+1)= Plk+11k+1)=P(k+1|k)
#(k+11k)+w(k+1)Res(k+1) W (k+D)S(k+ 1w (k +1)

B (3.1) EKF /:4%H

3-3 gk aRd 1+ § iR % Adaptive Fading Kalman Filter ( AFKF )

S EERRETUEARNEGARRBEE ] § B2 EDRFFFAL

KA R E A AT IEH TR A R TS el g e

&
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A EOFOR 0 ATIGE P R i B B o AFKF 2% k34 f & 5 R B B 4t
RRAE > M4 - BB M REAFTELE RREDA R A2
f‘v?j PVAEH AR A BT > TG RAF DR RPTE o

Bt B IR AR L (covariance ) fiw o 3 4r vk R¥c

P(k +11k)= Ak +1)F(k)P(k | k)F (k) +0(k) -++(3.5)
(AT e LA Lied 0 Ple+1|k+1)=T-w(k+1)H(k +1))P(k +1| k)
AL R

Ak )= max{l, trace(N )/trace(M )}

M =H(k+1)F(k)P(k | k)F (k) H(k+1)" +++(3.6)

N =H(k+1)P(k|k-1)H(k+1) —H(k+1)Ok)H (k +1)

F]pt AFKF e A2 Bl 4o :

Evolution Known input L .
of the system (control or Estimation of State covariance
(true state) sensor motion) the state computation
State at 7, Input at ¢, State estimate ats, | State covariance at f,
x(k) u(k) #(k | k) P(k|k)
i
Evaluation of
Jacobians
A0
OX [ —i(kik)
H(k+1)= Ohlk +1)
ox x=i(k+[k)
A(k) = max{l, trace(N )/ trace(M )}
M = H(k+1)F(k)P(k | k)F (k) H(k+1)"
N = H(k+1)P(k | k-1)H (k +1)
~ H(k+1)0(k)H (k+1)
(k) Transition to z,,, State prediction State prediction covariance
T e )= Al o0l ey || T
x\k+1)= <, X\K ) u + VI X\K + = 5 X ), u
M+ 10)F(k)P(k | k)F (k) +0(k)
v J
Measurement prediction Residual covariance
S(k+1)=
2k +11 k)= hlk+1,5(k+1] k
(e 11E)= b1, 3(e-+11£) R(k+1)+ H(k+1)P(k +1| k)H (k+1)"
v J
Measurement at ¢, - .
w(k+1) k+1 i Filter gain
—>| z(k+1)= Measurement r?SIduaI Wlesn) g
Bl +1,x(k + 1))+ wlk +1) Res(k+1)=z(k +1)-2(k +11k) Plk+1 W)H(k+1) S(k+1)"

J

Updated state estimate Updated state covariance
Fk+1]k+1)= Plk+1]k+1)=
F(k+11k)+w(k+1)Res(k +1) (1-w(k+1)H (k+1))P(k+1| k)

B (3.2) AFKF /r=#2H
&g 218 e AFKF o & e EKF 5 W e ™ B -

-
o0
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compared with EKF & AFKF

50 ; . . , . , [ .
4g| .
304 J
201 — tuestate |-
— EKF (&)
W e AFKF (c,)
a 1 1 | 1 ] | . ;
¢ 1 2 3 4 5 8 7 g g 10
time
40 T T T T T T r .
— true siate
B — EKF (¢}
“ o AFKF (C5)
O J
- 1 1 1 1 1 1 i L
200 1 2 3 4 5 [ 7 8 9 10
time

® (33) EKF g2 AFKF efnt g 5 3 82 AFKF Gl % £ 4
L BT R EKF #1905 g 20 % 1 g gmi 4 et AFKF -

&
—
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PR S e TR

Fhobvid By R T F T o A - BN R

T
hrLh = TB%@J‘FK—&? R AcE R > eAeg B R T 0 q}zk‘cru’ﬁxﬁ}im

"q =0
"a, =0 (4.1)
"q_ =0

BEARFBES P ST il e R i RN G T S BER T
3
F

%

Behdeid R AR BRRR
%ﬂ%?ywmﬁJﬁ&&“1&“ﬂ5mm@’méwgwwﬁﬁﬁﬁiﬁwﬁik
WhEREFRFRLIEE S APL T URR T o g3 Er S F TS A 4T
PgdFeitmo Al At B BRIE G

ii%“%%ﬁﬁﬁ’iﬁﬁaﬁﬁaﬁ?vwgé R S - A

%
Ehet o Pl Al D RN fobded RS D RN TV A AR

FHrEag it s bldckh A "a =10 B3] "a =50 e B A e

PIE2 KA AR
— g c, —E

1 n — & &, -(ba) )
3x1

944 :M , - \
—& & n
bd)3X1 =J7"(1:3,)( 4, - b77jT -(ba)x(ba)xb’”j)) ) -(4.2)
: J=1~6 : j=1~6
nd3x1 =0

AT 5 R A 5
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+(4.3)

Xr.

ok + 1= olk)+de-a 7 (1:3:)4,], ~[n,” - (Cole)x (Polk)xr,

"a(k+1)="a(k)

a0 +1)= 40+ S UG olk)
L)

He A EPERER oot odsd LB RAEFRES BN - BFHER R
AR e

AR IR S13 8 MO S AL ARRIE A K = S
PRI > BRI R R R de b ek R R A
@ A EE L E R T SRR N

S Y ]

fo b A el g R

b bln n n
a3><1 Cn [ ax ay az]T
b b T
Zoq =| My |= C, [a 0 b] (4.4)
2 2 2 2
1 n e +e&, te

feFARET 10 BHRE - BRI ASET LGRS ARG Flut A

.ﬂ%c I — ,[;m:ﬂ%g,? = }@E@ ,

zy=y"a+a, +("a, —9.81)
REAE R B BALM Rk set - BRer b & b B R ERR pEAE > AP i pEAE DT

-+(4.5)

folL @ PP T A BT RE S E R R B RSBE L S 50
BB itder (45) 30 o
F- R A5t EE GRE ‘i;u—pu;_»,bgg

s‘lrﬁbfjf‘ué EAE Ik g o e )

AERIH o

4-2 AR B H
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Gyroscope-free IMU
4, 4, A3y A, As As A,

bm Kalman Filter

Eq.(2.xx) D

8
b n
@ "d g4
B (4.1) /n42=> BB
AR BT 2 R R ***ﬁ e AR R R A R E . E
BRPIB(zg) o Bl BFETMEE L ¢t Ad T N Aeik FRE 2 R E R R T

PR St PR R R ES R R R BT f
& R ﬂ?mﬁ?lﬂ:" A2 5N B i BRI B GRS 0 3T U G Rl AU e R & iR
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4

S e
FHEP ARG TR OES LF BTN A AR A

€& g gk iz RN BRI - R ks

¥
X

ETIRN
!
A%
[
a1%
R

Measurement equation : z = h(x,t)+w(¢)

FAREG nBRGE o m BERIE QP ERME I RE g BB ERL

rank(

Flpt i P A ol By “%i?‘]%ﬂﬁ"v— TEEgR EE )’jfu{l KRR

BRI > T LG R T B(zs)F BRI ARN G
ba3><1 Cb [nax nay naZ]T
Z74 bmaxl 3 C: [a 0-=b ]T
1 s sl

T ERIZ KT A s e B R T BREE 0 R 2

0z
ox B
_—”az &,t"a,-e;+"an a g t'a,e,t"a ey "a,e-"a . -e,-"a,-n  a,-g-"a e+"a,n
"a - -"a -e+"a,-n  -"a,-e+"a, -e,+"a.-n "a,-e+"a,-+"a, ey a.-e,-"a,-&,-"a, n
"a,-e+"a, - &,+"a.m "a.-g+"a, -e;-"a,-n —"a -e+'a,-e+"a, n Ta -g+"a,-&,+"a, &
2 -b-g,+a-n a-g+b-¢g; —a-g,-b-n b-g —a-&
b-g—a-s a-& +b-n a-& +b-g b-g,—a-n
a-&,+b-n -b-g +a-s -b-g,+a-n a-&+b-g
L n & &, &3
(51 —822 —832 +772)/2 £,&, +&n £,6, — &, ]
g€, — &1 (— &’ +e, —& +7]2)/2 £,6,+€M
g€ +&,m £,6,—&M (— g’ —¢&, +&, +r72)/2
0 0 0
0 0 0
0 0 0
0 0 0 ]

[\S)
W
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r | 02
ox ,
q,

a

]‘4 € M 4v B > F] et rank( (%

Flpt A L R SRR e - TIERERE

A T i 2 -

—& T& —&
o1 n —-& & (b )
q4><l - 2 ’ a)3><1
lal| & n  -s
—& & n
n - —
a3y =0
R AR5
b bln n n
a3><1 Cn [ ax ay az]T
b b T
Zeg =| My, | = C [a 0 b]
2 2 2 2
1 ' +e +e, +eé
z 2 2 2
8 | n n n
_\/ a +"a,” +("a. —9.81) ]

o
[\ )
=

Rt

+(5.1)

+(5.2)



n n n n n n n n n n n n
—"a_-&,+"a,-e;+t"a,-n "a,&+"a,-e,t"a, & a,-&-"a,¢,~"a,n a,-g—"a, e+"a, n

n n n n n n n n n n n
a.-g-"a &+"a,-n -"a,-g+'a e,+"a,-n "a -gt'a,-e,+"a. ey "a,-&,-"a,-&6-"a,n

”ay g +"a, -e,+"a.-n  —"a_-g+"a, -33—”ay n —"a, ~52+"ay ‘&y+"a.n a, ~gl+”ay -&,+"a, - &,
-b-g,+a-n a-& +b-¢, —a-&,-b-n b-g—-a-g
b-g —a-e, a-&+b-n a-g +b-¢g, b-g,—a-n
a-&,+b-n -b-g +a-¢, -b-g,+an a-g +b-¢g,
n & & &
i 0 0 0 0
(6‘12 —&,’—¢ +772)/2 £,&, + &1 £,8,—&y1] |
£,8, —&1] (— g’ +e’ -&’ +772)/2 £,8,+&T
£,&,+&,1 £,8,—&1] (— g’ -’ +s& +772)/2
0 0 0
0 0 0
0 0 0
0 0 0
a/Java] +(a.~981)° a,/\a’ +a +(a.~981)° (a.-981)/\Ja’+a’+(a. -981)
~(5.3)

&8 Matlab ¥ & > rank(H)=7 > T 3 SLF LR > v ~ BT B X - B G
- FF UG RT] c HEF S A ARV UEY BT g N a e il iR 'FFT & RHE S
Aok AL 2 4750 (eq2.28) 0 F ATHEZ BR K xs, 0 BRI AR 2 R o T kAL
Fiv E A ZRIFIAFT A R AR R B g B e R F - BR
fracis > £ ARd R AR OB o BRI o, 32 B

S B AT ARy s e B RRIY 0 £ RieZ B € AT
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* MATLAB &7t - 1% & % A o enEtehg
[T R E ;j:gﬁo;};%ig s ,Evjﬂg—fri}@ﬂ P ;a:]ﬁ—k ];1 g 5?']% ) L g,\%\,;?«

&
%3 1000HZ  f1* TH6A 2 & § B 204 F nffesn > HIIBE L F o 43 4

B
[
i<
(\x.
1@‘3‘
‘é$
-

WA IR AR X L 0.0001 m/sec”2 0 @ R R B iR £ 0.0001gauss 0 T
LAFER G NKR AR

B E» ARE g Oy RO B AR
p=Amp;xcos(2 7 fit)
O=Ampyxsin(2 7 f>t)
w=Amp;xsin(2 7 f3t)
2P Ampi=7/6 > Amp=7/2 > Amps=7/7 ; fi=5 =3 > f=2 °
BB EEEE S[05 0 07]" ¢ T AGARNA Z RIS LG it B
PE GBS e R U iiAtd A B R B

6.1 :FH4cif B 5 T_EFeNZ By 5B
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3-axis accelerometer and 3-axis magnetometer measured signal
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estimated state and true state (Quaternion)
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error = true state - estimated state ; (Quaternion & Py & "a)

4 T T T T
— error 1(n)
ol ___emor2(g,) ||
___ error 3(22)
__ error 4(83)
0 - — — _ — — =
-2 1 1 L L L
0 0.5 1 1.5 2 25 3

time(sec)

— error 5(%)() L
—— error 6(% )
_ _ . error 7(bmz)

3
%4 — — —_—
E
L
0 0.5 1 15 2 2.5 3
time(sec)
50 T
— error 8(01)
N 0 ___ error 8(02)
§ ___ error 10(03)
E 50 -
-100 | | | | |
0 0.5 1 15 2 2.5 3
time(sec)
Bl (6.5) 10 B &Rl i 2 3£ Jxacli?)
estimated and true Eular Angle (¢,0,%¥)
100 T T T
I | —— roll
) o1 1 ; \ i| - - rollg 1
1 T
TOAY J AN AN \/ )
g v LV ’ | /
50k ! | I ! l‘ | [
| ' 4‘ | | ‘
[ |
-100 | | L L L
0.5 1 15 2 2.5 3
time(sec)
100 T
—— pitch
50 . pitche H
8
S 0
S
-50
-100 L L L L L
0 0.5 1 15 2 2.5 3
time(sec)

time(sec)

B (6.6) x4 hi § E 2 GiRliE

&

729 I



error covergence of Eular Angle (¢,0,%¥)
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estimated state and true state (Quaternion)
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estimated and true Eular Angle (¢,0,%)
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3-axis accelerometer and 3-axis magnetometer measured signal
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3-axis accelerometer and 3-axis magnetometer measured signal
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