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Orientation Estimation Using Coplanar Accelerometers and Magnetic Sensors

Student: Chung-Fu Kao Advisor: Dr. Tsung-Lin Chen

Department of Mechanical Engineering

National Chiao Tung Unniversity

Abstract

Typically, there are three ways to measure the attitude of an objection in 3D
space, which are (1) 3-axes gyroscopes and a subsequent integral operation, (2)
3-axes linear accelerometers and 3-axes magnetic sensors, (3) 3-axes linear
accelerometers, 3-axes gyroscopes and 3:axes magnetic sensors. There are
problems and constrains in each approach.-Particularly, the first approach suffers from
the error accumulation, the second approach suifers from the sensing accuracy and
the third approach achieves the best performance among all at by employing

expensive gyroscopes components.

In this thesis, we present a novel approach using coplanar gyro-free IMU
accompanied with magnetic sensors for the attitude measurement. The coplanar
gyro-free IMU has the advantages that all the employed sensing devices are situated
in the same plane. Furthermore, it measures angular rates without expensive gyro
components. Simulation results indicated that we can obtain 3 orientation angles with
the measurement accuracy in between the second approach and third approach
mentioned above. Moreover, results also suggest that it is possible to use 6 linear
accelerometers and 2-axes magnetic sensors to obtain 3 orientation angles with some
prior information assumed.
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A_:n _.nﬁj bR 77]

J
F +°3 + T+ DxE) o
e o P o
b -

b b \" b_T w b T (b b b
:[( I x 77,-) n :||:b|:o+bgo:|+ 77]( a)x( X rj))

T [EHE R R &ﬁ'ﬁ [l B FEd ~ P [RPRH [ gl Fl2 e pa I pry
CEH A

A { oq | Cex(extn)

D=d L, } ; (2.21)
F

A .t 0, _anT (a)x( @ X r))_

13



YN T RLp arps (invertible) o JIH R ﬂ;{ﬁf}*ﬂ?ﬂpuﬁ? 77 HHE “E‘HH (it 7 Tl r’j»f%['gfhp
A B IJFTJ [ Y™ B

y AT |l (fox(Pox"n))
{bFﬁg} =J"'x|| |- : (2.22)

A _bn}-(ba)x(ba)xbrj))

S ST A2,

Eij SR (x,y.2) B[ 7 00y.2)
1 r[cos(47/9) sin(47/9) 0] [ cos(17 7 /18)sin(17 7 /18) 0]
2 r{cos(1077/9) sin(107/9) 0] [ cos(-7 /18) sin(-7 7 /18) 0]
3x r{cos(-57/9) sin(-57/9) 0] [ cos(-7) sin(- 77) 0]
3y r [ cos( 7 /9) sin( 7z /9) 0] [cos(m/2)  sin(7/2) 0]
4 r[cos(27/9) sin(27/9) 0] [0 O 1]
r[cos(87/9) sin(87/9) 0] [0 O 1]
r[cos(147/9) sin(147/9)- 0] [0 0 1]

#(2.1) J]:Iﬁiﬂf[& b fh a |

1

\a
N
N

A S
é. g

3x6

qgﬁl(z 10) Jp@iﬂfl [ﬁ[




PR (2. 12) & T ?J E%JF?;@’EI*J?E FUE IR -

a1 | (ex(ex)
AZ bﬂ;_(ba)x(ba)x
[P@],, =37 (1:3)x| | A |=| o ,(wa(wa bfgx)) (2.23)

_As_ bng,(ba)x(ba)be))

B i s SRR g

_ me ,(wa(wa I’]))
)

_A_
A bn;.(wa(wabrz )
[For 0l =3 (4560 [ A |- o (ox(Cox’r, )

>

A

I b]]; .(wa(wa br()))_
05 AT-0.5A (2.24)
= f(A,AZ,AX,wf+wf,wj+a)f,wxwy)
(As sin(6’4 - 95) 2 As sin(l94 - 96) § A4 Sil’l(@s - 86 ))
(cos(6,)(-sin(8,) + sin(b,)) + cos(E)(sin(d,)-sin(6,)) + cos(8,)(-sin(d,) + sin(6,)))

EE T EY

("rx'n)  m,
(brz X b772 )T b772
(br3x X b773x)T b773x

(brs X b776 )T b776

L 16x6

B3 15 (2.24) » [ Foygy 3 SR O 480 1 SR A L it

S Ay > PRI ARG

0.5A -0.5A, (2.25)
[F,+9,], = 0.5A, + 0.5A,
(Asin(d, - 6,) - Asin(6, - 6,) + A, sin(b, - 6,))
(cos(8,)(-sin(8,) + sin(,)) + cos(6, )(sin(b, ) - sin(b,)) + cos(8,)(-sin(f,) + sin(b,)))

TR b U B - i ot e 155 A Fos0 - [ A

15



G 11:@’;5153]: B0 I ET RS 91(2.26) 7

0.5A -0.5A, (2.26)

[9,],, = 0.5A, + 0.5A,
(Asin(6,-0.) - Asin(6, -6,) + Asin(0, - 6,)
| (cos(6,)(-sin(8,) + sin(6,)) + cos(&, )(sin(b,) - sin(6,)) + cos(6,)(-sin(&;) + sin(6,))) |

PP T EELY(2.23)(2.26) 7R ?s?‘?%fﬁ‘f & [’ﬁdﬁﬂ%’é’ﬁiﬁ FUES I

16



AES (R RO
3-1 AR &R

#1960 & > [ R.E. Kalman T7 & i £V 1> FJ 0 recursive) f i
B R oA R I o o P P T TS s > PR R R
ﬁ’ﬁ&ﬁg;ﬂlﬁﬁi AR [ T Bl o e R | o

R A AR L FERR [ (RIS TR T g i BRI O

AR ERB > AP R L SRS AR R AR T R P
14574 2232 (mean square error) ©
3-1.1 #EE{era fﬁliﬁugﬁ (Extended Kalman Filter, EKF)

[IVBE a2 R | Ul ™ BB 5 (T e (O 2R sk S
RSP R TR [ = R > PIPSEPRE BLRAE: (e 0 R ~ 7 T O
Y/ (Extended Kalman Filter, EKF) -

Bl U R

sateequation: x,,, = f (k,x,,u,) +n, n':state noise
: _ 3.1)
measurement equation: z, =h(k;X;)#V,"* v:mearsurement _noise

%@{@@ﬁﬂﬁwﬁmwé@WWﬁ»ﬂw—ﬁﬁﬁﬂwﬁﬁ%mw’%wﬂ@
AR TR TRE R fap  ffR — T RIS -
Predict equations

X = f(k’xk’uk)
k+1 = A<PKA< +Qk
P (RWERED SIRIERIST o AR BN (ST W BRISTRIE - %

L R -

(3.2)

17



Correct equations

Kk+1 = Pk_HHT (Hk+1P_ HILI + Rk+1)_

k-+1 k+1
F)k+1 = ( | - Kk+lHk+l) ijrl
residual =z, —h(k, %)
=X, +K,,, -residual

X k+1

k+1
A ~ HFR R s me
o,

OX |,

oh
H — k+1
k+1 ax

A

X=%

[IF=EKF A g f

(3.3)

(3.4)

State at t, Input at t, State estimate at t,
X, Uy )A(k

State covariance at t,
3]
k

State prediction

Xerr = (KXU )40, R, = T(kR.u,)

k+1

Evaluation of Jacobians

A
OX |,_s,
oh
H kel = 6;(”
X=X

State prediction covariance

Pk7+1 = AkPkAkT +Qk

Measurement residual

Zy =NKFL X )+, residual =z, —h(k,%,,)

k+1

Filter gain

-1

Koo =RoHL(HRUHL +R,)

Correct state estimate

R =X, + K, -residual

k+1

Correct state covariance

Ben = (l -K.,H K+1)PK+I

[H/(3.1) EKF A [

18




3-1.2 AR LR &S fF‘,?E[J%S (Iterative Extended Kalman filter, IKF)

PRI o (AR TR 2 A8 [ s S A= o BT TR M [ s 1
OPRRE A G TR 1 % 7 R - PIPFI P IR R RV S 7 SINE
(17 W H R 6'5‘* EKF {19 ffHIFVRETEE «

oh
H,, =— 3.5
k+1 ax il ( )
I:)ki+1 = P B P Hk+1 (Hk+1 Pk+1Hli+1 + Rk+1 ) Hk+1 Pk:—1 (36)
XII(-:-II = k+1 + I:)kl+1 H Il+1 E Rk+1 [ kel h(k + 1 X, ):| I:>kl+l I:>k:-171 ) ()’{LH - )zl;—]) (37)

| R PG T O R PR - H BT =0 H5(3.8)5

X, =X (3.8)

K+1

E['(3-8)?C [t (3.7)15'[6]@ - j‘E, ) FIJYF'J RS o F[fj;{&% ]’;f[(gu )’{:M » =2 EKF Fif > (=

A (0 1 HFEETE EKE AR -

19



A PR B RS R AE

State at t, Input at t, State estimate at t, State covariance at t,

u 3 P
X k X, k

Evaluation of Jacobians

State prediction 8f

X1 =T (KXU)+ny %o, = f(kR.u,) A= &
X=Ry

G0

Xk+l = Xk+1

Evaluation of Jacobians
i=0~N-1 ah State prediction covariance

i k+1 = T
Hk+] - aX Pk+1 - AkPkAk +Qk

i
X=Re,1

Correct state covariance

PkI+I:P P Hkl (HKIP+IH;+1'+ Rk+l])H;+1Pk+l

Iterated state estimate

Zk+1:h(k+1’Xk+l)+vk+l X _X +P Hio" k+]71‘:zk7]_h(k+l’ﬁ:<+ ):I DA ()2:(%_)2};1)

k+1h Tkt k+17 k+1

i=N
\'4

Correct state covariance

Pk'-l = Pk+1 - PKHH ;+l '(H kl+lPk+lH kl+l "+ Rk+1 l)H L:+1Pk+|

[H/(3.2) IKF A [

3-2 FFEEN LA

H12-3.2 % 2-5 a5 Pt /G E'I?“J/,%L’T SR B BT P95 5 R
(2.23) k> Z RESHIAEE [V % 5T Y (2.16) > J SRR R SO
FORE = Tk Y T HRIHEY 2 ﬁﬂfﬁ»f JFEAIORRBE > NI 53R » 2
R YRR P T 5 2 ORFOIFESL ) o 50 TR > R 7] EKF i
FRUP= THIRE = F1EKE SRR o <ot A RO e e G MBS
PRI et /1 R Up T TG E FTJJE”:;}?: AL RS

20



3-2.1 YT BRI BHERE

AR R e R RPN e BOEPER (2] IR R B A e P E’\’?ﬁfl%%fﬁ":
F(2.15) 2% i ] P8 P4 7% B B H A o plin 28(3.9) > 29 P e 1 v LA i A
(navigation frame)_l—p'lfjg‘[ Juy [F’,JB@}@*LJ [F'J , yp[ﬁl(3,3)ﬁq—1 o
"g=[0 0 1]

) (3.9)
"m= [a 0 b]

[F'(3.3) e [ @:%ij[Fljflfj%Edﬁ
QA ORI [ B 2T

bg:C:-”gz[—sin(é?) sin(¢)cos(0) cos(¢)cos(6’)]T

(3.10)
P P T PR A AR ERTO I o D AR e B
TS HF]H[(2.26) R o FI[IIPHA By EL"JFIU%%[’%E(ZIS)?CFIJ SEH TN BN A

e
=

ng :_Sin(g):_z(q2q4_q1q3) (311)

b
o~ an(g)= 199794 (3.12)
g, 4, —q —0q, +q;

B RO R ()RR T T RS VAT R T I BRI s W

R B % (Magnetic Sensor) » [KIFi* BRI F-C ORI m > | A
[T G13) -

21



"m=R(x,4)R(Yy,0)R(z,y)"m (3.13)
PES GO (@) [ I3 A1DB )G > {51 R(y, 0) R(x, ¢ 2T

i

R(zy)'m=R(y,0) R(x.¢) "m

:[acos y) -—asin(y) b]T (3.14)
=V
BI5V [IED o TR R R g e
V(2) _2(q1q2 +q3q4)
=—tan(\y)=———>F5 3 3.15
() ( ) ql_qz_q3+q4 ( )
IR AR
| _2(q1q2 + q3q4) |
z, | |4 -0 -0+,
z, |=| -2(0,09,—q49,) (3.16)

| _2(99.+9.9,)
[0, —0 —0; +0;

T RS EAR T f 14 (Observability matrix)fVAEly (rank) A EEE] % S
S 4 ) singular value) i ™ % 28504258 [ RBSFERHAS 191 - (MU Q1T

g1 REES

W=V[z z -] V= j=1~4 (3.17)

PP SR PR = DRI 06 4 B 4 g ! T T T;’? L (A felde= -
sl o PS5 TP et Tl £ ORI e B! R R flpRe = - (WG4 AR 3
A 3 SR NI - F RIS~ T B RS R R R “*%tEV
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Configure 1: 3 axial Accelerometer, 3 axial Magnetic sensor

1 2
T
0.5 1
1.95
0
1.9
-0.5 1 u
_l L L L L 185 L I
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
sec sec
2.03 T T 2.25
— S.V3 — SV4
2.2
2.02
2.15
2.01
2.1
2
2.05
1.99 2
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
sec sec

BIG.4) P BRI+ S 3 B R P B oz B i

TlﬁJ sl 2-3.2 Ay’ ’;ppwag@aj\;j*éjp%['[;e,iglg[@ [ﬂﬁ%u\’;F_{iﬁﬁiﬁfﬁ‘ﬁpfj‘l‘ﬁ@mﬂﬁﬂ )
PR TR EHRIEE G BRIl = 20 op - HE TP BRI A (3.16)
RO S (3.18) o FEROR BB RO IIRG.5) » [ AR -

| _2(q1q2 +q3q4) |

z| | o' —09 -0 +q;

z,|_| 2(a,0,-qa,) .

z,| | 2(g9,+9,4,) '
1z, | |4 -0 -0+

o’ +Q, +0, +0, |

23



Configure 1: 3 axial Accelerometer, 3 axial Magnetic sensor, normalization contraint.

2 - - - T 2.1
— S
2.05 1
1.95 1
2
1.9
1.95
1.85
1.9
1.8 1.85
0 0.2 0.4 0.6 0.8 1 0
sec sec
2.25 2.25
— svi
2.2 1 2.2 1
2.15 1 2.15
2.1 1 2.1
2.05 1 2.05
2 2
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
sec sec

[B(3.5) FEIEF BRRIER = 3 Hirgled ~ SAMREERNRI Ty ~ HTAGTE )5 gk pom B i

FO BT BOREET R 4 2 o ek 7o p T B U RLE R Y R e > (NI

EHE[J??F'@'% PR AT A IR g ! PR fRFOR (ONRIG.6) » =5 P 322K
I i BT e Plﬁﬂﬁué [ [F‘I?Elllrprf[}ﬁ

PRI P BHRIE Fl > DT D52 Bt A R - S o AT PRI B A
POV A BRI gL o PR e S PR 1 “’%’F“FTJII |
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15

0.5

-0.5

sec
9.8285 T :
9.8284 1
9.8283
9.8282
9.8281
9.828
0 0.2 0.4 0.6 0.8 1
sec

Configure 1: 3 axial Accelerometer, 3 axial Magnetic sensor

0.2

0.4

0.6

0.8 1

9.85
9.8
9.75
9.7
965 L L L L
0 0.2 0.4 0.6 0.8 1
sec

H3.6) T B © SO S 5 el s |4 o B

BN T PORBRERL L NRCRL R b gl R O R i RS e TR
TN PR IRG.7) P G.8) Kb DREB RS R PV BTl - [ 7)RLl 1157 1y

AT A B L% TGSIRLS P AT B - ) 1 [ B P

IR BHHITRER T i 3 S RO - B R P RIRI2.10) 2 A2.1) -

25



Configure 1: 3 axial Accelerometer, normalization contraint

1 2 . . . :
=32

0.5 1 1.95

0 1.9
-0.5 1 1.85

1 1.8

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
sec sec

2.25

2.2
2.15

2.1

2.05

sec sec

[F(3.7) [IEF BRRER = 3 gupigdepl s BLAaE BRI AT A5 Bk P BT

Configure 1: 3 axial Accelerometer

1 9.85
0.5 1 9.8
0 9.75
-0.5 1 9.7
_1 L L L L 9.65 L L L L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
sec sec
11
10.5 1
10
9.5
9
8.5 ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1
sec

HG8) IEIEE R+ 3 WD R 7
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3-2.2 7B ENRE
F AU T A ORI [ B RS R (NI R AT e
W7 5E F= qimet i WO aR /& H (3.19)

°me | |af-ad-af+ai  2(mar+aas)  2(a03—0p0s)

a
"my |=| 2(maa-aas) -of+aF-af+ai  2(qog+aaas) |0 519
by | | 2(03 +0204)  2(-aGs+pd) -of -3 +a3 +ag [LP '
P E NPT ORI G20
2 2 2 2
¢ | |af-a3-af+ai 2(ma+azas)  2(@wO%-%0%) |[o
"oy |=| 2(ai-sas) -of a3 -5 +07  2(oGs+opaz) |0 520)
| .

2 2.2 2
bgZ 2(Q1Q3+Q20I4) 2(—0|1Q4+Q2Q4) -0 —092 +03 + 04

AP R B - ORISR 1 e LR © [G.9) RRAE L 3
IR 3 e O] RN S T T R S R
(observerable) = 4 §* bl Gl M ZAIURE SLRARI 3 il - (1IR3 1001 LI
BT VR i 2 IR o o cad IR R il o IR G D RS E
- e B ER I D T i (unobserverable) © [ A - ff 7 B
DR 0 e A SR ORGSR < o P PR R RO 3. 12) - -
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Configure 2: 3 axial Accelerometer and 3 axial Magnetic sensor

2 21
— SV1 — S\V2
15 1 20.5 1
1 1 20 1
0.5 1 19.5 1
0 1 19 1
_05 L L L L 185 L 1 1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
sec sec
21 21
— S.V3 — S\V4
20.5 1 20.5 1
20 1 20 1
195 1 19.5 1
19 1 19 1
185 1 1 1 1 185 1 1 1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
sec sec

[1(3.9) T B I3 SISt R o B i

Configure 2: y z axial Accelerometer and x y axial Magnetic sensor

0.85 0.94 | ‘ : :
— sv1
0.92
0.9
0.8 ]
0.88
“ 0.86
0.75 : : ‘ : 0.84
0 02 04 06 08 1 0 02 04 06 08 1
sec sec
19.639 T T T T 19.643
— sv4
19.638 19.642 ]
19.637 19.641 ]
19.636 19.64 ]
19.635 19.639
19.634 19.638 ‘
0 02 04 06 08 1 0 02 04 06 08 1
sec sec

HIG.10) JHENEE y 2B x - y RGBSR B
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Configure 2: 3 axial Accelerometer

1 21
—svi —svz)
20.5 1
0.5
20
0
19.5
-0.5
19
1 18.5
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
sec sec
21 21
—svs)| —sva
20.5 1 20.5 1
20 1 20
19.5 19.5
19 1 19
18.5 L . L . 18.5
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
sec sec

[}%11(3.11) ﬁl%ﬁﬁwﬂug SR 331@-%@#;133_% B fif

]‘e
7 \\\
d 4
3y
X \
|
[}
/
/
/
/
/
7

5 7/ Y
|\ r
2
\
\

6

IG.12) o BRI P R



IS HAEFN(2.16) ~ (2.23) W BRI A (3.16)(3.19)(3.20) BRI B

— ban .(ba)x(wa bl’l)) 1
" -(ba)x(ba)x bI’z))

), (Cox ("o

X
X :|7><1

EH T S

(°rx"n,)
(°r,x"n,)

(br3y X b773y)T

(bl’6 X b};ﬁ)T

b

y

b

m,

b

773y

b

s

ENFIHREF S R 153
® M7 BpfiliE EHHRE
I _2(q1q2 + q3q4) |

] me _(wa(wa br(,))

q° -0, -0, +Q;
_2(q2q4 B q1q3)
2(9,9,+0,9,)

1 Q; -0, -0, +0; |

(3.21)

(3.22)



® U5 ol B BHR

_Zl_ _a(qlz 'q22 'qz.2 +q42)+b(2q1q3 -2q2q4)_ _Vl_
z,|_| a(2a9,-29,,)+b(204, +20,,) LY (3.23)
Z3 (2q1q4 + 2q2q3)g V3

L “4 ] L (_q12 - q22 + q32 + q42)g . -V4—

P n SRPREEH 0 v R RNEIEEH -

33 LB R B R

PUSLEEREH n W EHFSH v+ 7 ELJ S Gaussian noise) » [

_ 2
- N(O,Gg) (3.24)
v=N(0,0y)
213.21)5% e > 0 e
|:a)3x1(k+1)j| _|:0)3X1(k)}
q4><l(k+1) - q4xl(k) T
A 771T-(a)><(a)><rl))
37 (1:3,) x| P = ;
A n. ~(a)><(a)>< rﬁ))
+A | q4 _q3 qz |
114 409 -q (3.25)
Sl "Wy,
2| -a. @
L __ql _qz _q3_ o
_ n i
ENCEDEE
N
L O4><1 o

AFIVRIRT > [y R e P

31



_ n _
J! (1 :3, :) x|

N =A (3.26)

n6
L 04><1 17x1

PIPSPE RS 15 1) 2 (i (state noise covariance matrix)Q £
JEmn']-(3") 0

Q =E[NN" =4’ [(on']-(37), O (3.27)

04><3 04><4 X7

FHETE BIHRE (3.21) Mg BN (3.22)udsd e~ 1A 4 21~ 1 ENREEAHpes 2

(measurement noise covariance matrix)Ry

R =E[w'] (3.28)
FRUT H PUBSRTEE AEE (3.25) ~ EHHITHAEE(3.22)(3.23) ~ PNEIER R 2 Al

(process noise covariance )(3.27) MBI 3 F 14 4 % 9 i (measurement noise

covariance)(3.28) [ ™ [l (3. 1)JH 3+ 2 &A AR AR [T A1 (3. 2) e 1 8 £ fif IR A

B PR R O
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S R R
By BRI L i 5 I MATLAB 2 SR ) VA £ 400HZ - #[M N
ERE [ﬁ ST OB T H T SRR R R OFRMERGEE 1T 0. 1m/sec’2
I REA R A FER S 0.01gauss » Rt S AEIEY ) = IR T L 1 -

INS Quality

Sensor Parameter Unit High Medium Low
Accelerometer bias “wg =50 200-500 =1000
Gyro bias deg/hour =0.01 0.1~1.0 =10
Accelerometer white noise (K g)z/HZ =100 ~2500 >2500
Gyro white noise (deg/s) /Hz <10” ~10° >10°

F(4:1) (BRI g

4-1 = QR E
ﬁj @X~@2Eﬁ'Jjﬁ@ [Eﬁyé“f’j@%ﬁ? i %ﬁy[[_’\
®, =1.0966 xsin(2z f -t)
o, =2.1932xsin(27 f -t)

@, =2.1932xsin(2z f -t) f=2 t=0~2sec
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4-1.1 ) ENRE

M, J (2.26) r 4

M, (3.11) |

Z 1 k12 !

—  (3.15) ¢t |
z, .
Z X
22 Kalman filter |——o,
3

i

ql q2 q3 q4
[fi1(4ed) el 1 EHREE B P

g RS T S B A AGEICHFO R SRR (4.2) ~ [R(4.3) R RO
an PTEHHIPU BRI (4.4) © R 592260031 1)B:12)(3.15)FH fI i e pu & pa
(4.5) > (RSN IVZ0~Zs  SPURRE TP e IR DS PBIT1 8 & (i
PSR AR TR EIE - PR @ o FPRE PRI D9 ShqimqaP v T
> ELRREAHN DR (4.6)(4.8) - R Pl T TR (4.7)(4.9) = [NEL R L5 PH5 B
I T PR » PP 2 2 QUSRI o Shfmgges o 4 f/Dq%‘['(4 10) - 7 [
(4. TO)FI = Pt o< B [ H i) i B R A P 1 B B o 7 2] PRI (4.10)
HwFﬁ%ﬂﬂ%ﬁf@@ﬁﬂ%wﬁﬁkﬁﬁﬁﬂ%%ﬁﬂ%%wﬁaﬁ?JEM%
P IYRYEY © H1(4.12)(4.13)(4.14) b ' W 2 iR iRt A1V S 2 (state error standard deviation)
Yo il > F(4.2)(4.3) @ MRS 2 TP (I TR IR AR o i AIKEY R
& EEKF il fie
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Ax

— No.1
No.2
No.3x

m/sec?

5 .-
Ol o

E'If; o .
B UGS A 1~A3y YRR

AX
14 T

— No.4
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