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Abstract
A novel attitude estimation algorithm based on Lyapunov method is developed in this
thesis to tackle with gyroscope failures:and single drifts. This algorithm uses a star tracker and
a 3-axis gyroscope to determine-the satellite, attitude., The advantage of this algorithm is to
require no knowledge of the satellite dynamic ‘madel. As such, this attitude estimation
algorithm not only eliminates the model error suffered from previous research but also
provides a simple calculation process to save the memory space and reduce the calculation

time.

Simulations in the thesis are operated by Matlab. In the condition that the gyroscope
with signal drifts, simulation results indicate that the proposed algorithm can obtain the
satellite attitude with the accuracy of 5x10~* deg, which is similar to that of the extended
Kalman filter. In the cases of using 1-axis and 2-axis gyroscope, the proposed algorithm can
employ the star tracker and the rest of the gyroscope to prolong the effective work time and

expand the work site; the attitude accuracy are 7x10~* deg and 8x107* deg , respectively.
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DI B 5 LSRR - PR DT g i L

Y dier 14 ’?"Tﬁ,iﬁjﬂ ( normalization constraint )

0> +0°+0,” +05° =1

FDHT B g e

qo2 + ql2 - q22 - q32 2(q1q2 + qo%) 2(q1q3 - qoqz)
CECI = Z(qlqz - qoqs) qo2 - ql2 + q22 - q32 Z(qzqs + qul)
2(00; + 00, ) 2(0,0—Gth) G’ — %’ — 0"+’

F1Q2.4) ~ Q1DF" - progH PR g i e F'E?JE'@@T@%% [
2
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Y - e ﬁ@wh *‘/Eﬁﬁ:ﬁﬂw TR SREAIR
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ESRAPIAR - -

Spacecraft Attitude Estimator
e :
l G(k+1)" dk+1) |
| @ iction | d(k+1)" dtk+1) |
| 16 Hz Body,| Prediction (k+1) e ( += ) |
i Gyros ” Sensor “(k 1y i
I + !
| —Hz Pro?giin | Attitude |
|| sTR g ° Gyro drift |
i Correction i
i Attitude i
| + ] Residuals |
| > |
i qmeasument ~ i

[H(3.1) TR ) R

11



PRl B R B

R T R R BRI AR PO PR A TR B
B i Weyro,m (= [a)ex,m Woym W, m] ) M o T 5 GHBJAHE”%PIEI'E‘ BIT?EEE@

F’[fj_: I’[—F',{gjlil[[ﬁj—ij [F’IJJ— ) {/[ﬁ\ q{"ﬁ[ﬁ%‘ .

Gz

] Gy
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T gy ~ TN “F’ﬁ’ﬁ’m_
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cos(A&)cos(Au/) cos(AH)sin(Ay/) —sin (Aa)
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cos(A¢)cos(An//)sin(A9)+sin(A¢)sin (Ay/) cos(A¢)sin(A6)sin(Ay/)—cos(Ay/)sin(A¢) cos(AH)cos(A¢)
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YR T FIOREH R IR DI BRI OB 5T SRR I < (1) - 78
PR RG> (2) PP B (quaternion multiplication) =Sag > 2 S
ARV PRRLIR P PRI A T
SORCES Tk
SUPEHROPT RN RSN P BeRo £ R BRI qgre b R
SIS Vo A P

with _noise ideal
qSTR qSTR V4><1

(2) P97 ety
4] AP, A0, Ay FUFE RS £ R [0 A8 R BRI
;K%%_anoise °

Aq:[A_«ﬁ a0 sy
2 2 27

do

qmise{\/l—Aqu}: o

Aq d;

d;

FIFIE P47 g (quaternion multiplication ) HZ%[1 7 ZEEGFRIp ™ U5 Jopy
B Qg+ S50 S FETEUPI TR BB "o o 1) D5 Bpe R 0

A PR A AR o B B AR L - RS
B S
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with _ noise ideal
qSTR qSTR ®qnmse

a o -q —of |[a]™
% % 9 % || %

% -G d o ||%

G O -% d |[%

BT RSB d UG FIl- SRR » I s
LA R FIERE U A

q] [ Ao
[dH 0 } -

PHEZE s SR — PSR - g A

l:q} — |:A(Q)(w6yro,m o c]\):| (qg;g] noise 9)

d 0
_611 _612 _Q3
A 1 qo _as az
A =-77] = & - 3.2
2041] 6 6 ey (32)
_dz ql qO

§=[6, 6 6, 4]
Hl G EEODIR B d SRR BRI ED © LIRS -
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T RE S S o b R 331 -
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e AR Y

5 I
AR Y Y SR

<% (observability ) o " it 25— ZERUE =
TR 2SR 1 e 5 2

h(x) =q = Hx
oh(x
85( ) =H :[|4><4 O4><3]

h(X) =(0= A(q)(a)Gyro,m - d)

I |4 045 |
| G % G
0= oo |~ oA @eyron—d) |-Gy G —Q,
T aq -0 4
L @ —& —G |
h 9 9%
rank o %o T 3
—0; —Oo G
a, 07 =0
. rank(0) =7

EL[ X B ERRAY 7 [T RpER e “IJEFF D4 P ER 3 [l SRR [
h(x) ELELE! BRAV P B i - HJH”E? FHEAFIE EBES (full rank) » 7T ] P=s
TR 7 (R W SIS P

P PR R T
7 R

33 R IVEETEI R AR AR ORI

O TR B R

(Extended Kalman filter » EKF) F'I'J T | FFR(
ARSI SR TR T [l A Y ARES - P Jﬂﬁ*ﬁ%%ﬁi‘ﬁﬁfﬁg'ﬂﬂ
SR R fiLF“ITJH' P AR RN T [l AR PO ER RS R

AR ) R
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331 PEEEHR ALY E (Extended Kalman Filter)
#1960 F > [l RE. Kalman Fmit#— Ry & JI” iy 1o AP R (recursive)

P AR REE R ARGV o p b R PR T ET RIS PP e o I
AR AR T A I ”TE*J@HI@*E?EUW‘?JB’%E'J °
R TRl ARRL - PR (Y RS - -1 Y e v En
M G R PR T T AP IR F“‘F B ’E?*Ejj TR R AT
HE$ ] [Pt TR (mean square error) ©
FOFE 8 RO B b Gl B B i 25 fL2 FF”?‘D Py 75 £ Y U 5
PP BB R () e ] ISP AR [ - 8 R P

PRI 82 0% B8 (Extended Kalman Filter, EKF) - EKF jik [ﬁ‘ﬂ[“\ Ff=.

Evolution
of the system
(true state)

Known input
(control or
sensor maotion)

Estimation of
the state

State covariance
computation

16

State at t, Input at t, State estimate at t, State covariance at t,
x(k) u(k) (k| k) P(k|k)
\
Evaluation of
Jacobians
(k)=
OX x=%(k[k)
H(k+1)= ah(k +1)
OX x=R(k+1k)
v
v(k) Transition to t,,; State prediction State prediction covarlTance
1 x(k+2)= fk x(K)u(k))+v(k) Rk +11K) = f (k, R(k [ k) u(k)) P(k+11k)=F(k)P(k [K)F (k)" +Q(k)
v V
Measurement prediction Residual covariance
S(k+1)=
2(k +11k)=h(k +1, X(k +1] k) R(k+1)+ H (k +)P(k +1] K)H (k + 1
v v
Measurement at t, i i
w(k+1) er1)= i Measurement residual W(K+1 Filter gain
hk +1, x(k +1))+w(k +1) Res(k-+1)=z(k +1)-2(k-+1]k) P(k+1]K)H (k +1)" Sk +1)"
v v
Updated state estimate Updated state covariance
Rk +1]k+1)= P(k+1|k+1)=P(k +1|k)
K(k+1k)+W (k +1)Res(k +1) ~W(k+1)S(k +1W (k +1)'
[#1(3.3) BKF A




332 [@&n & SRS B E LR IF‘[?EHEE ( Adaptive Fading Extended Kalman
Filter » AFEKF)

[V SRR P SERRFS Bl 1 R W ERTER [T 2= 08
RIS DU 1 EKE W R SR s e fﬂ%ﬂ it e
EUTEBIS AN [ A 2 TPzl A gy S Bk S = i HU g AR RS |1
EKF fiogtifgt® (robustness) 7L - fflifH [F‘ﬂﬁui};*ﬁ FLE = [Hili > =5 (M~
AFEKF " fieie =4 PR )LV S e i 22 R A R e EKF
[iuﬁt;mﬂugﬁ R o e SR EKE FH T e i ] “rﬁiﬁf (%
SRl T 5 O A =

B PITER A Ccovariance ) S ST IR (Y A

P(k +1]k)=A(k +1)F (k)P(k | k)F (k)" +Q(k)
RUFBIRpEs s > Prastd o Pk sk =d)=(1 -W (k +1)H (k +1))P(k +1] k)
I CEPS R A 50

A(k)=max{L, trace(N )/trace(M )}

M = H (k +1)F (k )Pk | K)F i) Hk=+ 1)

N = H (k+2)P(K K -DH 1) =K1 e+
i1 AFEKF Oy A
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v(k)

w(k+1)
—5

Evolution Known input S .
of the system (control or Estimation of State covariance
(true state) sensor motion) the state computation
State at t, Input at t, State estimate at t, State covariance at t,
x(k) u(k) (k| k) P(k k)
\
Evaluation of
Jacobians
F()= 2K
X [ics(n)
Mk +1)= ah(k +1)
28 x=X(k+1k)

Transition to t,,;
x(k +12)= f (k, x(k),u(k))+v(k)

(k)= max{, trace(N )/trace(M )}

M =H(k +1)F (k)P(k | k)F (k) H (k +2)"

N =H(k+2)P(k |k —1)H (k +1)'
—H(k+2)Q(K)H (k +1)°

State prediction

Measurement at t,,,
2(k+1)=
h(k +1, x(k +1))+w(k +1)

Rk +1]K) = £ (k, %(k | K)u(k))

v

State prediction covariance
Pk +1k)=

Measurement prediction

2(k+11k)=h(k +1 &(k +1| k))

Ak +1)F(k)P(kJ,| K)F (k) +Q(k)

v

Residual covariance
Sk+1)=
R(k+1)+ H(k +1)P(k +1|k)H (k +1)'

Measurement residual

Res(k+1)=1z(k +1)- 2(k +1| k)

v

y

Filter gain
k+1)=

P(k+1|k)H(k +1)" S(k +1)™*

N

Updated state estimate
f(k+1|k+1)=
R(k+1|k)+W (k +1)Res(k +1)

Updated state covariance
Pk +1|k+1)=
(1-wW(k+1H (k +1)P(k +1 k)

[F!(3.4) AFEKH ??fﬂfé[ﬁ[
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34 FEECFTE RS 2R

ORI AFEKF fH et g s a0 125 PP 1 4 )
B S SR RS B < 17 KL P R

FUSY BRI AR G.) - IEBITAE L 53 10 s > 57 )
ST B S (RS Bl o

)
L7><4:|:L'14><4 LZ&J (33
e, & EAMWIFFHIE (state) == PRV -
=q—(
o (3.4)

FI1(3.3) ~ (A ) o L I 53 75 -

€, _ A8, @y~ Ale)d=A(G)e, —Lee, (3.5)
&, -Le. '
£l
A(eq )a)Gyro m
_eql _eqz _eq3 0) 0 ~Wgy m _a)Gy,m —Wg; m er
1l e g &y wGX’m 1| @m0 Dom  ~Dgym || €a (3.6)
2 eq3 er _eql a)Gy,m 2 a)Gy,m ~Wg; m 0 DOy m eq2
_eqz eql er enm gy m a)Gy,m ~Wgy m 0 eq3
= B(a)Gyro,m)eq
- Lyapunov HAHZU ?J K~ p BET-EHIFHIEY >0 o
K 0
V:EeT e>0 for e=0 (3.7)
2 0 p

Hlle=[e, e ] » MEFIG5) - QT Lyapunov HFH= 1 — K53 -

19



Vg {K O}{A(eq)a)eym'm — A(e,)d — A(G)e, - Lleq}
o p -Lpe,
(3.8)

o [K B -L-B@) -KA@)],
-pL, 0

FUES B(e) B SRS - e B()e =0 B INGI L, + Lk I

L, isa positive definite matrix

L, =-A(G)" (3.9)
FIEE K = p =1 8- H 00 i IV = —e,'Le, <O 85— F F1Hil (negative
semi-definite ) ¢ #['I Lyapuonv first stability theorem > fi' #{1e, —0 » =' e, @ Z[5 —
FE'E]'T (- RV « 8L R e, ~ & ﬂﬁﬁfﬁ]ﬁﬂ%&' T M e >0
k (3.5)?]‘?]% ’

¢, =—A(G)e, -0 ( £ —)0)
=e;, >0 (A(§)£0)

AR A U ?&E\JJ“FEIEJ % €y ﬁledﬂfj’[ﬁjﬁﬁﬁﬂiﬁgﬁ?%ﬁ’ Ak B AR

(asymptotically stable ) °

20



Frd kR REL
4.1 - WIPEEIEEYRR IS
HisEL B BRI o — R BRI 2 R ROR TP B

SRS (AR ST LY £ T AT R - [
PRl D RIS BT R

_ _ Dy m — d\x
_q_ A(q\) a)Gy m - c’I\y
ax é) z L1 with_noise &
A = _________G____ +{L_}(qsntr?_ -Y)
d, 0 2 (4.1)
5, 0

§=[6, & 6, G
U T » 25 PR MR ) By 2 R R i 1 -
(] e R |

X:[qo G 4, O dx dy a)ez]T

h(x) =g = Hx
oh(x
%: H=[l O]

. T
h(X) = q = A(q) I:a)Gx,m _dx a)Gy,m - dy a)Gz}

21



oh(x)

o-| &
oh(x)
OX
I4><4 O4><3 |
. T 0, a, =03
= aA(q)[a)(sx,m_dx a)Gy,m_dy a)sz| —0Oy ds q,
8q -0, 9 -q
i d, -0 G i
0 g, —03
rank| | o % %3
-0 0 G
q, -0 Qo
. rank(0) =7

[P ST R > R 7S (P 2 T AT R R -

411 PG WTHIR K S R A

FIIPT 3.4 HEE A A | s Lyapunovs A =V v — R D) I

) 10 0
. K| -B||d. ||+B(a&’)- K| -A@)|0 1 0
V=g Oy (0,)-L (@) Co . 4.2)
L -pL, 0 i

P B(e) BB~ PRI - e B()e=0 » H I L, ~ L, ki lfEe -
L, isaa positive definite matrix

T

1 0 O
L,=—| A@[0 1 0 (4.3)
0 0 -1
P K = p= | BT R AFR » 2 P A AR 2 i By 6 R
SRR
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42 T WYL

&Fimw’ﬁmﬁgwwﬁ%*%wmi’ﬂﬁﬁﬁﬁﬂiﬁﬁwﬁﬁ
@brﬁ HAUTHERERFL B > 0 F( B PG g s ) J%'FI“IFLI?EU

B _ WDy m _ax
_q_ A@Q)|  ay,
a é) 7 Ll with _noise 7
;X = ________f____ 4{1_}(%#;_ -¥)
. 5 ) (4.4)
£)Gz O
0

g=[6, G 4, G
a3 \;;F[JP [ AR P EI[[/[[T ﬁB?UE

AR 1 <

o AR R

5
:[QO G O GO .4 oy a)Gz:l
h(x) =g = Hx

oh(x

%:H:[Illxll O4x3]

. T
h(x) =0 =A(Q)] @, —d, g1, |

ah |4><4 04><3 1
% R T & -9 -G
6 = ah(x ) = a'A‘(Q) [wa,m _dx a)Gy a)Gz:| —qo _q3 qz
X
ox aq =05 Jo —0,
L G & %
0 -0, -G
rank % -0 % [|_ 3
-0 Cd -0
Q G J
. rank(0) =7
[ﬂt SRS EREE( full rank ) > BB T (R, T:’F”t [l o
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421 SRS SRR D S R

FIP T 3.4 HEE A s Lyapunov A Y= R G D)

d, 1 0 0
. K|-B|| 0 | |+B(a&’)- K| -A@)|0 -1 0
Ve X (0,)-L (q)0 v . 45)
L -pL, 0 i

5 B(e) RPN - e B(e=0 » FFFUMW L, ~ Lkt T -

L, isa a positive definite matrix

1 0 o)
L =—-| A@|0 -1 0 (4.6)
0 0 -1

PR K = p = | £ T Al P R i B ik 3

33
ol

ol
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FIEEBREREEH

YR 2 (i i 5 2 OV TR O ¢ PR B o
16Hz » SELR! BRfIOfie i AHZ » 5 0.25F) (4Hz) » 3k VAT b
= STELE BREVIRGET 225 Wl TEAIE - K TR RV -5 R
el T EPORRRBEAR T 25 PIEE 2 E  H VRITR E 16Hz 0 B
~ SRPIRA ™ PG00 > 2 & BRI » B S
BRf i - RFERRELL AR SRR D > (kLB 025 TSR -
T > B URLS 5 RIS 4 (R IR TERT P e 1 Fl1: R Bk st we
U7 BRI TR i EL L i A 5 14 3.998¢-005 deglsec
= 1.5¢-005 °

5.1 fj™] AFEKF fiffIpH7 Br== = DG SRRer= 1
L5 PTRELR s I SRRRS i % e 20 T £ ISR AY EKF 32 e
(FERE e

Oy (FEERBREVE 3008 ) < 0,001 rad/sec = 0.05729 degfsec

d CFUPE R £ A PREEFZED ) @ 3 deg/hr = 1.4537¢-005 rad/sec = 8.3333¢-004 deg/sec
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q2

degls

0.6 =
true g
0.4 estimated g
0.2 9
i) ]
0.2 9
04 ]
08 9
08 . L . L . L 08 . L . L . L
100 200 300 400 a00 600 700 a 100 200 300 400 a00 600 700
SEeC secC
q3 q0
15
1
0.5 9
0 ]
05 ]
B ]
08 . L . L . L 45 . L . L . L
100 200 300 400 a00 600 700 1) 100 200 300 400 a00 600 700
SEC secC
[ —R S Ul 2k A PR 3E, (i‘i‘»;‘ﬁ: )
B! (5.1) ZFEP B diEs il (250 g
dx
T
00573 - rue drift
estimated drift
]
-,
D573 S == _ _ i
Ship ~ -—— - Vi
S \\\ //’ \"\.____/
el
00572 - =
1 1 1 1 | |
100 200 300 400 500 600
secC
dy
T T T
n.oss - P —— estimated drift
o e m = ———
= 0057 [ )
=
0.056 — =
0.055 — -
1 | 1 1 | 1
100 200 300 400 500 600
secC
dz
T T
0.0578 -
0.0576 -
D0S7AL,. . _ e S o —_— -
00572 - =
0.057 =
0.0868 — =
1 | 1 | 1 1
100 200 300 400 500 600

im

i (5.2) = W GREEDS £ U =
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gt error{cx)

degls
g 5 o
/
| |

100 200 300 400 500 500
Sec
Tt error{dz)
4 T T T T T T —]
s _
ok .
%2 E
F
2 4k A
s _
al 2
| | | | | |
100 200 300 400 500 600
sEeC

[ (5.3) FUREEFSRIELE S8 1H T

Pl (5.2)~ [ (5.3) el slEak lp‘[iﬁﬂg*%?ft DRI o SR
P 25 500 7P 2 SO o 25 EIRIP B o 6 LR R s o2
A iy iR B Bl ISR L] R B - R P
B SR RS T R SRR ] e I B O3 > )
R PR [ ] SV O SURR T g~ B 2 °j~H'JF'\J’F§i§“%HIEH"
IV ] 16Hz » ST R IS Euler Explicit fu % > H SURiSS
(& o %ﬁ%’ﬂﬁ“ [ )= REHZOT] s g ] o e B A R
GEETH BRI IR SR Gl B R I S BRIV R
B RGP RL  E R
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degss

00573

0.0573

0.0573

00573 -

degls

deg/s

deg/s

dx

T T
- rue drift
estimated drift
F T s P e PR B W e e T e "
Ff"
s 1
1 I I 1 1 1
500 1000 1500 2000 2500 3000
sec
dy
- . -
rue drift
[ estimated drift
PR S
b -~ et
C 1 I | I | I
500 1000 1500 2000 2500 3000
sec
dz
T T T
pE—————
1 1 1 | | |
500 1000 1500 2000 2500 3000
sec
— O s gus F=t 7 /-
B (5.4) = Tl SREEES, Uy i
10 error(dx)
T T T
= I 1 1 | 1 | —
a00 1000 1500 2000 2500 3000
sec
«0* error(cly)
T T T T
I 1 | 1 1 |
a00 1000 1500 2000 2500 3000
S8C
gt error{dz)
T T T T T T
1 1 1 1 1 1
500 1000 1500 2000 2500 3000

B (5.5) POREEFLRI L I

sec
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il (54) =R (5.5) PUREREHIE T 7L AR S5 (o]
o R P RRR A GE TR 2 5 VR SRR o PP P Y

TP SR G e IS o SR (S R -

P PR i B B A S R A R -
~ R RUR [ R PR - (feedback gain ) il R - 5l 9 fif AR
T EACFRf e SR ST e SR RO R 1 o B e ) O
PIBAVRI R l’ﬁﬂﬁﬂ*%@ » PR IFlRR Y lﬁflﬁﬂ%n’ﬁ’@ﬂﬁ;ilﬁi‘[‘i (robustness )  [F=- i
SR R r ASR I e (ERLAIT ASHR e R e -

25 IR P RS P P s G RUBES, S PR R R e P A

500 1000 1500 2000 2600 3000 3600 o 500 1000 1500 2000 26500 3000 3600
s8C sec

q3 q0

500 1000 1500 2000 26500 3000 3600 o 500 1000 1500 2000 2600 3000 3500
sBC Sec

=

f (5.6) 2RI MEE A= A CGS5rEr)
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j dx

10
T T T
8.37 rue drift
836 estimated drift
o B30 4
=3
2 834
833
832
| | 1 | |
500 1000 1500 2000 2500 3000
sec
w10 dy
8.4 T T T T =1
rue drift
8.36 —
K A
T 834418 ¢ A PN ¥ ST T v, =
2 o - v
o T Wl T el T s ™ ™ e ]
83 —
| | | | | |
500 1000 1500 2000 2500 3000
sec
10 dz
T T T
845
84 gl
K
=3
283 " -
{ = T ki et Tl oy
83 ,.‘l " )
a5 | | | | 1 |
500 1000 1500 2000 2500 3000
sec
- IR EIRES  y ffy e h
[f (5.7) = g oRmERd, o = lﬁﬂE{Jr l
T error dx

10 T T T T

I I I I | |
[ 500 1000 1500 2000 2500 3000
sec
i error dy
T T T T T

degss

I I | | I |
i 500 1000 1500 2000 2500 3000
S8C
o error dz
T T T T

sec

[ (5.8) FOREEFLEIEE 61
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Roll

100

a0

deg
=]
T

s

-100

true rall angle

— — = estimated roll angle

1 l 1 1 1
a00 1000 1500 2000 2500 3000

3800

50

deg

a0k

-100

true pitch angle

— = —estimated pitch angle

1 l l 1 1
&00 1000 1500 2000 2500 3000

3800

100

50

deg
=]
T

-100

true yaw angle

—— —estimated yaw angle

0

1 1 | | 1 1
500 1000 1500 2000 2500 3000

B (59) EADESIS e i

error(Roll angle)

3600

| | 1 1 | |
500 1000 1500 2000 2600 3000
sec

error(Pitch angle

3600

05

| | 1 1 | |
500 1000 1500 2000 2600 3000
sec

error(Yaw angle)

3600

1 1 1
500 1000 1500 2000 2500

ﬁg\l (5.10) FfF &R HSFLT[?T%
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B (5.6) (5.9) RLKPI7 ey g R 4 ] o ff = o dr o b
S AN A L i A R Ty ﬁ' FIREE PRI © [ pokE
Bil > RLPNED P PRy o i E RN = F E‘W}Jll
¢=tan‘l[ 22(q2(213+q§q1) z]
Qo -0 — 4, +0s
0 =sin™(2(-0y0; + 0,0, ))

y - tan_{ 2((040, + ) J
Go” + 0 — 0, — 0’

¢ﬂ‘wﬂiﬁiﬁ}tan’l$@iﬁfwFl’?J‘Jﬁ"EJ— e/ SR ﬁi%?iﬁ}sm’lﬁl s Fﬁﬁ“
SARGORE IR ORI - 0 B © KL I

FVBSLIERA B i AR - ST i R PO R g 2 OBy -
TP IENZ TR B ORTEFL R > B ASRPRIZIEE 3000 FRpUI ™ - 7
SHERE
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5.2
[Casel]

TR I L

(R = 1= RS D BE=3 SRR

M5 AR el O ff IR RERP2 T EL R 2 0722 5.1 At ok ey
TR E

07

06

0.4

0.4

0.3

02

0.1

]

qi

true g
— ——estimated g

/\_

1} 200 400 500 600 1000 1200 1400 1600
sBC

q3

true g
— = —estimated q

/\_

1} 200 400 600 600 1000 1200 1400 1600
sBC

07

06

0.4

0.4

0.3

02

0.1

06

0.4

0.2

0.2
0.4
06

08
0

q2

true g
— = —estimated q [

/x_

1} 200 400 B00 800 1000 1200 1400 1600

sec

q0

true g
— ——estimated g [

200 400 B00 800 1000 1200 1400 1600
Sec

(511D [P 1 RS 2 TR0 e 9 e (R (25 )
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x10°
rue drift
estimated drift

34

: ! ! I I I ! I
g 200 400 600 a0 100 1200 1400 1600
sec
= F =0 -3 T A ] 2 8 =y a2 = SEI
B C5.12) (M IPv=" ff R = gl R oL = R o
10 error(dx)
10 T T T
sh
0 i
5 ! ! I I I I I
i 200 400 600 a0 100 1200 1400 1600
sec
wi® error(dy)
10 T T T
sl o
o 1} ﬂ bl 4 Aoy Ja ) M Ak |
5 ! ! I I I I I
i 200 400 600 a0 100 1200 1400 1600
sec
ot error(dz)
10 T T T
5 |
: . i
5 | | | | | |
i 200 4 B0 &0 00 1200 400 1800
sec
Al E =02 (4 P
Q?QI (5.13) FSFEEFZEI L [ ah [ﬁﬁé/



Roll

0k

true rall angle
— — = estimated roll angle

100 1 1 1 1 1 1 1
a 200 400 GO0 800 1000 1200 1400 1600
B
Pitch
0 T T T T
true pitch angle
2= — = —estimated pitch angle
a0 - -
o
=
B0 =
B0 &
100 1 1 | | l 1 1
a 200 400 GO0 800 1000 1200 1400 1600
E
Yaw
0 T T T T
true yaw angle
anl ¥ g

———estimated yaw angle

00 | | | | | I I
0 200 400 500 800 1000 1200 1400 1600
sec
3 q 4 » /- Vd /-
[f (5.14) R E R = (i
. el =-EJ = [F KA
error{Roll angle)
40 T T T T T
0+ g
=
g
3
0 _
0 I I | | | I I
0 200 400 500 800 1000 1200 1400 1600
sec
error(Pitch angle)
01 T T T T T
005+ g
o ,
=
=
005+ g
EREEL ]
015 I I | | | I I
0 200 400 500 800 1000 1200 1400 1600
S8C
error(Yaw angle)
20 T T T T T
o ,
=
g
2
20— e
-0 | | | | | | |
0 200 400 500 800 1000 1200 1400 1800

qgﬂ (5.15) R4 e
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[Caes2]

R B B R

R RFOR BT (B A = > 5 0122 5.1 i po B e i
(s A

27

d (PR3 2 s FUETEF B ) ¢ d =8.33x107 +8.33x 107 cOS(——t) ©9/,,
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06
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0.1
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[f (5.16) (= BPr= s & P B s g = i i G5 Eol)

qi

true g
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[Case3]

SBRTEPS i KL T

R PRI [ LM IO 25 7 22 5.1 Ao s 9oty
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