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Xk—&-l = Xl/c+1 + Kk-i-l(yk-irl - C)A(l/c+1)7
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Figure 1 Coordinate frame
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TP e 260 BN e O S, ERR SEIAEE T, 3 Rl st 5 v 58 0 A A 5 — 358 00 1R
DRSS, Bz B R BTk 43 s 5 5 R () G &
3.1 HEYMNFRE

FEHUA R OR SRR RO PR RS A0, B 1 PR ENURR, SC R SRR, RS0
B O, BATLALE Y P, rb = OP, hAFH RN B 510 135

Fiy = CHVE + (2wh, + wh,) x VB — gP) + why x (why, x rb) + b, x rb + 2(wh, x D) + . (7)

2 PAFAE K AREAD Sy 2 R I, PR R R i e b T, S A S AR T IR, DT R S v
VEh = 0. M AR ARG NI, WAENLIARAARR R T, 58 56 iS5 WAL AR A B AN R A2, B 7 = 0,
N\ﬁ‘ﬁﬁ

zb__Cbg +wh, X (w fbxr)—s—wszrb (8)
e (8) A\ i'J b+ Chg? = ([wh,x]? + [, x])rb, A y(te) = £2,(t) + Ch(t)g?, Hi(t) = [wh(tx)x]2 +
[ (t)x], @ 2 78, AT
y(te) = Hi(ty)z. (9)
3.2 (it AEUR MR F G0
A
M= HI (ty)Hi(ty) > 0 (10)
k=0
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YHER . 75— IS AR, A1 1 i e 2.
EIE 3 w5 Hip MK, vy AFBENBERS, o 5 Hy AR, H Ezg =2, Edy = ¢,
W E{Epi1} = Popr Yoty HE Ho iy E{35,,} = 0.
R 3K (21), Bxg = o VLEAHREA

k+1 k+1
E{@pi} = E{Puy1 Py "a0} + B{Pe1 Y H{wi} = Py Y HE Hy 0. (24)
=1 =1

X (23),
P _ Zf;l HHi; + Pyt Ef;l HT' Hy;
e, k+1 Zk+1 HTH. . Zk+1 HT H. . P_l ’
i=1 12,4411, i=1 a2, + ®,0

JUES)
k41 ~1 k+1 ) k41
Tiyr = (ZHRHM + P0_1> (Po_li' - Z HEiHQ,iQSk-‘rl + Z H1Tzvz)
i=1 i=1 i=1
k+1 ) k1
= Puys (Po—l;z > HlHyibri1+ HEivi) . (25)
i=1 i=1

W (23), A

Tiq1 o A
EQ | 8 =B Pupa Py || ¢+ ES Poggr D Hivi p = 0. (26)
Pr+1 %o i=1

Kl E{v;} =0, =X (25) 5 (26), 1%
k+1
E{#1) = Pon (E{Po—l:z} =S HEZ-HQJ-E{QSM}) 0. (27)
1=1
o
o 3 AL AT R T A ORI, B A I, (AT
ST R B U . T A7 SRR (i
S 3 kT R A B T L B T | E{Heun} — 0, B
o 15 Hy 47— AR, (752 3 ki 1),
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P2 (13) RAE/NRUEATETE IR EI, (06T R RHEM S, Ttz Ay JEARFHMEN, B
E{A} #0, i thX (24) F1 (26) Al 40

k+1 k+1

E{Zpi1} = Poyr Y H{ Ho ¢+ Po1 Y H{,E{A}, (28)
i=1 i=1
k1 i k1 i
E{# 1} = —Poyr Y H Ho i B{ri1} + Peyr »  HEE{A}. (29)
i=1 i=1

WL (28) 5 (20) WTLAKRIR, WA ZE 22 E{o} M ¢ WIKWZER, thT ¢ = ¢ — ¢,
Kt I, MBI IRAT ¢ 10T, NI REBEIR/IME TR ZE . HR BT Ay FERKRUES I T 3
WK, AL TS PP AMEE K P I UE A BE— DN R T2 GO R SRAF B eoRs B IAT R (0, S fE 2k
TR,

3.5 HIRFMERILEMURAIITHE

FES 3.4 NHTT, BARZILY K BB B AN T BRI 2 | (EL R/ A B A N S 8 T
SR, ERRAEATIE T Ay SRR, B A TR LN KA AR A, s (14) 1, AP O M
(ORI Jete F A, SEPIRSAY (14) REFBETE (11) $EARAKF M A A TS, R T e £ 51 S
YA SRR T ACE S KA, BRI T BT ORF R £

{ERURTR (14) FFARREA 315 G St s O, BRI SALAS AT Kalman SEBCRSAIME, f
PE 7 RS A, TR (5) R8I S E AL R B LA B, (7 (BRI, BATiEh £(X),
WIRLRS (5) TR

{ Xip1 = Ap(k) Xy + Gp (B)Wo + F(Xy), a0

yr = HXy + Wg.

PR f(Xe) BN, SRHIBE TR (5) (¥ Kalman JE (6) HATHAFASE M, BEMEIRAPIRASELLF 1)
itk EAERRUEMNEIE T, £(X) BOK, SUPIRES X, IR THREEE, I BAT TR L PP AME2 1R 53,
B (X)) BB FIVE, KIAPIRE I Kalman JEBE (6) Al 9 R AFE .

B RBAHERY (5) 17 [Ap(k), Gp(k)] & EREBUE M, [Ap(k), C] &SRR 41 T, Bt
WY f(X5) BUNK, BERIRZE Xi = X[ — X M85 18500 L.

EX W TEEHULRE {¢.), A Inr >0 BLK 0 <9 < 1, fiif

E{||Cn||2} < 77\|Co||279" —|—1/,Vn 20,

WIFR {¢} AR TTHaHAT 5
EE 4 RN
1§ <||Qsysll, 7 < ||R||, Horh g, 7 REIEH 2L,
2. |[f(Xp)|l < f, Hor f RARSUR X
FTHE e >0, Xp WAL || X4 — Xol| < e W Xy 2 T7HRECH S0 AR 1 475
WERR HSCHER [16] AT AN, HFFEUEARAY (30) Wl A2 LA R SRR
1) |[C|| <q ||Ap(k)|| < @, o a Fl & ZIEH AL
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C = [02x4, Laxo], WHFE C EBKATFEN 1, NTTAH ||C]2 = 1, TR C FEEE, fe=1
Bpmy.

X Ap(k) = e Ter Al Ay, = [ag; ()], Fo ag;(k) WHERE Ay 7G5, XFER TR U 3@ > 0, il
15 Jai; (k)] < @', X Vh BOLBIAL. GG [[Akll1 = maxigjcn Yoiey laii (K)] < na', WA [|Ap (k)| =
|leAnTrs ||y < ellArTrslle L end” = G B N RIRATI aq; (k) BOAT S

A A
A, = QQ QV

)

Avg Avy

M Agg, Agv, Avg, Avy ITCEZH IR E w?,, Q, wh, £ wk, (R TG B, FRATT 23 i 1 X L3
(3t AT S

0
wy, = ws,, cos | »
w;,,, sin
Horbwg,, = 7.292115 x 107° rad/s, I |wf,;| < 7.292115 x 1075 rad/s, HH j = ,y, 2, wl,; &

awowh, W B QTQ =1, FrAUIcH Q &N g <1, j =0,1,2,3,4; fERESRIEMERE P
T, T BRSSO R AR S, T BRSNS by AT fY A 5, () B 2
‘/epjaj =T,Y,% ‘H—j‘%ﬁﬁv Xﬁa:

7Ve’;y
P Vépa
wh, = in ,
Vi, tan e
Re

Forb, Re RHERNVAR, Veps,j = @y, 2 BAF, FTEL wl, 241 5.

MM Fa' > 0, 15 |ai; (k)| < @', X Vk B

2) det (Ap(k)) # 0.

Ap (k) = exTer  I\IT] det (Ap(k)) = det(e?xTkr) > 0.

3) P JuHA

[Ap(k), Gp(k)] & —ZREBUEM, [Ap(k), C) A& SCRERI1), 0 e SCHR [17]) W] %0, FA7E IE 4
o Fl B, 113 o < ||P|| < B TEEE.

E a4 e 4 UK ||Ap|| < a, FFE X — X BB IRECE S HMER 1 A 5T

E 5 EULERMT, A7 B{IXPY < nl|Xol[?0F + v, (BRIRIE £(X,) 25 W0HHO0 v 11 1
Ft. T AT DU sk PR M D ek N RR 2 F (X, BV RS Al T, X nT DU I 0 S — 2
(EELrans

4 RE

ALK BB S LI, 52 B REET I 50 ™ A R85, S MFEIR L T R AU B HERG . 4%
ORI PR SR B AR SR, I BORTEWIZR 2 RIS 3 54 A5 I AT 2k
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Figure 2 Treatment methods for the real process
4.1 SHRE

LB FEIBENIER ) 1 x 1073 ° /h, IR EMEES A 2 x 1075 g.

SIS EE: VI RUEM A [10°,10°,10°], B HRAER 1 ms, FHUEF D KA 4 ms.
Kalman & S HE: JEREHPEKN 0.1 s, Xo = Ogx1, Px, SRR AR S

FHEF 7b = [4,2,3] m, B/ —IREEHFT A KO 100 ms, 29 = 0, Py = 1081,

ESO SR E : heso = 1 ms, by = 2000, by = 10002.

Kalman JERAA AL FEEAT 300 s, 12 K RAEMEFEIEAT 120 s, FFRA AT HE.

4.2 HEMEKIRE

XA Rl vE, T IR e IR AR TS, 3 Bl VRS BEAN R, AT R MBI K 2%
HEM RN LRI, AT A TIORS L, O T3 — B IEAPE AL O, AR e RE b, SREESE Al
VHFPE, I ELIE % e RE PR BB — IR AME RO RN, 1 T AR UEA (> 10°) IR, i B i
ZEROR, SEMAPEDRGE, I ITIREEAT HIIAME IERIR D LR 2, A RE IR AR I 2 o (ST Row
D) [H]).

4.3  KIFMiEH

HEMAFAERMHANA T, FEXEETRMAEHT, Btk AR5, TR 5 [ A E T, Bk
IR IR T U T AR R PR A 17 S 2R B8 S8, IXARBAE SR A2 b, RIS [P il ) 28 28
R T Ak, W BATTT EUR A W F 7 s AR SIS atti;(t) = attio; + Ro . sin(27fit + phi),
b attio,, RARHILGLERS (i 20T, MHMAANEIRSN), Ros ROASFESRIEE, fi Fnim IR,
phy FAALIEIR, ¢ FH . KM T 05 LB E N [attio,y, attios, attio. ] — [30°,55°, 15°],
[Ro,v, Ro.0, Ro] = [8°,7°,9°], [fu, fo. fy] = [1/10,1/8,1/12] Hz, [phy, phg, ph] = 2m[rand(1), rand(1),
rand(1)].
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E 6 WIRESTREA T I HEER, TRESEMR LR R BARAE M R0 LR R 1 1R 7=
GilEAE, T REG AR AR I TR AR A0, WAL SR 2 BEHL 2R 1.
FERXFFEIE N, BILUIH 3 IR, DI IE] ST 20550 9 EEAT 155, 30 s LLK 70 s.

4.4 BIRIER

X BRSNS, BT R, BoRuT it A0 LRl i = AR RE 3, B BB I
T AR R I AR IS B, G I S A g B o 0 2 R A (020 35 D)™ S S R . X Tobs
YRR [ A 2 ] DU e % By idokitiid. R LR R o Sl 4F Az 3, WA ¢ = [0sinwt, 0,
0 cos wit], why, = [w cos(wt) sin(6), —w(1 — cos B), —w sin(wt) sin(0)]T. FEREFFIE T, T Euler %€
SR AES — 2L, FATHEAT T Buler MEZESME, H i TImAUAMBIR M ZES NG, £k
ARKR AR D JCIRREA TSR A, 1T 25 R B E SN R, D TR T 23S M ML F Ak, SEFENLAR R
S/ U
BN (45°,45°,45°) I, BAAIELFANAE RSB, IF HBCH WU B MK, C) =
CPopcy?, o by &5 p RIAEL, 1M1 by RE b R, by RIG y BARN T by RAERHEISS). XFE
(GE
0.1464 —0.5 0.8536
Cpr=ClCf=| -05 07071 05
—0.8536 —0.5 —0.1464
Zeid U ARBR 2R B SOm, R ROk 5 R [ HEIZ Bl I, g SR AT N 2 S BV ) 2 A 13z s 1F

TEBATAA, AT ZH B S ATH AR A DR AN AR 1), A2 FRATT i 2805 B FRA T H & SR &=, B
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Figure 3 Comparisons between estimate of lever arm in different models. (a) The estimate of lever arm in the x direction;

(b) the estimate of lever arm in the y direction; (c) the estimate of lever arm in the z direction
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Table 1 Mean and standard deviation of the estimate with thirty simulations in the large pitch angle situation

. . Estimate of lever arm Estimate error of misalignment angles
Direction
Mean(m) S.D.(m) Mean(o) S.D.(0)
T 4.0001 0.0003 —0.0007 0.0026
y 2.0000 0.0003 —0.0008 0.0019
z 3.0001 0.0003 0.0001 0.0039
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Table 2 Mean and standard deviation of the estimate with thirty simulations in the erect situation

. . Estimate of lever arm Estimate error of misalignment angles
Direction
Mean(m) S.D.(m) Mean(®) S.D.(°)
T 3.9989 0.0001 —0.0005 0.0008
Yy 2.0001 0.0001 —0.0009 0.0007
z 3.0015 0.0001 0.0001 0.0005
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Figure 4 Thirty trajectories of the estimate error of misalignment angles in the erect situation. (a) The estimation error
of misalignment angle in the pitch direction; (b) the estimation error of misalignment angle in the roll direction; (c) the

estimation error of misalignment angle in the azimuth direction.
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A self-alignment method on large swing situations

MU YuTao & FANG HaiTao*

National Center for Mathematics and Interdisciplinary Sciences, Academy of Mathematics and Systems Science,
Chinese Academy of Sciences, Beijing 100190, China
*E-mail: htfang@iss.ac.cn

Abstract On the influence of some disturbances such as wind, the large amplitude motion will be caused. In
these situations, for the strapdown inertial navigation system, there are the large misalignments in the initial
phase, and the errors caused by misalignments can not be directly observed. However, for self-alignment, the
information of these errors is very important. Since the system does not move in the swing situation, there exists
a shake center whose speed is zero. If the system is a rigid body, then the attitude errors in the shake center are
same as that in all of the system, and the self-alignment problem in shake center is same as that in the stationary
case. Therefore, we only need to obtain the attitude errors in the shake center. Based on the principle of the
lever arm effect, we provide a method to obtain the position of the shake center from the measurements of inertial
measurement unit. To estimate the position of shake center, the level attitude errors are estimated at same time
to reduce the model uncertainty. We also show that the alignment accuracy can be improved step by step by using
the estimated parameters to compensate the system model uncertainty in the large misalignment case. Finally,

some simulation results are presented to verify the method given in this paper.

Keywords self-alignment, large misalignment angles, swing base, lever-arm effect, least-square method
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