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Wavelet denoising for improving transfer alignment of
strapdown inertial navigation systems

SUN Chang-yue', DENG Zheng-long?

(1. School of Information and Electrical Engineering , Hunan University of Science and Technology, Xiangtan Hunan 411201, China;
2. Department of Control Science and Technology, Harbin Institute of Technology, Harbin Heilongjiang 150001, China)

Abstract: The transfer alignment of strapdown inertial navigation systems is discussed. An improved transfer alignment
algorithm that augments velocity matching with attitude matching is introduced for improving the estimation performance
of attitude errors and the inertial measurement unit(IMU) calibration parameters. Based on the spectrum characteristics
of IMU raw measurements, we introduce the wavelet cascade denoising algorithm to reduce the IMU measurement noise
and to further enhance the performance of the proposed transfer alignment algorithm. Finally, simulations are conducted to

validate the proposed algorithms feasibility.
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1 5|3 (Introduction)
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2 A& %) HE U8 P 2% 75 FE(The filter equations
of transfer alignment)

2.1 SIMUiR Z 4% #% 77 #2(The propagation equa-
tions of SIMU error)

FH T 4% 33 6 v A K alman 8 I 2% 4 v 7Y BE A iy
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2.2 R E J5 R (Velocity measurement models)

MINS, SIMUTE-FATALFR & H (1 S B G R T
TRt

dr?
T &)

FER(G5)H, 2R AT I 5250 kKT8 RN, Btk
SIMUAH XTMINS () bR FR AT 5% 2 AEMINSAR A4 bR 5
o, o TR SR A iE 7|
i A XTZE ).

7% 16 ZI| SIMU % Hi 1 52 Fr 1 B2 A8 & A SIMU ) %)
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2.3 BEWE TR (Attitude measurement models)
7E S 7Y (A& e HE R A o, BT LA B BE S R
Ah, EATFRIFMINS | SINSHIEA(E B, Bk, AR T
75 B A A5 BAE I Kalmanig 3 28 19 55 — AN
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4%, CyivR 7~ HHMLAAHR 3 Bt 5| & 1 6K 1 L v A0 58 4
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T R R, B RS E A
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Chex = M- (18)
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Zatt —
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=p+C+v,. (15)
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Tk ML B0 R 56 280, ) 40 AT SR 5
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IR T 445 322 W) 55 4% 2 UG T A% 326 %o A 908 0 2% PO A 7 1
fe.

T 77 B (D)~A®)(9)(15)(17)H1(18), Ht AT LA
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HAW, V 535008 2 480 i A B e s
3 SIMU & F 7> 3 78 e 5 75 (Wavelet de-

noising algorithm for SIMU measurements)

WHTPTIA, SIMUBEAE 5 [ 75 B (AL A4
P B T 5 i 250 0) 2 5 W A 388 %o A 1 e O EE L R R
Z—, HM X SIMUR 26 % A5 5 /R I BE 5 14 2%
PRI R /NTTARAR,. 40 SR B 75 A SIM U 815
54y B ok, DR mSIMUM & 5 e Lk, & B
TAR B HE T B 2.
3.1 SIMUJR 45 0 & i % 3% %F fiE (Spectrum char-

acteristic of SIMU raw measurements)
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Py kR e S AA —EKMEIEN. Ex T
55 SIMUHs H 455 P AR08 73 A30HT A 3 2 1) v 3
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W

KHLIC BT S &

F /2
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Bl 1 SIMUJS 4T B /3 A 7 B
Fig. 1 Conceptual plot of the spectrum of SIMU raw

measurement
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WIGREA T . BT /DB AR BR AL M IE B H 584
AN, FE/NBE T v, 3 T LR &, HIEE
JEE (M0 A A2 1 P 7 B B R PT R IR 7 /N AR 433,
] 3E I N R BOHAT VDA 48 /MR B SRS 1 b
B, DUA BT BRI H B2 bR, ER
WA b N HEEVE I e, OB TE TV BR B
A7 5 SIMUJR 46 % H A5 -5 H 8978 R840 A s AH 2
B R P 5 23 Can ML AR R B AR it 0™ Sk ik, R
BER A — R T /N R B B a2
255 MY e e 7 RIS G SIMU B 3 5 S e L, DLk
B P SIMU A 338 X HE 1 R FR H .

W27, TN AR I B G ik S el
W 22 JRUBE 43 A R0 /)N 8% 180 L V0 P 9 8 20 R it B 5
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32 TN BEH RGPS B TR (Wavelet based 5o 3 gl 142 R 45 9 A0 (G B DAL B2, 9
cascade denoising algorithm) HISIMU Befrs 5 o155 B T CHLIC SR Bh S
B ESIMUI RS 5 M-S PR SRR 2 MR RS, SRS, SR /N I VY R AR 3 5 KL
BRI, 5B E S B B AR SIMUN 5 53 HSEShSHEAHE R A 3 Fir).
SIMU
SIMUfi 455 S |
ST S
!
SIMUSitt | | e | S DRI
e 1, i I ﬁ‘}*l]‘ﬁi'% ﬁ}fﬁ*fﬂ]fﬁ.ﬂﬂ
1A JfﬂJ‘IJh 2 / i .
mivowe | L__|
B
1 _
DWT#ik T
%
1 eD, | TH@O}~eD, (10)]
DWT4iilt A4, -
S3HT A ). JeD, fto)l TH(:,J)HCDL_ [0)]
TH: gy | D BREIER
8: Wi - —
cmmons | Lok [Pt mantsl 8
d: NERARIER (e, \-;. oA, e ST
B2 /N O R A AE I

Fig. 2 Wavelet cascade denoising aligorithm
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Fig. 3 Conceptual plot of wavelet cascade denoising

HANB A R R BET S, SIMUT:— 1% J& 35 0 &
&5 WD B R AR, B ARAEAS & 5 K AL
HSP L 3 545 B G st k. Bk, SIMUR A
A A U B AR 5 /N B 20 0 B DL RUBE(L), AT AR
PESIMURE A I A% X6 K AL I SE 332 3 25 1) i [
T A/ IN 25 FUBE 738k (0 IR 08 A L A3 R A
5E, BIH S5 g AN 2 RO A 2 BT X I PR
TR AR AR 1 FT7R). HIR, WX 6L



12

PIEERSE: S5 G/ N R BB 5 R etk HE VR RE o 1355

BRI HLB 4R ISIMUS 5 5 4538 20 4, 7T A
R BISIMU 8 — AL 28 215 5 10 55 KA (
X 2 FiRn). B HLE R LR 250 T LS 31 /N i
oo il JROBE, B /N i e A0 4 ode RS i ok I8 ) {1
VE T 28 AR LB AR N i 7 T SIMUARE M E B 28 5T &
BLEL SEEN T B 25 1R B A o ATUR (A0 3R 3T 7). T
FE /NG BB T MR B B, — BN T R 2 IR () AN B
13, 75 AT fe 5 RATLEL S BN 2 (1) = AT 43
& B B AR O, T S M AL A% IR 28 R AR
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Table 1 Relationship between cut-off frequency and
decomposition level

SMERE  DL=1 DL=2 DL=3 DL=4
Ak 64 32 16 8

F, =200 Hz
HbA 32 16 8 4

F, =100 Hz

%2 SIMUA #4125

Table 2 Bandwidth of true motion dynamic

g EE v BERRAX

ax @y @, Wy wy w,

WA Hz <5 <5 <5 <10 <10 <10

&3 SIMU#r 42 5 vk Ak o M RO
Table 3 Optimal decomposition level for SIMU
measurements

ax @y « Wy Wy W

N

SHAMERE S 5 S5 10 10 10
F=200Hz 4 4 4 3 3 3
SHAMRRE S 5 S 10 10 10
F=100H 3 3 3 2 2 2

4 i EMF(Simulation)
4.1 {iE % (Simulation conditions)

TEANT M7 LA FE K s B TL RS (V) T8 BE
+ BT (V&ATT) LA K SR FH /1N 5 1 T Ak 28 )
T PE + RS UL R M R VAR AT X LU A, R AR
X HE B ) PR RE VAL ZR R AECTENLBN 7 &4 T
AT, EXACTENLBN 7 2 BN E 4L 1 H 4 Bl
7K 13 [ #5245 BX (coordinated turn) BT #4) i, K ALIE
FEZEHL 3 3 1R A 3 5200 mys, KHLHLBH B 1%
B IEAFTR. SIMUA S MINS (%8 25 2k

IV AE 53 3l B B oM R AT - PR SR HE A 491.0°,
BEHE SR UE £ 0.5°. SIMUR #8340 % Z 10 J dl %5
AR 4 Fron, BARBMINSH M 8% -4 H 2 0
WREM. AT VG PR 5 X HE B AE IR B R 85
T I e, B3 Bt RN K 215 B A1 AR B B AN,
43 AR FH 3B 4 SR AT S 3 FE A2 R AT Rk R Sk
%%EBJ].

© N
5] L g |
30 e e R
-40 i I i i L
0 20 40 60 80 100 120

t's

B4 ML PEESE

Fig. 4 An aircraft maneuver profile with pitch,

roll and yaw changes

%4 SIMURMHBZHIEELK
Table 4 List of SIMU errors

R BRARAX
HERE WA HOEE RS

200 pg 50 ugNHz 1.8°/( h- VHz)

SIMUiRZ%E

SHE 1.0°/h

MINS P72 55 0 A 3 P55 400 2 AR 4 K ATLCTE
B 3h B ()32 3 028 T A2 . SIMU Jin 33 5 1
£ T B EHE 2 AEMINS 1) b0 38 B2 A0 A 3 B 20
) R ml B B InSIMUAH XFMINS ) 28 74 25 v
. SIMUZS {H15% 2 . MINS 5 SIMU . 7] 148 3%
O % 20 I T A4 . E SR P /0N 18 i e T Ack 2 )
FE i HESRLIE R, SIMURIBE 15 56443 3 Fini
o ff R AT /N 22 RS-, FLIR, o) fif db B
JE IR BT BN d = 1 W7V 3 e Ak
P T FEA /1N T e T A 334 K F Daubechies J
“DB8” . fRih XA BT, FHARAR R R Y Hh
HoHE AL BR 2 (local geographic frame), H3% fE FI%EZA
TR 43 515K 1 HzA120 Hz K& 5 5ig.
Ik, % 18 BISIMU R 45 % 15 5 & /Nl Tikk
S, MLEIRSFIFR AN 5 BRI ERR T —
SEMIEEYR. PRI, 456 /NI B 1 BT + AT
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Fe SR K I R AR R SR IR S A R U ¢
¢=o. (20)

4.2 {iE 4% (Simulation results)

RSFNH T REFPICEC J7 7530 0R 4 B 1) 225 R U
Al THRZPIME, BSER T 3MILE 7k —
DA B RIRSREA MG THRZE R B, SR,
7E KL E L RATH BR (BB 10 sLLRD), 18 Bh T3 1
TEFE, 30 L HC B B M RS A A iR 22 T
TR TR AT AR Al TE R 2= R AR R R R A
AT (R H10 s3220 s [8]), A BGE T . {E4H
X FE VL RC T 5, 3+ B ULHS X A A 5T
(100 WSS B R AR R TR B TR . RAMR RS
VETE A DL A5 3 3R DLAE ST SIMU ) P B2 A H {H = 75
At L.

&S 3ARAE B SR R A AR AR
Table 5 Performance comparison for three transfer
alignment algorithms

LV e VI 1 VI )

(mrad) (mrad) (mrad) &g
\% 0.8412 0.7216 0.9216 —
V&ATT 0.2649 04383 0.6587 —
V&ATTUMEHEBE) 0.1723 02236 0.3965 —
St /(%) 35 48 39 40
10“ T T
- -
% 10 === V&ATT l
-2 — VEATT(I )

0 20 40 60 80 100 120

tls
2 (a) A& fafll iz
= 10° ; ;
= &
"R T e e
;_,\- ]O ] 1 1 1 1 1
o 0 20 40 60 80 100 120
A tis
e

(b) SFE Afhvh iR 2

{hie A 1y

0 IIO - 4I0 : ETE.; mm-';2}"""'_';(‘];]""'_';'20
tls

(c) MW kit
K5 3P id o R A MG TR Z B

Fig. 5 Kalman filter standard deviation estimates of attitude

error for three transfer alignment algorithms

W epT 7R, AR E LR T &, R+ AL
e %o B RS (R A Al o 0 WAL SICE JBE K K Bk,

DR] T 268 A 385 X6F ¥4 52 RS2 FRD I T 4 K K 4 4, X
TR+ SEAR VU BC AT PRIZ A% 3 X R R R AIE.

%107
S ‘_‘ T = V T
= --- V&ATT
= i, — V&ATT(4)
;‘g 00 20 40 60 80 100 120
& tl's
0 103
.9 ;
o F
B N
‘S 0 I 1 — -
= 0 20 40 60 80 100 120
g t/s
ﬁ—? x10°5
2 5 === T T T
=
N R
0 i —==== " ."_'-'J- -------------------
0 20 40 60 80 100 120

tls

Ko BEsR{CH (B TR ZE Lk K
Fig. 6 Kalman filter standard deviation estimates
of gyroscope drift error for three transfer

alignment algorithms

577 T, SR FH /)N UV P Ak B (o + 2 S
DU PC7E 75 SRV A A v 1 g b 1 S0adE B8 0 BH 2,
AEXT A R FH BT 42 /1N i 5 S 8 B0 P A s o M T
T, BEAMTHRZ PR A40% (WK Fi7R).
5 4Z5i&(Conclusions)

IRHFR R B

1) B3 i B + R AT AL 5 vE AR I H R
TH AL 33 o v AR A, T LT DA SIMU BB R A3
=R A v Re.

2) /N ER I VR BEAN SIMU B AT
(e 75 B A A BT RE T, R AR 5 TR HLE
SE BT ) 75 AR FH TR B 9 MR 7 R A (LA AR B
Fa il 24N ) FRIN H R I B ZERSR.

3) FENLARSR BN FNHR MO KA EE T, i /g
R R S Y SRVE T SIMUST H A5 5 FI VS MR TR AL 2, AT
PAR E ML B AL R 2R I SIMU S 5 e e, A B THL
B AR B SIMUAL X HEVE RE I — P T3
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