128 93 T E AL B Vol. 12 No. 3
2025 4F 5 H Navigation Positioning and Timing May 2025

doi:10. 19306/j. enki. 2095-8110. 2025. 03. 002

—ME T T ZAH SINS #1183 15 E1EE A %
PR F R FREF RS

(1. PHdETb K- B shfb2eBe . Vi 710072
2. db Rt S B E AR ST B, b T 100038)

W OEATERBRENZRE AL RERARLDTFHRFZEEZFLLEA T T EAFNIR T4
BREGERA A TEZARETERX MBS ERE, B TASFHMAL R ERZRNE T
ZRERX T HIRIF ST AL Mk, RFBEH AT RS R TR ERAME R
HABEEHTFRFAAMEBHIREZ ARFREG TS RS T 2REA THAEALE
ATRHIAE,AOBEETRZELZ R FEITRLE RAKTEEZ RHLETHZEELER LM —
MAPAMEEEZFRENY A, EHAE B EFALABRESRELESH LY TN TFTHATT
KA IR E, T R5M T R B AR B A s AT R K e R R TSR At O A A e AR B0 R, 5 AT
Tk A LR RAFH TS A AF ML,

KEIF FHE S RASIN ;4T 4 3; F A E IR RE T E AN

RESES:V249. 3 Xk tRERD: A M EHS:2095-8110(2025)03-0015-08

An initial alignment accuracy evaluation method of
SINS based on the gyro compass effect
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Abstract: To address the challenge of evaluating the initial alignment accuracy of inertial navigation
systems under complex factors such as inertial device errors, calibration errors, and base shaking
interference errors, a novel method based on the classical gyro compass effect initial alignment
principle is proposed. This new method aims to evaluate the azimuth alignment accuracy by analy-
zing the quadratic polynomial of the navigation solution velocity error over time. By exploiting the
relative motion characteristics, the unmeasured and uncompensated interference caused by the
base’s linear motion is treated as an equivalent error of the inertial device. The proposed method,
which is applicable to both static and shaking bases, provides a comprehensive evaluation of the
alignment accuracy by incorporating various sources of error, including gyroscope errors, acceler-
ometer errors, inertial measurement unit calibration errors, base shaking interference errors, and
errors due to unknown mechanisms. Experiments are conducted to evaluate the azimuth alignment
accuracy under three typical working conditions of static base, offshore mooring base and turntable
swing base. The main analysis focuses on the effects of inertial device accuracy, initial alignment

time, and base interference intensity on azimuth alignment accuracy. The analysis methods and
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conclusions provide valuable references for practical engineering applications.
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Fig. 1 Allan variance vs. traditional variance for gyro error

2 HMBEEFMAXNEBESHT

S5 1 B EENE T G0 R TR 25
B SR BE L 15 2 XF 7 057 oF M KG B B 82 el 2R i
FETHR 22 AN I W AH L 5 60 X A B2 G 5 ok Uy B AR
TGS e T7 L AT O, A AR R R AR R
LT I R B AR B M BR R AR
R BT VT B R IR AT X L KPR o A AR R
T T BSR4 G (L T O A7 2k 9 A o R
it 1L 19 728 PR P T O 3 U5 1D A A o 9 7 1 2
JAE TN FEE B e B W0 G X A T 5 T TE D0 2 Ak JAE 3 5
N JCHE R S A X o T vk L 0 0 o 5 A
FEA I B 1) B 28 A0 DA S AU S B 3R R 22 vh B
AV EVRS R Ry IR AR ) [1BU.95- B2 WiDE | AR ER A= )
2300 AL fipp SR UR 22 7 AR S W, E T X 6 6 3 A
AR . T AR B 0R 22 R AN [R] L 52 0 S8R A
AT, SLPRfE oL Al RE 2 LA R R .

e f] BRI 0 R 5 75 RN T JRE T i A A [ 2
AR AR TR WL R 3l B B By R B %



18 TAUE £ 5 R

202545 A

R 2E L BOR Jr E JR E A s e gt
$u :—%/ww (8)

HRAE R (8) . AR 10 png /5 min B 1H
Jon s B O B AR A2 Al L A9 5E 0T 0,007 () /h /Y
SRR 0] FE MR RS . 3X — 1% 22 5 WA 7 52 s R o
TRZE 5 W BN

W 2 7 I 2CTRT 5 A im 32 32 1 £ A4 3 15 22 8
— JBOME L 23 A i R At R 22 DR B R O 6 X A
R BE RS2, 5 FC s A AE T 92 B 5 A0 B iR 22 v
S [ o R R 8 A BB 5% 2 R R 3 AR
VR 2E W LEB R, T S 023 0 3 18 22 P AR 1
FEHER. BALE OIS REEZ A o ERE
PRI 3h S8 b AR AR I 23 B 55 2H bR E A G
M —RFN S E,

3 AT B SR R R a5 22 0 5 8 X v A BE 1Y
LRI, TC I8 A 1w R A A S 7E IR 3 B R L T
A DL 15 22 S LN 4 5 5L A B ) o O i, H AR
A JF AR R B T B B @R . B IE A @R,
BRIV AN B AR M R 0% 22 L 7E /N R o ff 2t iR 22
TABA N T B R HEf 4 R IR B R IR IR R B 2
| AR 2R 1) 2 T A B I ] ) 2 A8 Ak TR 1) R 4 A
P28 ph b 1) i R T AR 20 D 2 g | AR L ) R AR 22
BE I E) 52 R R R Al A B B 2 RO Y BRR OC
F B 2 07 N o D B Ao T 5 b ) R R 25 R
O T I T /Y Uk &R B0 s 7 LR HEAR . R LY
FE TP o A ] R T 0 B X o L S RO IR 4 %
T e B T AR AS 25 R A AU A Kalman I8 3 6 fE 7 1%,
A EARRA T A0

TEX O o L 1) 2 R 25 A O I ) ¢ 1Y
kWAL Bk R R R

duny =8vwo T awit + aoet’ (9
SEURI Sv, AT W) A6 R R 22 (A B
W FE BSOS O T A] ¢ B — A IR R A

~

\)

s
* B F

So
—

ami =g¢r +Vn 1o

ane = (drowy — puown —ep)g/2 (1)

Horby guosdros oo 200 AR LK 3 A4 Jr [ # 2k
HEAVIE,

M Z R REE QDRI R A AN

puo = —2a .,/ (goy) + dyotanl —ep/wy  (12)

TS b ) 2 E AR 3228 ol 2R 1) n 3 R 3

EHTE BV v =Ve/g WX 12 43019 J5 P13

HRGOAF R,

Fr 5 LT 22 BB M A AR 0% 22 2R AU, AL ) R
254 () I A, 7 35K 2 B BRI m R T AR 25 1 5 e,
A 12 WEEAR Fdiid

$uo =—2a o/ (gon) (13)
Horfr, a e 267851 b i B B 15 22 B I ) oy AR
I BT AT 2R 2, TR vk B 0 4y B, OF HoE TR
S IR UER ¢oo BYIE AR TT A, N R ] T 7 7
XF AT BE A 4 ey o =X (13D 8 2 ply Jb ) B BE iR 22 bR
B R IR BOTAL T 67 2 WA 1 AR AL X —
SRR DL GE SR o S 1) B0 AN 7B R AR A5 R A
R JE A

R (O FERR S — K, 51 AW IR 7 5 A L R
I HB S p o » PTASAL ) AL EE 1R 22 Bl S () AR A ) = UK
Z WA
dpn=0pn + vt +1/2 ¢ at>+1/3

A Spao +dvnet +a met® +anst? (14)

BT QD , v A5 i 487 S A 53 L ) 7 B R 22
) =K B a s PEAG 5 00 2 HE ARG BE 1Y 28 200H

$uo =—6a ,n;/ (gwn) (15)

EZHE LT, 7 60 X HERS BE 4 B T ok X
(13D, T4 0 A& e 0 5 1k el 7 8 5 2 45 s g, D)
K25 #7430 Fr 23 I E 4 A5 8

DL b SR 7R 1 S 5 A AN g A% O 43 B B9 5 o0 X
TS BE L BI04 %o o B o2 A2 ol B (B [ o7 B0
RS FEME . SR, A B AR A A R s
5Dl HOBCA 92 I RS B i D & A RD £ 4 it L AR s
iz 2y R O PR B L TR W) I X SR b B IA O AR
JAE R AR ANl Y . R IRE R R ) 2 S B 1R 25 s R
AR B A AR PR AR A BB A ) e R 2 X
WO BR 23 XFH a6 7 5r Xk E 25 SR 3 BN A e, U,
KD F (15) [F AR T 5 3l L JE F 19 Iy o7 %t
HEAG BEDEAR , B & 1 — U051 R LI 3 RE 3R 22 B i
(] 2% £ 8 — O CElOUE I A7 B 22 1 =00 R &
L4570 5 U AR AR e 1 R 28 B R 2k 0 B iR

3 XBWRIESSH

3
* a,Net

3.1 FREEXE

B SINS (A7 FRKG BE A « 30 B W Bl AL 5 (V2
£ 0.005 (°)/h, A3 BB M I o B v Bl ML H O (B
30 pg . FERRIEME T RAE 4 h B4 X HAE Allan )5
ZNT. AR ME 2 iR, IWE 2O T LLE H, #



5% 3

— b T 200N 1 SINS W) Uh X K B TTAG 7 19

FEFEIRAE 10 s AN RZIRZERIAFREN -1 1
LR T AE 10~1 000 s BRI AR RN —1/2 19
A REREMLIFAE 2 22 NI 2 (b) o] DAFE H o sk 2 3
TE 100 s AR FERINRIE N —1 W fbiR 22,0
16100 s LA BRI MR +1 19 e RER 2% .
R0 s XoF M B 3 H A BB A3 s TR O KT 9 R R Y 2
S0 PR 250 B MR ) A 2 I PIL i S R I B ORE T i AR
WiR 2,

o, (D)(°)/h]

10 210! 10° 10! 10? 10° 10*

/s

(a) PEig

102 10" 10° 10! 10? 10 10

/s
(b) hniE &t
B2 BHOEPEERERAER Allan 7
Fig. 2 Allan variance for laser gyro IMU

TE A v — BB A 8 A BN VR W) 1R R UE JS
FRHEAT 1 h B9 30 3 00 B8 (A5 2R A7 8 28 0l
T 5 1 o BN SR Y A B b i BV (R
JER 22 Suy) MR 3 B . (B &) If X ofE i
7300 s, BHLO~300 s,60~360 s,120~420 s &%
Bl ey 0 RE R 22 B E L RO 0 s FFIR BB 60 s AR
300 s [EHE X B BOBCHE EAT R BRI G L PR AR 4l
K (13) Fy R R B0 S50 6 R e S 45 3 an &
AR . B4 AT LAt 5 6 2% o A 19 38 20 3 [l A
—0.5'~L5" AN, Geit 22k 0. 37", HIEA
[F] P 49 3 o) M B 7 S 2 T A 349 T R a5 2 X O Fsf
KT=60~900 s MASALAE L ANEL 5 Fron . B 5 Al
UL HE 300 s ZJ5 5 6 2 HE £ 249 0 MR 15 2% B ) of
18 o T /) P B B A AR 2%, K AE 700 s Z A
B K X R R S 4 O AL X o R R Y KR B R B

WL . A SE B T R 4545 150 5 B IR 19 22 R 3 i
1 22 R /NG R BE 0K L i 0T 58 45 R A B TR
AT HE I B B 9%

0 1 000 2 000 3000 4 000
tls

B3 dtmEEiRE

Fig. 3 Northern velocity error

1 000 2 000 3000
tls

4 300 sXHEFUKER

Fig. 4 Azimuth misalignment angles within 300 s

0 100 200 300 40(%/ 500 600 700 800 900
S
Bs5s ANIERHARIREBI ANKEN
Fig. 5 Azimuth misalignment angle RMSEs

vary with alignment time

3.2 BLERXHE

—JEHEAK R 7 000 ¢ YA A R I R K
K 4 000 m BYIEFSEE AL, L B3 A 3.1 75
JIT B K B A R R 15 R G RK S AR E R 5 m
() DAL, D SA T 2 h BYAHSTO7 &S 18 3
WA 6 Frs . T A2 7 A RS R B,
PO A T S B AR R I B AL e A b A e -
AL Apy 29 85 m, 1M 45 - PG )5 1) 1 A8 4k
Apr 29 35 m, AR -VE J5 10 B 22 A6 JL 7 AN 5% W 5
VX YRGB L DRI 3 B 32 B S i R b O 1) o B
AL

B AE R B B AR A B (SR 22 /N T 1D
0 S N 7 1 S S e o ) B (= D I O o s w1 DG I
TR RS BE AR A A S A S5, i HA O A O



20 TAUE £ 5 R

202545 A

5 0 5 10 15 20 25
Ap/m

B 6 i LEAHT
Fig. 6 Offshore mooring trajectory

FEARTH . ARG 15) . B 45T 8 5 0% b 1 A XS
i E iR 22 WEAE T=2300~3 000 sCH 5~50 min)
A 1) T 07 6] T 15 22 SO SR 18 7 TR . IR 7
A LI L 7E 300 s F 600 s 4b 1975 13 %o 15 22 43 3]
28 4R 9. 9" EANE K TR AT (F 5 %4
S R R B T o 4 SR 0. 37 A1 0. 23", X i WA AE
T 1 R A T Bl 35 A0 U XoF o s o SR o ofe s ) ¢ e L
TC Ik ARAT FE B iz 2 A7 B HEAT R, i 1 B 2
R 2ZE W B, MR LA E 7 il
L AREERTE R — 2, SR J5 X IR 22 40 K3
HxtErt K /T B b, ik R BT 35 i 3 Y
FHXTHE 2l K/ 5 B Z 18] 19 56 3R, A 28 28 01 P 03
M Allan J7 220 Hr P AL RS . KZYHE 1 800 s
(B 0.5 WJF XHfEREAZ#H/NF 1, Bk, Bf
3 Ao A A ] HE B A B A RN 55 B R a2 B T Y
SR A5V 2 R E R B Sy 5 e R o 1R 22 1

300 600 1200
Tls

B7 ANKERIRE

Fig. 7 Azimuth misalignment angle errors

2400 3 000

3.3 HAERNEENE

FFERF 3.1 AT IR S R G002 1
YR G D TR IE . SRR B IR
MUHERE AT FF IR SR A, E AR A R

o, =R B e R R 600 s B2 RO XU 12 i
311 800 s, Hirb 4ff I A7 W {E 67 K8 VR A IR {H 10°,
H R 10 s, W16 AR A 22 BEHL ; PEVK I 22 )5t A or
B HRIE 600 s, BEASMUAFEGE AL 3 000 s, A5t
Ay R R 22 AN 8 . L 8 ml UL, FE T
600 s, JE TR 2ZEH K ZZ 12 1 600 s Z )5, b & WU
[R5 95 435 3 2y, 3 BE 5% 2 ol 4 K, HL i ) ) 3R B
B B R I SRR T

B8 JtmiEEiRE

Fig. 8 Northern velocity error

PARSIE] O s DL 4 nl . BB 60 s B —BZ 300 s
F4 I 1) Ja 2 5 22 O AR R 3 (13D 35 AH I Y T A2
RAMES AR 9 B, i 9wl WL, 5 o 2k i £
B 425422 Sl A B0 0 452 T o B T S 3 B B R P L
62950 8", #5421 3l 7] RE WA Hh A5 1 4% 1 64 B 2
PRIBCDR 22 R IE 30 22 48 15 22 I 28 AN [R) 2B i 220
B 20 75 BB e B 18 22 A5 AR 2 R 22 TR (fl TA
S B A AR AR o (B kA R 2 AR T
MARE) ., MTFRMEERTRAENS . LK
DR 72 DA e — 86 i AN T AL B 09 % 22 3 DL 4 T A2 L 23
B S8 e A o R T O A AT R Y [ O 4R O A
TERZE SN W BB T A 2 A A R R AT
Wt A 22 19 78 A L3R 22 T RE 2% il Je ORI 0 AH L
I o PR OHCET DL R ] Y PP A B T A 43
gy, BRI o HX T bR RGeS W2
— PP 5 B B R

500 3000

9 300 sxtEFMKER

Fig. 9 Azimuth misalignment angle within 300 s

AR A R0 A2 S 0 R WD A B 2 0 S AU R 25 Y
REYFRIR R85 b, SINS b S8 Ml LA 52 BE 55 i 25 1 g



5% 3

— P T B AU B9 SINS 477 4h X i A B 1A vk 21

— B R B T 2 0 B X L A SE PR B HT R R 2
SR D 55 R O M 6B B iR ZE MR . E R 2L
Y b B Sz SRS R SO, il an bk S
SRPN = St R e i i SN < o B NN
1B e 55 B = Bk 1R 22 RN T B R AR AR Ak
22w AR 2 T R S AL A O T R 22 A A
S AT B Sk o #R 22 X T3 A 6 X 9 7 AR R
PR A3 — £ BE B A2 90 46 X o i 72 b i 2 S
PRGBS i2 BIPIRAS 19— 2.

4 i

YL B KL AR T (9 40 4 Xof o4 7 57 A J3E DAl 7] L, ]
DU Al g T B MR 20 28 20007 Y It 1o T8 32 1% 22 I (]
TRIRB S BN R, 28R
bRl A R AR T i A R TR RS R 2
PERIFREE I B RRAE , ELAS BEA 280 R 55 30T 15 22 B iR
o> BT 0T B — A R A O ik B
ARG E V. A OG0 PR Al 2R A BE A7
L HAN R, 5 R S R B AT ST
EITIREL BT AT R R B A RA
AT R o T 4 SRR BT B O o R AR i
JIr R S F) A BRORS BE L #RJ2 AS FT AR Y

AR SCAE — 26 L RN PR 58 R AT T 0 A % o
R BE VAl S8 A 23 A7 5 LA SE 05 i als S REAS ik
FIR AT T 7 L 0 RS B PR Al L 0 b 4R 2
A NAF WA s B A AR 558 04 B0k 1 R S A M6 A
T AR BT R IR 22 B RORCE AN B i B
JEN 4 THT A BB

&% ik

[1] TITTERTON D, WESTON J. $# 5 8  5 fit 8 R
[M]. KN, EF/MH, EmWEE, S5, FH2 ). bt
Pl B7 Tll it . 2007.
TITTERTON D, WESTON J. Strapdown inertial navi-
gation technology[ M]. ZHANG T G, WANG X P,
WANG L X, et al, translated. 2" Edition. Beijing: Na-
tional Defense Industry Press, 2007 (in Chinese).

[2] ™%, H& . SERBSEESHE SMEEIM].
52 M. VYA DY Tl R 2= ik L 2023,
YAN Gongmin, WENG Jun. Strapdown inertial na-
vigation algorithm and integrated navigation principle
[M]. 2™ Edition. Xi'an: Northwestern Polytechnical
University Press, 2023(in Chinese).

[3] koo, A8, B, 5. HEEE LIETHER
B BEIBE T 5 ML X dEBE 5T [T, PO L Tl R % % 4R

[4]

[5]

[6]

£7]

[8]

L9]

[10]

2005,23(5) :681-684.

QIN Yongyuan, YAN Gongmin, GU Dongging, et al.
A clever way of SINS coarse alignment despite rocking
ship[J]. Journal of Northwestern Polytechnical Universi-
tys 2005, 23(5): 681-684(in Chinese).

FUASHE, TR IRTER . ) AR O A R
B E in XdEh R CT// 8 =L
EEfSBOe3CE . duat: hE A3 s E G
WLk ZE 52, 2008 3196-3201.

YAN Gongmin, YAN Weisheng, XU Demin. On re-
verse navigation algorithm and its application to SINS
gyro-compass in-movement alignment[ C]// Proceed-
ings of 27™ Chinese Control Conference. Beijing:
Technical Committee on Control Theory of Chinese
Association of Automation, 2008: 3196-3201(in Chi-
nese).

WTFFR, B, R . — R T T Y R
P B SINS U X v 7 (0], T BB BoR # 4
2022,30(6): 701-708.

LIN Yusen, MIAO Lingjuan, ZHOU Zhigiang. An
odometer aided SINS initial alignment method based
on backtracking process [ J]. Journal of Chinese
Inertial Technology, 2022, 30(6): 701-708 (in Chi-
nese).

XU B, WANG L, DUAN T, et al. A fast in-motion
alignment based on inertial frame and reverse naviga-
tion[ C]// Proceedings of 2020 IEEE/ION Position,
Location and Navigation Symposium (PLANS). Pis-
cataway: IEEE, 2020. 704-713.

BENET P, SAIDANI M, GUINAMARD A. Robust
single antenna ins initialization for low dynamic appli-
cations[ CJ// Proceedings of 2024 International Tech-
nical Meeting of the Institute of Navigation. Manas-
sas: ION, 2024, 1021-1032.

JEASE AT, X, . AR THBIER
a6 X e S B R o (], T E R B R
2023, 31(5): 425-430.

YAN Gongmin, LIN Yuyuan, LIU Ruixin, et al.
Improvement for the parameter identification method
of inertial {frame based initial alignment under linear
swaying disturbance[ J]. Journal of Chinese Inertial
Technology, 2023, 31(5): 425-430(in Chinese).
FERSE . A EREALE M REMRID]. Wi 7Y
Je Tl A . 2006.

YAN Gongmin. Research on the vehicular autonomous
positioning and azimuth determining system[D]. Xi'an:

Northwestern Polytechnical University, 2006(in Chinese).

JEASE, B, W OCHR ., AF . AR AT BT



22

SAUE (5

202545 A

[11]

[12]

[13]

[14]

LBl 51 R0 4 X HE et O7 2 [T ] b I R 2
. 2020, 28(2): 141-146.

YAN Gongmin, LI Sijin, GAO Wenshao, et al. An
improvement for SINS anti-rocking alignment under
geographic latitude uncertainty[ J|. Journal of Chinese
Inertial Technology, 2020, 28(2): 141-146 Cin Chi-
nese).

EI-SHEIMY N, HOU H, NIU X. Analysis and mode-
ling of inertial sensors using Allan variance[J]. IEEE
Transactions on Instruments and Measurement, 2008,
57(1): 140-149.

FEASH . BEIRAR T R G B kAR ) A X v R H A A OG
AWEFE[R]. P2 . PEIE Tk 2%, 2008.

YAN Gongmin. On SINS in-movement initial align-
ment and some other problems[ R]. Xi’an: North-
western Polytechnical University, 2008(in Chinese).

FER B, Bk, AL HEIRET S RENFTE M2
7 i FARKAELT . FATEAR . 2012, 33(1): 62-67.

YAN Gongmin, ZHOU Qi, WENG Jun, et al. Inner
lever arm compensation and its test verification for
SINS[J]. Journal of Astronautics, 2012, 33(1): 62-
67 (in Chinese).

YAN G, SUN X, WENG J, et al. Time-asynchrony
identification between inertial sensors in SIMU [ ] ].

Journal of Systems Engineering and Electronics, 2015,

[15]

[16]

[17]

(18]

26(2): 346-352.

KIM K, PARK C. Drift error analysis caused by
RLG dither axis bending[J]. Sensors and Actuators
A Physical, 2007,133(2) . 425-430.

LI D, WEI G, WANG L, et al. An efficient system-
level calibration method for a high-precision RLG
RINS considering the g-sensitive misalignment[ ] ].
IEEE Transactions on Industrial Electronics, 2024,
71(12): 16823-16833.

K, IRIEIR . BTN AN T R A AR BE R R
GOk A X HELT ], T OMROR 2 M (T3 MO, 2010,
40(2): 549-553.

ZHANG Tao, XU Xiaosu. Moving base alignment of
shipborne strapdown system based on wavelet and Al
technology[ J]. Journal of Jilin University (Engineering
and Technology Edition), 2010, 40 (2): 549-553 (in
Chinese).

BEDT, BT, SREIAR, 55 . BT BP MR M4 Y
SRHRXERZE BT [T ]. RAT 14k, 2021, 39
(2): 77-82+94.

XIAN Yong., YANG Zicheng, GUO Weilin, et al.
Initial alignment error identification method of SINS
based on BP neural network[]J]. Flight Dynamics,
2021, 39(2): 77-82+94(in Chinese).

(2 B8 - B R 1)





