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Fig. 2 Diagram of mechanically dithered RLG IMU
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Fig. 3 Diagram of principle of RLG strapdown inertial navigation system (SINS)
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Table 1 Parameters of Honeywell RLG typical products

Product Bias /[(°)+h '] Random walks /[ (°)-h %] Scale factor error /10 °
GG1320 0.002 0.0018 5

GG1342 0.001 0.001 1

GG1389 0. 0002 0. 00004 0.1

4 Honeywell B i A B 06 B IR IMU
Fig. 4 High-precise RLG IMU manufactured by Honeywell
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Tabble 2 Parameters of typical long-endurance RLG SINS abroad

Product Working mode Position accuracy Applied range
AN/WSN-7B Single-axis 1 n mile/d Surface vessels and submarines
AN/WSN-7A Dual-axis 0.071 n mile/d Surface vessels and submarines

PL/MK4 Strapdown 1 n mile/d Surface vessels and submarines
LN-100G Strapdown 0.4 nmile/d Fighters and unmanned aerial vehicles
H-764G Strapdown 0.2 nmile/d Fighters

Wt 5 152 A 1) e R R [ PR I RO R R
SR WFRE S TR B o [E B R A S A
WOLBE BRI A 1 B3k B0z 22— , ol e A e Be 1 40T
POGRE IR ST H A H R TG , AR BOERE R BT AR
BEZ IR BOCH S R RO T . Gid B LG ML B
FE LI LT S8 & OIS R GBI ARR R i T
ZRMZ RS MHOCTU T RGBS T R CR 2 R
BT R T UM e O 15 D B ML A A ) e S
FAF T AR BE IR E 1 n mile/d s THLA 2 S8
T RRNRE R WO T R G, X RS G P 3
KOG T fe KOE AR ZE U0 T 1 n mile, 7E85 3 R IH
LU P 20 K 248 P S 0 R K2 AR 220 T 2 nomile;
B R G AT O T OO B B OB S RS R

48 14 R KaE iR 20T 0.6 nmile. il 21
TR RE 5 23 A RAILRT i B B S A R G K
B B BB K22 T R RS R R 5T, IE ik —
A W s R O R R K AR X A R A T K A
Bk =l Ji 7 SO 5t S WL 2 T A A B U E B
T T 55 . BRI B R R A P A A SC R B B
D7 FE BOG B S U Y & R i IR T — R
rh R R A T AR = RS B 4 = = RS et
il 0 BRI B OGS R G L R AR T
1.5 n mile/d"", BU BEFE BOG 15 F R4 L5 15K
a5 vE SRR K E M IR 2Z T 0. 8 nomile”™ s fiias Toll
PG 42 RAT A sh¥ B 5% T B 0 ML 26 4 6 O 18 S 1
SEALKE B F) 0. 8 nomile/h, XU HE#4 3OG AR oK 1 ik

1714002-3



£ 0. 4 n mile/d; It 5T 23 AT R 2= Al A0 DU 15t
SRS W PR E N A F 0. 2 n mile/d" 5 b4,
VAL Tolk K2 b5 BT K2 b [ AR 4 A AT BR 2
717 WRGE T L A R R B A A AN RS LA SR B AR
=W P SRR A B A A B O S R G
T T FE AR . BRI S B B AR
AL S AT T 340 F 4 o 00 4 A A BR A W 707 WF 5 T
WFH A SC 45 5 R G0, =k OB 2R BE B8 Allan 7 228
JEAE A F] 0. 000005 7/h, B 4858 1 2 At vk K A i g 13k
5 AR AT HENRE
4 AT B R B R T R SO i

R

R T REEOLTN S RGO W R K AR R K, A
M T T AT A 5« — O T L 2 A A
R R B BUR L | R e T T2 e BB R R SR
NP E OGRS B H SR, IR TEROGRE IR
FARG B 3k B B K P, dE— 2 i T T2 A%
B AR fogp o B v 0 RS B B ME R R U R R AR K LR
ARG S N 5y — Ty T N I R SRk
MBPE A R G 45 DR 22 AL B R e AT, ST R 2
ZEAAME SR 2 RS R G B A ok
5 A FES e — R RRCR I IR . KA O
B WG 4 T AT AR G O B R mT I 0 B  1E 5 TR Y
5ATJ7

—> error calibration
— initial alignment
key
technologies of ; ;
Jong-endurance — rotational modulation
RLG inertial
navigation system high reliabilit
> y fault
tolerance
» geophysical field
compensation

KIS AL O PE R 5 R ST HE AR

5 Key technologies of long-endurance RIG inertial

Fig. 5

navigation system

4.1 REREEAR

XS 2R G0 iR 22 TR AT B AL 3, O 1
ey g 0 2 TR K5 P 4 1 B AT R 2E MR 2
MR ZERREH AR MR R G0 AT 1R 25 bR IR AR
T B 1 4B e R e A B R R DT R AT S 2R S
fif 5 B T R G AT 1% 25 A = AT R RS
EAL AR LA . PR AIR E R S RN EE
WER R Z —  BL3E O B 82 FUINE BE 09 % i AN bR
i DR iR 25 DL S TMU 7 2 e 2ok B8 v g | A 1Y) 2 iR 22
DA SRS 8800 158 22 4 5 T e Rl 2 R e b B L AL

F43%5 F 17H/2023 £ 9 B/ RFFR
PR 15 22 0 2 S T 1R 22 IO T 22—, 2800 b i i 22 iR AT
bR € o
15 25 b5 0 B AT 43 Sk 43 51 bR 8 R GE B A -
43 5 bR A 4 A FH B B8R0 B2 s AR S 08 I
i, R FH /N e T AR R M R B Y R 25 R e
SR 5 Z G G b o R g B2 R T 3 3 T g o 1 AT A
AR DL AR 224 I Ok AR E R A IR E S
B oy ar AR BOAR TR B B HL T N H R R
FE T BE AR e 5 4 KR A, 3 A5 b e kG AR A E
— AR T, B BUASBG K, 43 57 20 A 8 T 2R [
S bR, WK T TR S RN E e,
M 2R G0 b 78 AN T 28 o h e 5 B R M ff 1) S 2 RN A
EIHE, TSR S RS R B IGER E M bR, R
I A R 45 A . Camberlein 25 4 %o Fiz 92 50 i 58
BETT 0 5w AR 2 bR BE BRIt T —Fh 18
YT e % 0 b o8 B i HE L TR IZ S A2 T L IMU Y 3% 22
CINVEETE S ¢ R IR ol ok P VA B [EP =3 3 iy
FE T R I AR M e R 5 2 R D AR B SRR 4 iR
ZER TR ) R B R G bR RS . R 2SR
N GUE X OB R G0, N T SIS A A R 25 B T
JEBT T AR B AR o RN R T R 1 1R 2
RN B N7 55 1R 25 b R T, VAT UK A A X ek
TH I 25 RN AT R 15 25 B A T oKL 7E 18 IR IF
AR AL G0 T 6 AN B K AR R A ) e
W, B T —#h 36 4k Kalman 38 I R 58 90bR € 75,
TR IR Z AN TS AL T 4 X 1070/ m, AT R IR 2
SHEAGITIRE AL T 3 mm; & E oL S
Jin B R 22 IR AR R L B T — A R
N FT R 2 BRI 5% 22 R B 45 4E Kalman JE 3 & 4t
Rbs R T7 A AN R R R 22 R NATE &
B 30 2 U8 Wk A%, T URT BE 4R T 37. 5% 5 Gao SEVT R
XP IR BT A AR Sk R 22, ST T OAH N A R 22 AR JF
P2 T — R 39 4k Kalman RGEH A i ik #ME)G
AR 1) b Ta) RS 1R 22 43 00 B/ 44. 3% .34, 8%, AR 1]
Ak a7 B R 25 4 N 22,7 % (44, 9% 5 B BE A
B IR ZE SN REYAr w77 MG, T B R bR B
RVBR 2500 RS BE R [, Liu &5 4t otk o) 0, 48 T
— b 2 RO TR R 22 1Y R G Bbr vk T
TP SR AR B DR bR R B R SO B BEORS 4 1R 25
R A7 5 R 2 65 E 5 T, Wang 285 BT AL EHEOE
B S22 BL 20 HLAE 7E b I AE T A2 A6 25 il B 28 Y Tl , JF
JE T HLEFOGRE IR ¢ UM R 2 09 BF5E 3R T —Fb
BT R30I PE 8 g BB 152 2% Bk 8 ik RME
JE R 2208/ 66. 1% ; Barantsev 58 & X AL ER O P
YR BL Bl WL AL Bl 2 5 M HH % 1) R, O R T AILBR O B R
PHA Bl 25 S P L5 X S URE B S A 0 o b L B T
J& B 5 sk FHL 5 2800 Kalman 38 )% &R S b € b s,
EANKE FE R T 50% ; Seo &R WK [A] B9 23 6] 47 B
OGRS SR AN [A] R T i B 7 AR AR Y R 2

1714002-4



F43%5 F 17H/2023 £ 9 B/ RFFHR

BEAL 1T T — P 3 G5 Gbn 2 J7 5 DU bR 2 O B IR AN
[Fi) 2 6] o7 B 1 2R A, A S A LR 2208 /NAT. 5% . BR
THPE SR E AR 25 IMU 75 B B2 R0 i 8 B 3 o A A7 7R
A IE) S5 A 1R 25, Wen 450 &1 X B 12 5 Jim 38 B 31 8] 9 Af
] 5220 1R 25 B T — b 5 BT 2% R i ) S Ap R 2
) 40 4 Kalman J§ 317 5 G5 b 58 7 i, S8 T 15 [E] /)
X 55, 2R ) A SR R 22 45 ik 26. 5% . 10%, 2R
] Ab 7 BIRZE /N T. 5% 44.5% . SRS
B AN ML B AL 5 R 1R 2 S i S RS T B
Wang &5 HE N7 TG A LA AR IE 38 1% 22 1Y Hlsp R
JEE H — A I T Kalman 38 3% 09 A 45 € 77k #ME R &
kG B TF 42. 8% B J& Wang 25 R 45 HE TF & iR 2%
B SE BE R s Deng 45 45 Y T S5 WL AR IE 2SR 22 1
SERABER IR R TAEIE IR 25 IMU BB KR, #
H— B0 XA AR G R A HE T Wang S5 7, R
T b i) 3 4 22 40 e /N 796 11. 6%, AR 1) L b T A
R 25 M /N 39% . 31% ; Deng %5 1Y 5 v5 BUAK % &
T AR IE A2 15 22 52 #E A AR AL (R AR R A — SR I A8 A
) T UL B ARG, TE i N HE R AR, Lin S T
B AL T 3E IE 58 1% 22 1 1Y 158 25 A5 A8 | X6 i 42 4 1)
R 2= BERVPEAT T DU M A B, IR AR B SRR T T
— UL B AR E DT, AT Deng 2 19 0795, AR 1A b
I 4 BE 15 22 43 /N 19. 8% .20, 8%, A [ b i) fir
TR 24 M /N 18. 3% . 19. 68% ., BLAb , b 75 % B v
ML R G 27 F G 5 2% B9 1528 22, Qin A5 EE SO 2% £ O
T8 B P AR Bl RN AR T S5 5 22 3 M T — e fRT IR A AR
KRR 22 T T — R R OGBS SR X 2 AR G 5
A EAT RS E B AR e R B AT AR E) 0. 1 HZ iR
A B WOERE IR (1% 2 ; Zhao & B 2 B T ¥
St 78 AR 22 5 OB R MR IR 22 3R — R 3 T H AN g
WA 19 4 S 80br 5 7 vk, ] R I bR 22 27 i i 28R 22
5 OGRE IR 25 M L SCHR [ 37 1, 2 g 5 8 b o A
PEFF1.5% o SCHR[37-38 Ay 15 25 45 58 Jr L WF 5T X 42 1
I RS AR B B P B AE S R A A R T s
T RGN TR, T — A XU ORI R
Gt v B B L HIL R O o g R g R AT IR 25 bR e, T T B
b Bk o

25 F R, N B TE K I O R R R S R T
KGR LR A I8 LR = 1 - 1) I B iR 22 b5
SRR A 5 0 38 5 1 S A TR R ek i s A AR 2k
TR 2E 5 2) OGP MR IR 25 A a2, At — 2 W 5 A G O BE
IR SR AR 25 IR A IR 22 S ) e LA R 2
B, 2507 I RS B X S 0RS B2 (4 RS A5 52 ), 4 57 b
AR EIRZE BRI,
4.2 A EREAR

90ty S5 285 1 X G R T 5 A S R G
SRS B KA R G R IE R R ) R T
YEB 1000 06 235, 00 0 X M 18 R G 4 R AF 9% 1
HZ—.

A9 1y XoF o A 55 KL X o FRORS X o R AN B B, A KX
Y B B e DRt SR M — A R 11 8 25 B SR S TR R X
YE [ BE U1K 40 0 o o 5 30 S RS B RO 00 IR S A B
FEL T ¥ 5 ORI 43 Sy i A OB o 15t 1 2R R X v
R AR e = 2 A% G5 g Ar XK GT o 38 2 b R T
T30 B R M ER [ A A S e R A USRI, S
PRI UG LS B A T3 A X A% G it b XML X o
TRAE B BRARTC TR AR R 4 X i 1k A I 0T S B R
TRERYIE B, Z8 Ak o0 B M AR OB o ik i
JEHNER g O B AE M R LR i, AR AR R R I
ES ) B AU DG T I v - S % TR O
YHE 5L R I ) SR 1) 05 o Ry A8 Ak ) A, 4 1 T H Ak
XF e Bk, % s HLA R o R i A . T AR
SR Xt i B R A L AR X o ) A 3 TR RN
HE B, R A S8 o O iR 3R T R A T Ko 1R
XU 7 s o A R G o A RIS A RS M L T
T 3R X o B B AR A RORS B B R0 R A E B
KX e 7 XA Kalman 38 RS X 80 2 %ok o %
Kalman 38 5 K5 % 75 22 R A0 350 5 B (5 B 2 A i
B IE 540 A 2Bk T 00 T2 R 40 (GNSS) fii B 4t
WV Z R (DVL) ST Bh X e 5, BT
A1 EB i Bl A5 S A AR I 5% 2 5 AR R I A S ) A
VAR TR 2 55T GNSS U I HE 28 1 [ i 1 %) v
D7k B G e i s A RO S HE SR
UG XA, A T3 T 45 Rl AR 2 vk X o i |1
ARG M M PE R T R R R R E A T
TR S5l o (KR 7 3 2 st TP %) ) 0 ) S S80HH 17 A 1k
AN — 5 BE Sk B A B GF RS B s Barrau O AN AR
J&& Kalman Ji& 3 53075 0 FH T80 00 6 X o, tEANAR Y
Kalman J& 9% 1, 8 52 00 2 B3R 7 0 6 MR 22 F 60 ;1)
T 22 MR 25 Tl B3 T 5% Y R B M B T R L I R
A7 B e KRR MESf T AR SR E 5 Chang 8677 3% T 2 1
T G HE TS 1R 25 O B AR A AT AT T R 1 O T A
S 5L AT T G R O R B T R 2 R A AR A
A i B T X 2R M R 2 R S B wT R £ 1k
Kalman J§ 3% 58 AT 2 K 25 e /T A4 0 xh o . iRy
{4400 B Xof Tk B85 1 3 TR .

B 5 AT I A B R G KR A B )
X U TR AN TT A o AR G ) I e U D R A T A
BEURS J3 3= 2 A7 [ MRS R sk B 1 A0 2 i R i, 8 1
22 {00 B X o T LA NP B R R 25 X SR T R
Wi, DA T 32 v R S R e N R . T B AR SR
X OERE R B E A T R AT T 2L E X ERE AR
WF5T , GE B T 22 (7 B 6 v T L 4R o o R VR R i ek
T AL TR B, 3278 R G M RS s Weil & b T
IMU A9 % E AL | H B P 7 2 2% 15 2 56 XU e % 7
il 5T 5 28 G0 0 U X RS B R S R T T 6 L B R A
IRAE M T 17 4519 Kalman 38 U 2% , 38 o8 4 B 09 5% {57
UF e X e 7 28, 4R T IMU 35 22 X6 4] R X6F W 1) 5%

1714002-5



F43%5 F 17H/2023 £ 9 B/ RFFR

F 3 AL IR X E Ty s A
Table 3 Summary of typical initial alignment methods

Initial alignment method Merit

Demerit

Analytic alignment

Simple and fast

Static base only, subject to random errors,

and motion disturbances

Coarse . . . . .. ..
i Inertial frame alignment Fast and suitable for shaking bases Weak anti-interference capability
alignment
Optimization-based ) ) ) . Accuracy is influenced by construction of
. Fast and suitable for in-motion alignment .
alignment observation vector
Linear Kalman filter . Accuracy degradation or even failure in case
) Simple and fast o
alignment of large initial errors
Fine Nonlinear Kalman filter Suitable for large initial errors on dynamic Computationally intensive and model flaws
alignment alignment bases exist

Invariant extended Kalman

filter alignment

Suitable for large initial errors of dynamic

Poor estimation of inertial device errors

bases and less calculation
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Abstract

Significance Ring laser gyro (RLG) is an angular rate sensor based on the Sagnac effect and can measure the angular rate
of a moving vehicle relative to inertial space. RLG inertial navigation system 1s widely applied in the defense military and
commercial fields. In the defense military field, RLG inertial navigation systems are widely employed in launch vehicles,
cruise missiles, ships, unmanned aerial vehicles, new fighter aircraft, transport aircraft, tanks, and the in-service
transformation of armed systems. In the commercial field, different levels of RLG inertial navigation systems are also
choosed in transportation, commercial spaceflight, deep sea survey, coal mine drilling, geological mapping, and other
fields. RLG has the highest market share in medium and high precision gyro due to its high accuracy, high reliability, and
mature engineering technology. RLG is characterized by high reliability and strong resistance to shock and acceleration
without rotating parts. Additionally, it is unnecessary for RLG to turn at high speeds since the time required to reach a
constant speed, with short start-up time. As RLG has a wide dynamic range, theoretically there is no upper limit to the
angular velocity measurement range, and RLG has a long life of up to 100000 h or more. With the development of
aviation, aerospace, navigation, and other fields, the RLG inertial navigation systems have put forward the requirements
of high precision and long flight time. According to China's relevant research plan, the development of a high-precision,

long-endurance RLLG inertial navigation system is an important development direction in inertial technology.

Progress To improve the accuracy of the inertial navigation system of RLG and meet the long-endurance requirements,
we should carry out two aspects of the research. First, from the perspective of the inertial device itself, new material and
improvement in the assembly process and sensitive characteristics should be employed to improve the performance of RLG
and accelerometer. The second is inertial navigation system technology. From the perspective of the error propagation
characteristics of the system, the error is comprehensively compensated and prevented according to the error model. The
main technical approach is rotational modulation technology, in which the rotational mechanism drives the inertial
measurement unit to rotate according to the proposed scheme to realize the error modulation function. After the accuracy of
RLG reaches a high level, it is difficult to improve the measurement accuracy by enhancing the processing technology,
with a long development period and high costs. The utilization of inertial navigation system technology to provide the
system with higher accuracy and stronger self-sustaining power is a low-cost and efficient method to effectively improve the
navigation capability of long endurance. The key technologies of the long-endurance RLLG inertial navigation system can be
summarized as five aspects in Fig. 5.

According to the five key technical directions listed in Fig. 4, the studies of relevant scholars in recent years are
summarized. The future development of long-endurance RLG inertial navigation system technology can be mainly
considered in the following aspects:

1) Further exploration of error types, models, and calibration methods for error calibration techniques

The existing error models can no longer meet the high-precision and long-endurance requirements. For the RLG
inertial navigation system, more precise and perfect full-parameter error models should be built, and the corresponding
error calibration method needs to be studied.

2) Further research on the error decoupling method of initial alignment technology

Since the existing initial alignment methods seldom consider the influence of errors in inertial devices, it is necessary
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to consider the influence of errors on the initial alignment accuracy based on a more refined and perfect full-parameter error
model. Additionally, a reasonable compensation scheme, initial alignment scheme and decoupling of errors and
misalignment according to the characteristics of each error should be designed.

3) Optimization of rotation modulation scheme

It is of great significance to optimize and design a reasonable tri-axis rotational scheme to overcome the limitations of
single-axis and dual-axis rotational modulation techniques, eliminate the influence of earth rotation angular velocity on
rotation modulation effect, and pursue high-precision navigation in long-endurance conditions.

4) Exploration and optimization of system level and device level redundancy scheme, fault diagnosis, isolation, and
reconstruction method improvement

The real-time estimation method of device error parameters by joint rotary modulation of multiple inertial navigation
system should be explored, and position error dispersion and long-time stability in the long-time autonomous navigation of
multiple inertial guide systems need to be solved. Thus, it is also necessary to design a reasonable device-level redundant
configuration to achieve a balance between mass, volume, and reliability. Considering the influence of failure signal and
noise signal characteristics of the inertial navigation system and devices on the decision conclusion, the failure mode
classification is extended in-depth, and the selection of detection threshold and adaptive adjustment need to be improved.

5) Building of high-precision earth gravity field model and earth rotation parameter mode

High-precision and long-endurance inertial navigation systems urgently need high-precision geophysical field
parameter models. The geophysical field compensation of the inertial navigation system requires multidisciplinary
integration, which is combined with the frontier knowledge of geophysics, astronomy, and other disciplines to build a more

accurate and comprehensive model of the earth’s gravity field and rotation parameter.

Conclusions and Prospects We introduce the working principle and research progress of RLG and RLG inertial
navigation systems, and summarize the study of the six aspects in the long-endurance RLG inertial guidance system
technology including error calibration technology, initial alignment technology, rotation modulation technology, high-
reliability fault tolerance technology, multi-inertial guidance cooperative positioning technology, and geophysical field
compensation technology. With the development of national defense science and technology, the demand for high-
precision, long-endurance, and strong self-sustainability navigation systems is becoming increasingly urgent. With the
maturity of laser gyro manufacturing and processing technology and further research and analysis on laser gyro error

mechanism, the technology system of long-endurance RLG inertial navigation system will be developed more perfectly.
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