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Abstract In this study, a newly built integrated navigation system using a two-dimensional laser Doppler
velocimeter (2D LLDV) combined with strapdown inertial navigation system (SINS) to enhance the measurement
accuracy of a vehicle being driven is proposed. The basic principle of the 2D LDV is described, and the dead
reckoning process is discussed in detail with respect to the newly built system comprising 2D LDV and SINS. The
theoretical and experimental results show that the proposed navigation system effectively alleviates the error
accumulation effect of the pure SINS. Moreover, compared with the integrated navigation system composed of one-
dimensional laser Doppler velocimeter, the 2D LDV improves the accuracy of the carrier velocity measurement,
thereby demonstrating the improved navigation accuracy of the proposed navigation system. The dead reckoning
position errors of the proposed navigation system in the two experiments are observed to be only 5.9 m and 5.2 m
over 2.2 h.

Key words remote sensing; two-dimensional laser Doppler velocimeter; strapdown inertial navigation system;
integrated navigation system; dead reckoning

OCIS codes 280.3340; 250.0040; 250.4390; 250.4745

ot . S0 A [ B 4588 A R S F 5 S 2 T 48 A R 37
= R T BT, SINS 3By Bz A
FERLEE SR G (SINS) B 2 B0 T3 BETFAL AL T 140 590k ) Sf 900 A8 44 1 g 8 5 A

Wfm HE: 2019-08-05; 1&[E HHA: 2019-09-20; RABHI. 2019-10-15
HEEMB .. Wima ARF2EE4 (2016]]3022)
* E-mail; 841788292(@qq.com

0310001-1



th i

i ot

PR, SINS 76 J5 i i) iy 75 1 5 B AR HE i HL B
BF ) A HE RS L BT B S A i X R E
SR 3 3 A R R R ) B ok AR B, A
I, — A SINS 3R G 2l 15 2 S &R 48 1
R 25 S W A B ) A HE RS T R

T v Ml SINS 93X — 8l 5 7 £ Bl At 4% 15k
R UEAT ANERBEE L an B 2 L 2 i R AL DL RO
I A A5 R AT TR A Sl e LR R,
B Bl Bk L R 4 R AR s S O iR 25 T
B AR R 2230 R SN G A O i U
AN R R R T [ D R R AT (R
I FIRIRNUAZE FE S M E £,

PR AR TR HEAT T — Bl i 223, B
— P43 SRR A 0 BO6 22 35 A (LDV) S 2
WS ARG AR S Y H— 1% LDV
FSINS 2 1 1Y 20 & 5 00 & G0 AR 4 Hb 4 i T 2l
SINS ke i) BitiR 22, I H R RIE® T SR,
SRIMZ LDV HE— A TA A AR G0 — 43
L AL (1D LDV) . 24 48047 B A5 A - %
FETE B A, B 1D LDV 2t (Y 2 4 R N 68 1 A
I B A5 BR A A TR G AL DR 22 Bl I ] 1Y
WM K.

AR SCHRE T — ol T S A SO 22 ) s
12D LDV) [ 77 15 - AN 8 B O 4nfaT . i% LDV #f AJ
VARSI Ry 42 304 B 3 00 3R G S IR v 0 1 B S
IR T SINS. 45t T A H 2D LDV # 8id &
SRS AR,

2 LDV fH

2.1 1D LDV
1451 T 1D LDV A% i A & P B 4 3 A
R Bl — A OB TR P R A (BS) L — A
A — B — AR g LA OB R (VD 4
B, HOGTR K 0 BEO6 SR RS R R 50 26 1 43
HEAS BST 43 180 A, G b i 56 ofOiE i R G B M3
(18 vy FL RS 7E M TET RS O R SR R R
98 Y6 B4y %% BS2 43, BS2 | 19 2 56 o i iz
BT M2 M3 5 DL [ J 1) B R T L
BS2 b3 OGBSO ML RS IRk . 2
T PSSR P9 — 8 3 G B i i A2 3 [0 A S5 381 ri, 40
b BRI 0 R R S
BT I 2 W E S A5 S R 5 A Y
B A IE B L BR
fo=2v,cosa/l, (D

L fo HESHZEEIR, o, NEFHNEE .o
KRGO LS. A OB, BT DL
14 35 1T DL Ry
v, =Afp/(2cosa), (2)
M 1 Haf LA B TR 5 2 O A &
r R VR R R U 1Y) ' R R T B A SO A 43 BRI B
S B R L BT O B 4 R TG R O R R 1 R
KK L)AL 55 2 e A L B T R RE & A R 1
5 DRI o 6T < 4 [ 1 0866 T8 5 7 ' B &5 A TC TS T
R XTI I O R AR R AR 8 S B O L S T
JEHBE I WA . RIX O B S5 AL Y R 58 R A SR
FHAL LDV, (2) Xl /2 1D LDV BBUABIAL,

. 'U:
vehicle _*
detector

Q laser
Adiaphragm
Y phragl

BS2

attenuator

V%l

ground

K1 1D LDV St &

Fig. 1 Optical arrangement of 1D LDV

2.2 2D LDV
M EANAT BT AN B BRI B Oy TR A

AR PR AR 1D LDV I 2 152 22 8 R Y ], A 3¢
Wit T —F 2D LDV JF #4088 7 H T 4E R #
XA RLAE IR A — 2 Ra A
B A — A RGO R AT A, 5 — A E
A B AT & SR A R R, ) AR AR AN 8] 2 B
TN o MAEWATHAEA R LN ESTE X
I BB — AL v, [FTE Z 7 A — A3
JE v MR 2 WO . AT R G0 238 R
Al LLRIR
2(v,cosa+v.sina)

A

fm - . (3)

Fon :2(111 cos a;r v, sina )7 o

Ko W FRE LW MR, fo N TFRE 2
1) 22387 B A %

FR A (3) AN (O KL 7T LA A 2 e X B
1 Z gy ) Y R GRS W ED 2D LDV i A
HLAL

A (f'l')l + f‘DZ)
v, =——

4cos a

(5

0310001-2



H |

A o — foe)
Ve =7 - o

4sin a

(6)

XFF 1D LDV RS F RS D . s
JEE ] DA (2) 205 L B
v =Af1m/(2cosa), (D]
AR GHYRFN (7, 1D LDV & % 38 5 1 41 % i
ZER IR R N

probe 1

Av, "U/f*"Ux _fDl *sz _"UzSiHOI

- C foitfe wv.cosa’

WX, BE v, =10 m/ssa=30",v. =

0.5 m/s, W 1D LDV [ 3 5 I & 19 A XF 22 22 R

2.9%. FrATEA G ARG 0 A H —4 2D LDV
Ok ) 2 2 A0 1 R AR AT B

(8

Uy Uy

v

vehicle »

x

probe 2

©

ground

Kl 2 2D LDV Ryt fi &
Fig. 2 Optical arrangement of 2D LDV

3 %F 2D LDV Al SINS W4 & S

R85

2D LDV i T 5 A7 I 4k 25085 B8 L 2R 05008 A 4 5
(4 AT LA S A SINS H i — Rl 20 10 4 4 5
MRS, 2D LDV/SINS 2 5 5t & 40 1) 45 #4910 1&]
3R,

G U T AN 7 5 o 7 2 AR 2 L i
LSOO TR B B, % IR E B S
ZA G BT AR 2 R A S B 2R G I R R
DRI ) RIS P A0 2R 003 8090 300 1 o7 £ 0 B0k

AT bR E . W E B A/NT 1 km,
R 4AT 30 BE B AN T 1 km, 52 S8 U - FE A
2D LDV i {3t i) vfi 38 2 5 5 DR 58 1R SE Y WD
XPUESE S AR R B 2 L K 80 R 0 R IR
B 7 1) 2% 52 R0 W b, LU R A R i T ik £ B A
TrEMA N TS bR R CHGE R, K5 . A
FH S IS0 A2 o 0 i 460 SINS (9 1% 22 (0] 4 X ofiE 3%
2 AR EMIT R Z ) . RGO ESE
R S 2 TR ZE B S5 M T A S 0 AR R
R ASC R i ) R AT S IR 2 I L Aok L 2 L

three
accelerometers

position

vehicle

online
calibration %

SINS/LDV integrated navigation system

velocity

attitude

3 LDV/SINS 4 & Tl R G 451
Fig. 3 Structure of LDV/SINS integrated navigation system

0310001-3



h 74 ot

SINS 1 2D LDV Z [i] % 3 Ji 22 {5 ¥y Kalman 7§ %1 2D LDV B EE RS
TR, R E R FHASENMASE S Table 1 Main performance parameters of the 2D LDV
PR ZEBH Y SINS 152 25 . i B8 oA Parameter Value
Z G50 2 A T ] T LA SINS $0HE 19 88 1E . A Relative accuracy of velocity Probe 1 0.043
T % 2 5 1 B SR O LN L B R measurement (1o ) /% Probe 2 0.046

Range of velocity measurement /(kmeh™ ') 0.1-120
PG AR G0 5 22 Kalman 38 3 28 4% 1E 5 19

Data update rate /Hz 100
i R AT AL e S AR B AT A5 2 A Installation distance /m <1.5
0] {_\‘—L B ]EE il %ﬁ 1%— B, Wavelength of laser /nm 532
Inclination angle of the probes /() 75

4 5 [

RS FHAEG RN ARG W& ST, 2D
LDV J& — A K. B R EERS % 1
IR .

FIFH — A~ 5% & S0 A1 2 Go kG B2 O A 1)

1000.5

VAR S5, X R % 6 00 5% RS E VEAR G, AR 22/
T 107, HFELL1000 (O /s Bt ., A F RS
) N 2 25 R A A T 4 Ca) AT 4 () s, K 4
AL PRS- 2R 48 04 18RI o 1) A 6 iR 25 (o) 43 3]
4 0.043 % F1 0.046 % ,

1000.4 | @
10003 “

1000.2 1
* I

%‘;W Wi wﬁw

1000.1

1000.0
999.9
999.8
999.7
999.6
999.5 0

M

Speed of revolution /[(°)-s™!]

|
1,{\
| %

Wi AJM W“‘W i

500 1000

1000.5

1
1500

1 | 1
2500 3000 3500

Time /s

1000.4 -
1000.3
1000.2
1000.1
1000.0
999.9
999.8
999.7
999.6
999.5

Speed of revolution /[(°)-s™!]

1 1 1
0 500 1000 1500

EL ot
4

B4 WA T2 G
Fig. 4 Speed measurement results of two sub

W R 250 (IMU) 2D LDV, 8 4% Bt LU

K57 5E AL FR B8 (DGPS) 45 W 4% 4 B /e 429 1,
5 PR AT AN W LR, Ehs b SR g bl
FHBY R —Fh kG B DGPS B0 2%, B 1Y & 7 1R 2 1
0.2 m LAWY, BB & i o 09 00 B A5 8 AT UAE S 43 Bt
2D LDV il SINS {25 R 2= % (H.,

G DGPS $2 #1988 . 4249 1 32 2l it £
K6 i, 7Bl 2D LDV & 45 5, Horp
JINHE P& H 25 T AN - R 8 — B B [ g 00 6 75 31 11
AL, A7 /NERTLLE T%/PSQHA
T AR A 2R G0 I e A 3 0 R R R TR

1 1 1 1
2000 2500 3000 3500

Time /s

c (DFRF LT RS2

systems. (a) Subsystem 1; (b) subsystem 2

display and control un"—

IMU
\ PGPS receiving controller

(B,

2D LDV

batteries 4

K5 iR A
Fig. 5 Photo of the experiment

T RGN L L TE I I — AT B IR A D A 4

0310001-4



H

i b

PR A1 35 X A 1 R GE B MR S . R B 2

=T RGBT LT — DT RS
I R BE (R T R Y B SRR s AT R,
AN ZR G R I AT A o A g Y 3 T L
A P AR G I A 2 2R AR B SR T LA
] 2 0 B4 A S X LDV 2 R B R X R 2D

Kl 8 s Ry 4l SINS KA iR 25, B9 Fr
7 KRB A SR B8 (2D LDV F SINS) # 17
BB R E LR N TR UER 9
FERMEE AT T8 R SEE, 45 L W 10
Wi, B9 H 10 i () B4 A R 5K OE B
WEML, (b RHE R G m AL E 52 M,

LDV (L3 i 1 HRAE &9 FNE 10, 7T LU 2 & & 48 1 AL iR 22
28.33 : Spvee— RN o B — K8 i 5552 5 1Y K P 7 B R 22
28.3217 — : mt o .
sl g . ____“_/_?__/Z,Azs,%g _______ ] J _______________ 1591.0 m B %) T5.9 m. 44 R 58 @5 B 67 8 1 i K
e snsop Lt 28,237 BRZEWALA 0.4 ms 5 ZWGE N A SR A G &R
< “113.1230 113.1235 113.1240 113.1170 117. 3.1178 N . . N
D e 5 IR GE I K AL B R 22 W R T 5.2 m, R S Y SR
§ 9897 b . ,,,,,,,,,,,,,,,,,,,, WRZEWAE 0.4 m A4y, 21 SINS 3 B2 i 22 B
: 28'2?%%.188: 13189 113,190 Z5 ML IMU B 7R 22 WA B 22 5, X0 TRt
28.25 s ecmok oo SISttt M R N
: i B TAEM MRS RV ZEAFER. B 1D LDV Fl
28.23 i i i SINS I Gt A TR SR 1 H s
113.110 113.131 113.152 113.173 113.194 *@ﬁi ?/J ,ﬁ%% E " /EF ﬂﬂ‘ ? L/f ﬁ—]ﬁ ﬂj‘ F%{EE T EE
Longitude /(°) SINS iy Z3F iR 22 9F HAR Wb 32 50 7 R 4 5 WK
Bl6 AT BB AR J# . XF 2D LDV Fl SINS 4 5% A9 5 41 & F i
Fig. 6 Operating path of the vehicle ARG — 7 H ARG M PP ] T 4 SINS (19 Btk 22
3 — 1 2D LDV $& i 1 75 50 5 5% # 428 i A 1
—" SNl vk S o e )
— D SEOR B, T i — 20 42 8 1 S URE B2 .
T 1600
H 3
E} §§ 1200
Q =
< Eé 800
= ts =
]
g = 400
2.0 &
0 . . A .
0 0.5 .1.0 1.5 2.0
{7 2D LDV T RS H th e il 2 Time /h
Fig. 7 Output velocity curves of the ¥ 8 4li SINS 7K V-4 ' 15 22 il £k
subsystems of 2D LDV Fig. 8 Error curve of horizontal position of single SINS
6 £ 04
3 @ .5 ®)
5 = 02
sE4 g
S8 2 0
5% g
o @
g = 2 502
: 2 04 A
% 05 10 15 20 2% 05 10 15 20
Time /h Time /h
Kl 9 2D LDV/SINS 4l & RGN — WM EEE R, (DK P EIRZEML; (b EAEIRZEML
Fig. 9 First results of 2D LDV/SINS integrated system. (a) Error curve of horizontal position;
(b) error curve of height position
" N T HRAE S SAARSL 2D LDV fiAS 1D F &R 5t
o én ©

ARSCHRE W T —FP T2 v R AN R i AT
I b 0 B K R A T 3, 455 2D LDV I SINS i

O P — A7 R G RO AT A ST 55— 9]
JEASD . BB SRR S T 4 SINS
WRZE R BLHY R L 53 A A L T i 1 DLDV Y A Y

0310001-5



[1]

(2]

(3]

[4]

(6]

i 5] % b/
6 £
7 @ g 0a[®
5 p=]
SE4 2
22 g’
%G 5t
58 2 £ -04
5 5
—
(=]
. ; . . £ 08 ' . s ,
00 0.5 1.0 15 2.0 H 0 0.5 1.0 15 2.0

Time /h

Time /h

10 2D LDV/SINS A& RS R 25 5 . () KA 15 25 45 (b) w5 B o 15 22 i 4k
Fig. 10 Second results of 2D LDV/SINS integrated system. (a) Error curve of horizontal position;

(b) error curve of height position
A AL 2D LDV 3 5 5 T {8 B Il
ARG BE L T E — 2D Bl 3 T S AURS B2 . A PR E 2
RS b A A TR SEAE 2.2 h WY E (L
BREHIN 5.9 m M 5.2 m.

Z % x W

Lin Y R, Zhang W, Xiong J Q. Specific force

integration algorithm with high accuracy for
strapdown inertial navigation system [J]. Aerospace
Science and Technology, 2015, 42: 25-30.

Gao K, Ren S Q, Chen X J, et al. Observability
inertial

Chinese

analysis of vehicle-based-laser strapdown
navigation system initial alignment []J].
Journal of Lasers, 2018, 45(12): 1201007.
FOU, U, R, . FEEOLTERBI R RS
) 5 % o W0 DU P S A (T EOG, 2018, 45
(12): 1201007.

Hu J, Cheng X H. A modified attitude algorithm for
fiber strapdown inertial navigation system[J]. Optik,
2015, 126(24): 5207-5212.

Al T,

algorithm for strapdown inertial navigation system

Nzar M. Realization of initial alignment

using central difference filter [J]. IFAC Proceedings
Volumes, 2008, 41(2): 4731-4736.
Gao S' S, Wei W H, Zhong Y M,

alignment

Rapid

observability

et al.
method based on local
analysis for strapdown inertial navigation system[]J].
Acta Astronautica, 2014, 94(2): 790-798.

Yu Z P, HuY J, Huang ] M. GPS/INS/odometer/
DR integrated navigation system aided with vehicular
autonomous  vehicle

dynamic characteristics for

7]

(8]

(9]

[10]

[11]

[12]

0310001-6

application[J]. IFAC-PapersOnLine, 2018, 51(31):
936-942.

Li W L, Zhang L D, Sun F P, et al. Alignment
calibration of IMU and Doppler sensors for precision
INS/DVL integrated navigation [J]. Optik, 2015,
126(23): 3872-3876.

Ying Z H, Gao C F, Wang Q, et al. Application of
self-
contained land navigation system[]]. Chinese Journal
of Lasers, 2017, 44(12): 1204003.

NOEE, mARNE, ER, S SR EROL 28 I
AERE A E MR g Py 8 0], o E#EOE,
2017, 44(12): 1204003.

Wang Q Y, Li Y B, Diao M, et al. Moving base

alignment of a fiber optic gyro inertial navigation

high-accuracy laser Doppler velocimeter in

system for autonomous underwater vehicle using
Doppler velocity log [J]. Optik, 2015, 126 (23):
3631-3637.
Terra O,
calibration system for laser Doppler velocimeters[]].
Optik, 2019, 179: 733-739.
Zhou J, Nie X M, Lin J.

velocimeter and its integrated navigation system with

Hussein H M. Simple and accurate

A novel laser Doppler

strapdown inertial navigation [J]. Optics &. Laser
Technology, 2014, 64: 319-323.

Gao C F, Wei G, Zhou J, et al. Research on SINS
fast alignment for marching vehicles based on laser
Doppler velocimeter [J]. Navigation and Control,
2013, 12(¢(3): 1-5.

A, LR, R, SR R T HOL 2 % A
EHPERA S R AT R R X HE TR R D). =
5l 2013, 12(3): 1-5.



