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Motion constraint aided integrated navigation method based on SVD-CKF

Zhang Siyi'?  Chen Xiyuan'?
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Micro-inertial Instrument and Advanced Navigation Technology, Ministry of Education, Nanjing 210096, China)

Abstract: Aiming at the nonlinearity enhancement of the GNSS/SINS integrated navigation system in strong maneuvering vehicular
environment and the accumulation of rounding errors as the iteration times increase, the covariance matrix is no longer non-negative,
resulting in filtering accuracy decrease even filtering divergence, motion constraint aided integrated navigation method based on SVD-
CKF was proposed. To restrain the divergence of forward velocity errors and the decrease of position accuracy when sideslip occurs, the
centripetal acceleration constraint is introduced based on the traditional motion constraint. In order to verify the effectiveness of the
algorithm, a car experiment was carried out. Compared with the standard SVD-CKF, the results show that the longitude and latitude error
of the proposed motion constraint aided SVD-CKF algorithm reduced by about 10. 54% and 44. 64% on average at the curve, the east and
north velocity errors are reduced by about 50. 87% and 62. 61% on average. This algorithm not only ensures the position accuracy of the
carrier in vehicular environment, but also improves the stability and robustness of the integrated navigation system.
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Fig. 1 Turning diagram of the car
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Fig. 2 System implementation flowchart
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Fig.4 Results of integrated navigation

0 500

3.2 XfEbscEe

T B MCSVD-CKF 58356 A 801k, A SCik i &
T3 X S 43l iz FH BN IE S 29 R R i R 2R
8% (MCEKF)  brifE 25 FU-R /R 2 38 % ( MCCKF) DL K
A B 24 o 1) 5 T R A 0 i 1 5 AR R 2R = B % (SVD-
CKF) iS58 B dh 25 47 Ak B, [R) IR A RTK $22 S pL R 42
E|UESAE ST A AR ISR (apONE oM. g SN RS WE S i)
W 1(12~20s) 25 2(30~47 s) Z5iE 3(67~75 s) I
U R 22 A5 B S O R Es SR 5.6 N
3.3 RESW

M5 HRAf L HY, MCSVD-CKF #H%: T MCCKF Fi
MCEKF, 7E[R1 32 S 20T, PR B 4, 1 4 T AR i 2 3

/()
K5 scgxstbr

Fig.5 Experimental comparison diagram

f) SVD-CKF, A2 sh 29 3 Ji5 AT DA 75 503 76 953 25 b 31
R SRIETE

XF 4 FEE A A A R A TR 2E AT, R AT 3
Qb 75 T AD R AR AN ) B30 T A0 B R 2 R R 22, ]
RLERANE 6 iR,

L 6 25 BT 45 MCSVD-CKF 250 B iR 7E 4 m
N, S EE R S RAE N 3. 918 6 m, £5 B v B iR 25 W K (l
H71.809 8 m, TMIEBEIRZEMITE 1.5 m/s N, 7R ] B 1%
WA N 1.310 3 m/s, db ) IR E W E N
1.269 6 m/s, 33 25 T iz FAS [R50k 5 00 3R 7
BYITMARZEXS g R,

®3 MEEREHFIRIRE(RMSE) Xt
Table 3 Root mean square error (RMSE) of

position and velocity

T 1v%1%2§/m _ IR/ (m-s™")
)3 278 ZR1A) e
MCSVD-CKF 1.030 0 1.397 3 0.459 4 0.460 8
MCEKF 1.072 7 1.4213 0.601 7 0. 607 9
MCCKF 1.044 1 1.422 1 0.5815 0.609 1
SVD-CKF 1. 068 8 1.4311 0.604 1 0. 606 0

THEN [R50 N BB B A 8 1 5 AR 1R 25 AT 45
MCSVD-CKF v 8 B 5 3 B AG E AH 8 MCCKF \MCEKF
DL Je SVD-CKF #4 $&F  Hoh B iR 222978 1. 030 0 m,
IR ZEA N 1.397 3 m, R B IR 25N 0. 459 4 m/s,
LR RZEZH 0. 460 8 m/s,

DAVESIE 1.2 F13 SR, % 25 1 Ak Bt i A7 40 b, 115
ANVE L N AT 3 Ab A E AN R A B ARIR 2
R ZER I 4 iR,



55 4 1] BN A B EE T SVD-CKF A& M 7 1 - 87 -

= o

P BE R (m s

061 v g N /

b £ s

080 20 40 60 80 100120140160 ¥ 7158 0 N PDBAO 0 50 100150
] i ] W 1A

JbrEEER Z (ms™)
Ly

2F | 0 T s MCCKF

JbAE#E R (m s ™)

0 500 1000 1500 2000 2500 3000 3500 4000
I [E]
(a) JLFIEERZE
(a)North velocity error
—MCSYD-CKE-. 10 ’

£ 16 o
S sy 154 &
g 12 g}‘é]‘«' [N g 9
Lo - \ 05
§ og e /«/\.ﬂ/ﬁv\“ gf, o
& 06/i% i3
04 3040 60 80 100120140160 0" 50 |nn150:onzs\«f;nmsnwn 0 50 100 150
I 18] it i)
2 CSVD-CKF
= b "  uzaas MCCKF
b | =~ =MCEKF
?}Lg === SVD-CKF
w0
b
.
N L 1 L 1 L 1 L I
0 500 1000 1500 2000 2500 3000 3500
I ]
() AR IR IR
(b)Eastvelocity error
. 3 SYD-CKE 3: —yesypx
_ 35 B zs,. a; - MCEKE
w1 ® 2 -
& 25 B 2
2 15
& 15 §® N
o7 1 BIE2 )
30 40 60 80 100120140160 050730 T00150200250300350400 03030 40 60 80 100120140160
B 18] ] e 1E)
4 e MICSVD-CKF
""" MCCKF
E == = MCEKF
P 2 e m SVD-CKF
oK
=0
€

-2

0 500 1000 1500 2000 2500 3000 33500

Fif ]
(c) EEWRZE
(c) Latitude error
— MCSVD-CKF

MCCKE
= MGEKE
- SVD-CK

=snus MCCKF
= = MCEKF
-CKF

— S

ZERZE/m
=1

1500 2000 2500 3000 3500
P ]

(d) &FERE

(d) longitude error

El6 M fiBIRZEX

Fig. 6 Comparison of velocity and position errors

0 500 1000

x4 TEACEFEREHFRIRE (RMSE) XL
Table 4 Comparison of position and velocity root

mean square error (RMSE) at curves

A7 MCSVD-CKF MCEKF MCCKF SVD-CKF

M (mes™)  0.1340  0.2984 0.3020 0.6242

o I (m-s')  0.3036 1.1514 1.1186 0.803 7
225/ m 0.5386  0.6301 0.6280 0.5609

i /m 0.5299 1.1432 1.1368 1.364 1

Jem (m-s™)  0.546 1 0.796 4 0.763 6 0.567 1

53t 2 K (m-s™) 0.4814  0.7163 0.687 1 0.4736
2B/ m 1.5232 1.7569 1.8258 1.5800

i /m 1.836 1 1.9996 2.0291 2.0217

b (mes™')  0.464 9 0.5897 0.5894 0.6707

it 3 ZKil(m-s™') 0.4472  0.5817 0.5906 0.6223
2B/ m 0.9819 1.0540 1.0423 1.2237

i /m 1.322 6 1.6379 1.5728 1.9492

M 4 thAl B g A H, MCSVD-CKF % ik M 4 T
MCEKF \MCCKF 4% 8 % 47, HLFf} iz s 29 8 )5 i SVD-
CKF B AL SE Y SVD-CKF 7525 18 ib ()3 B A7 Bk s
BT RN, 7RSS 1AL, ML K, 4 AR
BERET 12 5% BB AT B/ IN /N 22 1 2 B iR 2%, T A 453
2,3 Kb, B FEAE Y B A AR A IR N A 2 B
JE LR A A SR, &b, ASCiRE R
MCSVD-CKF 25 77 AR T 40 8 SVD-CKF 59k
FE 3 AL, IR 2E /N T 10, 54% , 46 B iR 2%
SEIPE/NT 44. 64% , 7R TR 25 F YN T 50. 87%
At R 2N T 62. 61%

4 % i

-~

EEATZE 23R 55 F GNSS/SINS 44 S R Ge Ak 4tk
DLW AR Hr i 25 AN A U R TR, B T T
A SHET R 2R IR 2 B Dk, TR A oA T ik TR 5 1 A
TE A5 5y K A i S 3500 RS B R B R, $2 40 T 38
AR )T AEAE S ia sh 2 R BB AR 38 hn 1 1.0
PREE R R AR RAIE T bR CKF 1) 57 RS 1 5
bR E TS M ARG B S, &
JE AT T A3 G5 SRR B, A T8 sh 25511 SVD-
CKF AR 2o T 2044 3 A5 1l i #2711 804685
LT UE I MERE , B8 A R/ B T A 1 A R B R o
22 gad 54 M SVD-CKF YEA7 X He , Bt hiniz 3h 29 5 i
SVD-CKF 7£ 3 PEiH AL, 2 iR 22 34080/ T 10. 54%
A FFIRZE TN T 44. 64% | 45 1) 3 RE 1R 25 -0/ T
50. 87% , At m) 3 B 152 25 V- 34080/ T 62. 61%

5% ik
[ 1] SONG R, CHEN X, FANG Y, et al. Integrated

navigation of GPS/INS based on fusion of recursive



- 88 - oIS A o R 36 &
maximum likelihood IMM and square-root cubature information constraints [ J ]. Journal of Chinese Inertial
Kalman filter [ J ]. ISA Transactions, 2020, 105: Technology, 2011, 19(1) ; 28-32.

387-395. [10] CHINAG K, LI' Y, HSU L, et al. The design a TDCP-

[ 2] NOURMOHAMMADI H, KEIGHOBADI J. smoothed GNSS/odometer integration scheme with
Decentralized INS/GNSS system with MEMS-grade vehicular-motion constraint and robust regression [ J].
inertial sensors using QR-factorized CKF [ J]. IEEE Remote Sensing, 2020,12(16) :2550.

Sensors Journal, 2017, 17(11) ; 3278-3287. [11] H%, B, ZoKot, 3. G50z s 2495 4E SINS/0D

[ 3] CRILER, &5UE, BH, 5. GNSS by THitaE RGUELEEA I R A R T [ J]. P B R 2R
BRI BB 5], Bl 5 2013, 21(3) : 406-410.
werdi, 2020, 34(3) : 135-141. WENG J, CHENG Y, QIN Y Y, et al. Application of vehicle
ZHU ] M, GAO X N, HUANG Y, et al. Research and constraints in SINS/OD system’s fault detection[ J]. Journal
implementation of testing method for key anti-interference of Chinese Inertial Technology, 2013, 21(3) . 406-410.
performance of GNSS receiver[ J]. Journal of Electronic [12] XIAO M, ZHANG Y, FU H, et al. Nonlinear unbiased
Measurement and Instrumentation, 2020, 34 (3 ). minimum-variance filter for Mars entry autonomous
135-141. navigation under large uncertainties and unknown

[4] ZHAO W, LI H, ZOU L, et al. Nonlinear unknown measurement bias [ J ]. ISA Transactions, 2018, 76
input observer based on singular value decomposition 97-109.
aided reduced dimension cubature kalman filter [ J ]. [13] YANG Y, LIU X, ZHANG W, et al. A nonlinear double
MAthematical Problems in Engineering, 2017, 2017. model for multisensor-integrated navigation using the
1-13. federated EKF algorithm for small UAVs[ J]. Sensors,

(5] Wil xEhk, 2834, 55 AR5 T GNss/ 2020, 20(10) : 2974.

INS ZH A St ] R 2 43 B B & e ke ik [ 1], AX [14] JULIER S J, UHLMANN J K. Unscented filtering and
N FRFAR, 2020, 41(9) : 252-261. nonlinear estimation [ J ]. Proceedings of the IEEE,
SHEN K, LIU T X, ZUO S Q, et al. Observability 2004, 92(3); 401-422.

analysis and robust fusion algorithms of GNSS / INS [15] SCARDUA L A, DA CRUZ J J. Particle-based tuning of
integrated navigation in complex urban environment[ J]. the unscented Kalman filter [ J ]. Journal of Control,
Chinese Journal of Scientific Instrument, 2020, 41(9) . Automation and Electrical Systems, 2016, 27 (1)
252-261. 10-18.

[ 6] /%, Brgk, kAR, 5% FET9 I Kalman JEJ [16] #pflcd, &2, BRR, . RS RE] Ski 7k

WSS SR E INERTTE [ J] . AXERGER 4, 2020, Wit Shplde NEE N vk [T]. AU R0,
41(9) . 281-288. 2021,42(7) : 226-233.
LUY J, CHEN Y D, ZHANG X D, et al. Attitude YANG AO L, JIN HY, CHEN L, et al. Mobile robot
information fusion method based on extended Kalman relocalization method fusing deep learning and particle
filter [ J]. Chinese Journal of Scientific Instrument, filtering [ J]. Chinese Journal of Scientific Instrument,
2020, 41(9) . 281-288. 2021,42(7) : 226-233.

[ 7] ZHANG M, DAI H, HU B, et al. Robust adaptive UKF [17] GAO W, ZHANG Y, WANG J. A strapdown inertial
based on SVR for inertial based integrated navigation[ ] ]. navigation system/Beidou/Doppler velocity log integrated
Defence Technology, 2020, 16(4) . 846-855. navigation algorithm based on a cubature Kalman filter[ J].

[ 8] MADIM K, KARAMEH F N. Hybrid cubature Kalman Sensors (Basel), 2014, 14(1) . 1511-1527.
filtering for identifying nonlinear models from sampled (18] Z=Jk¥, Mo, THF, &, 3T SVD L L 3L
recording: Estimation of neuronal dynamics[J]. PLoS TFHHBEN & CKF B[], U EF i,
One, 2017, 12(7) . el81513. 2016, 37(3) : 490-496.

[ 9] SeHazg, B 5%, LIk, 55 MnEsh 2 RiEs LI ZH M, ZHANG W G, DING D, et al. Adaptive
GPS/INS St & ¥4l 1 K5 [J]. P HEBHEREARY robust CKF algorithm for real time orbit determination of
#, 2011, 19(1) ; 28-32. multiple hand-held terminals based on SVD[ J]. Chinese
CHAL'Y J, YANG R G, WANG H T, et al. Improving Journal of Scientific Instrument, 2016, 37(3) : 490-496.
the navigation accuracy of GPS/INS by adding motion [19]  J&-#, #BR&, w01, SVD n WLl B2 438 O i 1)



5 4 3

B H B R T SVD-CKF W4 & S5 - 89 .

[20]

(21]

Mt R A AR R[], WA R Tolk K22
], 2020, 52(4) . 52-57.
ZHOU G T, SHAO J B, HAN SH W,

Improvement of observable degree analysis method based

et al.

on SVD and application in integrated navigation [ J].
Journal of Harbin Institute of Technology, 2020, 52(4) :
52-57.

CUI B, CHEN X, TANG X, et al.
Kalman filter for GNSS/INS with missing observations

Robust cubature

and colored measurement noise [ J ]. ISA Transactions
2018, 72, 138-146.

TR, KM, THiE, % BahnsEEEL b
RPN 1], AR, 2020,
41(6) : 19-26.

YU Y J, ZHANG X, WANG ZH X, et al. Non-linear
attitude heading reference algorithm based on motion

acceleration online estimation [ J]. Chinese Journal of
Scientific Instrument, 2020, 41(6) ; 19-26.

EE®E T
EER, 2015 4 FARRM KRG+
S BN 2R B R 2 WE 5T A WESE O 1wl S 2
A,
E-mail :220193314@ seu. edu. cn
Zhang Siyi received her B. Sc. degree
from Southeast University ( SEU) in 2015.
Now she is a M. Sc.
interest includes integrated navigation.

FRERIR CGEL AR 1) , 1998 4F TR B K
SR 2 AL, PR R B R AR, T
AU, BT T ) AR EOR R
WL B 204 S

E-mail ; chxiyuan@ seu. edu. cn

candidate in SEU. Her main research

Chen Xiyuan ( Corresponding author )
received his Ph. D. degree from Southeast University (SEU) in
1998. Now he is a professor in SEU. His main research interests
include inertial technology, software receiver and integrated

navigation.



