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Abstract

Aiming at GNSS signal occlusion, multipath gross errors and time-varying non-stationary noise in
urban vehicle-borne scenarios, the standard ESKF suffers from accumulated linear approximation

SCEGIF: MM, GKOEE, FHW, JEILHL SINS/GNSS AR A AL H MU IR L] REHUR S SR,
2026, 16(8): 19-27. DOI: 10.12677/csa.2026.168258


https://www.hanspub.org/journal/csa
https://doi.org/10.12677/csa.2026.168258
https://doi.org/10.12677/csa.2026.168258
https://www.hanspub.org/

Tz %

errors, while the traditional UKF has redundant sampling points without adaptive noise adjustment
and gross error suppression capabilities. This paper proposes a Proportional Sampling Adaptive
Robust Unscented Kalman Filter (PS-ARUKF). Based on the 15-dimensional SINS error state model
and GNSS observation model, the algorithm designs a proportionally modified minimum Sigma-
point sampling structure to reduce matrix computation and compensate the insufficient nonlinear
fitting capacity of ESKF. An exponentially weighted improved Sage-Husa mechanism is adopted to
dynamically update noise covariance for adapting to sudden vehicle-borne noise conditions, and
the Huber robust factor is introduced to reduce the weight of abnormal observations and improve
filtering robustness. Repeated real vehicle experiments on closed paths are carried out to compare
the performance of standard ESKF, traditional UKF and PS-ARUKEF. The test results show that com-
pared with the traditional UKF, the horizontal position RMSE accuracy of PS-ARUKEF is improved by
48.60%, the terminal position error accuracy by 40.09%, and the heading angle error accuracy by
31.90%. Its average single-step filtering time is 0.20 ms, with real-time performance close to the
mainstream engineering ESKF. The proposed algorithm can significantly improve navigation accu-
racy while guaranteeing computational real-time performance, and meet the application require-
ments of high-precision vehicle-borne integrated navigation for intelligent driving under complex
road conditions.
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R R RO &, W EECE N RANESE . SRR e M S R SRR
F £ 4t (Strapdown Inertial Navigation System, SINS){KFEMRVESSAF B FARF LS HESME, s
i AZAN UG SRR, (e AR BT B (R RREE B . 2Bk S TLE R 4i(Global Navigation Sat-
ellite System, GNSS) A f2 (I mi FEAL B . SR, ZEIRTTRS . BRIiE. W B o KAEE SR
B, ZERAETH, B SRARGTIEERE AT 1]. SINS/GNSS Ir4l& iRl & W H S, 24
BRI RN FIMT R, IEIERES FIE ERIUE A R AR RR 2]

TFEF R ZERE R /R S JEP (Brror State Kalman Filter, ESKF)SLHIH & SMiEE, ZHIELLRE
INEJPIRES, SENELF . RRET R, (AARFUR TN PR, FERniE . BT B R 1) 55
MR ZE SR RN, BB RIPAET A FE I S [3] [4]. (&4 i8R /K 2 8 (Unscented Kalman
Filter, UKF)fif i oI A e Bk 26 PEAR T iR 22, ARZRPEM G REII T ESKF, SRIMARIE 2 n + 1 ki Sigma K
FETERL R RN ZUSEN PR, HOR A s i 20 75 55 0l e P e B, oy idiic GNSS I AR Mg 7, [R] I
RS ZE MRS, 2 B84 o WL 23 PR 7% 9 B[S (6]

(= Dl = B A AN 711235 a0 | A 20 i Ve~ - 9y i 11| I PR R 4 K/ R - DAY 2 ol A ey
FHURLGAESE, EE DRI e BT S i 4 L B AR P S R ZE A (7] (8]0 EIAM R 2 Fh B IR S
KA TR, HZHEERE HES A E . MEMS % &R S AGERC[9]-[11]. BUA Mult UKF By K
A RAE U BA I I B & N e A T, SREVEREIAAAERIAR [ 12] BEX BIRA R, ASCHEH EL Ik
¥ H 38 B T 2 To R /R 2 i3 (Proportional Sampling Adaptive Robust Unscented Kalman Filter, PS-ARUKF),
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M =J5 T SE Rt : At Sigma fCRFESERIBFRIZH &, 5] AN2iidt Sage-Husa 3@ M AL SZHS & 1E Mg 7=
772, kN Huber 7% B 7 40 GNSS FH2E[13][14]. IS 458 4 525, % kb PS-ARUKF- /%48 UKF.
FrufE ESKF FOA7 B iR % Ml fiRz. KPALE RMSE 55 R, WiEFEsE & TRMERE .
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ASCR R A S, BL SINS HUZ HEf 1 10 ST S HONHEME, GNSS Sl (L8 . S EE
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2.1. SINS T HHERERSHIE
BEE 15 iRz RS 1 8
X =[ by, 6v5.6,.0v,, 6L, 6h,6,.6,,6.V,.V .V, | 1)

KA, vy g AR by RESRIEM, v, vy~ Ov, N=YERFEIRZE, SL. SA Sh NG,
SR mEMEIRE, & . 6, & NRCEBNIER, V.. V. V_ AIEEZT .
B R ZEAE R TR

X(t)=F ()X (t)+W (1) )
X, F() NRGIREHBHERE, W () ABVERSAIRE A s . B U515 2 S BORES 7 2.
X, = ¢k,k—1Xk—1 +I W, 3
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2.2. GNSS W52
HY SINS 5 GNSS ¥t A7 B . AL ZE A 6 4 m) &
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LA A <
Z, =HX, +V, &)
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3. PS-ARUKF E&igit
3.1. 1§% UKF [REBSHEE

48 UKF KM 2 n + 1 4> Sigma fCRAHEIDIRSBER0AG, Jof v SOHEC LUAERE, A R0 ESKF
LEPEUT LR 22 . BAXT 15 4RIRES R 31 SRR, JERREEER, FHIRFE IR R LSS EA L .
HLI R S R 75 P 7 Z2HE B @ ANEEIINGE A5 B 77 Z2 6 R R FE R TCVR G RO £ BUR AR 7 s T Z2 )AL
fil, GNSS BRARWLM 3™ Hi5 Yehe P 4 R o 10 A_EBREG, A5 T PS-ARUKF, 70 WREESS K . Hi&
SRR AT PLEBIE =R BRI .

3.2. LEBUSIER /| Sigma RAFHE

prifE UKF SR 2n+ 1 4 Sigma 58 BORAS A 5 W07 2L, o ACRIRGESLERL, AR GRS 4R
n=15, AR 31 HRFER, AR R T EARLNALE . IBORAS R, FERRAERER. BRI
TR R, Jeigi AR AR 2R 3R N OB A e AR B 75 5K
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NIEGEREESUE . BRGESE, PS-ARUKF R n + 2 /N REELEM, A — 41O REE . n +
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2 ASREERD, FIRFSINEIE E R By AT R D K, TRANSERE ST R SRR e, ST st
I 1 S A . LGS Sigma g4 A

ZOZXk—l
z=X +nf(n+a)P_, i=12,,n+l (6)

T = X ~mf @) Py, =121

Kb, X, W k— 1 2R ZRESRARATE, P N k— | ZMREH I 2585, o IREFHIIZH,
TR SR, AWM a=01, n NHRIERE, FHREIRELTR=09, i/ REMm
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AL BN AR BT H A A NIENE 0, ST ENE o, :
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O =0 = ! , i=12,---,2n+2
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R 2n+2

X = Z o,.Y,

mi~ i
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2n+2 n

Pk/k—l = ; @, (Y, _Xk/k—l )(Y, _)A(k/k—l )T +Qk—l

VRN G AL R H B R SRR UK, AR DR B R G AR M S RE ST IO RTR T, S35 45 D DB AR
fift Al 8 UKF RN S P 22 R -

T PR RAE SIS ERARAE 2 n + 1 UKF 4, 8035 S3F BRIE LIRS n + 2 #40fE UKF
P2, XFEERIAL, bRE 2 n+ 1 UKF ARZePEA & B0 SR FEECE 2« THETER,  XE DA A2 4 kA 1F
SN 775K o S3F BRI FR T IEDCRAT B i ME SR> b SRR i, IRERREL . I T A M TR ZE R &
PRUEA R . JEA o + 2 BRAETE UKF BEAR B 0K AL RAEBLE T, (B EEM LB S5, 440
o ) A U 00T SRR AT [ 58 I B T ZE R . A SCHUBIMEIE n + 2 /)y Sigma SRFEERAE BT
T FrdE UKF. SEIFPESR Y, TR OR B o0 SRAE s DRALE P AR T UAS THRE B2, FATC P Le 9 R 8 g W& T
R IBHIRGE, 5Ia SR EE N STEERAPOER M E R, BEM T2 RS .

3.3. Bift Sage-Husa BIERMRFAS it

Fr#E Sage-Husa JEJEMKEE [ e BUS 7 FH J S L, MRS RIS H e, B NBEIE . e R
PRI, GNSS M g B SR AL, [ 5 18 A 1ok pRd i 2 Mg AR A, 3 BB S SR 18 L IR ZETROK
AR PR EUINBEN A BS SRS (0t Sage-Husa 503,  AREHT SR ZE SER B INBLR AL, RSB HOR B
I 2 T AL, PR A IR R A P S 2 @ HWLINMEFS T % R, -
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QY
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qrb, Kb K, 8 kN ZEBHE S, P OVER R IRES T 5 R .
BN FTE R FTSINIE . BEIE GNSS RBL. 2 BRAS T PUAENE 7S AR T 00T R 2 1 M P AR R
THERIEE @ « R RICIEBNG J5 ) B, SR AR M 7S B BE R RS AG TR RE

3.4. Huber yT={E1E

Wl BB R E . ARG S 4774 GNSS 2R 2, M Z W B BN B T 5 S iR
T AR, FECRSMTH R . PULRIZIR G . AT\ Huber 515K R B IE HT Z A E KT,
Xof et TE R ) S UL U PR AL R, 4 R 22 e i g 45 R4

BT BB TE IR 22 e, 3R 6 4ERLIN m) B 2570 &5 BT 07 PASH B SR ZE R HEZE o 1E A
SBIE, #1& 5 B Huber $T 22 £

1, |ek’l.| <o
P(ek,,-> =y O

T lere
€

(12)

IR LA N T2 T o I, U o MO0, BUTARAS 1, S SRS B 45
I, FIREAZ BRI, TR BRARZER K I, (R 524 W0 I 1 25 1 5k
PSR F i S A P, = ding] p(e,, )P (600 )P () ] HIRAETULINN FEHERE HOMLAS TE

R, =V RY/ (13)
B IE JG RN P AR FE R, AR D1 25 SR Al A 5K
-1
K, = Pk/k-lHkT (HkPk/k—lHkT +Rk) (14)

TE I A5 TE A R P R B SR 22 L SE B A, T R AU A I A, TR, SRR RSN
WTER, RURHETHE Z30 X B O P2s T B 5 e R e ik o
3.5. PS-ARUKF #%:08 ¥ E BUR N

AL PS-ARUKF A% 4 ML OIS WHBIER Iy . BERESH a - Shi&BERE B,
Huber ¥ Z Bl o , £ HEUEMKYE 228, MEMS SRi37 5tRE e, EBUR LT

) LEBIEIE RSy« I T4078 Sigma mifiFE 0, BUBETER (0, 1]. n M KINSREE S ARVEE, JF
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AR EPSHIRTTE AN ST U L, K2 ASEREME n=0.9, FHEHELEDS SIEERE
.

2) EREZ M a - ZHI T BB REE AT X, SHOUEHBE 0 <a<1. o B/NRFEL
SRS BME, E SRS FARATHE . o BT R SRR G a8 AL FEHISFEM a=0.1,
ARG 15 R ZRE, BT ZRHREARIEE

3) FWIBERI B, . B EIEREUE 0.05< B, <0.2. FFiE GNSS R ¥A5E FHL B, =0.05, 59
P S B R, PRAUEMEBCP RS mikk. BRIEER . 2B Z NI DN B, = 0.2, TEOREHTUL
DH S, BRI SRR AR, A A N G

4) Huber SR ZBI{H o = HZAFAIT i B BOCH ZE 8 57 5 M3 5 MR bR 5E ,  SRAEIE LI 5% 22 )
G, BRI o FIENZ AT ZIFRERL, BB /N By i EEA A SO0, BRME e R TE I U
7, AIEMIRE 0 =0.12m/s .

3.6. PS-ARUKF 58 & L imfg

1) WIIEWARZEIRAS . PhI7 2560 M HIME . buz BHE S5 HLORAE R 2y .

2) SINS MUk HEfR H 2 A RIS E, PATHLEHE IE &/ Sigma SURFE SARAS T .

3) KA GNSS B M a5, THEIIER Sigma 515 8RR S .

4) 8T St Sage-Husa HIE A H @ « R, Huber HUZEEHAE TR I 75 5E R o

5) THEEEIG R, HHRZERES ST ERHE.

6) MftiTHRZEMBIE SINS JF4R P, Mlimiiefo., k. L8458, EHiEA.
b, RESRWESHRHH
4.1. SKEH

Wik 1 TR, R 24 A ] Xsens A F7 I MTi-G-710 445 M I & ¥ ¢ (Inertial Measurement Unit, IMU)
AR ABNEZEE . IMU MERERR APEIB R A YE 107/, M EEBENLIEE 0.67/Vh o it
et 15 ng. EEREHIEGE 60 pg/VHz o 5340, RAALKIEIRAER ) BT-920E % —{f4k RTK %43

GNSS BUSHLAE A ks [ BB B AR A B R 7 B Al A5 ., RTK 248 2 08 £ P11 0.8 cm + 1 ppm.
EFE 1.5 em+ 1 ppm, JEEEREEE 0.2 m/s, 5 A 5 B R ]k 50 Hz.

Figure 1. Mti-G-710
& 1. Mti-G-710

SEAE SIS R O W] O T T AL T DX A e P A R AR AT Bl . AT B AR R 2 VMR R R
), UGl N TR ) I s £ TR OBl GNSS JEE R BRES, LR i 54 G L4
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Figure 2. Actual driving trajectory of the vehicle
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Figure 3. Vehicle navigation trajectory after filtering
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X3 R BCEIE AT 5 IRE R RS, DL e bt SR N 2 E 1, it
B P LS i 2 U A7 B )P T R PR R (i B R ) P B w5 2% DR ) A PR 4
XZAEWUR AR ) EREPTA N ZIBEBOK AL B 5 BB KT A B W 22 132 5 IR Z KA B RMSE) A
L GRS R DRI IS SRR (I E R D IR BT RER), 48R0 1R,

Table 1. Comparison of navigation results for different algorithms

® 1. RNEIEESMEERIILE

Rk o B R %/m LI R RS KP4 B RMSE/m FD YR BCT BIFERS /ms
Frif: ESKF 2.48 68.41 2.26 0.18
1£4; UKF 2.12 64.05 1.79 0.32
PS-ARUKF 1.27 43.62 0.92 0.20

HZE AT 50, ArvfE ESKF /K°FALE RMSE A 2.26 m & AL B iR % 2.48 m. il iR 68.41°, 1Y
BB IEPFERT 0.18 ms, {H L LR PEITAIAEZLAE DAE BL R 40T 5 GNSS KRB RINARL R 2, % B
o) R o AL 48 UKF (KRBT Hedf A S s ) R & /e /1, KA E RMSE P& % 1.79 m, &%
ZEWD A 2,12 m, WA AR ZE DD E 64.05°, HERUE 2 n+ 1 REEGE IS BT K, b FERAE] 0.32 ms,
HJG & R S T S HT22AE, GNSS BRSPS G LI 22 5) 1 O S 5 . A SCHTHE PS-ARUKF
A B IE £ /)N Sigma sSORAE. Bk Sage-Husa H 3G M5 {1155 Huber JLZEBIE=E MM, KL
& RMSE ¥ 0.92 m. & gL B 1R 7 1.27 m L] fR 22 43.62°, FHEUE S8 UKF 43 32T 48.60%- 40.09%
31.90%. [F]I] FLA R AIFE Y 0.20 ms, 5 TR A ESKF SE HhRe4is, Aef8/E GNSS K R
TEIRAN AR EN I R R L0 A AN AR ZE KB, AR S N S Rhs E sk, HIEA T
RS W E KR A MEMS 414 S5 .

&t

BEXTIR T 300 5% GNSS Y. Z KM 22 SHARME R 0] j, FRifk ESKF 2 R EIE IR E, %
4t UKF fFEEHEER. S0 HIEN SHZENUHIEE, ASCHEH PS-ARUKF. Skl i b fifs i i/
Sigma FURAENG EHE B &, JR4h ESKF 2R MG AR « R FHFEEUINBL S0t Sage-Husa 75 13)1745 58 Hi Mk 75
W57, ERFERALES . 5]\ Huber HuZE K F#IH GNSS S5 WA KL E S . HRHE KT
SR BN IEARES, DAy e R BAE e M RE I E . IRIRBIRR W], ML 4 UKF, PS-ARUKF
KA1 B RMSE K FEHE T 48.60%, 2% mifr Bk 2 KG FESE T 40.09%, Milnl f iR 2R FEIR T 31.90%, HP
JEPCFIIFER) 0.20 ms, SCREREIEE TR B ESKF. 78 ZEMase . TR 40 i 2828 v 1 i A R i
ZERE, MRS BE 5 RN TSNS TR oK iR H TS A MEMS S R84 & S AR
Gt, JaskaTREERE . WAL, SEK GNSS $H5 RIS R mks S K.

o
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2024QNZK013).
P

[1] FHL, 2888, WK, & SUTHE T4 GNSS/MEMS IMU B4 &€ B[], BBUR S5k
(5 BRI, 2023, 48(7): 1106-1116.

DOI: 10.12677/csa.2026.168258 26 TFEARY 5N H


https://doi.org/10.12677/csa.2026.168258

ez

Pax
& 5

o

=

[10]

[11]

[12]

[13]

[14]

B, FRAE FHUR SR TR EAMED]. ERRGENL RS, 2025, 50(6): 116-124.

TR, WK, B, 5 R TIRZIREY R R/RZUEIH GNSS/INS A& SN RN BB L] &
BRENL RS, 2025, 50(1): 9-17.

Kadri, M.B. and Yousuf, S. (2025) An Advanced Error State Kalman Filter (ESKF)-Based Terrain Contour Matching
(TERCOM) Method for Tracking an Aerial Vehicle Using a Low-Cost Digital Elevation Map. PeerJ Computer Science,
11, e3118. https://doi.org/10.7717/peerj-cs.3118

IRIEX, W, RAhhl. BTt Sigma sFITCIE-R/R 2 IEEOK T HARIRERSAT]. TARGER, 2023, 6(4):
22-30.

Papakonstantinou, K.G., Amir, M. and Warn, G.P. (2022) A Scaled Spherical Simplex Filter (S3F) with a Decreased n
+ 2 Sigma Points Set Size and Equivalent 2n + 1 Unscented Kalman Filter (UKF) Accuracy. Mechanical Systems and
Signal Processing, 163, Article ID: 107433. https://doi.org/10.1016/j.ymssp.2020.107433

WS R, R, TE. BT ROCRMUENY) GNSS/SINS 20 & S Hiuk i HVA[T]. KHL & 5 Hh Bk 1%, 2024,
44(8): 787-792.

W, Tk, HESL % ST ER AL PPP (1) GNSS/INS MA41A FAL[I]. A BREN R4, 2023, 48(3): 85-
92.

Qiang, Q., Lin, B., Liu, Y., Lin, X. and Wang, S. (2024) Robust UKF Orbit Determination Method with Time-Varying

Forgetting Factor for Angle/Range-Based Integrated Navigation System. Chinese Journal of Aeronautics, 37, 420-434.
https://doi.org/10.1016/j.cja.2024.07.011

Li, H.X., et al. (2026) A Robust GNSS/SINS Integrated Navigation for Ships via Adaptive Motion Constraints and a
Switchable Invariant Filter. Ocean Engineering, 363, Article ID: 126561.
https://doi.org/10.1016/j.oceaneng.2026.126561

Sun, X., Li, P., Zhang, J., Chen, Z. and He, B. (2025) Robust AUV Navigation with Non-Gaussian Noise: Enhanced
UKF with Maximum Correntropy and M-Estimation Methods. Robotics and Autonomous Systems, 192, Article ID:
105007. https://doi.org/10.1016/j.robot.2025.105007

Chen, Z., Liu, Y., Liu, S., Wang, S. and Yang, L. (2025) An Improved Fading Factor-Based Adaptive Robust Filtering
Algorithm for SINS/GNSS Integration with Dynamic Disturbance Suppression. Remote Sensing, 17, Article No. 1449.
https://doi.org/10.3390/rs17081449

BEEFS, E&%, £T5R, % HETXUSHUY GNSS/SINS MRl K 512 H G REET]. AEsiiEHTR K22
1%, 2026, 52(3): 655-667.

WRBH 5. FEFH02% H 18 N Kalman JE FKEA GNSS 2 & AKS EE T [7]. AERTIZ, 2025, 39(10): 1547-1553.

DOI: 10.12677/csa.2026.168258 27 TFEARY 5N H


https://doi.org/10.12677/csa.2026.168258
https://doi.org/10.7717/peerj-cs.3118
https://doi.org/10.1016/j.ymssp.2020.107433
https://doi.org/10.1016/j.cja.2024.07.011
https://doi.org/10.1016/j.oceaneng.2026.126561
https://doi.org/10.1016/j.robot.2025.105007
https://doi.org/10.3390/rs17081449

	SINS/GNSS车载组合导航自适应抗差滤波算法
	摘  要
	关键词
	Adaptive Robust Filtering Algorithm for Vehicle-Borne SINS/GNSS Integrated Navigation
	Abstract
	Keywords
	1. 引言
	2. SINS/GNSS松组合系统模型
	2.1. SINS十五维误差状态方程
	2.2. GNSS观测方程

	3. PS-ARUKF算法设计
	3.1. 传统UKF原理与缺陷
	3.2. 比例修正最小Sigma点采样
	3.3. 改进Sage-Husa自适应噪声估计
	3.4. Huber抗差修正
	3.5. PS-ARUKF核心参数选取原则
	3.6. PS-ARUKF完整算法流程

	4. 实车实验验证与结果分析
	4.1. 实验条件
	4.2. 实车实验结果对比

	5. 结论
	基金项目
	参考文献

