202643 A &k Lok 2= i 557 % 4 6 1

doi:10.6041/j. issn. 1000-1298. 2026. 06. 003

EARNAEGSMAZBENFTEBERARAR

s BAk 4 ¥ OB K K OB FHE

(1 BRI TR HLE TR =B, B 6505005 2. 7= o 4 M 5 24 ] o i 4 ), il s 655000)

S ¢ T A L 2 00 1 (5 % 90 I A0, St B I 24 o 5 0 10 0 405k 0 4 5 1
ESEE 65 LB BN B LA LTS BDS/INS 145 5L 2 B8 HE BT B O T 5 B 5 60 e
7T T A LD T 5 260K 2 3 3o S0 MR A7 , B35 T (5 97 ) DIl A = o (7 ) o 5 7 2% 0 R
R 2 MR S T 111 05 S A (L5 T B 1 P T K, o T R A R
S 0 L T 4 A R 0 A 0 L, Y60 A 2 20 0 0 0 4 11 8 o 9 B 2 ik 0 1 i 4 £ 00 77
P A 5 FL WA 523 BDS 5 O B 08 2 e B BE M, 51 A Sage — Husa (4 35 15008 % 8 FE 5 o Ml 74 S A4 1.
o 0 4 0 S K 7 0 S A5 A ML B 7 BOIR 25 6 BDS AT I, 1 i o 2 W‘fb
A4 o i K6 I 4 B4 T 99. 3% L93.3% 15 50% , 1 4 5% 45 A 1 , i fr K6 i 42 Tk T 90% 5
BDS I8 60 « J51 61 , 4 TNS S i5 2 Ml k5 5006 A 728 T B ) 4 5 NS 25 K8 08 9 W A2 I B L1 1K
AU LR TSR L A Sy o T 4 MK BDS/INS 4 4 5 2 5 6 5 2 T H Ml B K8 0 LA J% B T4,
A LA AL AR S -
LG AN A4 FH; T IE; THER I Sage - Husa [13E W I 114 87 01 5]
hESERE. 24 SCERARIRAD : A XEHE . 1000-1298 (2026 )06-0024-12 0SID . éﬁ%féﬁ

Adaptive Zero-velocity Update Technology for Integrated Navigation
System of Unmanned Agricultural Machinery
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Abstract. Aiming at the problem of low accuracy of positioning and navigation system during the parking
of agricultural machinery, an adaptive zero velocity update algorithm containing velocity constraints and
heading angle constraints was proposed, and a single-antenna BDS/INS integrated system on a self-
developed small agricultural machinery was built to verify the feasibility and advantages of the proposed
method. In order to ensure that the agricultural machinery remained in a stationary state during zero
velocity update, a zero-velocity detector based on the acceleration of x axis (right side) and the angular
velocity variance of z axis (top side) was designed through the analysis of the measured data, and a large
number of misdetected zero-velocity intervals that were discretely distributed but with short durations were
eliminated based on the length of the zero-velocity duration window. Due to the inability of a single
antenna combination system to provide a valid estimated value of heading angle at rest, the heading angle
at the moment of parking would be used as the input value for the zero-velocity update heading angle
measurement equation during the corresponding parking phase. And in order to reduce the influence of
the abnormal BDS positioning observations on the integrated system, Sage — Husa adaptive filtering was
introduced to estimate its positioning noise in real time. The field experiments showed that the zero-
velocity detection method had a high accuracy rate, which was in line with the actual driving state of
agricultural machinery. During periods of BDS availability, adaptive zero velocity update improved the
accuracy of heading angle, velocity, and positioning by approximately 99.3% , 93.3% , and 50% ,

respectively. When BDS signals were disturbed, the positioning accuracy improvement can exceed 90% .
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During a 60-second BDS outage, pure INS navigation errors grew rapidly and led to failure, whereas zero

velocity update maintained high INS accuracy for an extended period, meeting the precision requirements

for unmanned agricultural machinery operations in hilly and mountainous areas. The research result

demonstrated that the method can improve the accuracy and anti-interference of single antenna BDS/INS

integrated navigation system under complex working conditions, and it was also helpful to provide

references for other unmanned agricultural machinery research.

Key words: unmanned agricultural machinery; integrated navigation; zero-velocity update; zero-velocity

detector; Sage — Husa adaptive filtering; duration window
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Fig.1 Semi-automatic agricultural machinery and its

integrated system
LB AR 2. B e Bfe it 3. IMU Bidk 5 15 5 i 51 4%
B 4. RTK-BDS % ahuh 5. BUIREAFEAES 6. 4% di 15 K 28 15 Ik
MVGH 7. RTK — BDS HEuh 8. JEuh BfL sk

AV FR /N T B, 25 3 3 1) ATl A L 2 5
4, AN A T S BUIE Ak = B SOEA Y E RT aX ER
TEAEZ AR ML EA R P B 5 2 3 5008 Bl
I AT 3 B e B2 L X 22 RO RN A B, L s T
1.2 HEX%Z BDS/INS BEEMMES%

MR 2k BDS/INS 4 A4 SR G4 E 1 )7 X
LR T /ANRVARHUAE S = R 1y i 5 o &, BDS R
25 INS BHe 223 Ae 553 % O v B, RTK 56 35 W A5
EAEEWALE I O TR R LA T B i 5 8 3h ik 22 1A
TCR KW 5 2 4 1) e A IR 2 55 1 8 T 4R A5 5
A A 2 T B0 TIE P a5 1 A T 2SR, G
B S5 RS S BN R 1.2 s, WIRTK — 980
Y= 0RG B BDS ASEHL P BB CPU 4R 1l e 3 V7 A Ak
PSS X RTK & HIUp AL PRES B 807 09 TR AL
SALFERE 7 s bR o L0 RTK 88X, JE i 5 8 2y ol iR
BIART S ko T AT GR A5 T K 250 o K5 32 5 INS A58 2
(9 IMU S UG B A% 2% A 36 = Rl Be iR A =%
TR B 5 =g 11, At STM32 SR F #E R AR S
FILEMEATRL G, A T Kalman 38 J% 5 BDS JE iU 4H
AWM ARG ARV B G B . KEZHRL
PR A%, 4 B i R PR sl 25 fiff IMU B 75 Ji 3% 5
ME LI I, 25 55 i B INS ()35 22 25 76 S5 i ] Py pe s
R, Y BDS 32 Fr b 11 X 52 4% PR 58 5l hy 52 1
MR 5 A, IR Ak B 4l INS S it HJC FE 0k b 3 09 240 &
EN S MU S N

2 FRBEHERK

TEHE T Kalman 8 1 20 & 300 R G 9E 17 %
& IE W, @S A AR AT R AR I T R AL S R

®1 KERG
Tab.1 Key components

e it B

MU
(MEMS JY901S71)

(EREY e S ;
(STM32F103C8T6%)

BDSFLE
(BT-300871)

BDSH
(WTRTK-9807%)

(35}

IR TR R 2
(SC12-20K751)

HfR: -
(E90-DTU)

AL Rek
(E90-DTU)

38}

FAh,
(12V 900 mA - h)

(8]

R2 XBERBESHY

Tab.2 Parameters of key sensors

S BE
INS %y Hy 451 2%/ Ha 100
11+ 53 BER/ Gs 2
B B R/ ((°) ~h ") 5
B AL TR/ ((°) « (sqrt(h)) ™) 0.2
i BE T R g 500
P B/ (pe- (sqrt(Hz) ) 1) 100
RTK — BDS % H 45 2%/ Hz 2
BDS £ I [ 75 34 75 #/m (1,1,1)
RTK — BDS £4 15 [ 1 7 2 97 4 /m (0.02,0.02,0.05)

MR AERZE/ ()
B B2 35 R 2R R 22/ (©)

(0.5,0.5,1.0)
(0.05,0.05,0.1)

A e
X,=d,, X,
{zk =HX, +V,
K X,——15 4R & m i, B INS RifEFM ¢ f
FER 2% dv i B R 25 dp (P IRALE
& R BE RV
Z,—— ) i

+r W, ()



%6 1

X GIME % TARILA SSRGS AENE

A IE AR5 27

D, —REHBHE
I, FR G oy B
H,— &
W, V—— RGeS B BN &
U SENEDSE N TS
P ifE Kalman 38 SO B 7T 27

X, =@, X, _, (2)
P, =&, P_ &, +I._0, T, (3
K, =P, H (HP, H +R)"" (4
X, =X,  +K(Z -HX,, ) (5)
P,=(I-KH)P,, | (6)
Arb Py, ——— BN 5 220

Q, \—RGMEE Ty A
R, — 1 i W 75y 2 0
P, —— At 07 iR 22
K, —— IR & 8 3 25 5 1
I— A
SR UNYS R SR NN 1 I L Sl e R NPT )5 s =
BN KA AT RENVLIRS S IMU B 7S {if
S AR A K Bk By, 1 T R G R 2 A
R, Z A T B A B B 5 A R AR AL RRE
#£ Kalman 38 % i S2 3000 i 152 22 & #00 H 19 .
2.1 FEKNFEET
4 BDS w] H B, i 5E T 6 1Y & A I
2, K AR AL Ry
6,=(L-L")(R,+h)(A=X")(R, +h)
{Ib‘pl <8,
A 18,1 AHIE 2 A JCZ ] BDS 28 6 25
L A h——YHi[ %) BDS e B e i
L' A —4Hi EEEE 3 4T oo ik Z] BDS g
AN RS EY s
R, R, ——HbBR 77 Bl A O 7 B i 2R op AR
il A L AE 100 s 2 A [H] (1) BDS g v, A 3
UL A5 504 S 48 5 R 2 0 B O ) B 22
1B, LA AR 28 20 B2 Y4 A A s Dt et H: (ol Bk 2 3 T
B/ANTF0.04 m, Gn & 2 P, B b, vk s, ik
0. 04 m , Jhy {4 I B LA Al SE 4 4 6, 24 0.06 m,
4 BDS KT i IR T o o0 82 R 2 kA
R Ty 2 2 A W T A AR TR Sy

E+N-1

1 — 2
{Tm) - JFoi Y e (g

T(x,) < A,
A o, I 2 3 —fb ol R SRR RS A i
L
oI [F) 3 9 SRR B 2

o BDSEfi — HEH0.04 mi

0.01

IEdL/m
o

-0.01 -

-0.02

Il L
-0.01 0 0.01 0.02
1E%/m

2 B BDS Ki
Fig.2 BDS data at idle speed
T(x, ) —h B 2000 J7 2% A6 B0 e 1 i, B 1 9
S I 7 PSR RE R T 22, B TR
B 14> BDS KA SR
N———s} [8] 5 PN SR A S 2
XA 56 [ (E, B4 4 T 4h R b i 8 o A
%2 min N IMU 845 28 n
5 A A A6 56 150 1
5 A I 7)1 e T 3E S PRI R P (S) R A
HP(F) Y iRl

|
-0.02

P(S) =1;1((l;‘)) x 100% (9)
P(F) =E:Egi§ x 100% (10)

A D— R B 4 vh 2 U 4k
D' —— 2 UG i A DN 3] 11 2 R A
D, ——D'" v} B S R AR
D,——D'" AT H A £
D, B by i ) 78 3, 7000 D o 48 D 5 114 [) I £
R0 32, DU 356 B SR 000 25 1 R A 4
2.2 HEMFEREE
TEAHLIE 42 B K 28 BDS G ik iy A S50 17) £
GNP 2 A R AR O 29 TR A 1A 3 IMU
Z A, LA 20 5 2R G ] £ 0% 22 PO g O, 4R,
PRAL ZUPR Bl TMU i 185 < e LA T, DTy 5
BRI AR ARER" . hTARIATH
BH IR, INAT Bl R 25 B 6 30 52 AR 285 1 I i) A
JUPA 25 R I ) b 7 B AR, A & T 77 A R &
BDS/INS 24 & R Gufi 1) f Al HE IR ZH K BLR
PRI, 4 6 000 SRy 25 3 DX [ ) d B 2200 64 o 1] £V
Kalman J8 % it 1] F 29 02005 B& 09 S A, I8 H g X
NG A 5] fA £ 3R (Initial heading angle constraint,
IHC) ,
HAAHL 4 H BDS ol HIiF, 454 ZUPT & THC,
A% Kalman 30609 Z, H, A1 R, W18 Y



28 PSS A1 M | = O 14 2026 4
v - P =P xs
Z,=| v'-0 |=Hx, +V, = End
P =Py Find
E 0,., O, End
0o L. 0ol sV, (1) 5P, o A 0 2N TR R 0

O3><6 IS><3 03><6
R, =diag([ ...y ,M0sm.m, .M, 1)

Hp E=[0 0 1]
SR v p,——INS 15 S A bR R A
5

AR L 1
p,——BDS {5 &
I,,,—3 x3 Hf P
— NP1
Ne Ny R TEF A ALARR T &G
7 ] T g 7
n,m, n,—BDS G & E5H & E LN
W e
I
SR G BDS 3 T4 5 7 158 22 3 o 41 4 2 G
I L B A L 8 . 76 7 B 43 7 300 1) LR 2
IR 2 BRG0P+ R 5 19 Sage — Husa [ 36
730 U S S BDS 3 o7 k0 W 7 15 2R 4 MR 7 30 AT
A BT
(1) Wkt (4) i R,

R, =(1-d,)R, , +d,p, (12)
Hop pk:VkV:_HkPk/kleZ (13)
V.=Z2,-H)X,, , (14)

(2) % &) IMU B 75 ] g 2 55 35 m Bk, 58 i
K(6)WHE,HK QN
0,=(1-d,)0, , +d,0, (15)
Hrp 0,=K,VV,K, +P, +P,, HK, +
KHP, ,-®, P @, -
2K,R,K; -2K,H,P,, HK, (16)
(3) B U P py HEE, mTRE 1 BE P, B SR A D
5500 R T 2 A A TR A R i Sk ek & T
0, AT 3 3008 U0 45 RS B R R . BRI X 3k 2 A Ak
THER B R AT 24 AR IE X R oRm
For:=10,11,---,15
ifP" <P
Pii) =P(i_)
Else if P” >P"
s= sqrt(P(m;)x/P,ii) )
Forj=1,2,---,15

Pl(;lj) =PIE-U) %

BRI FCIROR T R 7 2560 b BREERE DU Jo
75900 E Z AR 42

RIEL R E P, 5 P, M55 511 b1
1 0. O1 575 1 x 10° 65 , J5 % 1 B M K 2 141 4 i 2
W35 5 s e TMU 2 (R K

S 0 LA (1) S R (BB Sage —
Husa £ 38 102 9 6 M8 75 6 K8 BE 5, K R /s
S BDS 2 (LA 00 B, TR 5 T A O 1 4
T L 3 LA T 5 BORE B2 5 0 A

4 BDS AR AL, W T (% L AL )
W -y

-
v' -0

] =H,x, +V, =

[ E 01><9 les (17)
03><3

x, +V,
I i
3x3 3x9

R, =diag([n,,.,1:1v,1m0])
Sy o8 AV 2 9000 2R I A A, AN K TSR 0 A e ) A
VR A 55 A f 0 R SR AT 2 R 1B IE R R Y
AR B TT DA K MR 28 INS S 37 1% 25 & H, DT fi
40 S I ) Y A4k 22 TAE

3 HEXBEESERSHT

3.1 HERE

NI HLBE TR 2 B F T 7 R AR 2B
AP ATIE R AR, H TR GEE S S
JE (R D RE TR RE AT T 2 R 2B AR B A AR .
ZEAER IR R A KA A E A KR 5 o i
T, 3% [ A B 7 X B K AT [ 2
[ V4 R L X B R R O ST ik
P27 e 1L DX Ry b i 1) A 2V ) P 22 AR
WIS H, QIR 3 BT R, 28 A b SO R BRI B A2
S 4 L H R A AT R B an &l 4 TR, Ok i F 0
BEPEAR o 40 205 B T R K SR 1) AR AR AR R A A
(FLAf RS ) WA AR R A

RALTFURAT IR Z 10, 76 & sh HLJ 2 i Bk 2
TAE A A EAENT 2 min, 115 EAT AR R, £
PAF 2 FFELE I 292 1 min 3 2 min, JL IMU %
BRI 5 FioR .
3.2 T TEMEAENK

r T 3 7 1 2 K Iy vk B e F BDS
O A B S8 M, B AR SOR X kA7 e, 22



oW XU HE S5 TARVA G TR G A I8N EHEE AR 29
&
‘ £
%
)
%_041 1 I 1 i 1 1 1 1 1
0100 200 300 400 500 600 700 800 900
i} 8] /s
o« 0.2 — E X ]
£
B o
=
P o ] ZjE—oz : '
El 3 Vh e BB Fp A ZE

Fig.3 Cultivated ridges in southwest China’s hilly regions
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Fig.4 Driving paths of agricultural machinery

Iy BT EE T IMU B i A6 J7 vk | DL 9 /8 BDS 32 1
PE I3 1AL A 00 2% 280 00 ) R, AR 4 2 ARG ) 53007
A SR R, IMU B 5 Ak 22 S5 B ] i,
5 SRR IS B 0B R o R S R, el R O
55 2 Bl RE SRACH L IMU X5 42 54T 3RS 1) 22
S SRS, DR e A X 2 o B4R R AT R AR
SR, A BIL S JEL N A R BlIR B0 5 17 B i 1) 22 53 A8 1
2, W NSRS EAE R Ok R S R AL
KA NBEANF A, TERMER P(S)H P(F),
Forboa, 5 A, 235008 o Rl 2 5 2 Bl A R D7 2
B, A o5 Ao MR AEAR AL 2 min ] 1) %5 )3 79 5
Gt

H12E 3 AT A 3 PR REHE AT , HLHE T S0 Kot
ORI, e BRAR ) 10 DX ) A5 S8 I ) AR B, 2 A
N3N0 Ay D 2 I A Y S X (] AT
BB &0, Qe 6 JirzR , b 07 3 7s AN i 2 A
FAE UM AT RIS, 17 U SRR U S 45 4R R
o PRI A 2 i i S 45 2 10 ) 1 R 4, B AT
HIELERT m 4 IMU K a9 A B o 22 i, 40
PHUAL T A5 4R

HBAGEIE R m fH, BCE 4 DX IR K &5
R A Fron. 4 om o300 B k0P E AL, e
A DX (8] g 452 A2 F BEAY T 3 s (P R 4R 300 21 IMU %X
PE RIS ] 295 3 ) o Oy 3 hmAG: I AT e A G m Oy
500,39 A, M 3A 0.4, N 2A,,5 m SRy 500, & 25

C 1 L 1
-36  -25 =20

0 100 200 300 400 500 600 700 800 900

it i)/=
£
i
=
gl
% 0 100 200 300 400 500 600 700 800 900
il /s
i — T [A]
'g
=
)
E
%—IXIO’Z | | | | | | L L |
100 200 300 400 500 600 700 800 900
= Hif)/=
T -3
R — ZHKH
o
= 0
=]
&
Booaorl L
0 100 200 300 400 500 600 700 800 900
I/
T 5x1073 <
w X — T[]
=]
§ |
= 0
o |
'kaﬂ f }
£ _5%10° | | | | i |0 | | |
:% 0 100 200 300 400 500 600 700 800 900

i fA)/s
B 5 ZEFL 5 B IMU S 1 5o
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A P(S) P(F)
AWVD (m Jy 500) 88.34 0. 63
ARED(m J 500) 89. 75 0
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Fig. 8 Comparison of detection results among different

detectors
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Tab.6 Maximum heading angle error in each parking duration interval (°)
/s INS BDS/INS INS/ZUPT BDS/INS/ INS/ZUPT/ BDS/INS/ INS/ZUPT/ BDS/INS/
ZUPT ZARU ZUPT/ZARU IHC ZUPT/IHC
131.2 ~266.5 3.70 3.69 3.70 3.70 2.52 2.51 0.05 0.05
353.0 ~415.9 1.61 1.59 1. 60 1.59 1.26 1.26 0.05 0.05
575.3 ~704.0 1.95 1.95 1.95 2.00 1.50 1.51 0.03 0. 04
827.9 ~922.5 1.34 1.35 1.34 1.34 1. 00 1. 00 0.05 0.05
1079.3 ~1227.4 4.71 4.71 4.70 4.70 3.69 3.69 0. 05 0. 05
1484.3 ~1604. 1 4.32 4.32 4.31 4.31 3.26 3.28 0. 06 0. 10
1714.4 ~1807.0 2.05 2.05 2.05 2.05 1.71 1.71 0. 09 0.16
1965.9 ~2089.9 8. 64 8. 64 8. 64 8. 66 7.01 7. 00 0.07 0. 06
2197.6 ~2273.7 16.71 16.71 16.70 16. 69 14.76 14.77 0.05 0.08
®71 EEFEHEIREERERKE
Tab.7 Maximum velocity error in each parking duration interval m/s
Wi/ INS BDS/INS INS/ZUPT BDS/INS/ INS/ZUPT/ BDS/INS/ INS/ZUPT/ BDS/INS/
ZUPT ZARU ZUPT/ZARU HC ZUPT/IHC
131.2 ~266.5 3.95 0.15 0.03 0.02 0.02 0.02 0.02 0.01
353.0 ~415.9 1.09 0.13 0.02 0.01 0.02 0.02 0.02 0.02
575.3 ~704.0 3.07 0.19 0.03 0.03 0.03 0.05 0.02 0.01
827.9 ~922.5 2.06 0.14 0.03 0.02 0.02 0.02 0.02 0.02
1079.3 ~1227.4 6.34 0.18 0.03 0.02 0.02 0.03 0.02 0.03
1484.3 ~1604. 1 3.63 0.17 0.03 0. 04 0.03 0.03 0.03 0.03
1714.4 ~1807.0 2.21 0.15 0.03 0.02 0.02 0.02 0.02 0.02
1965.9 ~2089.9 3.64 0.16 0.03 0.02 0.02 0.02 0.02 0.02
2197.6 ~2273.7 2.75 0.20 0.02 0.02 0.02 0.02 0.02 0.02
®8 BREFHNEREMRERKE
Tab.8 Maximum positioning error in each parking duration interval m
Wi/ INS BDS/INS INS/ZUPT BDS/INS/ INS/ZUPT/ BDS/INS/ INS/ZUPT/ BDS/INS/
ZUPT ZARU ZUPT/ZARU HC ZUPT/IHC
131.2 ~266.5 81.97 0.09 0.03 0. 05 0.08 0.03 0. 04 0. 04
353.0 ~415.9 21.59 0.08 0.05 0. 06 0.06 0.03 0. 06 0.03
575.3 ~704.0 154.56 0.07 0.02 0. 05 0.02 0. 04 0.03 0.03
827.9 ~922.5 68. 81 0.08 0.09 0.07 0.9 0. 04 0.08 0. 05
1079.3 ~1227.4 177. 86 0.11 0.07 0. 04 0.07 0. 05 0.07 0. 04
1484.3 ~1604. 1 157.22 0.15 0.05 0.05 0.05 0. 05 0.03 0. 05
1714.4 ~1807.0 77. 68 0.10 0.07 0.03 0.07 0. 04 0.07 0. 06
1965.9 ~2089.9 172.13 0.14 0.07 0.03 0. 06 0.03 0. 04 0.03
2197.6 ~2273.7 80.29 0.13 0. 04 0.02 0. 04 0.02 0. 04 0.03
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Fig. 9  Comparison results with BDS signals
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Tab.9 Statistics of various errors in the first 60 s of each parking interval

on NS BDS/  INS/ BDS/INS/ INS/ZUPT/ BDS/INS/ INS/ZUPT/ BDS/INS/
INS  ZUPT ZUPT ZARU ZUPT/ZARU HC ZUPT/IHC
A1) AR 2 I/ (°) 1.44 1.42  1.43 1.42 1.39 1.39 0.01 0.01
fi 1 R 2 B TR/ () 0.85  0.83  0.84 0.82 0.77 0.77 0.01 0.01
HE R IE Y/ (mes ™) 0. 87 0.06  0.004 0. 004 0. 004 0. 004 0. 004 0. 004
R E R/ (mes™") 0.50  0.03  0.003 0. 003 0. 003 0. 003 0. 003 0. 003
K- v 152 22 P {H / m 8.93 0. 04 0.03 0.02 0.03 0.02 0.03 0.02
K E AL R 22 4 07/ m 9.12 0.01  0.004 0. 008 0. 004 0. 007 0. 004 0. 006
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