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Fidelity optimization of high-speed planetary rover dynamics

simulation based on single-wheel experiment
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Optoelectronic Technology, Changchun University of Science and Technology, Changchun 130022, China)

Abstract: In order to improve the reduction of driving scene and state in dynamic simulation of high—speed
planetary rover, a rover dynamic simulation method based on single-wheel experiment is proposed. This
method embeds the single-wheel experiment data of the planetary rover into the vehicle simulation to
optimize the fidelity. Firstly, combined with the theory of planetary rover dynamics modeling, the influence
of wheel-ground contact force accuracy on vehicle dynamics simulation is analyzed. Secondly, through the
force analysis of the planetary rover wheel, the experiment—simulation associated parameters such as
drawbar pull and friction coefficient are defined. Thirdly, the single-wheel experiment measurement

scheme is systematically designed around the associated parameters, and the vehicle dynamics simulation
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principle and process based on single-wheel experiment are determined. Finally, in order to verify the

effectiveness of this method, a single-wheel experiment was carried out based on the high—speed planetary

rover prototype to obtain the parameter data, and the vehicle simulation test was carried out. The

simulation results show that this method can better restore the driving state of high—speed planetary rover

such as start acceleration, body yaw and wheel force change, and can effectively improve the accuracy of

rover dynamics simulation results.
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Fig.1 Force analysis of planetary rover wheel
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Fig.2 Single-wheel experiment bench scheme

DL 2N Y g A% B s 1 B e UG 5 S 1),
N0 it P 2] 3 BT
2.2.2 RETRESHHMERTT R

454 3017) DR SCHR S RN 1 T SR E A -
AR g A Bk A TR A LR R, B E i 4 A
SRR, FIRE R AT R R IF R & R
15 Woo BRI X458 R, M N 2 fif W, 75 A
LRI P, L AR s, o, 54N E AR5

L

[



- 2878 - THRXFFR(OT FR) % 55 %
&Y 2
[EEUERRE. H3ck]
HREAE Y = BTN I
REERRSAE .
[
z;;}gggl . M [EmAsEAER |
[
Azt Wl [ WREERE, v s, |
X
b
E%é gl jj *ﬁﬁFwDP :f(VWssw)s
B3 SR EEE HHEEH o
Fig.3 Measurement principle of single— WEER-HE BEEL-HE
wheel experiment Eg|§ww:0 SRR B
Fopo BEA DK X 448 R, W02 57 W, , 72840 gﬁfﬁg}fﬂﬁﬁ
7R P, 0k 0,0 = O 1 8 0 M0 B 958 1 B, .

i B R T R AR e A B Dy A
Fe AL fih AR 0, I AN B W BE A5 DNRC o, WO (L, O HLWE
WL BN Iy 27 )7 B AT AR BRAT i e v e 42 fih
PR SRR o TR, A B R e T G R A
2.2.3 IR

Bl @2 POl 48 R, OB &
B HE P it in [ 5 2 A L W O BB 4R A
HiJ 2 33 o, A2 B8 e R s O ) 2 AR R il
SR AR TF I R A B i TR A LR DT
AR ) B 22 R A R RS o, T L U AR e A s, O
KK, FFI AR U208 I 5 A ) T A R s,
R RO A5 R 5 © WU A R AT ¥ v,
HELRO~D, BB BAESS M v, 125 A R
T AR s T NS A B 45

B 7 03 D % WL 448 R, K Bl IR
AT B A B BT B A AR P T [T 2t W3 D13
BAERAEEE o, E SRR, =1, 0%
Al B ARZS s O T iR 4R 48 1, R R FFiE >R ik
6 A, V15 AR — A A R AR DR e, (55 R
D BOR Bl R RO

e B R, th Tl 2 B O B,
PRI sk 8 0 5 0 1 6 K50 AT Ak LR
LZJ 3% 25 1) 3K 56 445 2R R SC I 2 1] 19 e Rk
F LT 05 B RS RO R AR

Fop =/ (vy,5,) (18)

2.3 BEHHNFERE

Pl 4 g T B 0 R Bl 1 ey o Bk A
g 1A HOR AR A o R R AR BT AL Bl ) o
7 FLARAF 52 B, AT A 2 Rk 4 B 5 o 6 30 A A%

B4 EBEHDHZFHEREE
Fig. 4 Flow chart of vehicle dynamics simulation
HRA S I A B A7 B

TEHEAT B 42 8 ) 2 5 LR 4% 8 IE AR AT 3
(3 8 26 R E, W] S Sl A O R R TR
P A% 3t SCA I 5 Ak 00 5 2% 4 A 4 07 8 R AT R i
ARBC S AL S WS b, T LR 9 I I A
BRE B 0 i E b, 22 AR ] BT 1 X 00 MU IR 26 Y
Ey: 3 by = r B U TZ 4 B B R AL T B iR
&, 0 E, = stone; )2 Z , N E, = soil,

F L RE Y LI A E R v, W] 38 2 S R
B0 R B T IS AT BE 7 1) B9 0 BEARAR o AR B
FEH, SR FH S R e g R R A R o i
HAEE ot B o, E SR, XM
07 AT & TRENH G5, N e 52 bR T AR
FRER AL AT BOR 2 1l i 4 B 2 e p AR I AR

)

/
/
/

Bs5 ERmgEREAERE

Fig.5 Calculation method of wheel forward speed



% 9

RAR,E AT R RGN HEZRE DD N F IR IEIA . 2879 -

TUARI o 7 2% 8 R 50 4 & T 0 B Y 5 W)
W IR RR N
Ve = forward(vwi, gowf) =
forward (vy + wg X Ly, @) (19)
K 2 forward (v, @) 26565 ¢ Bt R 0, B
AN @ B RS AEAT BT ) b B R )

3 BRI

A5l FH A SRS R 8 & A 6 TR, Hi A%
RS LR R A 2() 7 o B R b5l o i
il B 2R I R BIR S B R R g A e
MR, KB A MRS K1 5mx0.8m, N
R 5 TLU-2b 2 F AR 40 T S sl B, LA A 4D
BEREREERMATH Y 5, K 6(b) . (c) i
Ro JLU-2b R FIE L HE iy 75 bR OK 2 b 1 ) “F
W2 ] AR T FE B 1,06, N SR 1o 1. 82
kPa, N BEEHEff1 4 32.7°,

(QLEVEE: 375 (OB AERGR
Eoe BRKKHA

Fig. 6 Single wheel experiment bench

AW FE A T g o B BR A ARt PR A 2
BT AN, W7 PR o i A O M 4 A
Hay v PP e 8 ) 6 T R [ T v S I 4
B0 B S Kb i U X e T AT LA D A R R AR
W o5 SECTE 8 R 45 K T I g o Bk A B R e
Tea] R Py 266 R0 365 i 14 2 R 0 20 A8 ] ) 2650 7 ) 2 o)
A LA o e AT BRI A2 5] 0 o BRSP4
fe i B4R 2 400 mm, B2 150 mm, i R4 o v
B 15 mm,

e [e] W e SRR R
PR TH

Elleed

H7 ®HXSEEREER
Fig.7 The tested high—speed planetary rover wheel

HRAE 8l Ty 25 B 5K, B il 00 A0 45 42 5 -
U HE 56 A 42 5 -0 A e o AR R TE A
BRI E & E 90K A 8T 200 N,
FR-EWA SRS H T E 2R EERAEE, =
soil i, AN [A] 5 oF 2 B v, M 45800 1/ R s, T A9 3
e 5] 07, BRI B AR Rk R 43 5 Ol 20,40
60.80.100 mm/s, A4 A 0 —1.—0. 8,
—0.6,—0.4,—0.2.0.0.2.0.4.0.6.0.8; %4 -
B AR 56 T 00 R BR 4 AR A E, = stone I
()RR SR DB U B R R o — 1., ER UG R
J5 o B A AT R A

8 (a) 5 -4l 7 iy s il I8 45 1
U B RO R A B, RS B A 5 O ) A R Y
HE A5 07, FLBE M R 3 R K. K,
MARHEE N 40 mm/s WWHERRK0. 20, G40
Az 5] J) R 53. 75 N bl & 1 5 2 0 K3 0.4,
By hk 5] 33 K #) 85,09 N, 24 ¥t &% R 4
B, e A B AL 55 [ aE O 1) A R RS A 5] xR
BRAATH = A B s o B Y R R
20 mm/s W H RN —0.8 0, HHEF SN
—218.04 N, B #5 450 10 oF 2 BEYS K, 42 )
SEULHOR B Y1 RN 0. 2 Hi#E 3R O 80
mm/s B, G5 FE 42 5] J) O 55. 44 N Y i #F 3
FERE K3 100 mm/s B, #8442 5] J1 A 58. 26 N,

B 8(b) k4 —hfi A4 Al 1 e i g 25 R . ik
B rh 28 18 B S 4 d b Bl A RS i A R A
PLBJ5 1 052 S (B s B 1 mm/s, ERE 3
i 8 200 N) o ZEABE SIS 45 44, W45 hr sh bk
] 9 42 40 e K% 1 b — 144, 3 N, SR8 o it
EZ N —99.1 N & EREMmitE s,
AT 5 B R 2 A 5 0 b T G R A DR A 2
0.72, B EEH I E M 0. 50,



- 2880 - TR K FF

% 55 %

=
g
Z

—O\ =D
DB —ov—
SO

N =)
OO OO

S W N
oL L,

20 25 30 35 40
Bt R1/s

O)FR-EAR AR

B8 BEBi{isR
Fig. 8 Single-wheel experiment results

4 BAfrEHR

A9 3 A 47 D03k v R L BR 4 an 1
IR o IR A R T RO S b T ) A PR A
F AP0 JE N R B4 JLU-HSR- 11, H
B R G 4 B AT SRR 25 3 7 AT RER g 4
B, AT S B0 K AT AR 3R TR AT B N Y 4 B S R 2%
PR PP E R E EERERE R EE N 1200
mm, 22 47 48 858 950 mm , % 4 ik ok 80 kg

A I R ADAMS Fl MATLAB
BRI R S, LU U3 T 558 000 19 &
R BR A Bl D) 0 BT R A RrE B B
K10 fF s o o, ADAMS #1F F T B 400 5 Bk 242
A7 50 3 5 R H BB ) 27 45 il 56 R s MATLAB 3K
AR 48 A0 00 45 R A N R AT g R PR
& A5 22 J1 91K HRAE B ADAMS B4 1 55 i
e E T ERAG RN, R E & A
(4 % 18R 22,92 ° /s, BIVEE W5 % 258 O B 22 56 1) i
HE R 80 mm/s; % B ADAMS B4 4 45 FL A
K H 40 s, MATLAB 509 4248 32 1+ B R Ny
20 Hz. AR 44T 303 5 S st B 3% & an 18 10 fr
TN TE R ER AT R 7 v B — St O L
AR R R WY o 5 LA 3 S T AR
R 3% 4 Bl g 2 )5 B0 3 R R B 3h 2 O G RE
W BRI B, RS R R AT

(b) G H9 JER 2 /]
B9 BATHEMNKHNSEEKE

Fig. 9 High-speed planetary rover for simulation test

ADAMS *

,_________________________________________
) e o i o i i o ] ) e i o | [ | | ] i ] ] ]

E10 ETERKBHNERERENNZHE

Fig. 10 Planetary rover vehicle dynamics simulation

based on single-wheel experiment

TE X O BE A7 HUIE | e 5 e T P4 A f

A Iy 5 HAN Kb, B R AR AR A N
P11 Ca) Bz, 25 A 456 i S B2 R 4 B e
OB ) BRI U6 B BERE A g R
80 mm /s H AT i 8l s 7E A2 i , /2 Bk 4 LU AR E



% 9

RER, F:ATELEXLYHREEREHD N FHARALAMA - 2881 -

) 2 BE AT Bk, S T >79 mm/s. AT LA
TR AL 1 Erh B R AL R 5 i &
AW, EET R RE gL =T,
BB AT TE UG B BoAT 383 B2 N O mm/s 38 ¥ 15 K
I TRE s ERE T, R ER G U 2R 2k 76
mm/s, B EWHRA R 0.05, FA, EREBREFT
i 2 2 A R Ay 1 b A8 b A I R A i S
HOR BN L 78 mm/s. X F A& G MAMEE WMl h
M ETEOARE, BERELA T HEATHRA,
TEHE T Al B A3 2 i B, 2 R kA
() A IS RN AT I e AR AT 3 31 A A bR B 42
By R R AR I AR Ak (B R 0.45 7/s) 03X
UL IFE L T 4 il 30 3 423 0 Job L B
REZL TR MG .

. — HiI W -
Py - %%{%%f)ﬂ&fﬁﬁ%) 08
~ 1007 B e, 00 -

; 80 [\{w“hm"‘“; B e e L "’i
g }w =
Py | I ] .}
% 60 gM}H + | . ik _w‘l 0.2 =

40 Bevresnisa ;M, EN| VP St ._._.ﬂ_i‘ " ; [ L 0.0 &®
33 S ! ' f w " R
20| —0.24=1+

005 10 15 20 25 30 35 404

I
(BERE
L0 180
0.8 | — EH ) 150
| f$%?%§§5§%$%ﬁ%)

, 0.6 I HEHES] HER) 1120 z
B \ I —EHE5ETERRR) R
o4l 1 190 =
Fatl | o &

\ N, I
| i
' [

I

it B/ ’
(O ERRECHRTE)

E11 EEHREMNLER
Fig. 11 Vehicle simulation test results

B fye P JH A, BB A AT RIR A
W 11(b) s, 5 243 42 50 1 3% R M H: i &2
1070 X T AR R T AR R R 4 )
127y U RE R BUR AP B Be A0 AT B R A8 AR I )
TR M AR A . T SR B Bk ) R
KRS UK Bl A E i A PO AT L TE 0~5 s P B
B, BER A A A8 DA Al e R A o W I e R T
BT ARE . R, 75 R 6 9 0 22 7R A5 A4
e B A P A 3 5% SRR T A L B A5 5 R ER
oyt X THBAEL ), 5T AR p
gy Iy 2 5 AR AL B BORUEK A O A7 Bl ) (i

AHE R . AR H M AY 25~33 s, ER A A
Je e DR - b T A B 80 A R R R BN ) 2
FL A RTHE 52 0 728 A I 5 T R T B A R Y
B A Iy s s Hob A AT R A2 0 TR A A AR A 5
TETE—INZLEL, X EHR TAERMMEN A
T A T AR AR e AR AR

ARG RS R a] LU AR T 5 ML 3l
T35 05 B R T R R A B, AR Bl g e )y ELRE
Y 30 v A R S A T | 7 B i B S R
BEAT BRI T4 3t B ke H 4% AR R AT B R AR
Rz 328k . L BN E 75 T R A e A
o BR A Bl g 2y D5 T A AR T AR R G
Bl HA PR R

5 4EIRiE

Bt RS ARG R T T
PRI A B st e B T ik . H oL 4
BRI S B, 2 BT TS B fik ) kS
JEE ] R A2 gy Sy 2wl LR RE R DA R BRAT DR LR AR
WITIERA R o JE 5T BB G 5e o Jg o
PO, 0 U O S8, I R T
A 0 3 A Ay Y PR G T U L T
THRARNBEED N2 RGN ERRE. &5,
N S UEAZTT 1 AT RO e B R A AR R A
AR 5 T T SRR I, SR £ A2 5
J1 RN SR R AT B 4 . DT B
SERRW] M B LBl Iy 2 B i T IR RE
YT 3 3 T iy A BR AT BOIRAS A A A2  AR
e, HEAEE xRS S5/ e B se 4l
T Sy v R R A A AR REI A T K
SFRMEROR T HY

S E Wk

(1] BHBH, FhEEM, A0, 55 . BEREROR K LR [T].
RS HEM 224, 2020, 7(5): 419-427.
Jia Yang, Sun Ze-zhou, Zheng Yang, et al. Overview
on development of planetary rover technology[J].
Journal of Deep Space Exploration, 2020, 7(5) :
419-427.

[ 2] Sanguino T D M. 50 years of rovers for planetary ex-
ploration: a retrospective review for future directions
[J]. Robotics and Autonomous Systems, 2017, 94:
172-185.

[3] LuR C, Gao H B, Liu Z, et al. Design methodolo-



o

2882 T HKFF

oL

w"(x

F R ) % 55 %

(4]

(6]

(7]

[8]

(9]

[10]

gy, synthesis, and control strategy of the high—-speed
planetary rover[J]. Frontiers of Mechanical Engineer-
ing, 2024, 19(2): 245-256.

Rodriguez-Martinez D, van Winnendael M, Yoshida
K. High-speed mobility on planetary surfaces: A tech-
nical review[J]. Journal of Field Robotics, 2019,
36(8): 1436-1455.

eI, BWE, L, 5. RAHRERERER
W B 5 AT 5024 4, 2023, 44(9): 1379~
1391.

Cao Jian—fei, Liang Chang—chun, Wang Rui, et al. De-
sign and optimization of stable control strategy for
manned lunar rover[J]. Journal of Astronautics,
2023, 44(9): 1379-1391.

TG, B, A, SF . — R U A 2R
B A% S PEREBT TE[T). F AU, 2023, 44(9):
1392-1400.

Ma Long—yu, Wang Shen—quan, Jiang Song, et al. Re-
search on a torsional manned lunar rover and its high
speed mobility performance[J]. Journal of Astronau-
tics, 2023, 44(9): 1392-1400.

IR, ARAR, REEE, S BMJORSS 5E K
PERELT]. 35 bR %22 e T 2% 2, 2024, 54(8): 2393~
2400.

Dang Zhao-long, Zou Meng, Song Jia-feng, et al. Ex-
perimental on mechanical properties of simulated
Mars soil crust and its crusting[J]. Journal of Jilin Uni-
versity (Engineering and Technology Edition), 2024,
54(8): 2393-2400.

WA, e, REE, . KEL RGN EH
SO E T WA, 2020, 7(5): 437-444.
Pan Dong, Li De-lun, Yuan Bao—feng, et al. Dynam-
ics modeling and simulation analysis of Mars rover
system[J]. Journal of Deep Space Exploration, 2020,
7(5): 437-444.

KA, BERER, TRER . RNRER-BALRRES
gy J1 2 85 o A 0] i K #2021, 39(1):
46-51.

Gao Da-wei, Huang Tie—qiu, Xing Yan. Complete
dynamics modeling and analysis of 6-wheel rocker—
bogie rover[J]. 2021, 39(1):
46-51.

Bewsy, WU, X . A Ek4E S A B BN
ot -2 3 Jy 2 R0 AT PR 3h 5 bl 2024,
43(4): 239-249.

Xu Hong, Lei Bo, Li Jin-yang. DEM-MBD coupled

Aerospace Control,

[12]

modelling and analysis for the mutual interaction of lu-
nar rover and moon soil[J]. Journal of Vibration and
Shock, 2024, 43(4): 239-249.

Zhang K D, Zhang Y Q, Wu J L, et al. Three—di-
mensional MEBD-DEM coupling simulation of flexi-
ble wire mesh wheel-soil over lunar rough terrain[J].
Computational Particle Mechanics, 2024, 12: 1349-
1370.

Zhang Y M, Dai J P, Hu W, et al. Using high fideli-
ty discrete element simulation to calibrate an expedi-
tious terramechanics model in a multibody dynamics
framework[J/OL]. [2025-03-25]. https: /www. se-
manticscholar. org/reader/8a0b8e0{8004548b720eabf
75446¢5d09ec20a74

ZhulZ, ZouM, Shen Y, etal. 3D DEM-FEM sim-
ulation of the flexible metal wheel-soil interaction in
low gravity environments[J]. Journal of Mechanical
Engineering Science, 2022, 237(6): 1267-1278.

Chen L N, Zou M, Chen Z, et al. The applications
of soil bin test facilities to terramechanics: a review
[J]. Rendiconti Lincei. Scienze Fisiche e Naturali,
2024, 35(3): 683-703.

DulJ S, Huang T Q. A method for traction ability re-
search of a rover wheel on mixed planet terrain with
movable stones[J]. Space: Science & Technology,
2023, 3: No. 0018.

Rodriguez—Martinez D, Uno K, Sawa K, et al. En-
abling faster locomotion of planetary rovers with a me-
chanically-hybrid suspension[J]. IEEE Robotics and
Automation Letters, 2024, 9(1): 619-626.

UL, BT, TR, L RS R B R R4 4
e 9 B B A 5 (7). AL R 2% 4z, 2024, 60
(14): 263-271.

Yuan Ye, Yang Huai-guang, Ding Liang, et al. Ex-
perimental study and modeling considering the influ-
ence of wheel load for planetary exploration rovers[J].
Journal of Mechanical Engineering, 2024, 60(14):
263-271.

B, wBkEk. RERENEER AR AW A2
SIPERE B FE[T]. P9 AL ol K 2% 2= 4, 2020, 38(6):
1240-1248.

Zhai Guang-long, Huang Tie-qiu. Exploring tractive
performance of planetary rover's rigid wheels on
mixed terrain[J]. Journal of Northwestern Polytechni-

cal University, 2020, 38(6): 1240-1248.



