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abstract

Many space missions are being undertaken to improve our understanding of the solar sys-
tem and how to use space resources. The space exploration has possibilities that improve
human life and inspires our curiosity.

There are various exploration methods such as fly-by, orbiter, sensor probe, lander, rover
and sample return. The method of exploration is determined by interests of researchers
and difficulties of explorations.

These days, the method of exploration is changing from the spotting type of explorations
by fly-by and orbiter to the seeking type of explorations. The exploration of planetary
surface by rover is focused on, because a rover is able to explore surface directly. It has
opportunities to analyze rocks and soil, and to collect samples for bringing to the earth.

There have been many planetary rovers for the surface explorations, such as Sojourner
and two Mars Exploration Rovers(MER), Spirit and Opportunity, operated by NASA, and
Lunokhod 1 and 2 operated by former Soviet Union. Sojourner moved a total of about
100 meters around the landing area in 1997. Opportunity has traveled tens of kilometers
in total on Mars up until now since 2004. Lunokhod 1 and 2 traveled tens of kilometers in
total on lunar terrain in the 1970’s. The exploration by rovers has enabled the scientific
observations in the different terrain such as craters and hills.

When rovers travel on rough terrains, it is necessary to consider an interaction between a
locomotion system and soils. Because the locomotion system easily slips and gets stuck on
soft grounds and soft slopes. For developing the locomotion system to have a high mobility,
many researchers have studied various locomotion systems such as a wheel mechanism, a
track mechanism, a leg mechanism, and a leg-wheel mechanism. Wheel mechanism is lower
traction and lower mobility on rough terrain, but multi-wheel improves traction ability
and wheel with suspension improves mobility on rough terrain. Tracked mechanism has
the best traction but it is said that it is vulnerable to dust and debris between the wheels
and track. Advantage of leg mechanism is that it is able to move on a rough terrain better
than other locomotion systems. Leg-wheel mechanism has the merit of both wheel and
leg. However these locomotion systems have structurally complex and drawback of leg and
leg-wheel mechanism is the complication control system. In many cases, the researchers
have employed the wheel mechanism on the locomotion system of rovers. Because the
wheel mechanism is easy to mount the rover and control. It is also a simple structure.

However, a wheel easily slips. When a wheel slip increases, a traction force decreases.
And then the wheel gets a stuck. Because the planetary surfaces are covered with soft soil



called regolith. Actually both Spirit and Opportunity’s wheels have got stuck on soft soil.
Opportunity successfully recovered by accelerating in the top gear in June 2006. Spirit
gave up traveling in January 2010 and then it made scientific observations at the same
point where it got stuck.

The decrease in wheel slip makes rovers travel efficiently, and it will make rovers achieve
traveling to different areas. Many researchers have been investigating methods of a de-
crease in the wheel slip on soft soils. For preventing an increase in the wheel slip and a
stuck, researchers have studied various approaches considering an interaction between the
wheel and soils, called terramechanics.

In terramechanics, two kinds of stress model are formulated by experiments. A normal
stress model is formulated from a relationship between a contact pressure and a sinkage
by penetration tests. Also a shear stress model is formulated from a relationship between
the shear stress and a shear displacement by soil shear tests. These empirical models of
the normal stress and the shear stress are applied to a wheel surface in soils. And wheel
forces and a torque are formulated using a relationship between the normal and the shear
stresses on the wheel surface.

The dynamic wheel sinkage should be considered in order to achieve the decrease of wheel
slip by wheel control. It is not enough that the static wheel sinkage is only considered.
Because the slip ratio changes during the increase of the wheel sinkage after the wheel
starts rotating. The wheel force and torque during the wheel sinkage are determined by
considering the dynamic wheel sinkage, and the increased amount of sinkage and amount
of the slip ratio change are determined. Thus author can predict the change of wheel state
from the transient state to static state.

However, the terramechanics-based wheel model (a conventional wheel model) does
not treat the process of the wheel sinking. Because the conventional wheel model only
considers a static state of the wheel sinkage, and is not applicable a calculation of the
wheel forces and the torque in the process of the wheel sinking. Thus when author uses
the conventional wheel model in dynamic simulations, the wheel sinkage oscillates after
the wheel starts rotating. Also a wheel slip ratio reaches the same value of the slip ratio
in the static state regardless of a wheel angular acceleration.

In this paper, author proposes a wheel model that considers the process of the sinking
in order to suppress the increase in the slip. Author formulates the wheel model to solve
the problems of the wheel sinkage and the slip. At first author proposes a dynamic normal
stress model considering a wheel sinking velocity in order to solve an oscillation of the
wheel sinkage. The proposed dynamic normal stress model does not treat the wheel
slip in the static state. Thus author proposes a shear deformation model considering a
variation of a shear characteristic in order to solve the problem of the wheel slip. Then
author evaluates an effectively of the proposed model by simulations. In simulations, the
input is constant wheel velocity, and the soil parameters of lunar regolith simulant and
dry sand are utilized. The wheel force and torque are calculated using a slip ratio and a
wheel sinkage via terramechanics-based wheel model. The forces and torque are used to



update the wheel velocity and the wheel sinkage for the subsequent time step, and the
wheel velocity is used to update the slip ratio.

Author also performs a single wheel experiments by understanding characteristic of
wheel sinkage and slip when author inputs different wheel angular acceleration. Then
author evaluates a practicality of the proposed model. At first, author performs a shear
test to understand a parameter of the shear deformation modulus, and then author com-
pares experiments results and simulation results that are used the proposed models and
conventional model.

This paper is organized as follows. Section 2 describes the wheel dynamics model con-
sidering a wheel sinkage motion. Author focuses on a single rigid driving wheel in the
process from a start to a finish of the wheel sinking. Also author defines the wheel model
based on terramechanics. Section 3 describes a proposal of a wheel model that solves the
problem of the wheel sinkage. At first author shows a simulation result using the conven-
tional wheel model and point the problem of the wheel sinkage. Then author proposes the
dynamic normal stress model that considers the wheel sinking velocity and a state varia-
tion of soils. Section 4 describes a proposal of the wheel model that solves the problem of
the wheel slip. Author proposes the shear deformation model that considers a variation
of the shear characteristic. And author evaluates the proposed models by simulations
whether the proposed models are appropriate. Moreover, author performs the shear test
to understand the parameter of the shear deformation modulus. Section 5 describes a
single wheel experiments. Author understands characteristic of wheel sinkage and slip by
inputting different wheel angular acceleration, and evaluates practicality of the proposed

models by comparing experimental results and simulation results.
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KIGRAFE P HEAL DRI & FHEFRRM AR E D7D DFHI v avyRBIinb
NTW5B, FHEEX, ABORMEHFLEEEON TS TRo, AHEOEE2 LD E
MZUTWL AR Z M TV 5.

FHIIRERE D D% S AFDRB BT ZEMTERNI 2925 WL DD DA ik
MPIREINFETINT WD, BEFERE, BIFEECHESE G EDBENCHEEDH S B8
BEB IR RNROREPRZBHOEMG U TRESI NS, ERBEEHIELLT, 7
FANAL, A=V X, oY -Ta—7, FUX a—nN, YT ) - D) R=IZKIEh
5 [1]. N ZENTNDOHESTELFITINLHEEI vy Y a vV IZOVWTHERS.

TIANMITE LA (K 1.1) &id, RIEDOMZ 1RIZFRITL, ZORWKRIZY €—
Nevy U TR B IRO5BESHETHS. NASA(T AV IHIZEFHF) 12 & - T 1998 4
10 BIZ2#TH EIF &7z Deep Space 1 51%, A A VTV Y U PHEFETS =2 a v
TR Z B & U Tz, Z OFEMM OMEEABRD 72 D17 /NEE & HE AN DEE A
(774N 2Bl %o7-. HEMOMEERBRIZRIIL, 77104 L2/ NRE L EHED
5 AiAE 8 B R T — X & HERIZEAE U 72 [2).

A= R BHE (M 1.2) LIk, KAEROREEHEICHEEEZEDIAA, VE— Y
VT & o TRIKEED RGP HIE 72 & DG 2 IG5 4 /T 5. [SELENE]
ST & XN, JAXA(FHMTZE SRR FERENE ) 12 & 5T 2007 49 HIZ AR EI#EE TS E
Fonr. ZoOBEOHMWNIE, HOEIR - ELDfRIA &5k HRIH O 72 ik~ 78l %
BIR5ZeTho7z (3. ZOAMAEREIE, AREOICEME, LY, P, R
FHEDOH FHES 722 E OB 2 SIRIZIE D B2, 205 O8N X > THDEE & 1L
DFFIIZIES Z DI N T W 5.

oY - TOo—FIC X AHE (K 1.3) ik, BEEEE2 RARREICESHT & 5 1 BE
B oE NSE, RN Z2EEREET 2 HETHS. JAXA 232004 125 EiIF %2 H
fELTW7z TLUNAR-A| FHETIE, (XX L —&] EFEENZEED T — RIZ A > 728
HEEEZ AEICEERT LD ICHE N IE, BlEEICEHRI N ARG BRI X -
TR 1EM, AOWNHEEEZHET 22 2HNE LTV, 207y oy ME T2
N =& OBPRIZFMELD, 2007 FIZ IR PE U7z [4][5).

TURIZEBHE (K14) L%, HOPLOREINZRAREREICEEL, BHROKE
R U7V v TNV E DTS 2BEHIETH S, NASA X, 200845 HIZ [7 =
=Y IR EMEENS T VR EKBERENTEDIAA L KEBIOM NIZKDH B Z LA,
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JA R 2 Odeyssey 1IZ & > TRONZT =X 00BN T WS, ZOXKEKEED T
EERIUCZTOECHRT 200 7=y 72X OEREEHNTH 72, KERH%
o 72 2 B U 72455, £ 25> TWEYEIKTH S Z L 2R T E R L 72 [7).

0— N2 X B8R (K 1.5) &1k, KRR ZBELRA SEk% RHlE O HIEX AL O
Btz I RO5BERIETHS. NASA O KEEE D — N Opportunity 1%, E@mX4
MARDIEI 2 AT 5 2 & 2 HKIZ 2003 FEI124] 5 EIF sz, £ LT, 2004 4EH & BfE
ETITHA e 2 B8 U CTEAFET km ETLTWS 8. ZOBEHREDIZEWTRE
% IR O M2 HERIEF L, LEPEAOOE B 24577,

YU TN - )V R=VIZXBHE (K1.6) LIk, RERREOWRELAREDY >V TV &R
HUT, A7V CHRERIC L > THIRICR bR BEEHIETH 5. JAXA H2003 45 A
ZHTL BT EEAERE T3P X, INKE T4 vAY ) REOWE2EHRSZ L %2H
BTz, ANRE T4 AT ICRIFE U NERIE ) 1%, R E Y 7V
ZHENE, 2010 4F 6 HICHIBRIZY v IV a b R-o7-. 2 UT, 772 a 5 EIE 7zl
KT, T4 b A7) HkTH B L E 7z [9][10].

INETDT T4 NAXF —ERIT K ZEFHED S OREBR D K 5 7218 OEREH
S AN 2 A o T B DR OFERICBIT LT WS [1]. HERMOBEEIZIZT V&
LU= NIZKBREREEN DD, 7V RICLDEETIE, BEMADES W2 EFH O
AREBERETH S, T L TO—NIZ LK BBEIBERIL, 7L —X P RGOk il
AN DILFEFR BT & RIEWERN 2 T3 5. £z, LHEPEOY Y TN 2 EEKICES
@5 Z L ZAREIZT D, LEDZehom—NIZ&ksH - RERAHEEICEHIEZ - T
W5,

O—NZ2HAWTE I b =BEHE L LT, NASA O KEHED — /N Sojurner £ Op-
portunity, Spirit, £ UT, [HY ET M#FD Lunokhod 15 & 2512 & 6 HHEEED H
%. Sojurner t%, FEEBEELOFEE 10m QRPN Z G5HY 100m £7L, £ < DKER
A} D E 5 % HBRIZ 3R AE U 72 [11][12]. Opportunity & Spirit I&, KERKM Z AEH km 2 L
ETLT, TEREOOBHE o % B Za\w, £ < ORISR O iR % HBERIZEE L7z [8].
Lunokhod 15 & 2 5%, HHZ ZNENAFH T km E1T7L, £ < OEGZHBRIZEE
U7z [13][14]. 2D X512, B— N2 K3 RERAOBHIFEEDEIMEIRI N, 5,
BENER IZ & - TE S 28U T — X D3RG RIEIR AL 22 &2 fRIH S 5 Rl 0 1274 5
TN S,
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Fig. 1.1 Exploration methods: Fly-by mission(©NASA
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Fig. 1.3 Exploration methods: Sensor-probe mission(¢)JAXA
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(a) Martian surface (b) Lunar surface
Fig. 1.7 Environment of lunar and Martian surfaces©NASA
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BHDHND, BN 2GS EMECERIRIZIH RSN D 5. HIFRE L, MOEFREEE A
TAEHEMEE I PENT VD EEZR>TWS., UL, HE & HIEPEMEC 5 RS
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(a) Legged rover

Fig. 1.8 Locomotion Type

(d) Wheel-legged rover
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BB IR Z5HEGEENHINT WS, 22 21E, NASA O KEFEET —N, 2012
EIZBEIRE 2 FA% U 72 MSL(Mars Science Laboratory)[16] (Z3SZEREig 2 6 D& L,
Lunokhod 15 & 251X, MIZEKEHRZ 8 DE#H L TWab. F7z, 2018 FICBEREEN T

EINTWVWS ESA @ ExoMars Rover[17] IZB W T H HIgBEORANRE > TV 5.

Table 1.1 Characteristics of locomotion types

Wheel type Track type Leg type Wheel-leg type
Structural
Simplicity simple complex complex complex
Traction
Ability good (Multi-wheel) best good good
Mobility on
Terrain good good best best
Control
Simplicity simple simple complex complex
Technical Wheel stuck vulnerable to
Issue and slip dust control complexity | control complexity
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Opportunity's wheel slip (June, 2006) Spirit's Wheels Digging into Soft Ground (May, 2009)
Fig. 1.9 Wheel Slippage of Opportunity and Spirit@©NASA

1.2 HEH#EABRW -O—/\ORMTMNLEE

O—NIvyalB\WT, RIfiTH T2 &5 ICHENSHEFEREH WETREN R E
2 R BERDB D B D, KX T, L DEETHWS NS HiglEoEFREN 2 ET

57D DFIEITERZEZYTH. KHiTIX, HigENEZ W 2158 O 2 8 iz D\ T
HBARS.

1.2.1 HE#HORY v SEE

Higld, MRV TRAY Yy LR T VW WS HERH . Ry ToAkL &6
CEHEIRIE RIS, AN (A= NEHEIES) XD TS TOfERT —
NiE, FETE R R HEIgAR Y 7 (FHigDZEHE) LTLES Z &2k 5.

FERIZ K EBEE T — 3 Opportunity & Spirit D Hiiglk, I v a YHIZ AR v ZAREEIC
fi> 7z. 1.9 1Z Opportunity & Spirit D HEFA A X v 7 UL TWAERTTH S. 2006 4 5
H1Z Opportunity 138 WIPHLIZ A DAATU W, 24.0(m] DETREFICH LT, HigA
D T DIz z5721.5m] Ui TERLR->TULE o7, ZOHGAY v TS
TEHEOIZHIGAY v TIREEZRIEL -0, 0—NE 0 O HIEERE55 720 DE G T —
ABEDSNTZD U7z, £ LT 200646 H, Opportunity I&Eifig % [@]fz 13 S & T4
Hilig A1) v REED SBH U7z, 2009 4E 5 F1Z Spirit 3BV TA Xy 7 LTL o 7%,
ARy RN SPHT B0 Higz RiRI 2 L 0 —NZLDILATVSTUE SR
BRIZdD -7z, Wi & Fiffiglx, m— N OLEARIFT 5 & & IR Z VT
HGEEBGT U7z, UL, 201041 H, Spirit IZBEIHEE 2 W& Lo — NEL OB %
BIH5 Loz, D Spirit & DEENHNEE L 720, 2011 45 H NASA & Spirit
& DEEDED (kD E DT,
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1.2.2 HEHRY v TAHERTD-ODDAEE

WA Iz BT, HigA Y v TERKET 2720 D HEFBRET I T WS, L il
ANy TRARY 7 DOk % U Le CHRNZETEE 2RSS 72012, HigR)y 7
CILTFEOHEE [ EPHgHIEIZ L 57 e —F, TUT, HigROHG & 20T H
REDFHIEIZBE T 22E ED DD, TNSHIFLAEDIETIET IA =T A LIEIENS
Hifig e WO EAEFIZER Uz R AE B I T W 5.

PARIZA Y w TR T 2 FIEIZET B DONTIER S, HigR) v TLUIZK KA
Ry 7 UIRWT, FASITIZFET 572D OHERIREEHIBE T 21580 5. Ko 13,
HHRICERZ YT I IR K NEEZMA - HigE 7TV &2 AW CRHEETICAR) 2 H
R EREL TS [18][19]. HMES X, 77 DRI PARMEHGILRDONNT A —-& &
U, E&MZETERZ IS 7P HinEE O ETERIC KX TREDHiZ B 28> T
W3 [20]. F7z, HgO BEICWH T S BEMEEEZRE<TL5I T MEREN LT 5K
JEHEROMIEIBAIICE ZixbhTWwa, xS I3, Hilgz ka2 ko %2 FI
U 7= MR 2 25 U, BeEmsEERIc & 0 2k i O A R %2 MEEL T\ 5 [21][22].
O S 1%, AR By QR FHRIEAR D BAFE & € T IOVALTFIEDMEL D 72 & Hlg AR I e
F &AW 2 AE L, ASIIR RS IOFMIZ B Z ko TWwWa [23]24]. AL
Sk, Hifge TEOENE2ZER TSI LI TR FREHROLSEEZBE B L, BHX
NI BRIIRIZ IS U 7 BEHSHIIZ B I WA MET V2 ERMLT 5 2 & T, RO
NEETNVERELTWS [25]. 512, Ryt z 179 5RBEOORY MITF I A A=
I A% RS HW5ENH 5. lagnemma o 1%, REGHRIZ B 1) 5 Him )15 % EHEIZKRD 5
TDIIHRE VYRV TEAIA—ROF v T4 VHEE AIEEIREL TV 5 [26][27).
AEolE, MBI AT 7Y VI BIEQHRT D01, AT77 YV v I7REEZEX
LU 7281 E TV DREEZ LT3 [28][29][30]. Reina i, ¥v 1 B XMHERE 2 & D
W I eHWER) y TR, IWTNEOHE[KEEZREL TV [31]. HHS [32)33] %
Gu 5 [34] 1%, HIRAV v TEREKT 2720DR ) v TREEHFGEEEBRELTWS. KBS
FNEEORZIEZ KL L, Thz L UTBEIHIERNG A28 VWoz 74— 77
7 — REHIETAY v TRIE]Z HIER ST A—ZOEFEOATHILT 2 HikzRELTH
% [35][36][37]. T 7 A A= ATIHBEREINTWARWDOTREZ T 7 IVALT 2§ FEEiE
(Discrete Element Method: DEM) fg##ric & v, H - KEXRE LOEPRKADIREEZE
L7y Iab—varveslnd le CHmDOETEREHET 2MENB I b T
W3 [38][39][40] [41].

AFX T, ZNORAXBRFEOFTII 7Y arary b= LIZE->TAY v 7OIK
WA EBT L HEICERT . XEITH, IZEACOMEIIBELTHWONE T T AN
=7 AIZDWTiER B,
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1.23 T7AXAHN=ZIR

Hig L WOMEAMERIZEH U727 7 A =2 A%, Bekker ® Wong IZ &> TIKZRDIT 5
N7z, Bekker 1%, 7AW =7 ANHORBETH Y, THROFETHY S HEHFE
HOBZGH EHEFIZEBR L 72 [42]. Wong ik, T I AN ARBHOEME TH O, Higy
WOIRIZEHT S Z & THIgOEITIEREDWE % B 272 - 72 [43].

TIANZ AT, 2HEOIGHET VEERIZE > TENMEL T WS, SEHRZERIC
BV FEERIC K > THME I LN E L DR EZ KD, BESHDET VEEAMLL, —@H
FAWABREEZ W22 E AN 2 ERIZE > TEABNIGH & EAMZER DOBERZ KD,
TAWIEHET VEMELTWS. TIAN=I AT, ThoERET VERICHbN
FZHRRE DG E T M UTHWT WS, 2 LT, HIMZERAT e ML,
DEEJGHET IV EREAMIGHET VS ERLI NS,

1.3 ®HEOHHN

g cOHGETIZEWT, HigRA ) v TE2EBTEL L DHENT IA =T R
CHEISEMRINTVWS. LL, 77 AH =2 ZET S HIRE T (FERHIRE 7))
F R R E CTEIT U T WAL NEFREBOADETIVTH D, i [a]fxhlH
UTIE R LU TV EEIRIEBIZF A 2. T, HEROE DRED S EHETTLETD
IERFEIZ B BIE T EE AV v TROZIIH T 2iEMmAEaENT VRN TH 5.
— R, HERIZERTE N U TELE U7 REED S HilgRlEs g U C HiZ & 3 2 3 E TEH
ETT 5. KX Tld, HIgHEIZZ>TAY) y FEEEZ B 272 5121F, TR NEEIRED
EFOVETTIERY Y TOEKEEERT I+ TH Y, HigOBKE T 2EEICA
NEETMEPDBETHDELEZ D, TOHEIX, FIRRE)SEFHETT 2 £ TOHR
[EEEALERRRIZ B WT, TR REOREIE L EIZRA Y v TERLH T L0 TH 5. HEE
FIZB 2L N 2B EIZANDS Z LTI RN CTOEIRIZEHRT S L MLoaskE D,
L ROEEME L AV v TROZCDMEA DR F 5D TIL NEFIRBIZE S £ TOHIGOH
BETHlTEILNTES.

HigD A ) v T FRA2EKRT 5121%, IHERMICE ) 2 HigOEH 2 EETHZ L
NEETHLEEZS. UL, /EkEEGE T2 AW CHEGE LA SEEETETO
EEAHIET 2720 Ial—YaviaBIRo8a, AJIT A HEiGRECHEE ZED
STTRTERIRETDO R v FRIIFEDHEIZIR L, WTFEIFIRSKIZE{LTLEY,
HigDIL T @EERERZEXH T3 Z L IXTERW., fEREIRE T IIVIE, METERREDA%
BAORRELTWADT, BNEIGIL N A Y T2 EMIZES 2R TERWI L%
RLTWA,

KX TIE, AV TOMEKE 1, MMFEFRBIZBEIBZARA) Yy TRKE2/NILTHIL
THY, TO7=DITIX, FEI1ER» S EHET £ TOIERMIZ S 1 2 HigD 2B A EE T
HBrEZL., FTIT, HIRHEIZ L >TAY) vy TOEEE B 2725 7D HEiFDO LT E
B2 BRI ANZHIRETIVERET L. (CRERETVEZEHVTE IR 272X 1F 37
AVIalb—yaViERTHONIR -2 ODMEEZERT 2 Z L TH L\ WEHEGE 7L
OWEFEZB IS, £9, HigL FEPREMIZEILTUE S MEZ RS 272012,
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TR HE E Z I AN BN RS ETVERET S, BNEECIETVEHAWSE
T, ENEFIREBTOHEIGA ) v TR EMIZIRZ R\, £ 2 TIRIZ, Hilg el
LS TEWIRETOR) v TEPFFEDMHIZPER L TLU XS MEZ BT 572012,
Mo AWREDOZLZBRBIZANZEAMERLET VOREE2E 2k 5. LT 5HiR
EFNVOEMMEZRTET 22012 Ialb—YarvREEBIRS. ¥YIal—YavT
i, —EDOHEFHEZ AL UTER, Higlk TEE AV v 7RORFEZ/b % FEifid
5. HIREHT 2 e bV 2E, AV TR TFEZHWTEHEI NS, He bLo
i, BEAT Y 728 OHlm#EE & HigiE FEOFEICHHAI NS, £7-, Hig#HE 2 M
WTCTAY Y TRPEHREING, YIalb—raviZik, VIYAYIaT Yy e Drysand
D2FEHED LN T A =R EH N5,

FERE LT, TAWRER MG B 1 2 R ETER2Z B 205, BAWMERT
X, TABINEEIZ L > TEAWREL LT 20 M6E9 5. 72, ETFERTIE, HE
AR, HigEERE 2 A UCE X, HIgA Y v 7K, e, Higo/E
HT2h%HET 5. EBRTIE, MEOMLAZEZZHBEOIL NEE AV v TR % i
BL, YIalb—rvarviEReiRT 22 TREETNVOARM 2T 5.

1.4 ERXDAIEDIT

X 110 WAL DOMED I 2R T, HAME Y R & OiRgs i R 2 E47 9 5 &
fFEEE IR LT, ERMREDM EEHKE U TIHERENT 7 XA =2 ZZEI (ko
HIgET NV EZHWTE I b TWa., KigxXik, H - BEXRIORN L BIREREE % 04
& U7z TREM RIS 258 TH 5. H - BERMMZETT 2HED — O ETMERE
M BT 27 Tu—F& LT, HigRiker, 277V v 2k, HighliEs 2 h s
L. TSR, RPN EFEREZNRE UKD T IA D=7 ZARHNTHIRbh
WAHDT, BEEIT2HIGNRIL T U TWSEHZEZEL TWRV., F#EO— N, —&IIiz
{EIE U 72REED 5 BT U TEIET 2EMEZ DR L TRBEIL TV, =" EELTW
HIREBOH L, HIGIZHRAMEICL > T T UREBTEIELTWS, HigH kg %
BAGES % & Z@%, HigldE U EHTETL, WEL TEILT 5. Z O Highk#io —H#
DFWNT, HEOEIHRET NV TIEEEETUTCVBIL N EFRETOETAI=ALEE
MMELUTWBDATH L. WAL R L TV 5 EHEgHIIEHIZ & > T EDRRAIREBAL 2/ T,
R ERREBTCERETTE2DONDETFTA I ALTHSNIT R > T VRN, iRygHiE
FIZBVWTRHEEZDI, HIgAY v 72N M2, HigAX Yy 7 2[5 22T
H5.

FIT, KX T, KEMOETIZBWTAY v THhIZ5 2RI ¢ DI1%, Highl®
WZEBEDT, ZOMEIZEL > T FEFHRETOHIGO EITREVREI NG LFEZ S.
ARECI, RERHEERE T IV TERBIZANT WD 5 727k NAEERETOETA I =X L%
HSDZT B Ze2HKELTWS.
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FEITMHERER LD T= DHFZE

- BB R A2 AN ERET

AT TUOREIBIEEET ILIE
- TIROOIRRE -FELEDHETE

- B i il 1D

ToOAND=OX
HigltW OMBEIERA D OFEI7E /2T
SE FEEIREED H
ML DI E =
EEIREETOR Y v TEXKXEXRAE v o [E]EE

AT EEIREEEEFEICAND
- MIEBEDFEIT AN XL ERHA - - - FHLOERETILRE

1
N

IREETILHENEDIREE

hinssE By 0D B8 § Il fE F SR D FEEE

EITMEEER E
Fig. 1.10 Position of the Research

1.5 WX DK
BIE
AKX DY R EHWIZOWTIHRRS,

FE2FE HB®IATIVRAETI

g AYE b UAIHTE R U TV AREED S MHREIEIC K > TIL RAMRE D, TOR—ED
LNETHEEETT S X TORHOREEMITEREZ Y TS, AETIE, HigoOL NES)
EEBIZANTHgE A F I VAT IVEERT S, £/, Higldikggth#z E17925 2
LS il LW DI ERBMHEFERZBRIZANTT I AN =7 ZAZHE I HRET V%
EET D.

EB3E FMNEHALTE2RDIZODETIVIRE

E1EIZBWT, EREHIGETILVEZHAVWTY I a2l —Y a3 v iaB IR o540 HiGE
NIZBET AMEZ R L. AZETIE, ZORMEZIRTE2720IZH LU WVIRHET IV EER
L35, £9, /ERERET IV EZHAWVZGEOMEEZY I 2L —Ya yTRY. I, Ik
T E PV RS 2D NEEZEZRBIZANTZSHET VERET S, LT,
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BERETINEZYTHAEANYIal—a it ko TS 5.

FTAaZT FHRRAY Y TERILDOHDETIVIRE

FI3FEIZBWVWTIRET DIGHET AL TIRHERA YD v TOREZ BRI I35 0.
AETIE, FTHEIECERETIHMET VL AZHVTEHIGA Y v ITHEMICHRZ O
BEYIal—a vy TRy, I, HROHEIGETILVRHEIEDE T METHERIZAN
TRP> WO AWREDOE{LZEAMTHZ LT, FILVWEIGETILVDREEZ B IR
5. ZTLT, Yab—YaVilEoTRETTADNEIGRA Y v TE2FZ 208 5 D il
T5. £z, TAWEABRIZ Z > THEAMERAREZZEHE LTS 2 PEYTH 50K
EIRCIS P

BHE ERICK ZHEMETHRME DR

ARETIE, BHEIGFEREEZ AW ETERIZOWTARAN S, Higd HEHE, Mk
MZz AN LTHZ, IMEOH G22I RIGEDOIRTREE A v 7R, HOLH %Ml
EL, IEREAY) y THMEDHREZ2BZ7%S5. ZTUT, YIalb—rva ViR RT3
L TREETINVOAESNEZFHET 5.

BEE

AHRLORH L 5B OB DTS,
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i
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1.6 XWX THWLNBRE

A

o, Q1

Fshr

fitting parameter HAMIEILETND 7 4y T4 VI NT A =X
maximum stress angle moduli &Kty 11 F 4 25K

shear acceleration & A Wi il &

wheel width gl

cohesion stress of soil TEEDKLET

driving force E#mEKE] S

motion resistance HifigETHLHL

drawbar pull B} A 511

dynamic drawbar pull S A 571

shear force & A Wr/J

normal force HLfi T E§1 /]

dynamic normal force Bt T EHT )

gravity acceleration & JJI#FE

wheel sinkage Hifgik T &

wheel static sinkage (wheel initial sinkage) /] B #lg{L T~ &

rear sinkage of wheel Hlg{% 5 DIL T &

fitting parameter HigE HIL RED 7 4V T4 VI NT A =X
soil shear displacement #) D A WrZ A1

inertia moment of wheel HigDEMEE— X > b

soil shear deformation modulus f» D A Wi Z AR EK

soil shear deformation modulus of static state &% IRFET DX AW ZE AR
fitting parameter HAMIEBILETND 7 4y T4 VI INT A =X
pressure sinkage modulus for cohesion stress #4i7JT J1 R
pressure sinkage modulus for internal friction angle PN¥SEE#E £ (R4
pressure-sinkage ratio ¥ F-E 154K

wheel mass H¥RE &

soil pressure 13T )]

wheel radius H#g £

slip ratio AU v 7&K

plate area of shear test device & A WradRas O M HIFE

wheel torque EHfg b L2

disturbance torque Hiim#hEL L2

dynamic disturbance torque BjfJAAEL bV 2

time MRERH
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v; [m/s] wheel slip velocity Hifig A1) v 7 @&
v [m/s]  shear velocity & A Wi &
W [ke mass $ D &
r  [m] wheel travelling distance B B2 {7
i [m/s] wheel travelling velocity Hiifim#% B &
i [m/s?]  wheel traveling acceleration 5% &% &
z  [m] wheel sinkage displacement H#gik 2L
z [m/s]  wheel sinkage velocity Hfmik T~ iH
7  [m/s*  wheel sinkage acceleration Hig{k N AlE &
a  [rad] wheel rotational angle 5[]z
& [rad/s]  wheel angular velocity B [H] iz £
@ [rad/s?] wheel angular acceleration Hfi [F] %z Il £
n  [N/m?] fitting parameter BIIEESDET VDT 4V T4 Y INT A=K
0; [deg] wheel entry angle B ASf
0., [deg] maximum stress angle Kt /1
6, [deg] wheel exit angle /i Hi 4
6p [deg] wheel static contact angle #JHATL T D Hiiiy & i D HEHILA
k[ sinkage coefficient #2751k T & R%EL
o [N/m? normal stress HEE)& /]
7 [N/m?] shear stress & AW
[deg] soil internal friction angle 3D PN EEE
oq [N/m?] dynamic normal stress BjfEE ST
74 [N/m?  dynamic shear stress B A KL
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SRS 1 FTIVRETI

2E

ANil%y
Jdiq

2.1 XL ®IC

Hiig & ETHE O T AL, BEE TZABIZBEWTEAIZEZ b Twa., B
BEHOETFIZBWT, HEEPHiE X, TICHBHEOH) EH UMEIZ & 2 Higsix o
EFEEHZBIT B AY Y T2EBTAMEEB I R>TWVWA., ZOB, ILXAYET AT 7
Uk OEGREERIIZCEAME U ZHIRE T LA HV S NS [43]. ZOHEIRETIVIZAY v
TREBEIOEBRTRI N, MAEZFEORELZRT. T2 ehs, AV v TR
TRE WL ETDT-DIZZ DMAKMETH BERE N E2FET DL RAY v TRIZL S &
ANy TREEEZ2B IS DONRERTH 5.

H-ZEZFEO—NIZBWT, B—NOFEETLETHIZER LT WP TH L. 7z,
H - BERHOSIEP KK E Wo 7 BRESRMA IR L CHiBk ETHWO NG TL XA ¥ %2
HT2ZliETcERvoTcE&EROMMERIHN NS, XoT, FROHEHDOSGE
CIIRHTER LR T WETHZHEWERDETT S 212k 5. Hige LHEO LR
MEFHIZELTIE, TIAIZZADNTHIZEVWTIHEINTWS.

MX T, HIgX A FITZAETNETIANZ I AZEILHIRETIMIZOWTHR
R5, FTIFUHICHIGOML T ERH 2EZBIZCVWNLZHGR A FITJAETILVEZERT .
ZLULT, WAEWREBIZBII 2T I AN =7 AT HEHIRE TV (FEREIRETIV) 2 &
#£95.

2.2 AKX DRSS
KE X DETHESM % L FIZRT.
o &EHOMIMEIG CHIEOMEIZ X AHIGEROZE I WEDE T 5

o HEGRMEIZ T 7 ANA 7 L W\ o I ETHIBIZEE XM Z 22\, 7272 L, HigsRim L
Az k> T2 AR LU CHIGR HIGEBR TEZ 3L ITOEERH DL T5

o HHHRDKVHETIHERZETS
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Driving

Fig. 2.1 Wheel coordinates system

2.3 EWmYIATIVRETIL

fRggihaE % E17 3 2 MIME R iDL NHE» S L N EFIRBIZET 5 F TOMWRIZHER
ZUT, H21ITRT KD ICHIGOBIERZEHRT SH. ZORBERIZEWT, HigET S
W% X, HigiL N AM%Z Z L35, Highe ik U THIHHTE NIRRBIZ & 2 Higruh o pEE %
(z, 2)=(0,0) & § 5. x| IHigBEIFEHE, - XFERILIENTH 5.

AREITIX, HigOW NEB) 2 ZRICANZHIGX A F I AETIVIIDOWTIHERS, H
T DAEAT IR, AR R, LN AR OEE) AHERZ L NIRT.

mwi:FI—FR
Ié=T—Tg (2.1)

mwé:mwg_Fz

P IXERBEILERE, o X ERmEESANEE, 2 X ERIL NIERE, m, (THEREE, [, X
%FE%% AV b, TIWEHg VY, g ZENINEETH S, F, (35BN, FrldETHK
i, F.3\ESH, TRV TH L. INSHEIMEMATE L bL2Zizw LT
TIANZ I AZHEDIKHIGET VEH WS, REAENL, UAFOX (22) 145,

q¢= f(q) + Bu (2.2)
ZZT,
¢g=[2 v & a ¢ 2" u="T
iy (F = Fr) 0
T 0
1 1
17 1
fla) = L B=| L
Q 0
i (mug — F.) 0
2 0

T HERMBEHRE, o (XHm AR AR, 2T EERTE TR, o ZHmEEAETH S,
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s

*W
i

Fig. 2.2 Relationship between contact pressure and sinkage

24 TIOXAANZUVRICEDCEHBETIL

TIAN= T AT, ERMIZET VEESMELTWS. AREITIE, FICERL -
SEAREREIZN U CERATAEEIG WAl INEZ LICE> THRETIZHAMNIGH
DENMMLIZDOWVWTIHRRSL., FUT, WHETNVLEOERINEHE FILVIZIZDODWTRT.

2.4.1 EERH

TIANZ T AT, BITEHU 72 PR IR U TS I QEHIES) p(h) L TERE A D
R 5 EEISHET N2 ERNMEL TWA. Bekker XX 2.2 (2R T & 5 A AR E AFERIZ
BWT, ERIZEZBFENTH U TERDPH LT 2 N EZJE L CTHEE D TN ED
BfRE R (2.3) DRz ERLL TW 3 [42].

p@=<%+@yf (2.3)
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Fig. 2.3 Normal stress

HIgIZ B2 EEIGHET VIZOWTRT. |ERIE, K2.312R7 &S5 ICHIGRT
I U CHRIE AR S B, BRET AN X A 0, THMEL T B, Hio Bt
R0 ICBIBILTRAO) X, UTFORTRES,

h(0) = r (cos@ — cosby) (2.4)

ZOX (24) X (2.3) ITRAT S L, BATND &S RBHEgRE I T 2 RESSTET IV o(6)
L%, HgAY v TR T K o TRRIGHFEA 6, BET 5 Z & TERELI DA
WEALT B, BUZEESTE TIVIE, BRGHFEADETERD & 2D D 2 D DO
AT TERMMEI N T VS [44).

(% + l{:¢> {r[cos — cos O] }" (0 <0 < 0y)

o (0) = (2.5)
(%ﬁ + k¢> {r[cos(Qf - H?n_—%?« 0y — 6,,)) — cos Hf]}n (0, <0<0y)

ko \ZHIBOMEIS IR, Ky (ZHIBO NI, n 3 LBOWLTRETHS. 6, &
BRI EEATUTOATERT.

O = (ag + ays) O (2.6)

ap, ap V&, BARBDFEATETao ~ 04, 0.0 <a; <0.3DHEAHVSND [44].
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2.4.2 HAMIGA

BN 5 ARG HETIVIZOWTRY. EANGHIE, 241073 K5 ICH
KEOAR S NAEH T 5. ZCOFAMEMDREINZHE, FAKISIZEEINS 5.
ZDHBEAWIGITIZEAMZMDOEME & HIT—EDMIZIEDINT WL (K2.5). Dk
R AWIGT & AWMZAOBRRIZIEHER TRE S, Janosi 6%, TAWZENL j 1209
B8 WG T(0) ZATR D &L S 12@E@RL L T3 [45).

7(0) = (c+ 0 (0) tang)[1 — e 7O/] (2.7)

clE LEOMEITL N, ¢ X LBEOWPEEA, LITTAMERRERTH 5.

Fig. 2.4 Shear stress

Aq
g
%

Shear stress

Shear displacement

Fig. 2.5 Relationship between shear stress and shear displacement
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Fig. 2.6 Development of shear displacement under wheel

B O AMZR j(0) 1ZA ) Y THE o (CHIEREINS. 2y THE o 1,
26 RS XD RERIZH S, HigRELEE ra & HigBEREE ¢ 225 X (2.8) Z HWTE
HIhb.

v =ra—gcosh =ra[l —(1—s)cosd| (2.8)
7(0) 1%, HigBEAE 0P SN XD IZEHREINS.
i (0) = /Otvjdt: /:f rall — (1— s) cose];de
=7l —60—(1—s)(sinf; —sind)] (2.9)

ZZT, sk, HERBEIAMRIZE T AHEIRO R v TRCT, HigBEhEE ¢ & Hign|bizE
Erano i ToXTRT.

r — ’ (ra > & : driving)
rd
s = (2.10)
i (réa < & : braking)
T

ANy TRIE, -1.0< s <1.0 DHIPHIZ 7 5.

IZEH g OFEHIE IZ N 2 AR A e T EZERMLT 5. Hig ASH 6, 1%, Himais
DD & B 2 BIMR T 2 ME CHIROME N E % 0=0 & UCTKKEFIREI D ICIEDfE L 3 5.
Hig AR A 0, 1%, X (2.11) THI. Higlilim 6, 13, HimgAr LB EMT 5 HE T
»H5.

0f = cos™* (1 - h) (2.11)

r

£/, HEmBiHA 0, 1%, HimETHIZRMT S EERD. AL NI, BHiwATS &8RS
IZHAEL TWEHIRFET, HEgOBENIC & o TR O ORI I L T\ <. B
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DWAEEHLTROBD Ik > TR BLEZD. ARXTIE, BHTEM OB L
T, MR X > i sl 6, () % RS 2.

0, (z) = ke 1" (2.12)

Hg A IR ENE O U 72 250WIgA U CTEF IR TOEFTRFIZIE 0,(2)=0 127 5.

HIZ%, HigliHADOENEZRDD T 1Y T4 VI RTA—=XT, ki, BHEXTEERK

T, 0.0 <k < 1.0DfHEE 7220 FIEATE TR O g i A 0y 12N 9 5 THRAIL FEEZRT.
HERET G DOIR TR A IZATD X 512725,

h=hy+2 (2.13)

ho (ZHIRA L N R, 2 ZHRL TR TH 5.

2.4.3 |FTABIH

HlRSEHET U T WARDITABI S Fpp 28 F, & ET7HITL Fr DEPSITO &
IIWEET S, X2.71%, R NEFIREBOEIZ/EH T 28R & ETEZRLTWA.

Fpp=F, — I'g

=7 [ ((6) cost — 0(6) sin )0 (2.14)

r X, b IZHRIETDH D

BB N

ECE) F, 13, [2.7(a) 1SR T & 5 12 BT I O B AT ¥ LEROMIfERT 3.
Fy 13, AW 7(0) DTS % Bl S £ 0, 7 5 S 0, £ T Bt AR

(a) Driving force (b) Motion resistance

Fig. 2.7 Longitudinal force based on terramechanics
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Fig. 2.8 Normal force based on terramechanics (Wheel driving)

WZOWTHEANTHZ e TkdboNn5.

Oy
1@:%4 7(8) cos 00 (2.15)

ETERAN

EATHPL Fr ik, B 2.7(b) 1T & 5 I Hiligd SKHEAT 17 O Hilg 2R & T3 0 Iz /EH
5. Fpld, mEIGH o(0) DAKFFAEKD % Hilg NS4 0, 20 S Hilgli i /4 6, £ TOH
AR IZ DOWTHEATHZ & TRODHNS.

9
Fr=rb ! o () sin 6db (2.16)

0,

2.4.4 EERSH
R ETROEERS

HghEEET U CWARFOEEF F, 1%, K2.81TRT L5128 S Higlz LT
SRE AR T 5. F X, EEIG 0(0) 2B AWIGH 7(0) DERIE S H K5 % Bl AGT
A0, 25 Hilmli 4 0, £ TOREMBISIZIOWTHEAD TSI L TROSND.

Of
F, = rb/a {o(0) cos@ + 7(0)sin0}do (2.17)

(LR EER S

B AME LU TWARDOREH S Fold, B2.91RT &S ICHgME m,g EHIDED
NTHhHz. HIgORIBOBMMAEIZLEIZHELUL 0, LT 5. Fold, Higle ko mEER
11 00(0) DERTE S I 5) % Hilig AS A 0 B> & Hili i /-0, £ T ORI IZ D\ T HES
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Fig. 2.9 Normal force based on terramechanics (Initial state)

ITHILeTRDONS.

0
fLO:::rbj/O 00(6) cos 6 (2.18)
—6o

oo(0) = (IZC + k¢> {r[cos @ — cosby]}" (2.19)

IATE N & ho 1%, BAFD XS ITRE 5.

ho =1 (1 — costy) (2.20)

2.4.5 AHNEMILY

AELR VD TriZ, 210257 & D IZHEROEMRARIIERT 5. T 1k, AW
J17(0) % Hilg AGHA 0, 2 S HRB A 0, F TOBMBESICIOVWTHEATEZ e TRD S
Nna.

0
Tp=r% [ 7(6)dd (2.21)

0,

25 F&OH

ARETIE, XA FIZAET NV ERKERET N EZER L. {ERHEIE TIVIL,
RN ERIREBIZB W TERZ I IZERME U IS HE T IVO AR R EEKLD DO EHES
NTW5., REREIE TIVEEET 2T T VXL FEFREBOE T IV T, Higik N &
Ay TROBMEART IV TES., KETER L ECEHRTE 7IVIX, HigfisE
CHEHTIAIDPHIDESIRNEFIRBIZBII SN2 RODBZLIXTEED, L NHEEREET
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Fig. 2.10 Disturbance torque based on terramechanics

DI %EWS Z LIXTER, Highd L ORRREBEIDE, EEREBIEL/Z2IZE-T
HigAY v 7REBRD7-OIZHREFNVERMGEEHNDEIBROMLTEDELRSL LF X
. RELD, HIgHL TREL S TIRHBED, EFIREBIZARS EFTEERBIZANT
FUWHIGE T ILVOREIZDOWTIRRS,
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3% FMEBRLTE2ROIFLODETIL

i=

ANil%y
Jdiq

=

3.1 ELSHIC

HEgOVL N EIREED & EHIREE CHEg A EFHEIT T2 T TOHIDIREBIZIEHT 5.
Bl ARIAIL TR SIL T2 BA T 2 D1k, HffE & Hlgh M 521 2 K0 (F
BHN) OBERRENZGETH L. I FNhOHER, FERMICHERMGESH D SWVILT
EFIREEL 5. ZOW, RIS 2 71ThBEREIZETEITE H D &V R EIEE
EHELRNWDT, HigldEHRETTEHI LIRS,

B2BIZB W TR ARk EHIRE TV, Higlk FEPTEHFREBTOHIRET NV TH 5.
TR EEREEZECET NV TRVOT, MERHERET IV EZEHIGX A I 7 ZAET MK
THWBE, W NEEREY S EFIREE CORNERIL T %2 EMECRZ R,

ARETE, TIAHNZ I ATREEBIZANT VR VWEHIKNEIRL T 2HES 7-2ODET I %
RETS. FTRHUCDIRERERMET VEAVWEZGADOY I 2L —Ya VkRERL,
SKHERE TIUVAENERIE T2 R Z W L2 ERT 5. 2 LT, BINERIE T 2D 72
DOFLUWHEIRET N E T IANZ 7 AZFLITIREL, YIalb—vavilk-> CHWE
LT 2Rk Z 208 5 D Elid 5.

- 25 -



3.2 RERHIRE T & H W54 O HgIE

3.2 REEHEHETILEAWEES @E%%T

PERHEET VEHWEZHEAEDY I ab—Ya VIl ZRRS, ¥ Iab—Y 3 T,
fﬁ&%®$%ﬁ4%i7X%thﬁ@1w@1&,ﬁ@QD@%%@?%TW%ﬁyu
EF$T2HE MV ZIZHUTHWS., LIV AT I2F Y b& Dry sand D LHNT A —
&%%M%M%Blt%Bﬂ%}qrb Hilig/8 T A —RIFK33IWRT. ¥YIal—va=

VRERITI, HEREREE ro & HIgRBELEE ¢ ORFEZ L, 2 v TR s ORZML, Tk
TE L ORRIZ L, LT, \mEHH F, ORRZLERT.

Table 3.1 Soil parameters of regolith simulant for simulations

Soil parameters Unit Values Description
c N/m? 800  cohesion stress [46]
0] deg 37.2  internal friction angle [46]
ke N/m"*! 1370  cohesion stress modulus [47]
kg N/m"*? 814000 internal friction angle modulus [47]
n 1.0 sinkage ratio [47]
ao 0.4  maximum stress angle modulus [48]
a 0.15  maximum stress angle modulus [48]
k m 0.025  shear deformation modulus [48]

Table 3.2 Soil parameters of dry sand for simulations

Soil parameters Unit Values  Description
c N/m? 1000 cohesion stress
) deg 30.0 internal friction angle
k. N/m"*! 900 cohesion stress modulus
kg N/m"*2 1523400 internal friction angle modulus
n 1.1 sinkage ratio
ao 0.4 maximum stress angle modulus
ax 0.15 maximum stress angle modulus
k m 0.025  shear deformation modulus

Table 3.3 Wheel parameters for simulations

Wheel parameters Unit Values Description

My kg 4.5 wheel mass
r m 0.1 wheel radius
b m 0.1 wheel width
I, kgm? 0.045 wheel inertia
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Fig. 3.1 Wheel angular acceleration profile

T ro.
wheel >

PID
controller

Fig. 3.2 Wheel control diagram

H AR S 1ivge, & NIRRT ¢, 2 3% U T 3.1 O & 5 7 Bl [a] 6z 1 g FE 12 7 B AN
25 Z 5. BEgEEILEE ra YIS S I & BIRREE AT S % ¢, £ T 5.
BN & AR RNIZFE L Wb D &3 5. 7272 U RIRIIEE O HIEI ] ¢, & IANREE ¢,
WBIEHIZNIKMETESZED LT 5. £72, M321FkvIab—yavizslddHEwN
HWERIEO 7oy ZXThHh D, HEEE & HHERHR D & K EHlgEE %2 Rd T, KFxZlx
CEAT AINEE E HENEE L LT 70— KNy 28z B 275, HIHZE X PID H4H
WAZEL, HIRIEERHZ P Z 2> T\W5, s CldHEG MLy THAHEZH, R
(22) TEHELAHGX A F IV AETVIZANINS.
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X3.3, 34, 3.51%, LIV AYIaT7 Y bDOEE AT XA =R ZHNT, IH#EFZ ¢t,=0.50
[s] T—& D Hifg[RHHE r4=0.05, 0.10, 0.15 [m/s] 25X =HEDY I ab—Y a Uik
RThb. N(212) ODBAILTE h(2) DT A =R, k=10, H=30.02 L7z. ANT
% Bl R DK E X I2BD 5§ HgA mEL %2 G 5 &, #Higih F&IZ 0.25 B A
T Z MR U CHIREIIZZ T 5. L FEIX, KREOREE & H IR ML TwL
Y, WEFNZZALTHEML TV, 20 NEORIFEIZ ENHH 0.004m] THB. £UL
T, ZORFZAEFUMPATHEIKLTWA. |BEHINE, EikdiddRfELH0 &
5 F,=44.1|N]| TH 5%, BEH L T F,=40[N] IZHAD L, D F,=50[N] i< £ TN
5. £UT, Highl#EE TiE F,=45|N] 2 FucikEIRIc2b 5. —%4, K36, 3.7,
3.81%, Dry sand D +HXT A — X & T, MEKE % ¢,=0.50 [s] T—xE D Fifg[alHxiE
& ra=0.05, 0.10, 0.15 [m/s] 2 52 7=HEDOY I ab—Ya ViERTH D, LIV AV
a7V hOGEEFERIZ, AJd S HigREGEE DO K & S I2BD S AN R % fldh
5, Hilgn N Rk 0.25 FE I T & K U CHREIMIZZ LT 5.

HigDH) & U2 SHEINIZZE T 210 FHRRIZFEREOHGIL FEHE L —H L ewn., HE
Bz HERYL N, IREIZAT 2585550, TOW FEOIKREIX lmm U TH 5 L&
Z%. YIalb—¥a VEERAURTHGIL FIEKERRECKREZ/ILLTL Vv, EEO
WFBREE —H U, Y Iab—va URERIE, HERERT T VE N EERTL N % Ef
WZRA BN L ZRL TS,
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Fig. 3.9 Reason of wheel sinkage problem

e N EPMIREIZ T BIRAE, X (3.1) IR T AMOEE) GFENIC BT 5 HilgfHE
meg EEEF F, ODERIZH 5.

Mz = Myg — F,(h) (3.1)

ZDOMRIIX 3.9 DRkIZERE S, BEFINET VI, RFELSHEIGHERE ORI EH

BN EFBETAAMAIZR ST WS, IERELDEBEARTIENTE S, &
EHIE, MMTERKRELRDIFERESMEICR D, High WL TIREBIZH 51, Hig
fifEE & |MEHT (2 DKL, FIEFREOEET Fo) FHI0E-oTWS. HilgHS[alis = 150
Y, ETROEESF, L7720, HigEmEORD> Lo mBn2d 52 & TERE
LB T 5. 2T, HigMEO APEEHNL O RKEL R L (mug>F,), LT
HWENHET B (5>0). Ko T FENEMNT 5. L NEIEINT 2 1266V HEEHT A3
s%. 2UT, HigELBEGTIPPD G L FRIZET S (nyg=F.). ZOK, Ik
TR X 2=0[m/s?] (2725 A%, L FEEIE 2>0[m/s] & D R FIdm UG 5. Bzt
TEAENT 5 & |EFIEHERMEL D KERDE (meg<F.). TUT, WEIEEIX
5<0[m/s?] 720, WRHEEIEHA LTV, IR EED 2<0[m/s] IR 5 &, S, Ik
TEARD LTV, ZLUT, M FRIFR/NETRISET S, Ok, HEEH IR
BLONEL (mpg>F), TEFHEIL 2>0m/s] (27225 DT, HOTWL FEIZEMULGRD 5.
O TEOIRBZ/LZREVIEKTDOTHS.
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3.3 BIREEIS 1 E TV DHREFE

3.3 HMNEERNETILORE

WRDOBEIGIE T VIIIE T EFIRBOET NV TH LD TR N DI EHJZ L\, Ik
TENRHAT ZMEEZAERT E7-012, TIANZIATEBEIZANTORWE
THOHBWJADET N EHBET L. LEBIZEWZEHROBERIETICEWTIE THOEHE
51 % KD BB NEE DB 2 BRI AN D BEMEDERI S T W5 [49][50]. TRk
[49][50] TI&, WOERMEDOHE % Z F IR NhOREIGHPEMNT 5D THDOERE, D
EOLFHEZZRBIZAND Z LT FHDIEHBRDSNE LBRTWD., I T, Ik
THEZZRIZAND Z & T NFOHIRIZEHT II0HDETIUEEB 272325,

F7z, ETVRECBVWTLEOREE(EZEZRIIANDGZ L 2FE R 5. EHIX, LIE
DIRBEZEAIZDOVWTIRD XS IZE A D, HiH LIl L 2 LEOETANEELREWITY,
VAW LD LHOBHENAKES RO THEERED IER TS L5105, koTH
BRTE T IEE S NIE TINS5, F£72, LEOBAMEEIN/NIWIZY, FA N
W& B LEOBERIINS K 2D THEIIRDITIEER LWV, Lo T FRREIZKE
{725,

AFXTIE, HlgEHRHE & BEEE D% % TIROE AWEE [ra —icosf] & L, B
FERTET NV 0g(0) ZPARD & S ITHRET 2. KX (2.5) OFEELIIE TIVOH 2 HIZ Hill
R HE E HIEOREBE 2 ZRICANZIHEZEBINT 5 Z 212K > TR NOMMENZL
THEMREGZD.

(%ﬂ+@>ﬁkwe—C%@ﬂ"+5ﬂmz (0 < 6 < 6))
oa(6) = (3.2)
(% + k¢> {r[cos@f — 921_—9@ (0 — Qm)> — cos Qf] }n + B.(0)2
6, < 6<86,)

{nlcosf — cos b;]}

B1(0) = (réc — & cos )
50— {n[cos(Qf - Qi——egr 6y — Qm)> — cos Gf}}

(réc — @ cos @)

NE7 A4V TAVINRITA=RTHS. FEAMISTET IV 7y(0) 1%, BINEESTE
TNVERWTUTO & SITRT.

74 (0) = (c+ 04 (0) tan ¢) |1 — ¢ 7 O/¥] (3.3)

ZUT, WFHOBMI ABINE T Fpp,, BRBREFNETVF, BRNL L2 E
FI T, BIXD & S 12HEE 3.
Oy
mmfﬂwé{mwnwe—%wnmﬂw (3.4)

6
<@d=r@/ﬂwﬂﬁcw9+wdmsm9ﬁw (3.5)
0y
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0
Th, =12 [ 74(0)d0 (3.6)
0y
CNBUTROBIHGE S, WFHED :=0lm/s| D4, HEREREF L LU
ETIVIZIRB.

34 Ial—YavIC&BEZEETILOIM

VIialb—=YaviZko TEHNEEIRHE T IVEZEALUZERE T ILVLEHNIL R 2RI
BNESIDIET S, YIalb—yarTlR, IFHOHERIEMRTSHE MLZ izl
T (3.4)-(3.6) DEHEIRE T VA2 H NS, THAT AR EHE T A —XFK31, &
32¢K33EHNS.

43.10, 3.111%, ZHTh—EMEDHgEEEE r6=0.10, 0.15 [m/s] 2 AN U7z5E
DY I al—va UEERT, dEiREE R =25, 2.0, 1.5, L.OBEL, LIY AV
227V FOEEAT AR EAVZIGEOIL FEOKHE{EZRLTWS. BEET NV
DT 4YF 42T RTA=Zp=5000 £ LTW3. M3.12, 3.131F, ThEh—EfD i
[ HEE ra=0.10, 0.15 m/s] # AN UL7ZHBEDOY I a b — a VR T, HigR#RinE
RFf] t,=2.5, 2.0, 1.5, 1.0 & L, Dry sand D LEENRT A =X 2 H W55 DL FED
RIZ L2 R L TWA. BEETIVD I A4V T4 VI NRTA =X n=5000 L LT3, F
Pz, BAUTRDT 1954 Y INFA=R1%, k=10, H=30.0 & L7z.

R (32) DREEFINLEMNEI LT, LIV A I35 b& Drysand Diii f5DEAE
T, HRIL T ERIIRBZNT S Z e IRE L I, g morz. £/, #
RIEEE AR ¢, AR EVIFY, NI R E K Aotz 72720, AJyHREEHE I
Bbh 5T, $ARTOANNINUTHUMEDL FETERREL 2572,
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3.5 XL

Fig. 3.14 Spring-mass-damping system

Mz = Myg — F,,(h, 2) (3.7)
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Fig. 4.7 Relationship between shear stress and shear deformation modulus (j=0.015)
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Fig. 4.8 Relationship between shear stress and shear deformation modulus (0=2178)
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Fig. 4.9 Relationship between shear stress and shear displacement
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Fig. 4.10 Relationship between shear stress and shear deformation modulus

- 46 -



4.2 AV v THE L M@ 7 7a—F

WIZVIVAYIaT Y bOEEARTI XA =R E2HAWT, L BEROGEDEE N F, Y
DFRIZZALT 2D 5. AV Y TR s BW—ETEHPEBDOGE BT EE ARG
T EEAMETARE k OBIRZ K 4.10 1TRd. K410 1%, HE m,=4.5[kg], Eiwit &
M h=0.024[m] TAYV v TR s=0512BNWT, TAMEHBREE 22 550ME
HilgREE OMIZRE T 2RARTAWISHOBEBRTH D, L HWRELRDIFE, FAWIG
Hr BN B, ZNIFIETFTERE AN Y TR s BN —EDHETEEDOANRKEL RS
B4, WEH F, DNS <75, EOkERIE, SAWERRE LA, HighkE) 1D K/
EWRDBEAZERONTIA—=—RXTHBIZRLUTWVAD. X411, 4121F, ZHZENEA
Wi 2T ARE DY k=0.020, 0.025, 0.030 DEHEDEEI ) F,, ETEILFr & AV v TR, 1
MBI Fpp EAV Y TROBEBRTH B, TAWMERREEDPKELSRDBZETAY vy TR
R BEREN ) FL 3N E KRB, U LT, AV w TRICT B ETR Fr ITHA
W B TR L DRI X L, KRERZBIZA. U, TAMEARE k23K & 72 fl
270 B 1F CERE ) & TR0 AW, TABI I Fpp=012725 A v TRIFKEL
5.

IR EFIRRBIZ B W CHIREHLEE ra B —EI2 5156, HgBEEE &+ — &2
H5DTITABIINE Fpp=012725 X SBEEENIEEA LT 5. 1 TABIJI Fpp=012725121%, L
&L DOWINZ U2 WEREN T F, DN K BT 20 ENH 5. £/, LidDETIiE
MriZ&k D, TAMERGREEDPRKE LS RNWEERE DN KR Z B hoTnb, &
AW B TAREL |k D3R E UTRA D008 5 DB AWERERIZ X W REET 5.

40 ™ =0.020 D
35| 4=0.025 -~ o T T AR
k=0.030 | | | | |
301 4=0.020 & il
k=0.025 -
= 251 k=0.030 - b
@ I D Y S g
S 20 proii e e ey
S SR R s - et - Rl A
e APk St F o S S
‘a"'=‘ === ‘==E_vEEEv=EE$EEE@=—E ‘Efzﬁzzzgzzsﬁ
L e A A A
g e

O 01 02 03 04 05 06 0.7 0.8 09 1
Slip ratio s [-]
Fig. 4.11 Relationship between wheel forces and slip ratio (k=0.020, 0.025, 0.030)
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Fig. 4.12 Relationship between drawbar pull and slip ratio (£=0.020, 0.025, 0.030)
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Fig. 4.13 A picture of the shear test device
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Fig. 4.14 Result of shear test (duty ratio=100 [%])
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Fig. 4.15 Result of shear test (duty ratio= 80 [%)])
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Fig. 4.17 Result of shear test (duty ratio= 40 [%)])
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Fig. 4.18 Relationship between shear deformation modulus and shear acceleration
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Fig. 4.21 Flow chart of relations of shear deformation modulus and sinkage procedure
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Fig. 5.1 A picture of the single wheel experimental device

. . camera
guide rail
moving
device
soll
X
Q)
@Q‘Qge
S
wheel
single wheel _
experimental device Motion capture system

Fig. 5.2 Structure of the single wheel experimental device
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Table 5.1 Specification of the single wheel experimental device

Dimension of Experimental device | 150(L) x 90(H) x 55(W) [cm)]
Dimension of Sand box 150(L) x 55(W) [cm)]
Depth of Sand box 20 [cm)]
Sand Dry sand (38 5 =)
Slope angle of Sand box 0 [deg]
weight of moving device 3.15 [kg]
weight of wheel 2.50 [kg]

_ Motion capture

== . |
' system :
! 1
i Desktop i Wheel motor
: PC ! Wheel Data
1
i DataT E encoder
: : : 1
' Motion : . 16 [V]
! capture 1 Motor Driver €
... :
— Motor controller
Laptop || AN SHAA 16 V]
PC — [ €——— Power supply
DataT
12 [V]
€
F/T Sensor € -12 [V]

Fig. 5.3 System diagram of the single wheel experimental device
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Table 5.2 Specification of motor controller and motor driver

Motor controller : SH4A board (LEPRACAUN-CPU + LEPRACAUN-IO)

CPU SH-7785 (600 [MHz|)
Nominal voltage 18 [V]
Communication LAN

Output Signal PWM
Input Signals AD(10 bits), Encoder(Ch A/ Ch B)

Dimension

92(W) x 55(H) [mm]

Motor Driver : Hibot (1Axis DC Module)

Nominal voltage

8 to 28 [V]

Nominal DC Current

10 [A]

Input Signal

PWM Up to 30 [KHz]

Dimension 50(L) x 12(H) x 25(W) [mm]

Table 5.3 Specification of wheel motor

Motor (Maxson RE25 10 [W] )

Nominal voltage 12 [V]

No load speed 4850 [rpm]
Nominal speed 3800 [rpm)]
Torque constant | 23.5 [mNm/A]
Nominal torque 28.6 [mNm/A]
Nominal current 1.24 [A]

Gear (Maxson GP26B)

Gear ratio

4.4:1

Gear efficiency

84 [%]

Gear (Harmonic CSF-11-100-2XH-F)

Gear ratio

100:1

5.2.2 ZEERDFHE

HRIE, M7 URVE 0 O KB S N2 B2 HigD [R5z L 2 HOATHE
3 5. Hifgld, HEMAEIZ X > THARWL T UEIL LU 72REED 5 Laptop PC 12 &K 28412
Ko THEI 2GS 5. EfrhoHEgMEIX —EL T 5. RERTIE, FZ0.11[m], (E
0.12[m] DR A 72 & 7 filigz HT 5. HigDE(T9 2 LiEIX, HEW552HVW5.
E7, WEBEEE LIICEE S 2 & CHIgMEZ KT 5. ARFEREEE OB B E A

Hi%, 3.15kg] CHiEgE L 2.5ke] THBH DT, HNDOMMEIL, 5.65kg] THD.

Hifgld, T—&Xa22 ha—JI2X>TPID EERIMEX NS, HigolHhi®ErH ¢, & &
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IR & e K Hilm [ o, #HEEEZ AL,

- 74 -

IKf 22 % 22 LR FEIRIE VIR D IR 45 4



5.2 B H iy 5 17 SR

Table 5.4 Specification of FT sensor and motion capture

FT sensor (IFS-67M25A50-140-ANA)
Nominal voltage +7 to 15 [V]
Weight 180 [g]
Nominal F,, F, 200 [N]
Nominal F, 400 [N]
Nominal t,, t,, t, 13 [Nm]
Motion capture (OptiTrack FLEX:V100R2)
Nominal voltage 5 [V]
Camera resolution 640 x 480
Frame rate 100 [FPS]
Latency 10 [ms]
Maximum range 7 [m]
Default lens 46 [deg]
interface USB 2.0

fiiZ 10 [ms] A TIEE LU PID HEGIEZ B 272 5. X 5.4 (2 Hifg#EHIEIZ B 1) 5 HE
LT 0y 2 M e Ry, ARERTIE, #7122 K,=10, #5271 >~ K;=100, #
BT AV Kg=20 O PID Hlg#EHIHE B 2> T\W5. HIHIREEEYV 0T a—T 11k

ZEMEL, E—XRKIANIZAHLTWVWAS.
REBIZBEWTHIET A NI A =X, AFNTHS.

o ER iy M % £
o BEIZAL x :

o ILNENL 2 :

(67

E-—YarIFyIFv—

E-—YarvdFy I v —
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12 & - CTHIE

12 & - CTHIE

INOHIEME»SUTDNTA—RZEIHT 5.

o Hifi AR EEE &
o Hif[El R HIHEE &

o BHEIKEE 1 :
o ILTNHEE £ :

o XYy TH

[z £ B2 & 300

M ENAAL % )
N 2L 2 W)

[FldE £ FE % 2 [0
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Fig. 5.4 Wheel velocity profile and wheel control diagram
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10. HlgAYHE T REFEHI DEUIZE ST o, ARy 7 UHI#E LR o6 E—X &1k
DRE 2T T 5

11. HELHE, HE®HE X COMMERRE, MEZ2Z/LI Y step 1~step 7 &2 B Z Wl
Ex AR DR

5.3 ETEEROGER

B dl I BT, Hifg a0 BB, rdges=0.10 m/s] & U, ¢,=0.25, 1.00,
2.50, 5.00 [s] D 4 DD FL 2 NEREHE CTHEEFIET 2 ETERE S Zmo7. £z, 8.0
[kg] D% BB E LEICRYE, HigRAELZTEIC—ETHD m,=13.65 kgl & L7z, K
5.5 7 5 X 5.8 (2 JIEKFE A 0.25, 1.00, 2.50, 5.00 [s] DEFEBREREZ ZNTIRT. E
BREE ST, HEmEE OIFFIZAL, XY v TERORHEZ(L, W NEOKFZ, W NEED
2L, T ASIIORMZ L, B|EHIHOREZ{LERL TS, K55 ICEBRSM %
T,

Table 5.5 The single wheel experimental condition

’ Condition ‘ value ‘
Desired wheel angular velocity 0.10 [m/s]
Wheel acceleration time 0.25, 1.00, 2.50, 5.00 [s]
Total weight of wheel 13.65 [kg]
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Fig. 5.5 Result of wheel traveling : #,=0.25 [s] (rd=0.40 [m/s?])
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Fig. 5.6 Result of wheel traveling : #,=1.00 [s] (rd=0.10 [m/s?])
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Fig. 5.7 Result of wheel traveling : #,=2.50 [s] (rd=0.04 [m/s?])
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Fig. 5.8 Result of wheel traveling : #,=5.00 [s] (rd=0.02 [m/s?])
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Fig. 5.13 Relationship between average of sinkage displacement and time
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Table 5.6 Soil parameters of experiments for simulations

Soil parameters Unit Values  Description
c N/m? 761.84  cohesion stress
[0) deg 22.3 internal friction angle
k. N/m™*! 1000  cohesion stress modulus
ke N/m"*2 5000000 internal friction angle modulus
n 1.1 sinkage ratio
ag 0.40 maximum stress angle modulus
ai 0.15 maximum stress angle modulus

Table 5.7 Wheel parameters of experiments for simulations

Wheel parameters Unit  Values Description

My kg 13.65  wheel mass
r m 0.11 wheel radius
b m 0.12 wheel width
I, kgm? 0.03025 wheel inertia
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Fig. 5.17 Relationship between shear deformation modulus and shear acceleration
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Fig. 5.19 Relationship between slip ratio and time (experiment and simulation results)
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Fig. A.3 Result of relationship between shear stress and normal stress
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