Steering Forces/Slopes and Static Stability

e Side forces on wheel

* Power comparison between skid-steer and ideally steered
e Stability across and along slopes

e Forces and torques on wheels

e Acceleration/deceleration

* Jurning

e Hitting obstacles

* Rigid suspensions and obstacles
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Skidding Forces and Power

v, R
R = total wheel resistance < N >
a0
| Nm
Drive power P,.=Ry <—>=<W>
SCC
s Side force = Fy, = usN
Vv, R

Normal force into soil = N

Skid power P, = F.v. = u Nvsina

Total wheel power = P, = v(R + usN sin «)
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Wheel Drive Power
We can define R = u,-IN

P, = vN(u, + s sin a)

P, =vu,.N(1 Ps sin )
fhr

Proll = U,UTN

T A — Proll(l | o SN Oé)
Ly

For roads > U, =~ 0.05 or less

Off-road — u, = 0.2; pu, =1
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Turn-in-Place (Skid Steering)

N
PSkld — Pl’Oll lf L SIIN O = 1
q (D K,
, P 17 IMS .
e 5 W —~5=sina=02=>a=11.5°
|
ANV \\ Hr
l Vern ; Turn 1n place (skid steer)
|
\\ h C
o
|
Nt
— , [/2
COS f = S1n ff =
Fturn Fturn
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Power Required for TIP Skid Steering

wC
V.= wr,,, COSp) = .
, )4
V.=wr,,,, SiInp = B
)&
Pmll T Vr/’trN N TﬂrN
wl
P skid = Vs/’tsN r 7”SN
C [ wN
Pw = wN Eﬂr + Eﬂs — T (C//t,, + lﬂs)
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Turn in Place (Skid vs. Steered)

Turn in place (steered)

PW - a)rturnlurN
wN ( )
Pskid_ 2 C‘,l/t,,-l-l//ts
Pytoer OF N
Hs Hs
1 c+ [— 1 c+ [—
S e " W, et Y
2 rturn 2 C 2 + [ 5
2 2
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Effect of Wheelbase on Skid Steering Power

Hs
C+ —
PSkld - Hy
P steer \/ 62 -+ 12
M . .
— ~ 5 = Skid power goes up with /
Hr
i =
skid
—> 1 forl —> 0
r steered 5 5
T \_/
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Skid Steering around a Turn

/ L. i
subscript (i) refers to wheel on inside of turn

. . V=wr
subscript (0) refers to wheel on outside of turn

a o
i o
e [ (i <”+5) i (5)
....... / 2+ l 2
V. = s i
i \ 5 5
2 2
C [
______ v0=a)r0=a)\ (r+5) + (5>
2 2
C [
Vi=a)1’l-=a) (r+—) -+ (—)
\ \ 2 2

UNIVERSITY OF Steering Forces/Slopes and Static Stability

MARYLAND g ENAE 788X - Planetary Surface Robotics

\

&



Skid Steermg around a Turn

&

...
L)
E=1
e
=3

\
UNIVERSITY OF

 MARYLAND

C
r+ , [/2
COS aO — S111 0(0 = —
r, r,
C
r== , [/2
Cos a; = SINA; = ——
}’l- ri
r‘l‘% C
V., = WF,COS q, = wr, =w|r+—
r, 2
, [/2 [
Ve, = OF,SINQA, = OF,— = O—
r, 2
C
’ v 2
, [/2 [
’ r; 2

l
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Power Required for Turning Skid Steer

C C
P,,,O=v,,,0 U, N0=a)<r+5>,u,, N, = V<1+—),u,, N,

21
PSO:VSOﬂSNOZﬂﬂSNOZKZﬂSNO
’ ’ 2 20
P, = oN, <r+£>//t,,+i//ts =V (1+i>,u,,+i,usl N,
’ 2 2 21 25
C
Prl= <I_E>//ter
P =Kl u. N
S, 2}/' \) l
PleVl(l—i>,u,,+L,uS] N.
.74 21
UNIVERSITY OF Steering Forces/Slopes and Static Stability

G

MARYLAND 0 ENAE 788X - Planetary Surface Robotics



Double Ackermann Steering around a Turn

\ \
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Single Ackermann Steering

o .
~  subscript (f) refers to front wheel

subscript (r) refers to rear wheel

Vo.p = @OF,

)
\ (r—%) +1°
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Turning Power Required with Single Ackermann

2 2 2
C C [
PW,Of — V?‘,Of Il/tr NOf — a)\ <r+ 5) + 12 //t’, NOf — V\ (1 + 2_) —+ <_) //tr NOf

r r
2 2
P,.=YV Feaa + i U, N,
wif \ 2r r | Y

Ptatal: w,0f+Pw,if+Pw0r+P
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Rover with CG and Force Vector

G

(D

D

Stability Region

&)

R

UNIVERSITY OF

MARYLAND

e

|4

Rover 1s stable so long as
oravitational force vector
passes inside the stability
region formed by the
contact points ot the
suspension with the ground
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Rover on Cross Slope

Nearing limits of Exceeding limits
static stability of static stability
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Rover Climbing/Descending Slope

Nearing limits of
static stability

FExceeding limits
of static stability
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Slopes and Obstacles

1w = Wheel coeflicient of friction with ground

N = normal force to surface
T = urN = urWsin6

1" = wheel thrust = u/N
T

I'=—=Wsinb

r
uW cos = W sin 6
tanf = u

Assume T > lyimie N7 (friction limited, not torque limited)
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Rover Climbing/Descending Slope

LD
N,

L a%
= 14
Sntcrd
2 mg i mg

15
ZFOYCGS L to surface Az Z Forces || to surface
N1+ Ny = mgcost T, + T =

Ny

5&)

= mgsinf
Z Torques about rear axle
Tir +T5r + Ni£=mg|({ —a)cost — hsinb
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Static Equilibrium Conditions
ZForces 1 to surface Z Forces || to surface

N1+ Ny = mgcos6 17 + 15 = mgsin 6
Z Torques about rear axle
Tir +T5r + Ni&=mg|({ —a)cost — hsinb

Friction forces proportional to force into surface

L5 s
N1 No
Four equations, four unknowns
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Static Equilibrium Solutions

G

Ny

UNIVERSITY OF

MARYLAND

. _
= mg _(1 Z)COSG_<€ | 2) siné’_
) . _
Ny = mg %COS@—I—(K | 2)81119
N
15 = in 6
5 N1+N2mgsm
Ny
T = in 6
1 Nl—I—NngSHl
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LRV Three-View and Dimensions

AX1S REFERENCE

(DEPLOYED, EMPTY)
WEIGHT = 462 LB*

C.6. LOCATION:

X = 52.8
Yy=.C.3
Z = 103.1

*INCLUDES BATTERIES

& PAYLOAD SUPPORTS,

EXCLUDES SSE.

LRY COMPONENTS AND DIMENSIONS

4\

LN

=/~
100.0
(NTTO‘ OF
CHASSIS)

24" - 970 LB. PAYLOAL
27" - NO LOAD

m-

STA, STA,

X * 26.5 : X+ 116.5
h :.1

UNIVERSITY OF
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Loaded LRV Weight Distribution

m = 690 kg
mqg = 1120 N
¢ = 228.6 cm
c =183 cm
r = 40.6 cm
a=114.3 cm
h = 50.8 cm
N1 = No =279.8 N
b= 229 cm
UNIVERSITY OF Steering Forces/Slopes and Static Stability
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Normal and Shear Wheel Force w/Slope

0.9 -
13
0.8 -
0.7 - g
0.6 - Vo
0.5 mg
0.4 -
0.3 - my
0.2 - 1
0.1 - m
0 | | g | | \I |
0 10 20 30 40 50 60
N1 —N2 —T1 —T2
ys UNIVERSITY OF Steering Forces/Slopes and Static Stability
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Acceleration
dV

T(éi” dv\°
B e \/g2 . ( i )

Acceleration: “0-60 mph in X seconds”
60 mph = 88 {t/sec = 26.8 m/sec

otal accel (g
o R W < T g

EsCEmR. T -
ST T e e
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Longitudinal Dynamic Conditions
ZForces 1 to surface Z Forces || to surface

N1+ No = mgcost T +T2:mgsin(9

Z Torques about rear axle
I''r+ T,r+ N,Z +mah = mg|[(£ —a)cos — hsin 0]

Friction forces proportional to force into surface

L5 s
N1 No
Four equations, four unknowns
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Longitudinal Dynamic Solutions

a h 1\ . h 1\ a,
Ny=mg||{l——)cosO@—|—+—)smO—|——— | —
l( Lﬂ) (f Lﬂ) (f z/”) gl

a h 1\ . h 1\ a,
N, = mg ?cosé’+ ?+? sin @ + =
g

9 — 1L g S111 ma.,
N1 + No
Ny
T, = (mgsin 0 + ma,)
N1 + No
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Normal and Shear Wheel Force w/Slope

0.9 -
13
0.8 -
0.7 - g
0.6 - Vo
0.5 mg
0.4 -
0.3 - my
0.2 - 1
0.1 - m
0 | | g | | \I |
0 10 20 30 40 50 60
N1 —N2 —T1 —T2
ys UNIVERSITY OF Steering Forces/Slopes and Static Stability
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Apollo LRV Full Slope Range, Static Case

1500

z
1000
o Slope (deg)
.
60 T - 0 20 40 o 80

-500

-1000

—N1(ax/g=0) —N2(ax/g=0) =—=12(ax/g=0) -—T1(ax/g=0)
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Apollo LRV Slope Forces

1500

Force (N)

1000

Slope (deg)
680 o 80
-500
-1000
-1500

—N1(ax/g=0)—N2(ax/g=0)—12(ax/g=0) —11(ax/g=0)
—N1(ax/g=3) ——N2(ax/g=3) =[1(ax/g=3) —12(ax/g=3)
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Overturn Limits

a h 1\ . h—ra,
/ ¢y 7 g

For the static case (a, = 0)

a wuty B
(1 2) COS 01,01 = (f | E) Sin Opmit

t 0 (1 ClZJ) t—a
all Uiimit = 77 =
1 WE
(7 +%) htr
L4 gt —a)
Limiting accel on flat ground = a, ;... = i
’ r —I—
P Steering Forces/Slopes and Static Stability

G

MARYLAND 30 ENAE 788X - Planetary Surface Robotics



Limiting Slope Under Acceleration

g 10

00

Acceleration ax/g
@)

4
2
0
0 10 20 30 40 o0 60
Slope (deg) Hlim’it
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Deceleration

Deceleration: “Leave one car length per 10 mph”

V =60 mph, £ =4m > 24 m to stop

s 1 v? 1 v?
SOt R =01 > S = I —
2 2 a 2 S
(26.8 m/sec)? (408"
Udecel — — -
2(24m) sec
m
for Earth, g = 9.8 5 > Aot = 1.84 g
sec
UNIVERSITY OF Steering Forces/Slopes and Static Stability
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Deceleration Stability Limits (Level Ground)

G

Distance — CG to front wheel

UNIVERSITY OF

MARYLAND

a 1 dv
h+r gdt
Less stable in lower gravity
60 mph panic stop on Earth=
10 mph panic stop on Moon
. : a a
or oilven : X
5 h+r h+r|. R
limit
1
Smin X —
8

60 mph panic stop on Moon requires 147 m

33
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Inertially-Limited Acceleration

t=1r
dv
= m—
dt
dv

T = Irnm—

dt

Z moments about rear axle at torque limit

- B _ D
75 m-—=m = 1C
T

dv . dv (¢ — a)
' m— = m — d
" e

dv >  — a
dth _gr+h

m
UNIVERSITY OF Steering Forces/Slopes and Static Stability

MARYLAND 34 ENAE 788X - Planetary Surface Robotics

G



Inertially-Limited Acceleration

LLunar Roving Vehicle:
N dv
r=0.41 m 2 lim
| = 2.0 (Moon)
h=051m Sec";
a=1.14 m = LD (Eﬂfth)
: sec?

Moon: 0 — 10 kph (2.78 m/sec) = 1.4 sec
0 — 60 mph (26.8 m/sec) = 13.4 sec
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