Power & Mobility

TERRAMECHANICS IMPACT OF THE
WHEEL NORMAL REACTION ON MOBILITY
AND STEERABILITY MARGINS

Jesse Paldan, Vladimir Vantsevich, PhD, David Gorsich, PhD, Jill Goryca, Amandeep
Singh, PhD, Lee Moradi, PhD

7/20/2021 DISTRIBUTION A. Approved for public release; distribution unlimited. OPSEC#5605



Terramechanics Impact of the Wheel Normal o
i " 1 . Power & Mobilit
Reaction on Mobility and Steerability Margins ower & Mobility

OUTLINE:
Motivation and problem statement

Approach
Model of dynamic normal reaction

Boundaries on normal reaction

A S

Dynamic normal reaction in two examples of suspension
damping forces

6. Conclusions/summary

7/20/2021 DISTRIBUTION A. Approved for public release: distribution unlimited. OPSEC#5605.
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Motivation and Problem statement:

 Normal reaction force in the tire-soil patch is a
continuously changing wheel parameter.

 When a vehicle moves over uneven ground,
motion in the vehicle’s sprung and unsprung
masses produce dynamic shifts in the
magnitude of the load transmitted to the
ground.

* With the damping force controlled for better
ride quality, tight constraining of the sprung

mass motion may lead to significant dynamic
changes of the normal load.
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Approach:

1. Develop a method to model and simulate the
normal reaction when limiting travel of the
sprung mass.

2. Avirtual sensor that measures the suspension
travel is used to determine the normal reaction in
real time.

3. Extreme values of the normal reaction are
researched to establish boundaries for mobility
and bearing capacity.
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Quarter-car model of one-wheel module:

e Sprung Mass Acceleration:

msés - Ks(zu - Zs) - Cs(zu - Zs) =0 e ™~ M
: P I=—] C
* Unsprung Mass Acceleration: A ’ ‘
MyZy + Ks(zu — Zs) - th (Zg o Zu) L . Y; ‘ Zu
+ Cs(2y — 25) — Crg(2g — 2,,) = 0 T
-
. . . . ng A C[g
* Soil stiffness influence included as WE‘ A e

combined tire-soil stiffness, K ,:
K.K,

Kig=——
YUK+ K, s
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Dynamic Normal Reaction R,:

R, )
=R, s+ Kig(zy — 25) + Coy(2y — 24)

Static normal
reaction R,
Driving mode wheel forces: becomes Rz_s under
influence of relative
travel z,, — z,4 and
velocity z,, — z,
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Dynamic Normal Reaction R, :

R, =R, s+ Kiy(zy—25) + Cey(2, — 24) T

Relative travel of sprung mass z¢ and
UNSPrung mMass zy,:

L=(zs—2z,)

Dynamic normal reaction in terms of relative
travel of sprung and unsprung masses:

R, =R, s + myL + (% + 1) (CsL + K,L)
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Soil pressure-sinkage:

1
Pgr \n
Zw = (% J D
—C
Z,,. sinkage AN W ,
Dgr: ground pressure w
. AR N . 6
b: contact width S~ t
k¢, kg, n: Bekker model soil parameters < l ‘:l S T
t t1
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Iterative process for deflection 6; of
deformable tire: balance normal load

R, with soil reaction: D
R, = pgrltb + Wew
(W,,,: component of soil reaction on “““““Z
curved portion of contact length [;;) w
k AR ~ P 6
. Wcu=lt(;c+k¢)«/5(zw+5t)"-1x Seem =7 : t

3
[(S—n)(zw+8t)3/2—(3—n)8?—32w\/6_t] I
t
3

e 1, =2/D68, — 62

7/20/2021 DISTRIBUTION A. Approved for public release: distribution unlimited. OPSEC#5605.



Terramechanics Impact of the Wheel Normal
Reaction on Mobility and Steerability Margins

Boundaries on normal reaction:

* Bearing capacity of soil W:
Wy = A(cN, + vz, N, + 0.5YbN,,)

A: contact area
c: soil cohesion
¥: unit weight of soil

Terzaghi's Bearing Capacity Coefficients

— —

0 20 40 &0 80

100

Power & Mobility

D
\\_I’\\\\\\ N
Z w
AN, ~ - _ P 6t
e lt1

N¢, Ng, N,,: bearing capacity coefficients
dependent on soil angle of internal friction ¢
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Boundaries on normal reaction: 1 | | | | | -
* Circumferential wheel force: _osf

Fx %:. 06}

Hx = 5~ g
RZ E “ ---""'"....: It
. . — px

Circumferential force F, must be able °?f o
to match the corresponding motion  °; oo 0T o5 02 om o5 o

Current Friction Coefficient, Hy

resistance R, s:

* Asthe current friction coefficient u,,
increases, the tire slippage increases
exponentially.

e Maximum value of u, is limited by the peak
friction coefficient p,,, which p,
approaches asymptotically. ||
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Stochastic terrain simulation

008 . Grnundl Height vs. I.‘I.'istanne
model: N VAN
E 0 -\I ."I II'. ‘-.II .'Il h _--‘\"'-. — ,.-"\._‘\ .
. . . E \ :.' |II ."f\\__ II'. :.' l". |
* Varying ground height profile z, Fa | VY \/
produces disturbances to Vo v/
0.1 : : '
motion of wheel module ’ ’ Distance (m) ’ N
. . Peak Friction Coefficient vs. Distance
masses, affecting dynamic AT N AN
normal reaction e M 1ALV 2T
* Varying peak friction coefficient o \ !
affects maximum 03 : = : : .
. . Distance (m)
circumferential force E,
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Active Damping Force

Comparison of two suspension i Zz . n'ﬂ o Iﬁ - 1 N—
damping cases: = oyl | ||' ".”,f A Il"u. | |||' WV Ml Jj" | i n
 Passive damping with B Il"' | '“
damping constant (g K et 10
* Active damper varying I : “‘" T ;
damping force to limit 1" L iy u'~ W'v ; 'uf Ay
sprung mass acceleration % L, h | J 1\‘ jl"-”n{ \
o Damp|ng force FSd - M, }—T‘Zu : gnsplrunTglmrj;;ig.cceu.1 —

determined through

. . ) LfL N || Ml M l\ |l1 N L "

inverse dynamics: ST TR w 4#
| | || B .

Fsq = mgZs — Ko(zy — 2g) D 2 e s
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Dynamic normal reaction and

Normal Reaction and Boundaries (Passive damping)

boundaries for both damping ” b =]
examples: ll"?‘ﬁ'l”hq‘n'ﬁ?-if’fw [
N oz l
1. DynamicR, .
2. Upper limit R;*** based on 0! . ; : : "
H P max Time (s)
bearlng CapaCIty RZ < M/S 20 Normal Reaction and Boundaries (Variable damping)
3. Lower limit based on minimum sl |4 2 iR,
. . . = 1 M A (|——2:rre
for required circumferential < Y sron ||
. = — 4 0.2R
force: p R7"™ > Ry E g
4. Lower limit based on % 2 s 6 5 10

steerability: R7“™ > 0.2R, g
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Conclusions/summary:

e Method to determine boundaries of wheel normal reaction

* Dynamic normal reaction can be obtained from relative travel
of sprung and unsprung masses

* When the sprung mass is held steady, the dynamic changes in
the normal reaction are increased.

* Goals of stabilizing the sprung mass, avoiding exceeding the
soil bearing capacity, and maintaining sufficient normal
reaction for mobility and steerability must be kept in balance.
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* Q&A
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