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Abstract

Off-road vehicle performance is strongly influenced by theeterrain interac-
tion mechanism. Soft soil reduces traction and signifigamtbdifies vehicle han-
dling; therefore tire dynamics plays a strong role in ofkdamobility evaluation
and needs to be addressed with ad-hoc models. Starting freemaempirical
tire model based on Bekker-Wong theory, this paper, analjtze performance
of a large four wheeled vehicle driving on deformable terraA 14 degree of
freedom vehicle model is implemented in order to inveségae influence of
torque distribution on tractive efficiency through the slation of front, rear, and
all wheel drive configuration. Results show that optimaf@@nance, regardless
vertical load distribution, is achieved when torque is bchtoward the rear axle.
This suggests that it is possible to improve tractive efficiewithout sacrificing
traction and mobility. Vehicle motion is simulated over dignd, moist loam, flat
terrain and inclined terrain.

Keywords: tractive efficiency, off-road tire dynamics, multi-passhicle
dynamics, torque distribution

1. Introduction

The objective of this paper is to investigate the influenc®jue distribution
on tractive efficiency of wheeled off-road vehicles. Tirdlowa the vehicle to
convert the energy delivered by the engine into useful warit{on) and therefore
they influence vehicle dynamics and mobility. In order tolist@ally evaluate
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the tractive efficiency of a full size vehicle it is necesstryproperly model the
dynamics of the tires and the vehicle body. For this reasbomtigh off-road tire
model is explained and a 14 degrees of freedom vehicle msd®elilemented.

Amongst the terramechanics community three primary amhes for tire-
terrain interaction modeling can be summarized: semi-dnabimethodsmﬁl,
,], analytical methodﬂ 30], and finite elemeethndsEQB].
In this paper, a the semi-empirical approach, based on woBekker EZ], Reece
and WongEBEM, is followed because semi-empirical medeé computation-
ally inexpensive and therefore they are suitable for ri@a¢-tvehicle simulation.
At the same time they allow to simulate tire complex beharsauch as slip-
sinkage and multi-pass which significantly influence maop#ind performance;
as highlighted by Letherwood and Gunter] [19] simplified tiredels lead to poor
prediction of vehicle dynamics and for this reason they aresuitable for this
study. On the contrary, finite element analysis is still catagionally demanding
and it is not yet applicable for real-time simulations.

The simulation of an off-road vehicle differs from the oradocounterpart
mainly for the tire-terrain interaction model. The dynasaf vehicle body is a
well documented subject and extensively analyzed in tleedlitre. To a good,
first approximation, the vehicle can be modeled as a rigig/hading six degrees
of freedom @Eb] A vehicle model that incorporates a falle off-road tire
model has been proposed by Sharaf et all [25, 25]. The auddusted Har-
nisch et al. AS2TM tire mod 4], performed standard hargdmaneuvers, and
concluded that “in order to achieve the maximum tractivecedficy, the driving
torque should be distributed to match the weight distrdoutboetween the front
and rear axles in a manner as to minimize the slip differeete@den them”.

Yamakawa et al. @5] studied independent wheel drive vekiend high-
lighted in their conclusions that “torque allocation basadhe vertical load on the
individual wheels is one possible method for efficiently twtoting wheel torque
for vehicles with independently driven wheels”.

In this paper we show that load distribution does not haveangtimpact on
tractive efficiency (it influences mobility though) and thée to different tire-soil
characteristic between front and rear axle (multi-padig)nsnimization does not
necessarily guarantee optimal traction, but we will shaat itremains intimately
related.

The paper is structured as follows: secfibn 2 explains teetiodel, sectionl3
introduces the full vehicle model and sectidn 4 presentsebelts.
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2. TireMode and Assumptions

The adopted model has been developed by the authorslin R4, it will
only be briefly introduced here. The model accounts for baid wheels and
flexible tires. The rigid wheel implementation is substalibased on the model
developed by Wong and Ree [if&l 34] while the flexible tirpl@mentation
follows the approach proposed by Chan and Sandu Q 6, 5].féayres of this
model are the inclusion of multi-pass effect and slip-sg&phenomenon for both
rigid and flexible wheels. Rigid wheels can be consideredsadpproximation of
a flexible tires. When the terrain stiffness is significamthyer than the total tire
stiffness (the carcass stiffness plus the inflation pregsthe flexible tire can be
approximated as a rigid wheel, greatly simplifying the gael.

The first step for a semi-empirical method is to estimate thess distribu-
tion along the contact patch. Normal and shear stressesogeatthe interface
between a rotating tire and the soil surface. Normal stiesalculated from the
pressure-sinkage equation originally introduced by Be[@]aand later modified
by Reece[(11),

on = (cK.+bykp) (£), ®

whereay is the pressure normal to the sinkage plates, the sinkagen is called
sinkage indexg is the soil cohesion is the soil bulk densityk;. is a cohesion-
dependent soil coefficienk, is a frictional-dependent soil coefficient, ahds
a parameter related to the geometry of the penetrometerdthes for circular
plates or the smaller linear dimension for rectangulargsiat

Calculation of the shear stress beneath the wheel is basedarpempirical
expression first introduced by Janosi and Hanamoto [16] addlyused,

Tx = (C+ optang) (1—eﬁ37x), (2)

where the first term is the Mohr-Coulomb failure criteriomagpresents the lim-
iting shear stresgy(is the angle of internal friction of the materiajy,is the shear
displacement of the terrain, akglis the shear deformation modulus (a measure of
displacement needed to achieve maximum shear stressy. [Bbparties of soit,

¢, andky can be obtained though direct shear tests or ring shear kst Shear
displacemeniy describes the relative velocity between the wheel anditeata
the interface. It can be calculated integrating the sheacitg of the soil in con-
tact with the wheel (assuming that the velocity of terrairtipkes at the interface

3 Journal of Terramechanics



Carmine Senatore and Corina Sandu

matches the velocity of the tire). According to Wov@[%]caim be defined as

follows:
e

x= N Reft(8)[1—(1—s4)cog6)]d6 (3)

ix,» as well asg, andt, are function of the central angi@®which is illustrated in
figure[2. Ref ¢ is the effective radius and it will be discussed in detagtan this
section whilesy is the slip ratio and it is defined as follows:

\%
“oR

whereV is the velocity of the axle of the wheel it thé-direction (defined in

sectiorB),w is the angular velocity of the wheel, aRis the rolling radius. In

order to reproduce a realistic stress distribution, norstrass is defined in this
study as a piecewise functi33]. From leading efligéo the location of the

maximum normal stres$,, the stress is calculated using (5),

n

ons(6) = (oK,+ b)) (cot®) ~cosB)”,  (6)
while the normal stress that goes from the maximum stres, @i, to the trail-
ing edge B, can be evaluated bl](6),

Onr (6) = (Cke+ byskyy) (%)n (cos(@e— ( :m__eér) (6e— em)) ~ cos(@e))n.
(6)

Typical trend of normal and tangential stress distribuicagiven in figuré]l.
In this study,6, is thought to be a linear function of the slip ratio and theent
f?égle. This is an empirical estimation successfully immated in other studies

27/20].

s=1 (4)

6 = (Co+C1/sd|) Be, (7)

Co andc; are two constants. Sind, is usually half-way between the entry angle
and exit anglecp can be selected in the range[6f4,0.5] andc; € [0.2,0.4] as
proposed byEB]. It should be mentioned that Wong has suedes different
definition of 6, for negative slip: however such definition creates discuity
issues around zero slip and thus it was not considered remydatause no break-
ing maneuver are simulated. To improve the prediction pfsinkage the sinkage
exponenn s linearly related to the slip ratio [20].
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n=no+ Ny|sy| (8)

This is again an empirical approximation but it contains egphysical in-
sight. The exponent is experimentally obtained for steady soil loading tests
performed with a bevameter. However, the response of thénsoontact with a
rolling/slipping tire is presumably different. Thus, e¢joa (8) is introduced to
describe the variation of sinkage exponent as a functiorhe®ehslip. In this work
constantsp andny, experimentally obtained thorough single wheel drawbstste

], have been adopted.

A tire operating on deformable soil can be approximated agdwheel if the
pressure distribution along the contact patch does noeeites carcass stiffness.
When this is verified the effective radius is a constant, drefjuals the unde-
formed radiusResf = Ry. When carcass stiffness is exceeded, the tire deforms
and a different approach is needed. The problem becomesreatyr complex be-
cause both the tire and the terrain are deformable. Chan amduSproposed to
calculate the deflected shape of the tire through the foligweiquation:

d
Ru Ru{1- ;*9)) if 6, <0< 6
d
Reff=¢ Ri—Ru(1— S(R) e_B<”1+ZZ+Z>(9_9f) if O <O<m
R V1422 o) .
Ri—Ru|1- m)‘ﬂ RO -t if m< 6 <2m+6

(9)
{ andf are two parameters related to the stiffness, damping, isiftation pres-
sure ular velocity and construction of the tire and ataioed experimentally
Egl] An example of a deformed tire is given in fighreThe tire has a
flat shape between the angl@sand 6, and a round shape (connected through a
logarithm spiral) elsewhere.

2.1. Multi-Pass Effect

Multi-pass effect has a strong impact on the evaluationawftion of off-road
vehicles. Repetitive loading of deformable soils showed tturing the unload-
ing and reloading process the pressure-sinkage relatiobeapproximated with
a straight line|[31]. However, the modeling of repetitivadiing introduced by
Wong cannot be directly implemented into the model becatifeeovay the nor-
mal stress along the contact patch have been obtained @psecfunction that
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does not strictly follow the monotonic trend of the sinkag) this paper a dif-
ferent approach is taken. The most relevant study conagtheanmultiple pass of
wheels on the same patch of terrain is the one performed by l[@]. The study
showed that terrain properties are altered after each paistha variations are a
function of slip. If the first wheel is towed (zero torque passil properties vary
mildly, while the passage of a slipping tire produces a gjevreffect. Holm’s
results are reproduced in figure 3 where the experimentaltsesre fitted through
the following equation:

)

whereky, ky, k3, are three fitting constants that can be derived from exparim
while s is the slip of the previous pass and is the number of passes. The
greatest variation occurs between the first and second passessive runs have
less impact on the behavior of the terrain. Terrain densityeases after each
pass and, considering the obtained results and relatedfraorkBekker @], also
the cohesion of the material is considered to have increddad phenomenon is
incorporated into the model introducing a dependency dfsopertiesc, andky
upon the number and type of passes through the followingtemsa

s
Ch=C {1+ (1— eW) ko + kgnp} , (12)

-0
Ken = Ky {1 - (1 - eW) ko — kgnp} . (12)

We speculate that andk follow the same trend as in equatidn10); thiis,
ko, k3 have the same value in equatiohs| (10),(L1),(12). Extragdlparameters,
employed in this study, are presented in table 3.

2.2. Drawbar Pull, Driving Torque, and Lateral Force

Once the normal and tangential stress distributions areviritis possible to
calculate the drawbar pull and the driving torque. The badaof vertical forces
needs to be calculated first: it ensures that the verticakfproduced along the
contact patch balances the vertical load acting on the whsejiven in[(1B3),

W= W/{:e Rert(0) (Gn(e) cogBett) + 1x(0) sin(@eff)) deé, (13)

6 Journal of Terramechanics



Carmine Senatore and Corina Sandu

Table 1: Undisturbed soil properties adapted from [32] $ations. Moisture content is zero for
dry sand and about 50% for moist loam.

Soil ke ohi n c[Pa] @[deg] kyky Ys

[m] [N/m?3]
Dry Sand 34 49.68 0.70 1150 31.1 0.015 15,696
Moist 2445 96.34 0.97 3300 33.7 0.0076 15,196
Loam

whereW is the weight force of the vehicle and the right hand side terpnesents
the integrated stress along the contact patch acting ingheal direction (i.e.,
the vertical force exerted by the tire). The tire widthvgvhile B¢ ¢ is the effective
angle that the deformed tire shape creates with the veaiesi for the rigid wheel
model6eq¢¢ is equal toB. Drawbar pullF is calculated from the integration of the
normal and shear stresses decomposed along the longitdatewtion,

F = w/efeReff(e) (1x(8) COS B ) — On(6) Sin(Ber 1)) dB.  (14)

It should be mentioned that this expression already indulde soil compaction
resistance, given by the last term of the integral.
The driving torque is given by the following expression:

T :w/ejeRgff(e)rxw)de. (15)

The tire model has been tested on two type of terrain: dry aadanoist loam.
Dry sand is a non-cohesive and loose soil; on such terrainateass stiffness is
never exceeded and the tire operates as a rigid wheel. Loaffirmser soil which
exhibits a steeper pressure-sinkage curve; on this tdsdinthe soil and the tire
deforms. Soil and tire properties are summarized in Tallgs 1

Table 2: Nominal tire properties needed to calculate tirengetry according to equatidn 9. Pa-
rameters are referred to a Continental Contitrac SUV PZ8R/7 and have been experimentally
calculated inl[4].

Ry [m] w [m] pi[kPa] ¢ B 0
0.4 0.265 240 0.0845 6.3579 0.0230
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Table 3: Tire parameters for slip-sinkage and multi-passutation. ¢y andc; are taken from
[@]. cof andcy s are estimated by inspectiomg andn; are taken from@O].kl, ko, andks are
extrapolated forn1ﬂ5] as explained in the text. All paraangtare dimensionless.

Co C1 Cof Cif No Ny ki ko ks
0.4 0.2 0.2 0.05 0.8 0.6 0.1178 0.1672 0.0348

2.3. Tire Response

In this section a concise overview of tire model featuresésented. Figuid 4
shows the trend of the drawbar pull and torque versus theatlipat different ver-
tical loads on dry sand (tire behaves as a rigid wheel). Ltadgial force is much
higher (in absolute value) for negative slip because of ihikagie phenomenon:
terrain compaction force always acts against the direcfdravel.

The multi-pass effect can radically change the performaiagres rolling
into ruts created by other tires of the same or other vehidtegure[% shows the
variations of drawbar pull and sinkage for multiple passgqgedicted by the tire
model. As mentioned previously the way the first pass is peréd affects the
terrain properties and the performance of the second palsis. his direct im-
plications for multi-axle vehicles where only some of théeaxare driven. The
drawbar pull increases at the successive passages whiteltiwe sinkage de-
creases because of terrain compaction.

Similar results are obtained on moist loam and are omitted hecause of
space limitations. A more exhaustive description is gi\re@]

2.4. Traction Efficiency

The resistance to motion at tire-soil interface is pred@mily influenced by
the terrain compaction that results from sinkage. A meastithe efficiency,
according to Wong@l], can be obtained comparing the thposter with the
driving power:

N = FxVx _ F«(1-s9)R
Tw T '
Tractive efficiency depends upon the djpand the effective rolling radiug,
and it provides a measure of the capability to convert thegraelivered to the
wheels into actual motion (the effective rolling radius iher the undeformed
radiusR, for rigid wheels or mifiRe ) for flexible tires).
Tractive efficiency can be split into two terms: efficiencynodtion,

(16)
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~R
T 9

NMm= (17)

and efficiency of slip,

The efficiency of motion is a direct measure of the abilityaowert the applied
torque into useful drawbar pull. The efficiency of slip measuhe losses due to
slip effect. For a four wheel drive vehicle, assuming saméopmance of the two
front and rear tires, it is possible to express the slip efficy as follows:

SafUfFr +sgrur

=1— . 19
s usFs +u i (19)

where the indexes$ andr refer to the front and rear axle respectively. Introducing
the ratio of theoretical speed,

K I

- _ 20
V Ur l _ Sdf 9 ( )
and the coefficient of thrust distribution,
F
Kq = , 21
d Ff + Fr ( )

and through some mathematical manipulations it is posstbkxpress the slip

efficiency for a four wheel drive vehicle as follows:

~ Saf(1—sur) — (Sa —Sur)Kg
(1—sar) — (saf —Sar)Ka

Setting the first partial derivative of equatidn(22) witlspect toKq equal to
zero it is possible to find the optimal slip distribution:

Ns=1

(22)

ons _ (1—sar)(1— Sar)(Sur — Sar)

9Ka  [(1—sur) — (Sar —Sor)Ka]

Equation[(Z2B) is satisfied wheys andsy, are both equal to 1 (100% slip) and
whensgg = sgr. Clearly the first possibility corresponds to zero efficighecause
if both axles have 100% of slip the vehicle cannot move. Thgedficiency is

maximized when the slip difference between the front and¢lae axle is mini-
mized. This theoretical results holds if front and reardtibehaves in the same

=0 (23)
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way. However, besides of the possibility of different wead anflation pressure,
rear tires hardly behave like front tires because of the inpalés effect. In sec-
tion[4 we will show that optimal torque distribution does abways correspond

to the condition that minimizes slip difference. Multi-gaeffect intrinsically en-
hances the efficiency. This is expected because firmer shices sinkage and
provides better traction. The increase of vertical loade(thuincreased vehicle
weight or load transfer phenomena during motion) has a makrgegative effect:
higher values of, enhance traction but at the same time increase sinkage (i.e.
compaction resistance) and deteriorate efficiency.

Figured 8.7 present tractive efficiency for tires rollingdmy sand (rigid) and
loam (flexible) terrain. Tractive efficiency increases fnger tires, lower inflation
pressure and successive passes. This happens because ioahéitions sinkage
decreases leading to a reduced compaction resistance Bwdeg on-road oper-
ations higher inflation pressure guarantees better fuelaog but this is not the
case in off-road. Reduced inflation pressure not only imgsdvaction but it also
reduces sinkage, which also improves efficiency (hystetesses are negligible
if compared with terrain compaction losses). On loamy $bé,increase in ver-
tical load has a stronger impact than that showed by dry s@his.is due to the
fact that loam is a firmer soil and the compaction resistanesal sinkage is more
significant.

The efficiency, for both soils, has a peak in the range of 1%-20p. It should
be remembered that it is not possible to force the tires tkvabran imposed
slip ratio (the slip is indirectly controlled by the drivédrrbugh the control of the
desired vehicle speed). What can be done is to properly niadires, the power-
train ratio and the torque distribution in order to optimthe motion in specific
working conditions.

3. Vehicle Model

A full vehicle model is implemented and integrated with thhe thodel. To
limit simulation complexity some simplifications are indeced: vehicle body
flexibility is not considered, steering mechanism is modelely in its kinematics,
inertia properties of the drive-line are not consideredcamber or toe angle is
considered, suspensions’ kinematics is linear.

3.1. Equations of Motion

The vehicle model is based on the analysis discuss&iﬁh@@]. Figuré 8
presents the vehicle model scheme. Five masses are catsider
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e the vehicle sprung mass;, concentrated at the center of gravity of the body,

e four unsprung massesg, located at the center of the wheel hubs. These

masses account for the rims, the tires, and suspension blgsem

Three reference frames are defined following the recomniemdaof SAE

J670e([28]:

e the inertial reference fram¥,Y,Z: a right-handed earth-fixed coordinate

system

the vehicle reference framey,z a right-handed vehicle-fixed coordinate
system attached to the sprung mass. The origin is locatdtk atenter of
gravity (CG) of the sprung mass.

the tire reference framé,y', Z: four right-handed tire-fixed coordinate sys-
tems attached to the unsprung masses. ZHukrection is always parallel
to the vehicle-fixed-direction. Directions( andy’ are parallel tax andy
only for the rear wheels (which are not steered). The suffixesr, rl, rr
will be used to refer respectively to: front-left, fronght, rear-left and rear-
right (intended for an observer that is sitting in the cagjrfg the positive
direction of thex-axis in the vehicle-fixed reference frame).

The sprung mass is modeled as a 6 degree of freedom (DOFpogyl The

wheels are connected to the vehicle body via springs and el@amo relative
motion in thex andy directions between the wheels and the car body is assumed.
The tire displacement is constrained in theehicle-fixed direction only. How-
ever, the wheels have an extra degree of freedom repredeyntbe angular ve-
locity. The non-linear and unsteady sprung mass motion eaebcribed by the
Newton-Euler equations, written with respect to the vehifcted reference frame.
This choice guarantees a straight forward calculation @gttternal forces acting

on the body. The equations of motion can be written as foIE)}N [

11

ZFX = mgu+wqg—vr)
ZFy = mgVv+ur—wp)
> F = myWw+vp—uq)
ZMX = Ly+ql.—rLy
YMy = Ly+rly—pl;
ZMZ = I.-Z'i‘pl—y—ql—x, (24)
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where:

u,Vv,w = vehicle-fixed components of the sprung mass linear velocit

p,q,r = vehicle-fixed components of the sprung mass angular \gloci

Fx, Fy, Fz = vehicle-fixed components of external and internal forces,

My, My, M = vehicle-fixed components of external and internal moments

Lx,Ly,Lz = vehicle-fixed components of angular momentum.

The unsprung masses are modeled with a quarter car modelre&psly
stated the motion of the wheels is constrained tozl&ection in the vehicle-
fixed reference frame. The dynamics of the unsprung massesecemodeled as

follow:
myZy
muz,fr
muZ
muZ;,
where:

Fsti+k(ze —2Zp)
Fstr+ kt(Z{fr - Z’fr)

Forl +ki(Zn —2)
Ferr + kl(zérr - Z;r )7 (25)

Z\,Z,. 2, %, = tires vertical displacement,

Fst1, Fsfr, Fsrl, Fsrr = suspension forces,

k; = tire stiffness,

Z+¢1-Z 24y, 4 = terrain vertical displacement.

The calculation of the roll, pitch, and yaw angles (Eulerlagprequires the
integration of the angular velocity componemts), r through the kinematic dif-
ferential equatior(26). It should be recalled that diratégration of the angular
velocity components yields erroneous results. The coaggtoach integrates the
angular velocity components along the axes of rotation@&tler angles. In this
study the order of rotations chosen is yaw, pitch, roll:

12
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@ = p+(gsing+rcosp)tand
6 = qcosp—rsing
¢ = (gsing+rcosp)sedd (26)

The presence of tahand sed introduces a singularity when the pitch angle
equalsy. This problem can be avoided with introducing the quatersior an
indexing scheme. However, no countermeasure is taken becha pitch angle
will remain small during motion.

The external forces acting on the vehicle are:

e forces and moments generated at the tire-terrain contaches
e aerodynamic force (only in thedirection),

e gravitational force,
The internal forces are:

e forces produced by the springs compression/extension,

e forces produced by the dampers compression/extension.

A proportional integral (PI) controller is introduced to imt@in the imposed
cruise speed. The error functiendepends on the difference between the target
velocity Vet and the longitudinal velocitwy:

£(t) = Vset— Uu(t), (27)

where the notation explicitly includes the time dependefite controller acts on
the torque delivered to the wheels through the followingeigun:

t
T(t) = er(t)+Ki/O e(1)dt (28)

where:
Kp = proportional gain,

Ki = integral gain.
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3.2. Torque Distribution

For front (rear) wheel drive vehicles torque is equally ded between left
and right wheel of the axle, in this case no torque is deliveéoethe rear (front)
axle. Non driven wheels will receive zero torque but will guoce a negative
force because of the terrain compaction resistance thieastis on them. Front
(rear) wheel drive vehicles will be labeled FWD (RWD) whilkfaur wheel drive
vehicles will be labeled AWD.

In the case of four wheel drive vehicles torque will be dizited equally
among left and right wheel (the axle differentials alwayi $ipe torque equally).
On the other hand, torque distribution among the front aad agles (governed
by the central differential) will be varied.

The adopted vehicle parameters represent typical valueslésge SUV and
are summarized in Tablé 4.

Table 4: Vehicle specifications.

ms = 2500 kg my = 44 kg

Jy = 1165 kgn? ct = 2700 Ns/m
J, = 5348 kgn? ¢r = 3300 Ns/m
J, = 5721 kgn? ki =25 kN/m
a=1.48m kr =21 KN/m
b=152m p = 1.28 kg/n¥
L=3m S =2.44nt
B=1.7m ke = 270395 kN/m

4. Results

Hitherto, the tire model and the vehicle model have beenldped and ex-
plained separately. In this section the results for a fahigle, and adopting the
tire model developed in Sectibh 2, are presented. Sincé¢model has been de-
veloped under steady state assumptions, the full-vehielelation is performed
at constant longitudinal speed. The simulations are statea velocity slightly
lower than the target one, and the PI controller equafiol) i28ised to reach
smoothly the cruise speed. The efficiency is analyzed wheadgtstate condi-
tions are reached. The transients have to be regarded asapfiroximation of
the vehicle dynamics.
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4.1. Dry Sand

Figure[9 shows the velocity profile and the applied torqueafeehicle that
starts at 20 km/h and has to reach the target speed of 25 k'wbh, RWD and
AWD configurations are plotted together: in every configorathe vehicle is
able to reach the imposed speed. The PI controller adjust®tue correctly in
order to reach the target speed.

Similar plots are obtained for the other variables of indefaut are omitted
here for the sake of brevity.

2WD vehicles have the handicap of dragging a non-driven: dxée rolling
wheels, sink into the terrain and produce a negative foreetddhe terrain com-
paction. This causes the front (rear) wheels of the AWD (RW&)icle to slip
significantly in order to produce the desired level of londihal force. Increased
slip means increased sinkage and consequently pooreeatficiThe AWD vehi-
cles, distributing the torque evenly between the front &ad axle, have more bal-
anced performance. Traction efficiency is primarily infloet by sinkage. Rear
wheels are always sinking less (relatively) than front ibedowing for better
traction performance at the rear axle. Even for vehiclesmgiuphill (where load
transfer can be in the order of 10-15%), increased verteal bn rear wheels does
not compensate for soil stiffening behavior: back wheelk Ess than front ones.
Sinkage difference between axles, depending on simulatienarios, varies from
lcmupto4cm.

The influence of torque distribution on the tractive efficgihas been studied
varying the torque ratio among the front and rear axle. K@l presents the
power requirement for a full range of transmission configares. In this plot
0 % means that all the available torque is delivered to thetfaale (i.e., FWD
vehicle,) while 100 % means that the rear axle receives fufue (i.e., RWD
vehicle). For a vehicle traveling at 25 km/h there is a mimmin the vicinity of 50
%. Similar trend has been observed for higher velocitiestributing the torque
slightly toward the rear axle can improve the efficiency & trehicle without
sacrificing the performance. On the same plot also the digrdnceAS; between
front and rear axle is plotted. In this particular configimatpower minimum and
slip differential minimum are very close.

The same analysis has been performed on a vehicle climbiogsaant slope
of 10 % inclination. In this scenario pure front wheel driverear wheel drive
vehicles can't easily maintain a speed of 25 km/h. Fiduie rekgnt the power
vs torque distribution trend for this scenario. The trendimilar to the results
obtained for flat terrain operations: the best efficiencybimmed when the torque
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is biased toward the rear axle. Results for FWD and RWD vekiale not pre-
sented because this drive configuration failed to compleeburse (not enough
traction).

Results for torque distribution presented in figures[10, udgsst that deliv-
ering more torque to the rear axle can improve tractive perémce. It should be
noted that in both cases weight transfer phenomena towaréxé occurred (ex-
tremely moderate on flat terrain and in the order of 10-15 %ufwvill scenario).
In order to understand the influence of vertical load, a satioth of a vehicle sig-
nificantly loaded on the front axle (i.e., CG translated etde the front axle) have
been performed. The results, presented in figule 12, shawattiaie distribution
is moderately influenced by static load distribution: thérapm is still close to
the 50% F - 50% R ratio and, in spite of a significant verticadanbalance, has
only marginally moved toward the front axle.

4.2. Moist Loam

This section analyzes the motion and the efficiency of a elviaveling on a
straight line on moist loam. The loam is a cohesive soil amdtitle will always
perform as a flexible tire in this section.

Figure[ 13 presents the power requirement for a full rangeaoimission con-
figurations on flat terrain. Also in this case a moderate sfiforque toward the
rear axle guarantees better efficiency.

Another test is run on a 10% slope while the vehicle speedti®dg) km/h.
Figure[14(a) presents the power vs torque distributiortdtfenthis scenario. The
trend is similar to flat terrain operations: a minimum of povesobserved for the
the situation of torque biased toward the rear. It should dtedhthat on moist
loam the variation of power is less significant. Results forepFWD or pure
RWD configurations (respectively 0% and 100% onxkexis) are not presented
because these vehicles were not able to travel at the desgesdl.

The tire pressure has been decreased in order to invesiigatduence on
the efficiency of the vehicle. In this operational condisahe resistance force
due to terrain compaction decreases consistently andripsoves the perfor-
mance. Figure_14(b) shows the instantaneous power reqeiteior a large range
of torque distribution. The best efficiency is reached whentbrque is biased to
the rear axle. Under-inflated tires provide better efficjene off road terrain, the
power requirement is about 10% less then normally inflated ti
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5. Conclusions

In this paper a tool for predicting mobility, handling, anddtive efficiency
of off-road vehicles is presented. A semi-empirical of&dotire model, based
on the work of Wong and ReecE[@ 34], and Chan and Sandu ) been
implemented. The model is able to predict salient feature®entered in off-
road operations: slip-sinkage behavior and multi-passcefiave been modeled
through the introduction of semi-empirical equations. Tégponse of the model
has been extensively investigated in order to verify thauarfte of several pa-
rameters. Variations of vertical load, tire geometry, timlation pressure, and
soil states (i.e., multi-pass) showed that the model ctardly predict tire tractive
performance.

It has been shown that the proposed tire-model can be stgltgasiopted to
simulate the large motion of an off-road vehicle. An anaysi the the tractive
performance has been conducted. It has been shown thabgsdye to improve
the efficiency of off-road vehicles acting on the torquerihsition of the vehicle.
Shifting the torque toward the rear axle can help to exptodt better way the trac-
tive resources of the vehicle and obtain an improvementegéftficiency, without
sacrificing the performance. This result has been obtainatyzng the vehicle
with a high level of detail. The study highlighted that thetrao of a vehicle can
be optimized acting on torque distribution. It should be eembered that varying
parameters such as tire size, static weight balance, aguaalistribution can sig-
nificantly modify the response of the vehicle. This can hamplications on the
safety and comfort.

Static load distribution influences traction but does nateha significant im-
pact on tractive efficiency: the best tractive efficiencydema large range of op-
erational conditions, is reached when the torque disiobus biased toward the
rear axle. This operational condition helps to optimize ghe efficiency which
dominantly influences the overall tractive efficiency.
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Figure 1: (a) Normal stress distribution along the contattip of a drivengy = 0.2) rigid wheel.
The stress increases from the entry arf@jlereaches the maximum &f,, and decreases back to
zero at the exit anglé,. (b) Tangential stress distribution along the contactipatoder the same
assumptions.
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Figure 2: Exaggerated plot of a deformed tire sitting on tsairfiace (a) and driven on a soft terrain
(b). When stationary the only portion in contact with theder is the flat region betweefh and
6 which in this particular configuration correspond@gand 6.. When the tire is rolling, the

section of maximum deflection is rotated on an argjle= e—zf and the entry and exit angl
don’t necessarily correspond & andé;.
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Figure 3: Variation of density recorded by Holm [15] duringiltipass experiments. Line fit
parameterg, ko andks are the same for every line.
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Figure 4: Trend of drawbar pull (a) and driving torque (b)ddferent vertical loads and slip ratio.
Results obtained for a rigid wheel running on dry sand.
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Figure 6: Tractive efficiency under different operationasarios for a tire rolling on dry sand.

In (a) different sizes and the multi-pass effect influencehewed. In (b) different loads are
investigated.
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Figure 7: Tractive efficiency under different operatior@@sarios for a tire rolling on moist loam.
In (a) different inflation pressures, tire sizes, and thetipass effect influence is showed. In (b)
different loads are investigated.
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Figure 8: Schematic representation of the vehicle moded &drth-fixed reference frameY,Z

is showed and can be arbitrarily located. The vehicle masatescribed in terms of the right-
handed reference framey,z attached to the vehicle center of gravity. The wheels diggteent
is constrained in the-direction of the vehicle-fixed reference frame. To keepplwt clear the
X,y ,Z frame is not illustrated.
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Figure 9: (a) Velocity profile for a vehicle running on a flaydand terrain. The simulation starts
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delivered at the tires during the maneuver.
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On the same plot slip difference between axles is plottedwePds not minimized when slip
difference is minimized. However, in this particular configtion, the two minima are very close.
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Figure 11: Power vs torque distribution for a vehicle travght 25 km/h on a 10 % incline. 0 %
(100 %) on thex-axis means that the torque is fully biased on the front jrexde of the vehicle.
Pure RWD and FWD vehicles failed to complete the simulatiecduse they did not have enough
traction.
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Figure 12: (a) Vehicle with a significant static load distiion unbalance during a straight run at
50 km/h on dry sand. (b) Power vs torque distribution amoeggtkies.
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Figure 14: (a) Torque distribution influence on the perfanoeof an AWD vehicle driving at 50
km/h on a 10% inclined loam terrain. The best efficiency i€hea when 60% of the total torque
is delivered to the rear axle. (b) Torque distribution infloe on the performance of an AWD
vehicle driving at 50 km/h on a flat loamy terrain with redutied inflation pressure. The best
efficiency is reached when 60% of the total torque is delid¢oehe rear axle.
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