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Figure 1.3 ISO specified limits of whole-body vibration for fatlgue
decreased proficliency in (a) vertical directlion, and
(b) transverse direction [2].
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Chapter 2

DEVELOPMENT OF A RIDE DYNAMIC MODEL FOR WHEELED/TRACKED OFF-ROAD VEHICLES

2.1 INTRODUCTION

In general, two methods are available for simulating ground vehicles
for ride performance, namely, frequency-domain and time-domain. In
comparison, the frequency-domain technique is a convenient and economical
option, however, only suited for simulating vehicle ride models described
through linearized equations of motion. Consequently, one has to make a
number of simplifying assumptions in the formulation of ride model. The
frequency-domain technique has been widely used to study the ride dynamic
behaviour of road vehicles. However, the ride dynamic simulation of
off-road vehicles in the presence of highly irregular terrain surface 1is
only worthwhile, if the model is formulated considering the non-linear
dynamic wheel-track-terrain interactions. These considerations in the
analytical modeling lead to complex formulations which are characterized
through a set of highly nonlinear coupled differential equations, and can
only be solved in the time-domain using a direct integration technique.

In view of analytical modeling, a tracked off-road vehicle represents
a more complex dynamical system, and requires speclal modelling
considerations. In fact, the ride model of a tracked vehicle is developed
similar to a wheeled vehicle, however, considering certain speclial
requirements caused by the track. For the purpose of this study, a
typical tracked off-road vehicle designed for high-speed operations, 1is
selected. In this chapter, the selected vehicle configuration, termed as
candidate vehicle, is discussed in view of its running gear and general
characteristics. A building-block approach employing simplified yet

credible formulations of vehicle suspension system, wheel, and track 1is
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GA = Gh +2n @B = Bh + N (2.19)

The interaction between k'™ hull wheel and terrain is modeled similar
to the road wheel/track-terrain interaction. The continuous radial spring
and an egquivalent damper based on the stiffness and damping
characteristics of the track pad are used to compute the net footprint

k
force, F
hn

2.4 DYNAMIC WHEEL-TRACK-TERRAIN INTERACTION

The dynamic wheel-track-terrain interaction is realized as: (i) the
wheel/track-terrain interaction to account for the ground normal force
{i.e. net foot-print force) which is transferred to the wheel through the
underlying track pad, and (ii) the dynamic track tensioning effects to
account for the dynamic track load which is transferred to the wheel
stations based on the geometric considerations of track wraps around
wheels and terrain profile. Details regarding the modeling aspects of net
foot-print force and dynamic track load are presented in the following

sub-sections.

2.4.1 Net Foot-Print Force
The road wheel/track-terrain interaction is modeled based on the
concept of continuous radial spring representation [38], and is expanded
to include the damping effects. Following assumptions are made in the
formalism:
® Road wheel (with rubberized rim) and track shoe (with rubber pad) are
combined to form an equivalent vertical suspension unit. This
assumption implies that the static footprint is within the contact

patch area of a single track shoe, and the wheel and track forces due
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(2.34) and (2.35) in conjunction with above-menitioned condition,

aX+bX+c=0 (2.37)

where, a=1+m ; b=2 (Am=-X) ; c=A2-R2+X§

and A YLi— Yc— m XLl

The solution of equation (2.37) is given as:

v _ _ b b \? c ‘
X2~ " m*® J["zz] - [T] (2.38)

Subsequently, elevations of intersection polints (Y1’Y2) can, then, be

obtained by substituting the respective horizontal coordinate (XI,XZ)
into either equation (2.34) or (2.35). However, the true Iintersectlon
point for left-hand-side (£.h.o.) line is indicated by Pl(Xi,Yi). whereas
Pz(xz'yz) represents the true intersection point for right-hand-side
(n.h.s.) line, as illustrated in Figure 2.11.

Figure 2.11 illustrates a geometrical situation where one end of the
line is inside the circle, which ensures the circle-line intersection.
For a geometrical situation as illustrated in Figure 2.12, where both
ends of the line are outside the circle, it becomes essential to confirm
the possibility of circle-line intersection prior to computing the
intersection points. For such a situation, the intersection is posslble,

if and only if,

h<R and X _ < (X +A) <X (2.39)
L1 c X L2

where, h Ay cos ¢ ; Ax = h sin & ; AY = Yc-(YL1+ m(X -XLI))

C

Y(m)

and ® = tan

Consequently, a computational procedure 1is devised in order to
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{(b) Rear track feeler.

Figure 2.15 Determination of track-wheel tangency polints.
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computing the vertical coordinate of the sloped track (on each side
of the maximum deflected point) at every specified horizontal
location (?Jl). and comparing it with corresponding terrain profile

elevation. Consequently, the stretched track segment is defined as:

(o 1+1. L, 141
Y s if (Y . -(Y +m (X ,-X )) >0
31 ( pl 2 J 1 T2 ) . 251 < (m-1)
yitl oy me(? - X'*Y) ., otherwise
[ 2 3 3l 2
— [ ]
=4 Y s 1l =m (2.55)
31 im
Y 5 if (Y. ~(Y. +m" (X X )) >0
s i - m -
31 . pl jm 3 3] T im S mtl = 1 <M
Y +m (X, -X ) ; otherwise
om0 7 T e
\
and, ¥ , =Y  for I =1 or M+l.

3l 31

The total length of the stretched track segment is, then, obtained as

L = - .2 _ R R
b Z [(Xll*l_ X ypym Yﬂ)] (2.56)
1=1
and horizontal inclinations of the deflected track segment at its both

ends (c:, c;) are computed as:

ATAN3(Y _-Y , X _-X))
32 J1 32 n

M
1

(2.57)

]
il

ATANI(Y )\, = ¥ 0 Ry = K )

2.5 VEHICLE'S ZERO-FORCE CONFIGURATION

Static loads under all road wheels corresponding to the static
equilibrium of the vehicle are required to compute the static deflections
assoclated with the vehicle response variables, and to establish the

zero-force configuration. Static loads are either to be measured on the

7
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connected to the hull frame, such as seat base (Xb.Yb). hull wheel
centers (xhk,th.k=l.2). and hull frame’'s front top corner (XM,YM_) and

rear bottom corner (th,th), is computed as:

X c -5 a X
Y Se Ce b ch

1*" Road Wheel Centre (i=1,..,N):

_ O
X“ = ch + a‘.Ce - bl.S9 ; le = Y‘d + Y, (2.94)
Suspended Seat:
_ 0
de = ch + ao.C9 - bo.S9 ; Yds = Yds ty, (2.95)

This process continues until t = tmx.

Output

The output data is obtained as a table of time histories of response
variables of interest. The output data serves as an input to the post-
processor for data reduction and conditioning, such as signal fliltering
and FFT operation to produce information in the frequency domain for the
purpose of ride quality assessment using ISO 2631, and absorbed power,
and for a graphical display of response variables. In addition, an
animation program is developed as a part of the post-processor, and is
used to visualize the dynamic behaviour of the vehicle traversing the
off-road terrain. A file containing the record of horizontal and vertical
coordinates of the key locations serves as input to the animation

program.
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Table 4.6 Assessment of wheel models (Sine Course, Vx=6.7 km/h, tmx=5 s).

rms value (g) % error run time (s)

Field Test 0.278 —_— —_
Point Contact 0.408 46.7 725
Rigid Tread Band 0.330 18.7 1126
Fixed Foot~Print 0.336 20.9 1125
Adaptive Foot-Print 0.321 15.5 1256
Idealized Continuous 0.245 11.8 709
Spring

Adaptive Continuous 0.325 16.9 1260
Spring
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Figure 4.40 Comparison of track models - ride acceleration traces for test
vehicle configuration B crossing 6" obstacle at 14.3 km’h
( Fleld Test, ..........Simulation).
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vehicle configuration B crossing 8" obstacle at 7.7 km/h.
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Chapter 5

RIDE DYNAMIC STUDY OF THE CANDIDATE VEHICLE WITH
TRAILING ARM SUSPENSION CONFIGURATION

5.1 INTRODUCTION

The ride prediction models, MODEL I and MODEL II, are formulated
assuming an Idealized representation of the torsion bar/trailing arm
suspension system employed 1n the candidate vehicle. The torsion bar
stiffness and the inclined shock absorber are idealized by an equivalent
independent suspension configuration (a parallel combination of recti-
linear spring and damping elements), while ignoring the kinematics of the
trailing arm (or road arm) and shock absorber linkages. As shown 1in
Figure 2.3, each road wheel is mounted on a road arm splined to a torsion
bar, and experiences swing like motion as the vehicle negotiates rough
terrain undulations. Thus, the road wheel not only displaces in a
vertical direction (as assumed for MODELs I and II), but experiences
horizontal motion as well. Evidentally, the alternate choice of the
rotational degree-of-freedom associated with rotation of the road arm-
road wheel assembly about the torsion bar centre, is vital in view of an
accurate representation of the vehicle ride dynamics. The ride model
formulation considering rotational degrees-of-freedom for road arm-road
wheel assemblies in conjunction with kinematic considerations for road
arm and inclined shock absorber likages, would thus correctly represent
the suspension components, and serve as a design-oriented tool for
analyzing the expected field performances of the suspension components.

In this chapter, the ride dynamic model for the candidate vehicle is

re-derived in view of the above-mentioned considerations, and incorpo-






+Y

a C.-b S + X
- { hk O hk O cg } (5.10)
ahkse + bhkce cg

The kinetic and potential energies of the whole vehicle (excluding

the suspended driver/seat) are given by the following expressions:

N
21 op2 1 a2 1 -2 s a2
T= 2 mhpcg+ 2 Iheh * 2,Z,m“‘P"‘ * Iwi(eh+ 9"1) (5.11)
N
U=g [ myY_ + z m‘“Y"i] (5.12)

1=1

Upon appropriate substitutions from equations (5.2) and (5.7), the energy

expressions are re-written in the expanded form as:

N
- l . l 02 l _ _ _ . _ . 2
T=amyy 2o aazxmwl[( 2,5 = P,C " 9, 8, dyy 8]
1 N . . . 2
* Eizlmwl[yh * (alCB - base * dxi) eh * dxl euil
1 ¢ .2
+ E,lewl(eh+ 6.) (5.13)
0 S 0
U=g [ mh(ch+ yh) + ,Zlm"‘(dyi + alSe + bIC9 + ch + yh)] (5.14)

The inertial properties of the 1** road arm-road wheel assembly are
described by mwl and le. where m"i is the combined mass, and I"l is the

mass moment of inertia relative to its mass centie, generally expressed

as:

m =m +m (5.15)
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N N
mh+,Z,m~1 Zlm“[alce—bise-#dx’] mod .. md 0
- 2,.2
Ih+‘zilul+ mul[al+bl+ wl ul[Rai wN+muN[RaN 0
[ M]= Rai(Ral-Zc’)] (Rai—ci)] (RaN-cN)] (5.37)
I +m RS ... 0 0
- SYMMETRIC - e e :
R2
wN +N aN
m
b °-
(N+3 x N+3)
where c =ac! +bs!
' 1 10 176
The vector of generalized coordinates qa; is given as:
{a) ={y,. 6,86, -...8_.y} (5.38)
where " ’ " indicates the transpose.
The elements of the right-hand-side force vector F are given as:
N+2 2
aT - aT au
F. =Q, - 2:-—r-——-q. t — - — (5.39)
i i 5 8qL6q. 4 aqL aqé

Thus, the vector F is written in its expanded form as:
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Figure 5.5 Ride acceleration traces - field validation of MODEL III's

predictions for test vehifle configuration B traversing 6"
obstacle at 14.3 km/h - Cru = 0.0 N.s/m (1 = 1,..,5)

( Field Test, ....c.c....... Simulation).
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Ride acceleration traces - field validation of MODEL III's
predictions for test vehicle configuration B traversing 6"
obstacle at 29 km/h ( Field Test, .--«... Simulation).
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Figure 5.19 Ride acceleration traces - field validation of MODEL IIIl's

predictions for test vehicle configuration B traversing 8"
obstacle at 7.8 km/h ( Fleld Test, -....... Simulation).
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Table 5.6 Field validation of MODEL III {(Sinusoidal course).
Test Condition rms (g)'/ rms (radss®)" | Error (%) =
Vehicle Speed (km/h)| Measured Predicted PV ;Vﬁ! x100
Configuration (f, Hz) Values (MV) | Values (PV)
3.9 (1.41) 0.215/1.73 0.301/2.32 40.0/34.0
4.7 (1.71) 0.299/1.55 0.352/2.33 17.7/50.3
A 6.7 (2.44) 0.279/1.52 0.312/2.13 11.8/740.1
7.9 (2.84) 0.292/1.83 0.284/2.00 2.7/9.3
3.5 (1.28) 0.167/1.80 0.168/2.80 0.6/55.5
B 4.0 (1.46) 0.186/1.77 0.249/2.71 33.9/53.1
5.4 (1.97) 0.309/1.33 0.333/2.09 7.8/757.1
6.7 (2.44) 0.286/1.15 0.309/2.02 8.0/75.6

(* Seat vertical acceleration, ** Hull
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ride spectra obtained for test vehicle configurations A and B traversing
Belgian pavé at 35 km/h. As before, the predicted ride levels are
relatively lower when compared with the MODEL II's predictions (Figure
4.30 and 4.31), and exhibit better agreement with the test data. Table
S.8 summarizes the comparison between the field measurements and the
MODEL III’'s predictions for all test conditions.

Based on the field validation results presented in this section, it
is concluded that the relative performance of MODEL III 1is, indeed,
superior when assessed in reference with MODEL I1. The ride predictions
evaluated in conjunction with MODEL 111 generally exhibit smoother ride
due to the detailed modeling strategles adopted to describe the vehicle
suspension kinematics. As mentioned earlier, the tralling arm suspension
model allows the road wheel to swing back upon impact with a rougher
section of the terrain profile, thus reducing the severity of the shock
considerably.

In addition to carrying out the conventional ride analyses as
presented so far, MODEL III is also used for detailed design and analyses
of the vehicle suspension system. In the forth-coming sections, MODEL 111
is employed to study the influence of primary suspension parameters on
the ride dynamic behaviour of the test vehicle, and to assess the
performance of an advanced suspension system (such as a typical hydrogas
suspension system) if it were to replace the conventional suspension

system of the test vehicle.

5.4 PARAMETRIC SENSITIVITY ANALYSES

In general, the ride dynamic behaviour of a vehicle is influenced by

a number of factors, such as terrain profile, vehicle speed, and vehicle

296





















































































































El Ci s21 O
PEl = = 1 (11.42)
YEi Yc1+ lsaxse

The vehicle's zero-force configuration in conjunction with the
walking beam suspension is established very similar to the independent
suspension except the static suspension force between the pivot point C

and the vehicle frame is evaluated using (refer to equation 2.70):

° - -
Fsl - (Fui wwl',) + (F

+1

,) (11.43)

wist wuL+1) ¥ (T:y+ T:
The spring deflection, A?, is then computed based on F:|' and employed to
establish the vehicle’'s zero-force configuration. The elevations of road
wheel centres at each end of the beam are considered equal for zero-force
reference, which implies that beam is horizontal. Subsequently, the zero-

force elevation of the pivot point C is computed equal to that of the

road wheel, given as:
Y =h. +d, (I1.44)

The vehicle's static equilibrium 1is established based on the
iterative stiffness method, where the governing equation (2.79) |is

expressed via:

NW NW -
-1ZIK' -,Z1K’a' K, 0
st
-) (x.a/+x_) K a K
[k, 1= iz T v T (11.45)
i+1 i+1,2
-(KI’ Z.KHJ) —. Kwjlnl
J=1 j=4, n=1
iv1,2 2
L
. wj ni
| j=¢, n=1
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