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ABSTRACT

This report records a method of predicting the static stability
of vehicles, such as rough terrain forklift trucks, on various types
of slopes by computer analysis.

Two basic methods are used to obtain equations for determining
the critical slope for a vehicle. These are: (1) the action line
method, in which the cowbined center of gravity (CCG) for the vehicle
is determined, and the critical slope obtained by finding the sideslope
upon which the vehicle must be resting so that the CCG is directly
over the action line formed by the two downhill points of support of
the vehicle, and (2) the wheel load method, in which the loads on the
four tires are examined under all possible sideslope conditions to
determine the minimum slop2 for which the vehicle will be in an
unstable condition.

The report includes » computer program using the equations derived
from the two methods for deiermining critical slopez. This progra=m
allows the vehicle parameters such as type of steer, suspension, frame,
weights, and dimensions, to be varied, and for each set of parameters
provides the ma2ximum slope on which the vehicle can rest in a stable
condition. The program also shows the orientation of the vehicle
corresponding to this critical slope.

The computer program follows the wheel load method for vehicles
with midrange oscillation; i.e., vehicles in which the front part can
rotate relative to the rear part about a longitudinal axis, with the
ogscillation joint located somewhere between the front and rear axles.
For all other types of vehicles, it uses the action lire method,

vi
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1. Introduction

The objective of this program is to determine the maximum side
siope and orientation on which a theoretical or actual forklift truck
can safely operate. A commercially available articulated forklift
truck was evaluated to determine its potential for army materials
handling use in the field. While investigating the stabiiity of this
vehicle, the theoretical maximum sideslope was desired, This presentzd
no problem wheu the vehicle was operating straight across the sideslope
parallel to the bottom of the slope. The CCG could be calculated from
the CCG of the vehicle and load. In addition, one could readily
determine the angle or percent of slope required to mceve the CCG to
the action line formed by the contact points of the two downhill tires.
The problem occurred when the vehicle turned up or down slope due to
the geometry of it's articulated frame and articulated steering. A
small degree of steering would shift both the center of gravity (CG)
of the front mass of the vehicle and the load considerably, in an
X, ¥y and z direction as compared to a vehicle with Ackermann steering
(common automobile-type steering) and a fixed frame.

The individual CG's of the separate masses were difficult t»
determine as the vehicle moved in a circle on the sideslope increasing
its percentage.

It was lecided that due to the number of variables involved, a
computer program could be written to include not only mocst of the
constants &nd variables pertaining to the vehicle, but would allow
these constants and variables to be changed as the conditions required,
and would locate the CCG —elative to the acticn line of tne vehicle,

Further investigation indicated that this program should include
vehicles with rigid suspension and different types of frames and steer-
ing. There are two analytical methods of determining vehicle stability
on side slopes. One method, which we shall call Case 1, is to place
the vehicle theoretically on a side slope and rotate the vehicle from
0° to 360° and increase the slope until the CCG falls on the action
line of the downhill tires.
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As the CCG approaches the action line, the vehicle becomes more unstable
and finally turns over laterally when the CCG passes beyond its limits.
This determines both the maximum side slope on which vehicle can operate
and its orientation,

The second metnod, Case Il, is to place the vehicle on a
horizontal plane and tilt the plane in a given directio. until one or
more of the two uphill tires has a zero wheel loading. The direction
of down slope is changed 1° at a time and the process repeated until
critical slopes are obtained for downhill directions of 0° through 360°,
The critical slope and orientation of the vehicle will be obtained by
selecting the minimum of the critical slopes with its corresponding
down slope direction. This will be the maximum side slope and orientation
on which the vehicle can safely operate.

These twc cases or methods are followed in this report. Case I is
used for vehicles with articulated steer, articulated frame, and rear
axle oscillation; Ackermann steer, straight frame and rear axle oscil-
lation; and any vehicle in which no oscillation is possible, Case 11
is used for vehicles with articulated steer, articulated frame, and
midrange oscillation; and rear axle steer (wagon or Ackermann), straight
frame amd mid-range oscillation. This report (Phase ¥) will handle only
the static conditions where the vehicle is stationary or barely moving
on the side slope. A second report (Phase 11), planned for a later
date, will cover the dynamic conditions where vehicle speed (centrifugal
force) wheel torque, and soil conditions will be considered,

2, Casc_1. The Action Line Method of Determining Critical Slope and
Orientation

a. The Equations for Critical Slope and Orientation

In determining the minimuun degree of slope on wiich a vehicle is
unstable, it is assumed that the only forces acting on the vehkicle are
those caused by the weight of the vehicle and the load,

In using the action line method of accomplishing the above, we
determine the minimum slope (and corresponding direction of downslope)
for which a given CCG is directly over a given action line, the action
line being a line through two points of support of the mass.




Suppose an object with a center of gravity (CG) at the poirt
C= (xc,yc,zc) is supportec 2t three or more points F; = (x3,yy,2;),
P2 = (X3,¥5,25),....as shown in Figure 1.

Z
|
C (c.c.g.) P3
+ A
<
7
7
7
yd
7 £ - Y
yd
7
<\
Py ~ —
-~
~ !
— \J
P2

Figure 1. The Suspension Triangle

Assume that the x,y plane is horizontal and that the points C, P;, Pa,..,

are fixed to the given axis system, but none cf the points need lie in the
horizontal plane, (A top view is shown in Figure 2,) If the whole system

is tiited, so that the x,y plane is no longer horizontal wut has a downslope
direction as irndicated in Figure 2, the point C will move in a vertical
plane p parallel to the downslope direction. 1If the system is tilted far
enough in the given direction, the CG will eventually be directly over

the point, P, which is the intersection of the vertical plane p with the

4
line P1P2.




End view of
vertical - /’1
plane p
—i Y
<
' Downslope
X direction

Figure 2. Top View of Suspension Triangle

It is evident that the angle through which the system must be
tilted in order that the point C be directly over the point P, is the
angle # formed by the segment PC and a vertical ray from P, as shown
in Figure 3, Hence, if the system is tilted through an angle § in the
given direction, an unstable condition will exist, since the horizontal
projection of the CG will no longer lie in the interior of the horizontal
projection of the support triengle. (In the figures shown, it is a
triangle, but it may be a quadrilateral or some other configuration,
depending on the type of suspension of the vehicle.)

In the following discussion, we shall use the notation:

Pl = (XI’ yl' zl)’

P2 = (xz’ Y2! 22))

C = (Xg, Yoo Z¢)s
Ax = x2 - xl,
Ay =¥y " Y1
Az = 22 - zl.
4




Z) y,
/ C (c.c.q.)

/ ‘ ! /’4P3

N ")
/ " ' Vertical ray
//7 l'//ﬂ’,h. =4v

ll‘a,,’,l,ll" Vertical plane p
i //;{f/

Figure 3. The Critical Slope Angle, £

-—
We will use brackets ([ ]) to denote vectors; i.e., A =

[81’ a,, aé] denotes tne vector with x, y, and z components

a,, a,, and a,, respectively.

In Figure 3, the point P = (x, 7, 2z) is on the line containing P, and P,.
Any such point P can be written in the form:

X = xl + t(Ax),

y=y; t t@ay,
= + t(Az).
pA z1

(1)

i



The value of t determines the position of P = (x, y, z) relative to
P1 and P2; i.e., if t<0, P is on the "dotted" portion of the line

(Fig., 4); 1f t =0, P = Py;

Figure 4. The Action Line

if O<t<1, P is between P, and Py; if t = 1, P = Py; and finally if
t>1, P is in the "dashed" portion of the line.

We wish to find an analytical expression for the angle # in Figure 3.

_ge rqull from vector analysis that the angle 6 formed by two vectors
A and B is given by:

(2) cos # =

U
wl|wl

- -
where A-B is the dot product, and the absolute value symbols denote
vector magnitudes. Hence, the angle @ in Figure 3 is given by:

=2 7

(3) cos n - (pC) . (4) ,
- -
{PClt  12]

-—
where PC =Lxc - X, yc— Y, 2o - zJis the vector from P to C, and

- 2 -
Z = ED, 0, ljis the unit vertical vector. Using the fact thatlZz |= 1,
equation (3) becomes:




W

1 con £ - (2o - 2) .
\/ (xc - x)2 F Y. - y)2 b (2 - z)2
Substituting equations (1) into (4), we have:
(5) cos @ = s W

\/ 2 2 2
(xc- Xy tax)© + (yc-yl-—tny) + (zc-zl—tAz)

Equation (5) gives the angle # for a given value of t; i.e., for a
given point P on the line containing Py and Pp. We wish, however, to
find the minimum angle § as P rages over the given line, We can
accomplish this by maximizing the function of t:

f(t) = cos @ = Zc = 21 - taz

2 | 2 2
\/(xc- x 3- tax)” + (yc—yl-tdy) + (2,-21-taz)
The function f(t) is of the form:

(6)  £(t) = a + bt

\/c + dt - et2

where a=z -2

= - 2 - 2 _ 2
c (xc X)4 + (yo - yp)° # (zc zl)
d = -zcax(xc - xl) + Ay(yc - ¥p) + azlz, - Zl)]

ax)2 + (ay) r @3

e

]

Using the usual calculus methods to maximize f(t), we set f'(t)
0 and solve for t:

() £(t) = b = (atot) . (dt2et) =0,

\/ c+dtet? (crdtict?) 2 \lcratret?




(8) t = _ad_-_ 2be

bd - Z2ae
Hence, if we let t; =  ad - Zbe
bd - Zae
then the relation
(9} cos § = a + bty

Ve + dt, + eto?

gives the minimum angle @ as P ranges over the whole line containing

P1 and P2. Note that we are not interested in the whole line, but only in
the segment P;P,. That is, at this time we are interested only in downslope
directions for which the corresponding vertical plane p, shown in Figure 3,
intersects the line segment PyP5. If tg)l, which corresponds to a puint
outside the segment P,P,,the minimum # for the range in which we are
interested will occur at t=1, Similarly, if t,{0 the minimum @ for the
range in which we are interested will occur at t = 0. The previous state-
ments follow from the fact that the function § = @ (t) is monotonically
increasing as t proceeds in either direction from t,.

Once we have determined the value t = to corresponding to the minimum
slope angle, we can easily find the corresponding downslope direction by
finding the horizontal projection of the vactor 65, which lies in the
vertical plane p as can be seen frcem Figures 2 and 3. For t = t, this
horizontal projection is the vector:

V= [x-xc, Y-Ye, Q]= [>=1+to°x-xc. y1*+tohy-y, Cﬂ.

-
If @ is the angle formed by the X-axis and the horizontal vector V, then
8 can be determined from the relation:

(10) tan @ = y1 + toby - y. .

Xl + toAX - Xc

By using the equations obtained in the preceding discussion, one can
easily find the critical slope and downslope direction relative to a given
CG and action line., Usually one must consider several action lines when
studying the static stability properties of a given object, the action
lines being determined by the points of support for the object in question.




The overall criticai =lcpe would be the minimum of the critical slopes
relative to the various action lines, and the overall critical down
slope direction would be the down slope direction corresponding to the
overall critical slope.

b. The Action Line for Rubber-Tired Vehicles

A vehicle with low pressure rubber tires is not supported
by contact "points" but rather by contact '"areas," namely, the tire
"footprints,"” 1If we are to use the action line method of determining
critical slope for such a vehicle, we must make a reasonable assumption
of what point in the footprint of a tire to take for the end point of an
action line (Fig. 5).

P2
Pl

+
:j -j: + CG

Tire Footprints

D

Figure 5. Tire "Footprints"

One method might be to take the center of the footprint for an end point

of the action line. However, we must remember that the true action line

is the line about which the vehicle will rotate once the CCG passes over
this line. Consider a vehicle on a sideslope and suppose that the vehicle
is in an unstable condition; that is, at this moment the vehicle has not
tipped over, but if the slope were increased by a small amount (in the
existing downslope directior), turnover would occur. In this case, the
vehicle would be balanced on the downhill tires with zero load on the uphill
tires. The situation would be similar to that depicted in Figure 6.

If we take moments about a line L directly under the COG and passing
through the tire footprints (Fig. 7), the resultant moment about this line
must be zero since the vehicle is assuwmed to be in equilibrium.

¥
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Let A and B denote ine respeciive projeciions of the Whssl centars
onto the plane of the slope. Then, for our assumed equilibrium
condition the line segment AB cannot lie directly under the

+ CG

| o— Wheel

Tire

Compressed —

™~

Stretched

Figure 6. Force Distribution on Tire Profile
CCG, for if AB did lie directly under the CCG, the moments tending to

cause turnover about the line AB would be greater than the moments
acting in the opposite directicn., This would happen since the

10




compre3sion on the uphill side of the tire (Fig. 6) causes the pressures
uphill from AB to be much greater than the pressures downhill from AB,

The abcve discussion indicates that if the sideslope were increased,
turnover would occur about a line uphill from the segment AB, Exactly
how far uohill this action line would be located depends on the elastic
properties of the tire as well as the weight of the vehicle. Lack of
complete inormation on the elastic properties of tires makes it difficult
to predict the true position of the action line, but it seems reesonable
that the end points of the action line should be taken somewhere between
the center and the inside edge of the tread.

Downslope

Figure 7. Actual Action Line

3. Case 11, Wheel Load Method of Determining Critical Slope and
Crientation

a, General Discussion

In using the wheel load method for studying the stability of a
vehicle, we determine the loads on each of the four tires of a vehicle
with a given orientation on a given side slope, and decided whether or
not the vehicle is in equilibrium, Ir we test the vehicle for eguilibrium
at all possible side slopes and crientations, we can then choose the
minimum side slope and corresponding orientation for which the

11




vehicle is not in equilibrium, This will give the critical slope and
orientation for the vehicle under consideration,

Usually the wheel loads (in a condition of squilibrium) are
determined by solving the equilibrium equations for the unknown forces
on the tires. For a given side slope and orientation, we will assume
that the vehicle is in equilibrium and compute the wheel loads from
the equilibrium equations, The forces on the tires obtained will be
the forces necessary for equilibrium to exist. If, in reality, the
vehicle is not in equilibrium, one of the computed forces will be acting
in a direction physically impossibla for our system; i.e., our results
will tell us that the system will be in equilibrium provided we apply
an additional downward force to one of the uphill tires, which is
equivalent to saying the system is not in equilibrium as it stands.

In using the wheel load method we shall c~nsider vehicles in which
midrange oscillation is possible; i.e., at some point between the front
and rear axles the front part of the vehicie can rotate, relative to the
rear part of the vehicle, about some fixed axis. Assume the vehicle is
composed of two rigid bodies joined at one point J so that the two bodies
can rotate relative to one another about some fixed axis L passing
through the common point (Fig. 8).

Front

m Oscillation oxis
Rear [
L

F2

Fs
Figure 8. Suspension Triangles
for Vehicle with Midrange Oscillation
12
WN—-WP - LW " o S - g g




T AT - e T R SR PRI g et ST S I S
F‘ a4 v a - . -

Since we are concerned here with only static stability where the
oniy external forces are those caused by the weight of the vehicle, we will
assume that the resultant reaction forces acting on each of the four tires
are vertical. In the following analysis, we will assume that the coordinate
axes are chosen in some convenient manner so that the x,y plane is horizontal.
Assume that the vehicle is resting on some plane, with the tire loads

centered at the points Ri (xi, Yi» zi), i 1, 2, 3, 4, where R, and R,

refer to the front tires and R3 and R4 refer to the rear tires. Our
notation will bhe as follows:

w1

weight of the front part of the vehicle, including
load,

Rc1 = (xcl, L zcl) = center of gravity of the fiont part of
the vehicle,

wo weight of the rear part of the venicle,
R02 = (xc2, ey zc2) = center of gravity of the rear part
of the vehicle,

w = w1 i v, = total weight of the vehicle,

Re = (x z,) = combined center of gravity of the vehicle

y
cr e
where xc = X¢, (wy/w) + xc2 (Wo/W), ye ycl (wy/w) + Ye,, (W2/w), and
Zo = Z¢qy (wl/w) + Ze, (wo/W),

-—p
Fy = [b, 0, Fi] = the vecior representing the vertical reaction
force acting on the ith tire at the point Ry; i = 1, 2, 3, 4,

-

Wi = [b, 0, -wi] = the vector representing the weights of front
and rear parts of the vehicle, acting at the points Rci respectively;
i=1, 2,

-
W=

0, 0, -iq = the vector representing the total weight of
the vehicle, acting at the point R,

—»

If A denotes the point (a,, a,, a3), then A will denote the

vector [31, a2’ aé] representing the directed segment from the origin
to the point A, We recall from tie Principles of Mechanics(2) that if

13
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F is a fcrce acting at a point B, then the vector moment of F about a
point A is given by:

- - -

M= AB X F

where AB is the vector from A to B and the symbol X" denotes the vector
cross product (Fig. 9). We recall also that if L is a line containing

A and § is a unit vector parallel to L, then the scalar moment of
about the 1line L (with the

Figure 9, Moment about a Point

-
positive direction determined by U) is given by (Fig. 10).

- = - 9
M=U - (ABXF)

~L

Figure 10. Moment about a Line

b. Wheel-Load Eguations

We shall now obtain the equations for the wheel loads Fy,
=1, 2, 3, 4. Assume that our vehicle is resting on a slightly
tilted plane, in a condition o~ equilibrium,

14
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A necessary condltnm‘“)

"or the system to be in equilibrium is that:
-2 —
(1) F= 0 and

(2) =76,

—
where F is the sum of the applied forces acting on the system
and G is the »um of the applied moments about some fixed point, say the
origin, For our system, equations (1) and (2) are respectively:

4
- >
(3 F =Z & + W =0,
i
- 4-> -
—»> -»
(4 ¢ =& Ry X F; = R, X W = 0
c_.l -
1

Upon examining the individual components of the vectors in
equations (3) and (4), we find that (3) reduces to the scalar equation

(5) 24 Fi = W,
i=1

and (4) reduces to the two scalar equations

(4
n % Fy = wx,,
izl
(6)
< 4
E yl Fi - w yC
2!

Our system of equations for the determination of the F 1is:
i

_
F1 + F2 + F3 + F4 - w

1y <M FuT X Fy Xz Fa ¥ oxg Fy = wox

F + F + + F = w "

dl 1 Y2 V3 Fa v v, Fy Ve

15
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We can assume that the three equations in (7) are independent since a
3 X 3 determinant from the coefficient matrix

(1 1 1 1

Xy ¥5 X3 %4

y
LY1 Y2 Y3 Y4
is zero only if three of the points Rl' Rz, R3, R4 are collinear

which certainly will not be the case for any vehicle we wish to consider.
Any three of the F; can be obtained in terms of the fourth F; from (7);

however, we cannot get a unique solution from the system of three equations

in four unknowns., Therefore, we have not supplied enough information to
uniquely determine the F;, and we must look for a fourth equation in the
Fj. The fourth equation comes from the fact tnat the vehicle is composed
of two rigid bodies which can rotate relative to one anotter about a
fixed axis L. If the vehicle is to be in equilibrium, then the resultant
scalar moment of the front part of the vehicle about the axis L must be
zero. If J = (xj, y5, z3) is the common point in Figure 8, and
U =Exl, Uo, u:;l is a unit vector parallel to L and directed toward the
front of the vehicle, then the resultant scalar moment of the_{ront part
of the vehicle about L (with positive direction determined by U) is given
by
P > > o]
(8)  m=TU-(3Ry xF) + T-GRy xFpd + T (IR, x W)

Uy U, ug u; uy ug u; up ug !

T | TR 17y A1TRg| T Xe¥g Yor¥g Z272g| T Ko "X Y, Vg Zo 2y

0 o0 F1 l 0 0 F, e 0 -w

Uy uz’ uy us
Xo7Xgy YorYyltv: xcl‘xJ Ye

ul U2
= FRx-x5 y1-y5|* Fp

-y
1 J

= Fldl + F2d2 —wldc1 , where

KRR~ T 0 T v - n




p~—g

u u, | ayoow, !
d1 xl—xJ yl—yJ" dy Xo-XNj y2-yJ{,and
g U W2
S 1Xe X5 YL Y.
c1 cl J c1 J

Setting the scalar moment m in (8) equal to zero, we obtain the equation

(9) lel + d2F2 =Wy d

Hence, (7) and (9) give the following system of four equations
in four unknowns:

—
dF, © dyF, = wd,

Fpr T,r Fg o+ F, oW
(10) < xlFl v szz b XSFB - x4F4 T w xC
ViFy O YFy Y YSFy Yy Ty

——- ——

Note that equations (10) force the resultant scalar moment of
the rear pari: of the vehicle about L to be zero also, since the forward
momenits about L are zero and since equations (1) and (2) require that
the sum of all the moments about L be zero.

Equations (10) can easily be solved for the F;, by means of
determinants. The solutions to (10) are as follows:

(11)  F; = D,/D for i=1,2,3,4, where

D = determinant of coefficients
= d1 [(xs—xz) (y4—yz) - (x4—x2) (y3‘y2i]
- d2 [(xs-xl) (y4-y1) - (x4-x1) (ya‘yli],

D, = wldcl [(x3—x2) (v4-y5) =~ (x47%5) (y3-y2)]

- wd, [(xa'xc) (va7y.) - Oxgmxd (ys'yc)],
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B, = wd [Gx ) (yy) - (xyx) (ys—ycfj
- wldcl [(xa—xl) (y4-y1) - (x4-x1) (y3_yl)] )
D3 = w dl [(xc‘x2) (y4“y2) - (x4_x2) (yc-yz):l
- W d2 [(xc-xl) (y4—y1) - (x4—xl) (yc-yl)}
+ wldcl[(xz-xl) (y4-y1) - (x4-%3) (yz-xlﬂ .

Dy = w dl [(xs-xz) (yc- ¥o) - (xc-xz) (y3—y2)]
- wdy [(xg7%)) (yom v - (xemxp) (y57yy)]
- wldcl[(xz-xl) (y4- yl) - (xs"xl) (yz—yl)].

->
The unit vector U = [ul, u,, u3J, in (8), which is parallel

to the oscillation axis L, can be determined if we krnow two points
P and Q on the_a_.lineL. If P = (xp, Yp» zp) and Q = (x_., Y., ZQ)
are on L an_g PQ is directed toward the front of the vehicle, tnen
we can let U be the unit vector:

- — -—)
U= /|rQ] PQ

= : E‘Q"‘p' Qe Q%]

d (XQ—XP )2 + (yq‘yp)z + (ZQ-ZP)Z

_.l;.fter eaf*amining equations (8), (9), and (11) we see that the factor
( I/IPQI) in U will appear as a factor in the numerator and denominator
in (11) and hence will cancel out, Therefore, to simplify calculations,

~ _ ~
we can take U = PQ to determine dl’ d2, and dc .
1
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4, Description of Computer Program

A computer program which calculates critical slopes and
orientations for various types of rigid-suspension vehicles, uses the
action line method (Case I) for the following types of vehicles:
(a) articulated steer, articulated frame, and rear axle oscillation,
(b) Ackermann steer, straight frame, and rear axle oscillation, and
(c) any rigid-suspension vehicle on which no oscillation is possible.
The program uses the wheel load method (Case 11) for any rigid-
suspension vehicle having midrange oscillation (as described in Section 3).

In case oscillation can occur, the program computes critical slopes
for oscillation and turnover. A general description of the computer
program is given in the following paragraphs., If more details are
desired, a listing of the Fortran program is given in Appendix IV.

A gensral flow diagram is shown on page 30 in this Section (Fig. 13).

T::e basic notation used in the computer program is shown in
Figure

‘ront tires

Coe GO

AJT  OJT FAY D

+—— —X

CRAX

=D N aES

Figure 11. Standard Position for Input Data
The axis system is assumed to be oriented so that the vehicle is

resting on the x,y plane with ine x-axis parallel to the longit 1inal
axis of the vehicle, and the origin is at the projection of the center

of the rear axle onto the x,y plane.
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The variable names as used in the program, and their meanings are
as follows:

FL, FR, RR, RL: Centers of the bearing surfaces of the four tires:

-P—"‘N"W"

front left, front right, rear right, and rear left, respectively.

AJT: Center of the articulation joint.

OJT: Center of the oscillation joint.

FAY.: Center of the front axle.

CF: CG of the front mass of the vehicle,

WF: Weigh% of the front part of the vehicle.

CLD: CG of the load.

WLD: Weight of the load,

CXF: OCG of any extra mass added to the front part of the
vehicle.

WXF: Weight of any extra mass added to the front part of the
vehicle,

CR: CG of the rear mass of the vehicle (minus the rear axle).

WR: Weight of the rear part of the vehicle (minus the rear
axle).

CRAX: Center of the rear axle (also the CG of the rear axlej.

WRAX: Weight of the rear axle.

CXR: CG of any extra mass added to the rear part of the vehicle.,

WXR: Weight of any extra mass added to the rear part of the
vehicle,

ALPHA: Steer angle (always assumed to be such so that the

vehicle will turn left if ALPHA is positive).

20




0OSC: The oscillation angle; i.e., the angle through which the
front (or rear) part of the vehicle can rotate from the neutral position
before hitting the mechanical stop.

SHIFT: Distance from the center of the tire tread (toward the
inside edge of the tread) so that the endpoint of the action line will
be located.

NSTEER: Equals 1 if the vehicle has articulated steer; 2 if
rear wagon wheel; and 3 if Ackermann,

NOSC: Equals 1 if no oscillation is possible; 2 if rear axle
oscillation is possible; and 3 if midrange oscillation is possible.

Weights and distances can be expressed in any convenient units
as long as the same units are used throughout, However, it is suggested
that weights be expressed in 1lbs since the output column headings
are labeled "1lbs' for Case 11 vehicles.

The symbols defined above which represent locations (in space)
are actually arrays,each consisting of the three coordinates of the
location. Details on the formats and arrangement of the input data
cards are given in Section 4.d.

During execution of the computer program, the computer first
reads in the data for the vehicle in standard position as shown in
Figure 11. The coordinates are then recomputed as necessary depending
on the type of steer and angle of steer. The computer then follows
one of two possible sequences of events depending on whether or rot
midrange oscillation is possible,

a. Case I Vehicles

This part of the program pertains to vehicles which do
not have midrange oscillation,

(1) For a vehicle in which no oscillation is possible,
the computer first calculates the combined CG of the whole vehicle,
using the usual moment equations which can be uvbtained from any mechanics
testbook, The computer then calculates the critical slopes relative to
each of three action lines; that formed by the left two tires; by the
right two tires, and by the front two tires, It is left to the person
using the program tc decide which of the three slopes is the minimum.
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(2) For a vehicle witb rear axle oscillation, the
configuration will be as shown in Figure 12 (shown for a vehicle with
articulated steering). In this case, the combined CG of the whole

Figure 12, Suspension Triangle for Rear Axle Oscillation

vehicle is computed, and critical slope and orientation for turnover
about the left tires is obtained as though the vehicle were of the non-

osciliating type (mainly for comparison purposes since oscillation will
probably occur before turnover),

Next the combined OG of the vehicle minus the rear axle is
computed, and critical slope and orientation are obtained using this CG
and the action line formed by the center of the rear axle and the left
front tire. This gives the critical slope S1 for osci’lation to the left;
i.e., the minimum slope and corresponding downslope ¢ .rection for which
the CG for the vehicle minus the rear axle will be over the action line
RB in Figure 12,

It is then assumed that complete oscillation to the left cccurs;
that is, the vehicle oscillates to the left until it hits the mechanical
stop. The question now is: In oscillating to the left, has the combined
CG for the whole vehicle been thrown over the action iine AB? This
question is answered by recomputing the combined CG for the whole vehicle,
assuming the vehicle is completely oscillated to the left, and using this
CG to obdtain the critical slope 82 relative to the action line AB.

22
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Then, if 5) is greater than §;, turnover could not have occurred when

the vchicle oscillated, for the critical slope for an oscillated vehicle

is, in this case, greater than the slope at which oscillation occurs, ©n
the other hand, if S, is less than S,, turnover can occur when the vehicle
oscillates, because the critical slope for turnover of an oscillated vehicle
will have already been surpassed when the slope is reached at which
oscillation occurs,

The above discussion indicates that if S, is greater than §,,
turnover will occur at slope S,, while if S, is less than S;, turnover
can occur at slope S;. In other words, the actual critical slope for
turnover will be the maximum of S; and S3.

Next, a similar procedure is used for oscillation and turnover to
the right,

Finally, turnover over the front axle is obtained in a manner
similar to the non-oscillating case.

The equations for transformation of coordinates, used in obtaining
the combined CG for an oscillated vehicle, are discussed in Appendixes I,

II, and III,

b. Case 1I Vehicles

This part of the vrogram concerns vehicles with midrange
oscillation., 1In case the vehicle has midrange oscillation and arti-
culated steering, it is assumed that the oscillation joint OJT is
immediately in front of, or immediately to the rear of, the articulation
joint AJT. For a vehicle with midrange oscillation and rear wagon wheel
or Ackermann steering, the oscillation joint OJT can be anywhere between
the rear axle and the front axle. )

Once the computer learns that the vehicle under consideration
has midrange oscillation, it goes through the following steps, The
computer first calculates the CG and weight of the front part of the
vehicle, the CG and weight of the rear part of the vehicle, and the
combined CG and total weight of the vehicle.

The computer then varies the downslope direction ©
(measured counterclockwise from the positive x-axis) from 0 degrees to
360 degrees, one degree at a time. For each downslope direction 0,

[\"]
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the plane on which the vehicle is resting is tilted in the direction ©
until at leacst one of the four wheel-loads (as calculated by the method
described in section 3), becomes zero, Thus, for each downslope direction
© we obtain the critical slope angle ¢. For 6, the computer prints 6, @,
tan(f) in percent, and the four wheel-loads corresponding to the downslope
direction 0 and the slope angle @#. If, for a given 6 and @, only one of
the upslope wheel-loads is zevo, we can assume that we have a situation
where oscillation is about to occur, If two (or three) of the uphill
vheel-loads are zero, then we have a situation where turnover is about

to occur, After the table of values for 0, @, tan(@), and the wheel-
loads, is obtained, the table can be examined to determine which down-
slope directions give oscillation and which ones give turnover, and the
corresponding minimum slopes can be obtained for each case.

After obtaining the table of critical rlopes using the wheel-load
method, the computer finds ~ritical slopes for turnover of an oscillated
vehicle by assuming that the vehicle is completely oscillated and is
resting on three tires with the fourth tire off the ground. Four
critical slopes for turnover are obtained by assuming that each of the
four tires are, in turn, off the ground. These four values can be
examined to determine whether or not the vehicle will turn over when
a slope is reached such that oscillation occurs.

Example outputs for both Case I and Case 11 vehicles are given
Appendix V,

c. General Flow Diagram

The diagram shown in Figure 13 gives a general idea of the
main sections of the computer program.

d. Input

In this section we will give a description of each of the
21 input cards for the Static Stability Study computer program., The
first card is a heading card, and the second and third cards enable the
computer tc decide which of the 18 vehicle data cards (cards 4 through
21) are to be read.
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TNpUT bt START

AN YA \

\v

CHECK TYPE RECALCULATE
OF STEER COORDINATES

NONE

REAR AXLE

CHECK TYPE OF
<:>OSCILLATION UIORANGE

Y

CALCULATE
CRITICAL SLOPES
FOR TURNOVER TO
LEFT, TO RIGHT,
AND FORWARD

FOR DOWNSLOPE TO THE
LEFT AND RIGHT,
CALCULATE:

1. CRITICAL SLOPE
FCR TURNOVER WITHOUT
OSCILLATION

2. CRITICAL SLOPE
FOR OSCILLATION

3. CRITICAL SLOPE
FOR TURNOVER AFTER
OSCILLATION

!

VARY DOWNSLOPE
DIRECTION AND
CALCULATE

CRITICAL SLOPES
BY WHEEL-LOAD
METHOD

[ caLcuLaTE

CRITICAL SLOPE

FOR TURNOVER
OVER THE FRONT
AXLE

CALCULATE
CRITICAL SLOPES
FOR TURNOVER

AFTER OSCILLA-
TION

2

Figure 13.
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(1) Card 1 contains the heading, vehicle description, or
any other desired information pertaining to the run. A1 80 columns
of *nis card will be printed as the first line of output.

(2) Card 2 contains (right justified in columns 1 and 2)
the integer NCD = the number of vehicle data cards to be read. If NCD =
18 (the maximum number of vehicle data cards), then card 3 must be omitted
and all 18 vehicle data cards will be read in order.

If NCD = 0 (i.e., if card 2 3s blank), then the program will
stop.

(3) 1If OCKNCDL 18, then card 3 must contain the integers

n., n_,...., n where n. is right justified in columns 1 and 2,
1 2 ' "NCD; 1

noy is right justified in columns 3 and 4, and g is right justified in
columns 5 and 6. The computer will then read the vehicle data cards

with identification numbers Ny Moyevey Myans respectively.

If NCD = 18, card 3 must be omitted.

The 18 vehicle data cards contain information as follows., The
parentheses indicate the dimension of a variable; for example, FL(3)
indicates that th: card is to contain the three coordinates of the
point FL.

(4) Data card #'; FL(3)

(5) Datz card #2: FR(3)

(6) Data card #3: RR(3)

(7) Data card #4: RL{3)

{8) Data card #5: AJT(3)

(9) Data card #6: OJT(3)
(10) Data carrd #7: FAX(3)

(11) Data ca.d #8: CF(3), WF

(12) Data cerd #9: CLD{(3), WLD
(13) Data card #10: CXF(3), WKF
(14) Data carcé #11: CR(3), WR

(15) Data card #12: CRAX(3), WRAX
(16) Data card #12: CXR(3), WXR
{17) Data card #14: ALPHA, in degrees
(18) Data card #15: 0SC, in degrees
(19) Data card #16: SHIFT

(20) Data card #17: NSTEER

(21) Data card #18: NOSC
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On data cards #1 through #16, ten columns are allowed for each
value. Each value should contain a decimal point (on data cards #1
Lthrough #16) and should be right justified in its respective ten columns.
Hence, 30 columns will be used on data cards #1 through #7, 40 columns
will be used on data cards #8 through #13, and 10 columns will be used
on data cards #14 through #16.

On data cards #17 and #18, the integers NSTEER and NOSC are
punched in column 1.

For a given run, the number of vehicle data cards present is
given by NCD on the second input card., The vehicle data cards whose
ID numbers are not included in the list Nyy Noyeeen, nNCD,(if NCD <18)
should be omitted.

For further details on the input formats, the program listing
should be examined (Appendix IV).

5. Conclusions

The methods discussed in this report should be adequate for study-
ing the static stability properties of many types of rough terrain
vehicles. It should be realized, however, that the methods used herein
are based on equations for rigid mechanical systems and cannot be
expected to give results that agree completely since most vehicles to
be considered will be of the low-pressure, rubber-tired type. It
should oe remembered that in most cases the center of a wheel load
will be several inches uphill from the center of the corresponding
tire footprint. Lack of knowledge about the exact location of the
center of the wheel load could quite easily lead to computer results.
However, il is expected that, through careful calculations of the
centers of the wheel loads, results will be obtained which agree quite
closely with experimental cdata.

Since the computer program is much faster when the action line
method is used as compared with the wheel load method it was hoped
that every type of vehicle —ould be analyzed by the action line method.
However, it was discovered that this method would not work for a
vehicle with midrange oscillation; that is, one cannot determine the
critical slope for oscillation to occur for a vehicle of this types
therefore, it was necessary to go to the wheel load method for vehicles
with midrange oscillation to determine when oscillation would occur.
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The present computer program, which utilizes both methods, requires about
8,000 twenty-bit words of memory. Any increase in the size of the
present program would cause the program to overflow the memory of many
of the smaller computers,

It is anticipated that, through use of the accompanying computer
program, the objective of obtaining a more efficient method of analyzing
the static stability properties of rough-terrain vehicles will be accom-
plished., 1In addition to analyzing existing vehicles, the computer
program should prove guite useful in designing vehicles by'providing a
rapid means of comparing the static stability properties of two or more
proposed vehicles.

If it is decided to make a study of the dynamic case in which driving
forces, acceleration forces, and centrifugal forces must be taken into
account, a mocdification of the wheel load method will probably be most
successful for this situation since the wheel-load equations can be
adepted without tuoo much trouble tu handle additional applied forces.

It is hoped that the material contained in this report will prove
useful to those wishing to analyze the static stability properties of
rough-terrain vehicles.
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APPENDIX I

TRANSFORMATION OF COORDINATES

The matrix equation|i]for transforming the coordirates (pl, Py, Pgy)
of a poirt P with respect to the x,y,z axis system to the coordinates

(pl’ PZ’ PS) of the same point with respect to the x ’ y . z' axis system
(Fig. 1.} is as follows:

(1) P' = T(P-Q), where

YA z'
’ New Axes y'
B
P(p,,Ps,P3) ‘
1°P2,73 (ql,qz,q3)
| 01d Axes
{
' Y
4 —
/7
7/
Yo _
xl
X

Figure 1. Transformation of Coordinates

P\
1
P =/;2 where p;, Py, P3 are the cecordinates of 2 with

respect to the old axis system;
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ql\\

Q = Q2 , where qy, 42, 4z are the conordinates of the
a3
new origin with respect to the ovid axis system;

Py

4
P Py |, where pi, pé, pé are the coordinates of P with

Pg

respect to the new axis system;

th tio &Yy
it t t
T = 21 22 23}, where tj3, tj2, and tj3 are the
t3; tzx t3

direction cosines of the x axis relative to the X, ¥, and z axes
respectively; ts;, tos, to3 are the direction cosines of the y'

axis relative to the x, y, and z axes respectively; and tg;, tg;, “33
are the direction cosines of the z' axis relative to the x, y, and z
axes respectively,

Written in scalar form, equation (1) becomes:

p
Pr = ta(Pymay) ¥ %5(Ppay) * ty5(pzag)
! = - $ { - E: -
(2) € Py ty(Pymay) T t,5(pymay) F o t,a(pg-ag
Py = t3(Pymap) * t3(pymay) o tga(pgogg).
S

These equations are used in the Static Stability Study computer program
whenever it is necessary to transform coordinates from one axis system to
another,
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APPENDIX I1

ROTATION OF A POINT ABOUT A LINE

In recalculating coordinates in the Static Stability Study
computer program, it is quite often necessary to rotate a point X,
about a line., Here, we describe the equations used to find the point
Xy into which the point X, is rotated,

Consider, as iquigure 1, the line L determined by the point J
and the unit vector U, Suppose that the point X, is rotated about the
line L by an angle .~~., where positive rotation is tagsp to be such that
the right hand rule will give a direction parallel to U.

Figure 1. Rotation About A Line

The problem is to find X;, the point into which X, is rotated.
let P be the projection of X, onto the line L, We wish to find P

in terms of known quantities. Since J and P are on the line L, the
- —_
vector P - J must be parallel to L, i.e.,
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where k i1s a scalar which we must determine.

-
U -

— — —
Since X, - P is perpendicular to U, it follvr that
— - —
(2) (X, - P) « U 0
—n — —> —> > - —>
substituting P = J + kU intc (2), we obtain (X, -J) * U - kU
0, or
. - - —>
3) k = (X5 -J) *+ U
- -
since U is a unit vector and hence U *+ U = 1. Therefore, from

(1) and (3), we have

- > - - -1 >
(4) P = J + [‘Xo -J) *+ Uju,
Now if a perpendicular is dropped from the point X; to the segment
- -
PX,, and if use is made of the fact that{X, -P} = {X; -, it can
readily be seen that the vector X;, from the origin to X;, is given by

- -» > - - -
(5) X1= P + (cos-\-) (Xo- P) + (sins~NU X (XO—P).

Hence, we have X, in terms of known quantities.

Equations (4) and (5) are used in subroutine SROT of the computer
program to recalculate coordinates of a point on a vehicle after part
of the vehicle is rotated relative to the rest of the vehicle,
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APPENDIX III

TRANSFORMATION OF COORDINATES FOR OSCILLATED

VEHICLES

In computing turnover slopes for an oscillated vehicle, the
computer program assumes that the vehicle is resting on three tires.
We will describe the method used to transform coordinates so that the
x,y plane contains the three points on which the vehicle is assumed

to be resting.

The probiem is as follows:

Given three points A, B, C as in Fig. 1, find the transformation
equations so that

(1)
2)
(3
(4)
as desired),

the new origin is the midpoint of the segment AB,

the new y-axis contains the segment AB,

the new z-axis is perpendicular to the plane ABC, and
the new x-coordinate of C is positive (or negative,

Figure 1, Transformation of x,y Plane to the Plane
Containing the Three Tires on Which the Vehicle is Resting
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Conditions (1) through (4) are set up so that the points A, B
will be the rear tires if the new x-coordinate of C is to be positive;
otherwise the points A, B wiil be ihe {ront tires,

—
Let X, Y Z denote the direction cosine vectors of the thxce hew
axes respectively, relative to the old axes., We wish to find x Y

and~%

FEI = 7; 7?; and
(5) - - -y —p -~ - -+ -
Z1 = (C-A)X(B-A) = (¢c-4A) X Y1 .

- -
Then Y1 and Zl have the correct directions (for the case shown in

Figure 1), but they are not unit vectors, as direction cosine vectors
must be. Therefore, we set

- i >
sl by,
(1/| 2, )7}, and
-
XZ.

(e)

&r—/\—-\
x‘t%* %*
ionou

- -
Then X, Y, and Z are the required cdirection cosine vectors if we wish
the new x-coordirate of C to be positive,.

If we wish the new x-coordinate of C to be negative, then instead
of equations (6) we must use

- > ;-
Y = asly by,
b &
¥ 2 = -1/[Z17Z,, and
i!—;( - Y x3.

-> -
In general, once we have obtained Y1 and Z, from (5), we can get

-

- -5 -
X, Y, and Z from

- >

¥ = ady by,
(8 Z = (8/12:’)—2’1, and

- —

X = ¥x%.

where 8= 1 or -1 depending on whether we wish the new x-coordinate
of C to be ponsitive or negative,

34

P e o - e e . =y - -




> ~»
Once we have X, Y, and Z from (8), we can transi rn any point using
the equations described in Append1x I, where X, Y, and Z are the first,
3

-1 LJ e T R e L L T P R §
5e(_uuu anda 124 ¥ows Lcapr;\,t.

-1 A+,

eV,
\A-F S

<5
(W

s the new origin

The methods described here are used in subroutine OSN of the
computer program.
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APPENDIX IV

Following is a PORTRAN listing of the static stability study
computer program:

COMMON STORAGE FOR STARILITY STUDY, ME-010

COMMNN AJT(3), AL1(3), AL2(3), CF{3), CGI3), CLD"3), CRIT],Clax(3}
i, uxt[3), CXRI3]), Fa1, FAXI{3), FLI3Y, FLPLS), Fn(3), FRP(3)
COMMIN OJP[JID 0uT(3), R[9,3)., RL[3)0 RLPI3i, RR(S]. RRPISY, ytdl,
1y, ¥P{9), XPP{9], Y[9), YPI(9), YPP[Q]), 2!9]), ZP(9]), ZPPI(9]

LOMMIN ALPHA, DEw, ua, 0SC, PHI, SHIFT, T, TH, TPH, W, W1, w?, wF,
1wl v, WP, WRAX, wWXF, WXR

TOMMON [READ, NOSC, NSTEER

DIMENSTUN LFPI3T,CLUPI3),COSC(3),CSTI3),CTNOTS),CTO 3),CX(31),
1. XrPI3V,FAXPIR),LFCUSY,ux[31,U2(3)
HINENSTON N[1n8)
READ any PRINT #FADING
st Sgap 1
1 +OrmAT(B0H
1 )
BROET 5
SRINT 4
READ NCU = NO QOF DATA CARDS
“EAflt 2, NCU
< ~0nmaTlingZ,ynly j

TPACHTY 1yu0n,10060,1900
Ty (Fikch=314) 400,260,200
W) 210 1=1,1R
Al oNLLL o= g

S0 T 440
S R=AD 2, [N[[),1=1,NCDI

QREAD ANDL PRINT VFHICLE DATA
“q Oy nT 3
S FOFPMAT(//7730X,1HYERICLE DATA,/771
J) o sun 1 o= 1,8CU
(R-a1} = N[1)

AL RFAD
S, AL PRINT
IRINT &

S L ORMATI{HL S
i = 3.,14150265 / 1R0,
ALPHR = ALPRA ¢ EG
HFCALCULATE CQOQRDINATES

'j7'1l = 0.
JZeer = 0,
“7(\‘] = 10

w0 S15 1 = 1,8
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FLPII) = FLIT)
FRPL1) = FR(1)
RRP(1) = RRI1)
510 QLPIIY = ALIT}
C
LLP12] = FLI2Y - gHIFY
FRP(2) = FR[2] + SHIFT
RRP12] 2 RR[2] + SHIFT
RLPL2) = RLi2) - SHIFT
c
GO TO (660,700,600],NSTEER
c

600 CALL SROT{AJY,UZ,ALPKHR,FAX,FAXP)
CALL SROT(AJT,UZ,ALPHR,CF ,CFP )
CALL SROT(AJT,UZ,ALPHR,CLD,CLDP)
CALL SROTIAJT,UZ,ALPHR,CXF,CxFP)

CALL SROTIAJT,UZ,ALPHR,FLP,FLP )
CALL SROTI{AJT,UZ,ALPHR,FRP,FRP ]

50 TO 800 )

/0y YzILl3) = =-uZI(3)
CALL SROT{CRAX,UZ,ALPHR,RRP,RRP)
CALL SROTI{CRAX,UZ,ALPHR,RLP,RLP)
Bo 710 1 = 1,3
CFP(I) = CH{NM
CxrP[]Y = CXF(I)

710 Cpwpill = CTLOCMI)

C CHFCK TYPE OF OSCILLATION

00 S0 TO (900,900,6000), NOSC
90U NO 5008 NDS = 1,3
R0 TO (1000,1100,4600), NDS
10U PRINT ¢
6 FORMAT[//,50%,24HDOWNSLOPE IS TO THE LEFT ,//:

c NON-OSCILLATED TURNOVER CALCULATIONS
c COMPUTE COMBINED WEIGHT
C
WINO = WRAX + WR + WXR ¢ WF ¢ WXF + WLD
C
C CoMPUTE COMEINED CG
Cc
00 1010 I = 1,3
CINOITI] = [ CRAX[I)eWRAX + CR{i)JsWR ¢ CXRIJI*WXR <« CFP[1]enF
1 + CXFP[1)*WXF + CLDP({1]ewi{D ] / WTINO
c
1010 CG{1] = CTINOILI1})

30 70 1300
110fi PRINT 7
7 FORMATI//,20X,25HDOWNSLOPE “S TO THE RIGHT ,//]
N0 1110 1 = 1,3
1118 CG(I1) = CTNO(1]
1300 PRINT 8
4 FORMAT([//,30X,42HSTUESLOPE TURNOVER ASSUMING NO OSCILLATION ,//]

BRI e e R R S R i o TR W e e T T -
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e X

CALCULATE ACTION | INE

50 10 11400,15001, WNDS
1490 90 1416 1 = 1,3

ALLT:) = RLPID)
181d 2L7117 = FLPLIT)
C
30 10 15590
C
1%du vn 1210 1 = 1,3
ALL(1) = RRP(1)
1714 AlLell) = FRP(T)
C

1294 aALL SLOPE

0 10 [5”"001600]: NDSC
C
Leta PRINT Q
7 FUSRMAT(//,30X.58KSIDESLOPE AT WHICH COMPLETE OSCILLATION IS LIKRLY
1 Tu QCCUR »7//)

¢ COMPUTE CG AND ACTION-L INE FOR VEWICLE MINUS REAR AXLE

WISE = ATNO - WRAX
90 1610 1 = 1,3

[y

COSCUL) = ¢ CRIT1ewnr « CXRII)oWXR + CFPII)ewF + CXFPII)#wxr
1 +« CLDPITI*wih ] /7 ®WNSC

(@]

[p]
—t
(1]

» cascinl
el oagiil! = CRAXIT)

"0 TO {3700,1800), NDS

1740 0 /10 1 =
171w ALzZII) = FLP

w) TO 1850

Lefid NG 1821n 1 =
ieli alLZ2(1) = FRF

1790 CALL SLOPE
C CALT U ATIONS FOR OSCILLATED TURNOQOVER
ORINT 10
19 +ORMAT[/7/230X,51HTURMCVER ASSUMING COMPLETE OSCILLATION HAS OCHURR
1D ,/77)

TAY = [ [-1.)ee{NDS+s ] ] ¢ OSC ~ DEG

]
[ary

Y .1}
X i)
Xt 3)

q.

)
.
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C

c

c

c

C
c
C

C
C

e Ry

C

c

c

CALL SROTIURAX,UX,TALU,COSC,.CST)
GQ TO {1900,2000). NDS

1900 CALL SROT(CRAX,UX,TAU,FL,FC)
G0 70 2010

dUl‘] ”EL 2 10

CALL OSN(RR,RL,FC,DEL,CRAX,CX]

CaLlL OSN[RR,RL,FC,DEL,.CST,CST]

CALL OSNIRR,RL,FC,IEL,FC,AL2 )

30 2029 1 = 1,3

CTOEL) = [ CSTUI1#WOSC + Cx{1)eWRAX } 7/ WTNO
2y LGt1) = CTO(1])

60 T0 (21650,2200), NODS

2196 0 2110 1 = 4,3
211¢ ALL{T) = RLIN

<0 TO 3000

¢y N 2290 1 = 1,3
2e1% A u{l) = RR{1}

Jeun CALL SLOPE
60 T 5000
CALCULATIONS FOR TURNOVER OVFR FRONT AXLE
4007 PRINT 11
11 FORMAT{//,50%,25HDOWNSLO®E IS TO THE FRONT ,////,30X,28HTURNOVER 0
1vEr THE FRONY AXLE ,77 )
CALCULATE ACTION LINE AND COMBINED CG
GO 19 14100,4200,4200), NSTEER

<190 CAaLL SROTUIAJT,UZ,ALPHR,FL,ALY!
CALL SROTIAJUT,UZ.ALPHR,FR,AL2]

G0 10 4300
4de0 30 4216 1 = 1.3
ALL{tY = FLID)
4c¢ ) AL2{11 = FRIIN

~.‘13!| !)G 4310 I = 1,5
4310 C311] = CINO(I)
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hia? 4
H

e Ne]

2004

(]

aOaOamn

el
510v

by
tell

0“2

~

e’

(@]

651U

o $1ii

(9]

bl‘” 1

(e R B

’Ut’]"
C

'

CALL SLOPE

THE NEXT STATEMENT !S THE ©ND OF THE NDS LOooP
CONTINUE

G0 TO 9600

CALCULATIONS FOR A VEHICLE WITH MIDRANGE OSCILLATION, USING
THE WHEEL-LOAD METHC?

IFINSTEER - 1) 6300,6100,6300
IFi0JTI2) = AJT(2) } 6300,6200,6200
CALCULATE UNIT VECTOR PARALLEL TO OSCILLATION AXIS
B0 6210 1 = 1.3
uitY = FAXPLTT - AJT{T]

A = SORTF( Ult)ee2 & Yl2]1es2 + U[3]ee2 )

D0 /220 1 = 1.3
it = ull! /7 Av

CALL SROT{AJT,UZ,ALPHR,04T,0UP]
) T} A470
yii}

ler)
YRIND

1.
n.
0‘

Ny 6810 1 = 1,
)] =2 0JTLL)

wF + WLD + WYF
WRAX + WR + WXk
wi + w2

Al
<2
W

o

MAKE CALCULATIONS PRELIMINARY TO CaLL Tn WHEEL-LOAD SUBHOQUT (NE

sno7a0n J = 1,3

Rii,d4) = FLPLY)

Rir,d4) = FRP(J]

RIS, JT = RRPI ]

Riv,J1 = RLP{JI]

Riv,J) = [ CFPIJ)enF + CLDP{JJeWLD ¢ CXFPIJIeWXF ] / W1
R{0,J) = [ CRAX[JU)*WRAX + CRIJ}J®WR + CXR{JI*WXR } / W2
RiZ7,J) = [ RIS,JlewWl + RI[6,J1242 | / W

Risz,J) = 0J4P(J]

RTy,J) = YylJi

CONTINUE

FND OF J LOOP
no 7100 1 = 1,9
(i} = R(I,1]

P e e o TR ¥ - g = -~y

™ pl
FE o e




Y{l) = R[1,2)
7100 764} = R,
C PRINT FRONT AND REAR CGS, FRONT AND REAR WEIGHTS,
c AND COMBINED T8 AND WEIGHT,
c
PRINT 12, XIS51,Y(5),205),WH1sX(6),Y(6;,2(6),W2,X(71.Y(71,7(7]),H
c
12 FORMAT(10X>1H(sF9.1,1H,sF9.10s1H,>F9.1,1H), 114 7 FRONT CG,F20.1,15H
1 = FRONT WEIGHT +//,10Xs4H{,F9.1,1H,,F9.1,1H,,F9,1,1H]1,10H = REAR
2CG LF21.1,14M = REAR WEIGHT ,/7/,10Xs4H(+F9.1,1H,,F9,1,1H,,F9.1,1H]
3,140 = COMBINED CG .F17.1,15H z TOTAL WEIGHT ,// )
c \
c MAKE WHEEL-LOAD CALCULATIONS. VARY ORIENTATIONS, AND PRINT
C COKRESPONDING CRITICAL SLOPES AND WHEEL LOADS.
o
CaLL MIDOSC
c
C FIND CRITICAL SLOPES AND DOWNSLOPE DIRECYIONS FOR OSCILLATED
c TUKNOVER, FUR THE VEW]CLE RESTING ON THREE TIRES, WITH THE 4TH
c TIRE OFF THE GRUOUND. (FOUR CASES)
c .
CALL MDOTVR
o

Y000 GO TO S0
10000 PRINT 13
13 FORMAT(///7/7,50X»,15HTHATS ALL FOLKS )

CaLL EXIT
£MD

erWw ‘W'W&“‘ e _ —— - . - - -
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READ

4 CARD WITH ID nuMR

51

TH1S SUBROUTINE READS THE O R IREAD. AND

THEN RETURNS TO THE MAIN PROGRAM,

aoaca

SUHBROUTINE READ

COMMON STORAGE FOR STABILITY STUDY, ME-010

OO0

i COMMON AJT(3), AL1(3), AL2(3)}, CFI(3), CGI(3), CLDI3), CRIII,CRAX(I)
1, UXF[3), CXR(3), F(a}, FAX(3), FLI3Y, FLP(3}, FR(3), FRPI(3])
COMMON 0JPI(3), 0JTI(3), Rt9,3), RL(3]), RLP{3), RRI3), RRP(J3), U3},
1x{v}, XP(9), XPP(9), Y(S}, YRP(9), YPPI9]l, Z(Q]), 7P(9]), ZPP(VY]

NOMMON ALPHA, DEG, OA, OSC, PHI, SHIFT, T, TH, TPH, W, W1, W2, WF,
1WwiL U, WRs WRAX, WXF, WXR

COMMON [READ, NOSC, NSTEER

1IN0 FORMAT(BF10.0
200 FORMAT(I1]

c IRFAD = THE 1D NUMBER OF THE DATA CARD WE WANT TO READ.

IR = IwEAD
30 710 { 1'2,3»4:5:0:7:8’9'10111l12013014015'1bti7-18 1, IR
1 RFAD 100, fL
RETYRN
v READ 100, FR
RELURN
S RFAD 100, RR
RFIYRN
! 4 READ 100, RL
RE fURN
5 READ 100, AJT
RETURN
6 qEAD 100, OUT
RETURN
/ READ 1006, FAX
PETURN
K RFApD 100, CF, WF
QF | URN
v READ 100, CLD ,WLD
REITURN
1y RFapg 100, CXF, wWXF
REI{)RN
11 REAN 100, CR, WK
RETURN
12 RFAD 1n0, CURAX, &kRAX
QEITYRN
t 13 RERD 100: CXRn aAXR
RE!URN
14 READ 1n0, ALPHA
RE 1 URN
1> RFaD 100, OSC
RETURN
16 READ 106G, SHIFT
RETYRN
17 QtAD 200, NSTEER
Qe Tuan
1n «FAD 200, NOSC
REITURN
EN) 42
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aon
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15

16

PRINT

THIS SUBROUTINE PRINTS THE DATA CARD WITH ID NUMBER IREAD, AND
THEN RETURNS T0O THE MAIN FROGRAM.
i
SUBROUTINE PRINT

CCMMON STYORAGE FOR STABILITY STUDY, ME-040

COMMON AJT(33, AL1(3), AL2(3), CF{3), CG(31, CLDI3), CR(3],CRAXI3]
1, CXF(3), CXRI{3), Fl4), FAXI3), FLI{3), FLP(3), FR(3]), FRP(3]
COMMON OJP[3), 0JT(3), R(9,3), RLI3], RLF{3]), RRI3), RRP(3), U(3),
1X(9), xP1{9), XPP{91, Y(9), YP(9), YPP(9], Z(9),» ZP(9), ZFP(9]

COMMON ALPHA, DEG, OA, ISC, PHI, SHIFT, T, TH, TPH, W, Wi, W2, W',
1WLD, WR» WRAX, WXF, WXR

COMMON IREAD, NOSC, NSTEER

IR = IREAD
GO 1O { 1,2,3,4,5,6,7,8,9,10,11,12,43,14,15,16,17,18 } , IR

PRINT 100, FL

ek TURN

PRINT 200, FR
RETURN

PRINT 308, RR
RETURN

PRINT 400, RL

RE TURN

PRINT 500, AT
RETURN

PRINT 600, 0OUT
REIURN

PRINT 700, FAX
RETURN

PRINT ROOD, Ci', wWf
RE TURN

PRINT 900, CLD, WLD
RE TURN

PRINT 1000, CXF, wXF
RE I URN

PRIMT 1100, CR, WR
RETURN

PRINT 1200, CRAX, WRAX
RETURN

PRINT 1300, CXR, WXK
RE TURN

PRINT 1400, ALPHA
RETURN

PRINT 1500, 0OSC
RETURN

PRINT 1600, SHIFT

F23

P



QETLUHRN

17 PRINT 1700, NSTEER
RETURN

12 PRINT 1R0N, NOSC
RETURN

100 FORMAT (10X 1MT,F10.1.3H,,F10.1,18,,F10.1,1H]),5X,3IusFL
200 FORMAT(10X»1H(,F10.1,1H»,F10.1,1KH,,F10.1,1H),5%,3IH2FR )
SO0 FORMAT{10Xs1H{,F10.1,1K»,»F10,1,1H,,F10.1,1H],5X,3H=RR )
400 FORMAT(10X1H{,F10.1,1HssF10.1,1H,,F10.1,1H]IL5%,3HzRL
S0U FORMATI10X>1H{,F1043,1H0»F10,1,1H,,F40.1,1H1,5X, 4HZAJIT)
600 FORMATI10Xs1M{,F10.2,1KHs,F10.1,1H,,F10.1:1H1,5X, 4H=04T
/704 FORMAT 10X 1H{,F10.1,1H,,F10,1,1H,,F10.1,1H1,5X,4HzFAX)
BUO FORMAT{10X»1M(,F10.1,1H,»F10,1,1H,,F10.1,2H):5X,3HzCF,F22.1,4H SWF

90d1g0RMAT!10Xo1H[.F10.1.1H..F10.1,1H..F10-1a1H1n5xaiH=CLD.F21-1:5H L3

]UOUIES;MATIIOXolHlnFlO.l-lHnsF10.1.1H..710.1.1H].5X.4H=CXF.F21.1o5H N

lluﬂlzgéNAT!10X-1H[.F10.1.1H;.Flﬁ.l.lH..FlO.lolH].5X.3H=CR.F22.1:4H 3WR

12ULI;ORVAT[lnXolH[.Flﬂ.l,lH’.F10.1.1H-o710.1n1H].5X.5H=CRAX.F20.1.6H z

13001:23:1T[10X:1H[.F10.1.1H..F10.1.1H,.F10.1o1H].SX.4H=CXR,F?1.1.SH W
1XR i

1400 FONMAT(F20.2,35H =ALPHA [DEGY = ANGLE OF LEFY STEER )

1508 FOHMAT[F20.2,32H =0SC{DEG])=MAX OSCILLATION ANGLE )

10600 FORMATIF20.2,394 = SHIFT, MEASURED FROM CENTER QF TREAD )

177Gy FORMAT(110,52K =STEER TYPE{1=sARTICULATED,2=REAR WAGON,3=ACKERMAMN?
1]

Loy FORMATII10,591 =0SCILLATION TYPE(1=NO OSC,23REAR AXLE 0SC,3=M]DKAN
1GE 0SC} 1}

ENU
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SUBROUTINE SROTIXJ,U,06A,X0,X1)

CONSIDER THE LINE L DETERMINED BY THE POINT XJ AMD THE UNIT
VECTOR U. SUPPOSE THE POINT X0 1S ROTATED ABGUT THE LINE L TwWRU
AN ANGLE OGA, WHERE POSITIVE ROTATION IS TAKEN TO BE SUCH THAT
THE RIGHT-HAMD RULE WILL GIVE A DIRECTION PARALLEL YO u. THWiS$
SUSROUTINE FINDS X1, THE POINT INTO WWICH X0 [S RGTATED.
SUBROUTINE SROTI(XJU»U,0GA,X0,X1)

DIMENSTION CPI31,P(3),Ul3),x003),X1(3),xJ!13)

ANALYSIS
AK = [X0=-XJ).U = SCALAR PRODUCY
P = XJ + [AK)ey = VECTOR
X1 = COS{OGA)#(X0-P) « SIN[OGAIIU X (XU=P}] + P = VECTOR
AK = 0.
COMPUTE aK
Nno 100 1 = 4,3
AK = AK + {(X0tI} - xJtlldeulld
COMPUTE P

Do 200 I = 1,3
PIIY = xJ(1] + axe Ul])

COMPUTE X1
CpP = CROSS PRODUCT OF u AND x0-P

CPt1) = Yl2)»IX0I31=P(3]) - Ul3)e(x012)-P[2]]
CPiz]l = U(3)e(X0I1]-P{11) - Ul1)w{X013]-P(3])]
CP13! = Ull)e(X0(2i-P(2V) - U{21»(X011)-P(1])

COMPUTE FINAL RESULT
po 390 1 = 1,3
X111} = COSF[OCAT«(XQ[I]-P(1]] ¢ SINF[ GAI«CP[I) + Fil]

RETURN
Enmy
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THe PROPERTIES

DEL EQUALS +31 OR -1,

ANALYSIS.

COSINE VECTORS.

CcCaOOOOOOQOnaOO0nO0

GIVEN A TRIANGLE ABC ¢ D A POINT P, WE WISKH TO FIND THE
COURDINATES OF THE POINT P RELATIVE TO & NEW AR]S SYSTFM HA

VECTORS OF THE NEW AXES RELATIVE TO THE OLD.
USING THE USUAL OURTHOGONAL MATRIX OBTAINED FROM TME DIRECTION

SUdROUTINE OSN[ADSICODELDPIPP]

vtuan
vatvo

(1) THE NEW ORIGIN {S THE MIDPOINT OF SEGHENT AB

(2) THE NEW Y-AX1S HAS THE DIRECTION OF THE VECTOR AB

(3) THE NEW 2-AX1S [S PERPENDICULAR TO PLANE ABC

[4) THE NEW X-COORDINATE OF € HAS THE SAME SIGN AS DEL, WMERE

)

FIRST FIND THE DIRECTION COSINE
THEN TRANSFORM P,

SURHOUTINE OSNI[A,B,C,DEL,P,PP]
UIMENSION A(3),B(3),C13),P(3),PP(3),PO(3),x13)1,Y13),Y1(31,2(31,

1 zL113)

c FIND THE 3 DIRECTION COSINE VECTORS

on o300 1}

1,3
tpd vty = 5111 -

~— 4

1 Aalll

C Z1 = [L-a) CROSS Y1
71t1) (Ci2)-A(2))ey1(3) -
71tel (Cr3)1-A13))evitl) -
711 3] (Cl11-Al13)ev1(2}

]

[ N o4

AY
a7

o 200 1 = 1,3
Yii) = Y1{l) s AY
eQit 701} GEL*Z1(T] 7 A?

CALCULATE X = Y CROSS 7.

(e NeNe

Y(2)%2(3) - Y[3]¢2(2])
Y{3JeZT1) - Y{[1]192{3)
Y{11*202) - Y(212(1)

(1]
X{~]
X{3)

o0

BY 300 1 = 1,3
Sg0 2QL1) = 0,

”~y

N0 400 ] = 1,3
R = Pl]) - 5« A[l])eB(I)
POLY) PRL1) + X{ljeR
PQ12] PQi2) « Y[i)eR

430 PR1 3] PRL3) « Z(1)eR

20 500 1 = 1,3
500 PPil) = PQLIY

RE TURN

ENL

[C{3)1-A[(331*v1(2)
tC{11-Al1)]wyY1(3)
(C{21-A02)1*Y1101)}

NORMALIZE Y1 AND 71, AND CHOOSE CORRECT DIRECTION FOR Z-AX1S.

SOPTFL Yill)we2 + Y1([2]we2 o Y1(3)*e2 ]
SORTFL Zil1)we2 + 71(2]1#22 ¢ Z21(3)*e2 )

TRANSFORM P TO GFT THE COORDINATES OF PP,

L6
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SUBROUTINE SLOPE

GIVEN THE ENC-POINTS OF AN ACTION LINE, AL1 AND AL?, AND A
CENTER OF GRAVITY, CG, THIS SUBROUTINE CALCULATES THE CRITICAL
SLOPE PHi, TME PERCENT OF SLOPE TPH [EQUALS 100eTAN[PMI]], AND ThE
CORRESPONDING DIRECTION OF DOWNSLOPE OA [MEASURED FROM THE

acaocaoOoaaan

SUBROUTINE SLOPE

a0

COMMON STORAGE FODR STABILITY STUDY, ME-040

COMMON AJUTI(3), AL1(3), AL2(35, CFL3), CGI3), CLDI3)s CRI3),CRAXIZ!
1, LxFI3), CXR(3), Fla), FAXI3], FLL3), FLP{3}, FR{3), FRPI(3]
COMMON OJP(3), OJUT!3), RI9,31, RLI3), RLP(3], RRI3), wRP(3], U3},
IX(v)s xPl9ls XPPL9), Y(9), YPII]), YPP{9I], 2(9], 2P(9), ZPPI(9]

COMMON ALPHA, DEG, OA, OSC, PHI, SHIFT, T, TH, TPH, W, Wi, W2, WF,
1WLLU, WR» WRAX, WXF, WXR

COMMON TREAD, NOSC, NSTEER

NIMENSTION DAI3),DCALS)
[FINOSC-33100,200,1200
1900 PRINT 1, CGsAL1,ALZ
1 FORMAT(/,1K81,F9.1,1H,,F9.1,1'4,,F9.1,1H),>3H2CG,6X,1H[,FG.1,1H,:,F9.1
1,19, ,F9.1,1H),4KSALL,5X,1H[,F9,.3,1H,,F9.1,1H,,FO,1,1H]),4Hz=ALZ,.7/ )

¢ty PRINT 2
2 FORMAT{20X»14HCRITICAL SLOPE,16X,42HDOWNSLOPE DIRECTION[ANGLE FROM
1 PUS x-AXIS] 1}
c CALCULATE T
vo 210 I=1,3
DCALl) CGl1) - AL1l]}
710 DAL1] AL211Y - AL1ID)

DCA(3)

-DAL3]

DCA{1)%e2 + DCA[219¢2 «+ DCA(3]ee2

(-2.)e0 DA[1)eDCArL] + DA[2)JeDCA[2] & DAL[3)eDCA{S] ]
DA(1]1#*2 + DA[2]ee2 o DAL3)9e2

Mo X »
U T TR [ 1]

—
]

[AeDl - 2.#B¢C) / (BeD - 2.¢AwE)

(@]

{A + BeT) 7/ SQRTFIC « D*T ¢ EeTeaT]
SQRTF{ ABSF({1. - CPHeCPH) ) / CPH

CPH
TPH

C CALCULATE PH!
PHI = ATANFI[TPH] 7/ DEG

aon

CALCULATF PERCENT SLOPE
TPH = TPH * 100.

) C)

CHECK TO SEE IF CG IS DIRECYLY OVER ACTION LINE
IFL TPH - 1.E-5 ) 306,400,400

L7

unauzm:n&qgu,gﬂwv*nr = -ax§¥§§gnmas3?ﬂ'?f:“?fr'"" -




oMo Ne]

%

SCU PRINT 3, PHI
3 FORMAT(/,F30.2,21X,33HNONE-CG DIRECTLY OVER ACTION LINE,////)

RETURN
400 XT = AL1(1] + TeDA[1} €G(1}
YT = ALii2) « T&DA[2) - €£6!2)

CALCULATE DOWNSLOPE DIRECTION
4 QuAD ARCTAN ROUTINE
TFiXT] 430,420,410
416 0OA = 0.
50 TO 440
420 OA = SIGNF(90.,YT)
s TO 450
436G OA = SIGNF(1180..:YT)
44y OA = OA + ATANFIYT/XT) / DEG
450 CONTINUE
END 0F 4 QUAD ARCTAN
SEE IF THE VEHICLE HAS M]DRANGE OSCILLATION
[#INOSC ~ 3) 500,600,500
Sy PRINT 4, PHI, TPHW, 0OA, T
4 FONMAT[/,F20.2,6K DEG 2,F9,2,4H4 PCT,F21.2,4H DEG,F51.5,2H=T,//7/}

e0h RETURN
=N

e e —— - -




C SUBROUTINE +1DOSC
c
C THIS SUBROUTINE VARIES THE DOWNSLOPE DIRECTION THROUGH 360
c GEGREES, aND FOR EACH DOUNSLOPE DIREATION IMEASLIREDN COLNTERCLOCK =
» WISE FROM THE POSITIVE X-AX1S) TlLTS THE GROUND PLANE IN THAT
C DIRELCTION UNTIL & CONDITION OF 0ue7Aars!?v 13 REACMED. THE FnUR
C WHEEL-LOADS ARE PRINTED FOR FACH CRITICAL SLOPE,
C
SUBROUTINE MIDOSC
C
C
C
C COMMOGN STORAGE FOR STABILITY STUDY, #E-010
C
COMMON AJT(3), AL1(3), AL2[3), CF(3], CG(3), CLDI3), CRI3},CRAXIJ]
1, CxF[Z), CXR(3], F[‘]p FAxX(3), FLL3), FLP[S]! FR[3). FRP(3]
COMMON QJPIL3}, 0JTI(3), R19,3), RLIZ), RLPI(3), RR(3), RRPI3I, UL3),
1x{v}, ¥XP(9), XPP(9], Y(9), YP(9), YPP(9], 2091, 2P19), 2PPI(9]
C
COUMON ALPHR, DEG, 0OA, 0SC, PHI, SHIFT, T, TH, TPH, W, Wi, W2, Wb,
1WLll, WRy WRAX, WXF, WXR
C
TOMMON IREAD, NOSC, NSTEER
c
PRINT 50
S50 FUORMAT(//7/510X,303HFOLLONING 1S A TABLE GIVING SLOPES AT WHICH INS
1TABILITY OCCURS FOR A VERICLE WITH MIDRANGE OSCILL_ATION.,/,10X,
271HTHETA = DOWNSLOPE DIRECTION [MEASURED COUNTERCLOCKWISE FRNM POS
3 X-AX1S1,7510X.77HPHI s ANGLE THRU WMICH GROUND PLANE MUST 8E TI
4. TED FOR INSTABILITY TO OCCUR,/,10X,27HSLOPE = TANIPHI}] IN PERCENT
5,1UX,56HF[1] = WHEEL LOAD AT TILT ANGLE PHI, AS INDICATED BELOW )
C ’
PRINT 51
51 FORMAT[///n44X:4”LEFT:SX’5HﬂIGHT.5Xa5HRIGHT»6X:4HLEFT./;43X:
15HPRONTv5x:SHFRONTn6’,‘HRE‘R'bx»‘HRE‘R.//D4X'5HTHETA06¥93HPHI.6X.
25HSLOPE:15X.4HF[1]o6X.4HF[?}.6X.AHF(3].6X.4HF[4],/.4X.SHIDEG).SX.
ISHIDEG) »SX»5HIPCT),14X,5HILBS],5X,5HILBS),5X,5F(LBS)»5X,5H(LBS],
4// )
c TH = DOWNSLOPE DIRECTION , DEG s PI / 1880,
c PHI = SLOPE ANGLE , DEL = INITIAL INCREMENT IN PH]
C
NEL = 5. ¢ DEG
nN7> = ,75=0EL
C VAFY TH FROM 0 TO 360 DEGREES
00 €50 J=1,361
AJ = J
TH = (AJ -~ 1.1+DEG
c ROTATE GROUND PLANE
CALL ROTATE
C INITIALIZE PHI]
PHI = DEL
NPH = DEL
C TILT GROUND PLANE

200 CALL TILT
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CALCULATE THE 4 WHEE! =L0ADS FOR THE PRESENT ORIENTATION
AND SLOPE.

CAlL FCRCE

DETERMINE WHETHER INSTABILITY EXISTS
DO 300 ] = 1,4
fFe = FI11)
IFIFF) 400,400,300
CONTINUE

IFI{DPH - ,75¢DEL) 310,310,320
nPhH : .5 « DPH
PH!=z PHI+ DPH

G0 Y0 280

1IFt “FF = 1.E-2 ) 500,450,450
DPH = .5 « DPH

PHI = PH] - DPH

20 T0 200

S = 100,.+SINFIPHI) /7 COSFIPHI]]

REMFMBER THAT DEG = Pl/1890.
THU = Tk / DEG
PHD = PHI/ DEG

PRINT THE ORIENTSTIUN ANGLE, SLOPE ANGLE, SLOPE, AND THE
FOUR WHEEL-LOADS. .

PRINT 400, THD,PHD,S, [(Fillsl=1,4)
FORMATIIF10.2,10X,4F4$0.2)
CONTINUE

RETURN
ENuU
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SUBROUTINE ROTATE
ROTATES X,Y=PLANE THRNUGH ANGLE, AND FINDS WEW COMPONENTS
CF ALL VECTORS NEEDED FOR WHEEL<-LOAD CALCULATION

X»Y»Z = OLD COQRDS, xP,YP,2P = NEW CQORDS
SUBROUTINE ROTATE
COMMON STORAGE FOR STABILITY STUOY, ME-0%0
COMMON AJTI31, ALLI3), AL2(3). CFI(3), CG{3)s CLD!3)s CRIZ),CRAXI(J]
1, CXF({3), CXR{3), F(4), FAX(Si, FLLY)Y, FLP[S]; "R{3), FRPI(3)
COMMON OJPI[33, OJTI3), RI9,3), RLI3), RLP[3], RR{3]), RRP(3], yl3),
1¥[93, xPI9), XPP[9], Y(9), YP(9), YPP[9), 2[9]), ZPIO]), ZPPi{9])

COMMON ALPHA, DEG, OA, OSC, PHI, SHIFT, T, TH, TPH, W, Wi, W2, KF,
1WlLU, WR, WRAYX, WXF, WXR

COMMON IREAD, NOSC, NSTEER

N0 160 1=1.9%
XP{1] = X[1}1eCOSFITH] o YII)«SINF[TH!
YPII] = «X[T1¢SINFITH] ¢ Y[{11eCOSFi{TH]
2vil) = 2011
QE1URN
ENV
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SUBNOUTINE TiILTY
TILTS XP-AX1S THROUGH ANGLE PHI TOWARD 2P-AX1S,AND FINDS NEW
COMPCNENTS Of ALL VECTORS NEEDED FOR WHEZL~-LOAD CALCULATIONS
XP,YP,ZP = OLD COORDS, XPP,YPP,ZPP = NEK (OORDS
SUBROUTINE TILTY

COMMON STORAGE FOR STABILITY STUDY, ME-040
COMMON AJUTI3), AL1(33, AL2(3), CF[3]), CG{3), CLDI3), CRIZ},CRAXIZ]
1, UXF(3), CXR(3], Fia), FAX(3]), FLI3], FLPI3], FR(3], FRP(3]
COMMON 0JP(3), 0JT(31, RI(9,3), RLI3), RLP{3], KR(3), RRP{3]), Ul3),
IX{Y), XP(9}, XPP19), YI(9): YP(9], YPP[9], 2(9], 2PI9), ZPP(9)

CUMMON ALPHA, DEG, OA, OSC, PHI, SHIFT, 7, TR, TPH, W, Wi, W2, WF.
1RLD, WR, WRAX, WXF, WXR

COMMON IREAD, NOSC, NSTEER

Do 100 1=1,9

XPP{1) = XP(11*COSF{PHI} « ZPI11+SINF(PHI])
YPP{I]l = YP(]]

7PP1) = =XPIIYeSINFIPH]I) « 2P1]11eCOSFIPKI]}
RE TURN

ENv
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SUBROUTINE FORCE

SUDSROUTINE FORCE
COMMON STORAGE FOR STASILITY STUDY, ME-040

COMMON AJTI3), AL1[3), AL2(3), CF(3), CG(3), CLD(3), CRI3],CRAXI[3]
1, UXFI3), CXR(3), Fl4}, "AXt3), FL(3], FLP(3), FR{3], FRP(3]
COMMON OJRi3), OJTI3), R19,3), RLI3}, RLPI3], RRI3), RRP(3], Ul3},
1x{91, xP'9), XPP(91, Y(9}, YPLO), YPP(9), ZI[9)., ZP(9), 2PPILY]

COMMON ALPHA, DES, OA, OSC, PHI, SHIFT, T, TH, TPH, 4, Wi, W2, WF,
1w U, WRs HWRAX, WXF, WXR

COMMON IREAD, NOSC, ANSTEER

DIMENSION D(4)

COMPUYTE COEFFICIENTS OF THE FIRST EQUATION

U1 XPP{9ie[YPPI1}~VPP{B]]) » YPP[9)e(XPPI1ieXPP(8]]
12 XPP{GI*[YPP{21-YPP(8B]] - YPP[9]e[XPPI2]=XPP(8B]])
NCls XPPI9I#(YPPISI~YPP{B]) - YPP{9)e(XPP{S]-XPP(8]]

COMPUTE DETERMINANT OF COEFFICIENTS

ND = D1e((XPP[3]-xXPP{2])]e(YPP{4]=YPP{2]1] =~ (XPP[4]-XPP[2]]¢
1 [YPP[31-YPP[21) 1 - D2« [XPPI3)-XPPILi]1elYPP(4)-YPPI1]]
2 -~ (xPP{4)-XPPl1])]1+(YPP[3])-YPP{1]] ]

COMPUTE DENOMIMATOR DETERMINANTS

(11 = ®1eDCie[ [XPP{31-XPP[2})*lYPP(4)-YPP[2]] « [XPP[4)-XPPI?]]e
1 (1PP{3]1-YPP[2)] ] =~ wWeD2e( (XPP{3]-xXPP(71]e{YPP[4}-YPP(7)] -
2 [XxpPLa)-XPP[7)]e(YPP[3]=YPP(7]]} )

DIZ) = WeDle[ (XPP{31-XFPI7)1o[YPP[4)-YPF(7]]i <« (XPPl&]=-XPP(7]]e
1 (YPPI3}-YPP[7)1)- wWieDCie[ IXPP(3)1-XPP{1}]1e(YPP4)-YPD[1])] -
2 (XPPl4a)-XPP[1]1e[YPPI3)-YPPI1]] ]}

NES)] = wWeDle [ (XPP(71-XPP{2])1e(YPP{4)-YPP{2]] - [XPP[4)-XPP[2]]»
1 [YPP[7]1~YFP[2])]) 1 - weD2% [ (XPP{7]1xPPl1]1]e(YPP[4]l~YPP{1])}! -
2 (XOP{Aa]-XPP[1)1I*[YPP[7)-YPPI1)] ) ¢ WieDCile [ (XPP{2)-XPP[1)]~
3 [YPP[4)-YPP{1)] - [XPP[4)-XPP[1))elyYPPI2]-YPPI1)] ]

(4] = weDle [ [XPP{3)-XPP[2)1«(YPP{7)-YPP(2]] « [XPP(7])-XPP12]]e
1 LYPPi{3)-YPPI2]1] ) - weD2+* [ ([XPP(31=XPPI11]e(YPP[7]-YPP{1])! -
2 [XPP{7)1-XPP{11]1#(YPP{3)=YPP(1]] ]} =~ W1eDCie [ [XPP[2]-XPP[1])]*
3 (YPP{31-YPP{1)) - (XPPI3)-XPP[1;]1elYPPI2]-YPPI1]}]) ]
CALCULATE THE FCUR WHEEL LOADS

no 109 1=1.4

10c £¢iy = pI{11/DD

RELURN
END
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MDOTVR
SUHROUTINE MDOTVR

THIS SUBROUT'WE COMPUTES CRITICAL SLOPES AND ORIENTATIONS FOR
TURNOVER FOR A vt JCLE WITH MIDRANGE OSCILLATION, T IS ASSUMED
THAT THE VEMICLE IS INIYIALLY SIYTING ON A (MORJZONTAL) PLANE [N
A COMPLETELY OSCILLATED CONDITION WITH ONE OF THE 4 TIRES OFF THE
PLANE AND THE OTwWER 3 ON THE PLANE. TURNOVER CALCULATIONS ARE
MAUF FOR EACK OF THE 4 TIRES OFF THE PLANE.

COMMON STORAGE FOR STABILITY STUDY, ME-010

COMMON AJT(3), AL113), AL2(3), CF!3]), CGE31, CLDI(31, CR(Z),CRAXI(3)

1. CxF(3), CXRi3), Fia), FAXI3), FLI3), FLPI3], FR{3), FRP(3)

COMMON 0JP{3), 0JTI(3), RI9,3), RL(I31., RLP{3}, RR{3I), RRP{3], Ull},

Ixtvl, XP(9), XPPI9], YI9]), YPI(9]), YPP{9], 2(0]), 2P(9]), ZPPI(G])

COMMON ALPHA, DEG, OA, 0SC, PKI, SHIFT, T, TH, TPH, W, H1, W2, &F,

1ML U, WR, WRAX, HWXF, wXR

COMMON IREAD, NOSC., NSTEER

HIMENSION C1{31,C2(31,CC11(3),CC2131,FCL3)
PRINT 1
FOKRMAT[1H1,20X,S51HTURNOVER ASSUMING COMPLETE GSCILLATION HAS GCCUR

iREV ]

TAY = -0SC + DEG
Do 100 1=1,3
C1{1) =2 R{>.11}
c2l11 = RI6,])
00 7000 I = 1.4
DEL = [-1.,lee[]+1)
30 YO {1000,2000,3000,40001, 1}
TUARNOVER TO LEFT, WITH RIGHT FRONT TIRE OFF GROUND

CALL SROTIOJP,U,YAU,FLP,FC)
CALL SROTI{UJP.U,»TAU,C1,CZ1)

CALL OSNIRRP,RLP:FC,DEL,RLP,ALY1]
CALL OSN(RRP,RLP,FC,DEL.,FC ,21. 2]
CALL OSNIRRP,RLP,FC.DEL,CC1,CC1])
CALL OSNIRRP,RLP,.FC,DEILL,C2 ,CC2;

PRINT 2
FORMAT!//7/,10%,54H 1A} TURNQOVER TO LEFT, WITH RIGHT FRONT TIRE OFF

15ROUND ,7771]
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G0 1O 5400
TURNOVER TO LEFT, WITH RIGHT REAR TIRE OFF GROUND

CALL SROTIOJP,U.TAU,RLP,FC)
"ALL SROY{OJP,U,TAU,C2,CC2)

CALL OSN(FRP,FLP,FC,DEL.FC »AL1)
CALL OQN(FRP;FLPoFC:f’ELIFLP)‘LZ)
vALL OSN[FRP,FLP.FC-DEL9C1.CC1 )
ZALL OSN{FRP,FLP,FC,DEL,CC2,CC2])

PRINT 3
FORMATL/77,10%X,53RIB] TURNNVER Y0 LEFT, wiTH RIGHY REAR TIRE ofFfF G
1RQUND L,/771)

G0 T6 5000
TURNOVER TO RIGKT,WITh LEFT FRONT TIRE OFF GROUND

Tad = -TAY
CALL SRQT[UJP:UtYAUn“RPnFC\
CALT. SROT[UJP-U:TAU-Ci:CCl]

CALL OSNIRKP.RLP,FC,DEL,RRP,ALL]
~ALI OSN[RRP,RLP,FC,DEL,FC ,»AL2)
Jany OSNI{RRP,RLP,FC,EL,2C1,CC1)
;ALL OSNIRRP,RLP,FC,TEL»C2 »CC2]

PRINT 4
EGRmMATI/77/7-10X,54H(C] TURNNVER TO RIGHT, WITH LEFT FRONT TIRE oFF
15RUUND ,///)

59 10 5009
TURNOVER 7O RIGHKT, WITh LEFY REAR TIRE OFF GROUND

cact SRUT(UJP;U:TAU:PRP:FC )}
CALL SQOTIOJP.UaTAUtCZ »CC21

AL OSﬁ[FRP,FLP:FC:DEL:FC.ALl )

TALL OSNIFKP;FLPo"CnDEL:FRPtALZ]

CALL OSN(FRP.FLP:FC-DEL:Cl.CCl )

TALL QSN[FHP,FLP.FC-FEL:CC?:CCZ)

ORINT & .

+ ORMAT{//77:10X553HID) TURNOVER TO RIGHT, WwiTh LEFT REAR TIRE IFF 4
1R0uUN) ,/77)

COMPLTE COMBINED CG FOR OSCILLATED VEHICLE

a0 51090 J=1,3
LGulygl = [ CCLidTenl » cC2iylen2 ) /7 ™

CALlt SLOPE

iFiPH] - 1.E-4) 7600,5200,5200
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Db
5566

2554

5600
565U

LAVATRY

1001

GO TO (5500,5600,5500,56001,1
IFiNSTEER~-2) €000,5550,6000

DA = OA -~ ALPHA
350 TO A000

1F:NSTEER-1) AQ0%,5650,6000
OA = OA + ALPH?

PRINT &, PH!,TPKH,0A,T

FOKMAT{/.F20.2,6H DEEC =,F9,2,4H PCT,F21.2,4H DEG,F51.5,2H=T,/7//)

CONTINUE

RE TURN
ENU
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APPENDIX V

EXAMPLE OUTPUTS FOR CASE 1 ANL II VEMICI'S
Following is the output from three test runs of the computer program.
The first test run is a stability study . ~ a two-inch cube weighing ten
pounds, (The computer assumes the cube 1. a vehicle with the wheel lcads
located at the bottom four corners of the cube.)

The second and third test runs are stability studies of a fictitious
vehicle with rear axle oscillaticn. The second run uses the action line
method and the third run uses the wheel load method. In the third runm, the
computer assumes that the vehicle has midrange oscillation with the
oscillation joint located at the center of the rear axle.

YEST RUN 1 = STATIC STABILITY STuDY OF A CubZ 1

VEHICLE DATA

{ 2.0, 1.0, 0.0} sfL

t 2.0, “1.0» 0.0} sfR

t 0.0, 1.0, 0.0! sRR

t 0.0, 1.0, 0.01} sfL

( 0.0, 0.0, 0.0) sAJT

t 0.0, 0.0, 0.0) s8JT

[ 0003 000. 000’ ."x

( 1000 000! 100) .CF 10.0 =NF
{ 0.0, 0.0, 0.01] sCLD 0.0 =WLD
t 0.0’ 000! °'°l 'CXF 000 :""
{ 0.0, 0.0, 0.0) sCR 0.0 sMR
{ 0.0, 0.0, 0.0] sCRAX 0.0 =WRAX
t 0.0, 0.0, 0.01] aCXR 0.0 =WXR

6.00 =ALFHA [DEG)] = ANGLE OF LEFT STEER
0.00 =OSCIDEG)sMAX OSCILLATION ANGLE
0.00 = SHIFT, MEASURED FROM CENTER OF TREAD
3 sSTEER TYPE(1=ARTICULATED,2=REAR WAGON,3=ACKERMANNI]
1 sOSCILLATION TYPE{1sND OSC,23REAR AXLE 0SC,3=sMIDRANGE 03C])
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YEST RUN 24 - REAR AXLE OSCILLAYTION « USES ACTION LINE METHOD

0.00 sALPHA
0,00 = SHIFT,

VEHICLE DATA

{ 10,0, 30.0, 0.0)
( 100.00 '30000 Ooﬂ)
{ 0,0, «30.0, 6.0)
{ 0.0, 30.0, 0.0)
{ 50.0, 0.0, 30.0)
t .'.‘:cp 0-0. 3000)
t 100.0, 0.0, 30.01
( 60.0, 0.0, 40.0)
[ 150'01 0000 5000,
[ OQOI 0-0' 000,
{ 0.0, 0.0, 0.0)
{ 0.0, 0.0, 30.01)
[ 0.0: 0.0. 000’

sfL
sFR
sRR
sRi.
sAUT
s0JT
sPAX
«CF
sCLD
sCxF
sCR
sCRAX
sCXR

DEG) = ANGLE ' OF . :FT STEER

15.00 =0OSC(DEG)sMAX OSCILLATION ANGLE

MEASURED FROM CENTER OF TREAD

1 =STEER TYPE[1sARTICULAYED,2sREAR WAQGON, 3sACKERMANN)
2 =0SCILLATION TYPE(1sNO OSC,2=REAR AXLE 0SC,3=MIDRANGE 08C}
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5000.0
2800.0
0.0
0.0
1000.0
g.0

sWf
sNLD
suxr
=R
sWRAYX
aWXR
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VEWICLE DATA

3 sOSCILLATION TYPE(1aNO OSC,2sREAR AXLE OSC,SsMIDRANGE 08C)

t 85.7, 0.0, 42.9) s FRONT CG 7000.0 = FRONT WEIGHY
{ 0.0, 6.0, 30.0) = REAR CC 1008.0 = REAR AE$GHY
t 75.0. 6.0, 41.21 = COMBINED CG 8000.0 = TOYTLL WEIGKY

FOLLOWING 1S A TABLE GIVING SLOPES AY WMICH INSTABILITY OCCURS FOR A YEMICLE WITW MIDRANGE OGSCILLATION,
THETA = DOWNSLOPE DIRECTIONM {MEASURED COUNTERCLOCKWISE FROK POS x-AX1S)
PH] = ANGLE THRU WMICH GROUND PLANE ®UST 8B TILTED FOR INSTABILITY YO oCCu®

SLOPE = TANI!PHI} 1* PERCENT FI11 = WMEEL LOAD AT TILY ANGLE Prl, AS INDICATED 8ELOM

LEFT RIGHKT RIGHT LEFT

FRONT FRONT REAR REAR

THETA PH1 SLOPE Flyl F 21 Ftss 7{4)

(DBG] {DEG) (PCT! iLBY) {LBS] L8S] (LBS)
8.00 31.22 $0.61 4000.01 4000.01 -8.01% -0.01
1.00 31.22 60.62 40%8.19 3041.82 -8.00 -0.00
3.00 31.25 60.69 4174.70 3825.31 ~8,00 -0.00
4,00 31.28 60.75% 4233.10 3766.91 -9.0% -0.04
5.00 31.32 $0.84 4291.64 3708.37 «8.04 -0.0%
6.00 31.36 60.94 43%0.36 3449.66 -8.01 -0.01
7.00 31.41 61,08 4409.30 3590.72 -0.01 -0.01
8.00 31,47 61.20 4468.49 3871.%4 *0.01 -0.01
9.00 31.53 61.36 4%27.96 3472.05 =3.01 -06.01
10.00 31.61 61.54 4587.76 3412.24 «3.00 -8.80
11.00 31.69 61.74 4647.9% 3352.07 “0.04 -0.01
12.00 J1.78 61.96 4798.5%3 3291.48 -5.0% -0.01
13.00 31.88 62,290 4769.%7 3230.44 -8.0% -0.01
14.00 31.99 62.46 483¢.14 3168.91 -§.04 ~0.01
15.00 32.11 62.74 4893.18 31048.84 -6.04 -0.0%¢
1s.00 32.23 63.05 495%.82 3644.18 -0.00 -0.00
17.00 32.3% 63.38 5019.12 2980.90 -8.01 -0.01
18,00 32.5¢ 63.72 5083.07 2916.93 -5.00 -0.60
10.00 J2.66 64.10 5147.77 2852.24 -8.00 -0.01
20.00 32.82 64.50 5213.2% 2786.76 -0.01 -0.01
21.00 32.99 64.92 5279.87 2720.45 -0.014 ~0.01¢
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22.00
23.00
24,00
29.00
26.00
27.00
28.00
29,00
30.00
31.00
32.00
33.00
34.00
3%.00
36.00
37.00
38.00
39.00
40.00
41.00
42.00
43.00
44.00
48.00
46.00
47.00
43.00
49,00
50.00
51.00
52.00
53.00
54.00
5%5.00
56.00
57.00
58.00
59.00
60.00
64.00
62.00
63.00
64.00
6%.00
68.00
67.00
68.00
69.00
70.00
71'00
72.00
73.00
74.00
79.00
76.00
77.00

33.17
33.36
33.56
33.77
33.99

34,22

3‘.47
34.72
34.99
35.26
35.55
35.85
36.17
36.50
36.84
37.19
37.56
37.95%
38.35
38.77
39.20
39.65
40.12
40.60
41.10
41.63
42.17
42.73
43.32
43.04
42.57
42.12
41.68
41.26
40.85
40,46
40,08
39.71
39.36
39.02
38.49
38.37
38.07
37.78
37.50
37.23
36.97
36.72
36.49
36.26
36.04
35.84
35.64
35.45%
35.27
35.11

65.37
65.84
66.34
66.87
67 .43
68.02
68.64
69.29
69.98
70.71
71.47
72.27
73.10
73.99
74.91
75.89
76.91
77.99
79.12
80.30
81.55
82.87
84.25
85.74
87.25%
88.87
90,58
92.38
94.29
93.39
91.87
90.42
89.04
87.72
86.47
85.27
84,13
83.05
82.01
81.02
80.08
79.18
78.32
77.50
76.72
75,98
75.27
74,60
73.96

. 73.35

L T

72.77
72.22
71.70
71.20
70,74
70.30
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5346.77
5414.98
5484.11
5554.38
56258.81
5698.44
5772.36
5847.74
5924 .54
6002.89
6082.91
6164.74
6248.39
6334.08
6424.89
6%511.94
6604.30
6699.34
6797.02
6897.63
7004.37
7108.46
7219.04
7333.36
7451.80
7874.687
7702.17
7834.66
7972.62
7939.45%
7866.46
7798.74
7727.07
7660.43
7595.66
7532.68%
7474.30
7414.51
7353.18
7296.26
7240.62
7186.23
7133.00
7080.88
7029.79
6979.68
6930.50
6882.20
5834.72
6788.02
6742.08
6696.78
6652.19%
6608.19
6564.72
6521.83

2453.24
29%85.08
2515.90
2445.64
2374.2%
2301.97
2227.64
2152.30
2675.48
1997.12
1917.10
1835.29
1751.63
1665.96
1978.17
1488.142
1395.70
13Q0.71
1202.99
1102.37
998.64
891.97
780.99
866.65
548.21
425.37
297 .88
165.38
27.42
'0000
'0001
-0.01
=0.00
«-0.00
-0.00
=0.00
-0.01
.0¢°°
‘0-00
-0.01
'0000
-0.01
-0.00
-0.00
‘0000
-0.00
-0.00
-0.00
-0.00
-0.00
«0.00
«0.00
-0.00
-0.00
-0.00
-0.00

“0.00
-0.014
-06.00
-0000
“0.0%
-0.00
“98.00
-08,00
“0.04
“0.00
**.00
-0001
-0.00
-0.00
-0,01
-0.01
~0.00
“0.,00
-0.00
-6.00
-0,00
0,014
-0.0¢
-0.00
“8.00
*5.01
~0.04
.0001
-0.014
L.30
18,44
28.39
38.17
47.78
57.24
66.%56
7%.74
84.79
93.74
102.%3
111,23
119,83
128,34
138.76
14%.10
153.3¢
164.59
169.67
177.73
185.73
193.69
201.60
209.46
217.2%
229.09
232.86

-0.01%
-0.04
-0.01
-0.014
-0.02
-0.01
-0.00
-0.01
-0.02
-0.01
-0.0¢
-0.02
-0.01
-0.01
-0.02
-0.02
"0-01
-0.01
.0.01
-5.00
=J.01
-0.03
=0.02
-0.01
-0.01
“0.03
“0.04
-0.03
-0.03
52.25
115.12
175.914
234.77
291.79
J47.10
400.80
452.97
503.71
$53.11
601.23
848.15
693.94
738.66
782.36
82%.11
86686.9¢8
907.95%
948.13
987.58
1026.25
1064.26
1101.63
1138.39
1174,.5%¢4
1210.19
1245,31
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134.00
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34.08
34.79
34.4%
34.52
34,39
34.28
34.17
34.07
33.98
33-89
33.82
33.75%
33.69
33.64
33.59
33.56
33.53
33.50
33.49
33.48
33.48
33.49
33.51
33.53
33.55
33.60
33.64
33.70
33.76
33.83
33.90
33.99
34005
34.18
34.29
34.41
34.53
34.68
34.80
34.95
35.11
35.28
35.45
35.64
35.83
36.03
36~2‘
36.46
36.69
36.93
37.18
3704‘
37.7%
37.99
38.29
38.59
38.90

39.88
69,49
69.12
$8.78
68.46
68.16
67.88
67.63
87.4%
67.18
66.99
66.82
66.67
66.53
68.42
66.33
66.25
66.20
66.16
66.14
66.15
66.17
66.21
66.26
66.34
66.44
66.55
66.69
66.8‘
67.01
67.21
67.42
67.66
67.91
68.19
68.48
68.80
£9.14
69.51
69.90
79.31
70.74
71.20
71.69
72.20
72.74
73.30
73.90
74.52
75.18
75.86
76.58
77.33
7€.1%
78.94
79.79
30.69

6479.46 -0.0¢ 240.6% 1279.94
6437.5%5% -0.00 Z48.33 iSis.iz2
6396.10 -0.00 256.03 1347.88
6323.06 «0.03 £83.7D i381.1%
6314.44 -0.01 271.48 164146.14
6274.43 -0.01 279,14 1446,74
6234.17 -0.01 286.8¢4 1479.00
619‘052 .OQOO 2"-59 1510.9‘
61%%.19 -0-04 302.26 1%42.%9
6118.03 -0.00 3i0.00 1873.97
6077.16 «0.014 317.78% 140%.190
6038.49 -0.09 32%.53 163%.99
6000.00 -0.00 333.33 1866.67
5961.68 -0.00 341.17 1697.45
5923.54 -0.00 349.03 1727.45
5885.4% -0.014 3%5¢6.37 1757.59
5847.49 -0.01 364.93 1787.5%¢
$809.6% -0.01 372.9% 1817.44
5734.06 -0.01 389.17 1876.84
5696.21 -0.08 397.38 1006.44
5658.44 «5.01 405.86 1935.92
5620.62 -0.00 414.02 196%.37
5582.76 -9.01 422.45 1994.79
5544.83 -0.00 430.99 2024.46
5506.81 -5.00 43¢.62 2053.%7
5468.69 <0.01 448.35 2082.96
543¢.43 -0-00 4%7.20 2112.38
5392.02 -0.01 466.1% 2441.84
5353.43 -0.00 475 .24 2471.34
5314.64 -0.01 484 .45 2205.91
5275.64 -0.01 493,30 2230.%7
5236039 '0001 503030 226?.31
5196.87 -0.0¢0 51¢.98 2293.17
51’703, ’0000 522.78 2320015
5116.95 -0.00 532.78 2350.27
5076.30 -9.01 542.96 2380.%54
50358.68 -0.00 5%3.34 2410.98
4994.47 -0.00 56 93 2441 .61
<9%2.85% -0.01 576,/ 2472.43
4910.77 -3.90 588.7¢ 2%03.47
4868.23 -0.01 597.04 2834.74
4825.18 -0.00 608.58 2%68.25
47841.50 «05.00 620.39 2598.02
4737.4% -0.00 632.49 2830.07
4692.70 «0.00 644.89 2662.41
45647.32 -0.00 657.62 2695.06
4601.27 -0.00 870.69 2728.04
4554.53 -0.0% 684.12 2761.36
4507.93 -0.00 697.94 279%.83
4458.76 -5.00 712.16 2829.08
4409.66 -0.900 726 .82 2863.%2
43%59.70 -0.00 744.94 2898.37
4308.83 -0.00 757 .54 2933.63
425%57.00 -0.00 773.67 2969.34
4204.17 -0.00 760,34 3805.5%0
4150.28 -0.30 807.60 3542.12
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13%.00
138.00
137.00
138.00
139.00
140.00
144.060
142,00
143.00
144,00
14%.00
146.0°
147.00
148.00
149,00
150.00
155.00
152.00
153.00
154,00
159.00
158.00
157.00
158.00
159.00
160.00
163.00
162.00
163,00
164.00
165.00
166,030
167,00
168.00
169.00
170.00
171.08
172.90
173.00
174.09
175.08
176.00
177.80
178,00
179.00
160.00
184.00
182.00
183.00
184,00
185.00
184.00
187.00
188,00
18¢.00
196.00
191.00

39.22
39.58
39.99
40.26
40.63
41.01
41.40
41.8¢
42.22
42.65
43.58
43.53
“.00
44,47
44.96
45,45
45,96
46.48
47.00
47.54
48.08
48,64
49.20
45.77
50,34
50.92
€1.50
52.08
52.66
53.24
53.81
54,39
54.9%
55.51
56.06
56.60
57.12.
57.63
58.13
58.61
59.98
59.53
59,97
60.39
69.80
61.19
60.80
60.39
59.97
59.53
59.08
58.61
58.13
57.63
57.12
56.60
56.06

81,63

52.60

83,62

54.0Y

8%.80

B84.98

88.16

83 .42

90.73

92.10

23.53%

98,014

96.56

98,17

95.84
101.59
103.40
10%.29
1867.2%
111,39
113.58
115.85%
148.19
120.6%2
123.12
178,35
10L.07
133.8%
136.78
139.60
142.56
14%.55
148.58
15%1.63
.315%6,70
1%87.78
160.85
163.92
166.97
170.06
173.00
17%.98
178.92
181.82
178.92
175.98
173.060
176.00
166.97
163.92
160.85
157.78
1%4.70
151.63
143.58
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409%.29
A55%.14
3981.78
356515
3863.47
3804.8¢
3738.598
3674.64
3608.7¢
3544.40
3474.78
3400.63
3327.66
32%2.72
3475.78
3096.76
3015.60
2932.24
2846 .43
2758.73
2668 .49
2573.9¢
2480G.9%
2383.69
2284.02
2182.13
2078.09%
1971.9¢0
1863.814
1753.97
1642.5%8
1526.89
1416.290
1301.79
1167.0%
1072.23
957.79
844.08
731.47
620.31
510.93
403.62
298.67
196.29
96.69
«0.04
-0.04
-0.01
-0.04
«6.00
-0.00
-6.00
«0.00
-0.00
-0.00
«0.00
-0.00
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-0.00
-g:gl
-0.01
‘3:!‘.0
-OGOI
-0.0¢
.0000
“°~°1
’0001
'0.00
'0001
-0.00
'0000
-0.01
-0.00
-0-00
-0.01%
-0.00
-2.01
-0.61
'0-01
°9.EU
'0-01
-0.00
-0001
"0000
-6G.90
-0.00
'0-00
-0.00
-0.01
-0.01
-0.00
-0.01
«0.00
‘9-00
-0.00
-0.00
’0000
’0000
’0000
"0.03
-0001
-0.01
-0.01
-0001
96.69
196.29
298.67
403.62
$10.93
620.31
¥341.47
844.98
$587.79
1072.23
1187.01

1049.5%53
1077.86
1107.60
1138.85
1174.73
1206.33
1242.87
1281 .44
1369%9.21
1410.82
14%9.16
1510.42
1564.83
1622.62
1634.02
1749.28
1818.69%
1892.40
1970.78
20%4.06
2142.47
2236.24
2335.6%
2440.75%
2554 .23¢
2663.99
2792.31%
3087.62
319¢9.61
3347.78
3562.02
3662.22
3828.27
4000.01%
407%.08%
4144 .49
4199 .32
4248.614
4289 .46
4322.07
4344 .68
4363.64
4373.22
4375.94
4372.24

3079.22
3¢16.83
3¢54.93
3¢93.55%
3232.76
3272.38
3%12.58
3353.33
3394.60
3436.3¢
3478.70
3821.49
3864.75
3608.44
3652.%0
3696.89
3741.34
3786.35
3876.06
3920.69
3964.94
4008 .63
4051.31
4093.37
4133.86
4172.687
4209.46
4243.79
427%.25
4303.3%7
4327.65
4347.56
4362.61
4372.24
4375.94
4373.22
4363.61
4346.68
4322.07
4289.46
4248.81
4199.32
4141.49
497%.05
4000.01
3828.27
3662.22
3%02.02
3347.78
3199.81
$057.62
2921.84
2792.31
2668.99
2551 .84
2440.75




192.00
193.00
194.00
19%.61)
196.00
197.00
198.00
199.00
200.00
201.00
202.00
203.00
204.00
20%.00
206.00
207.00
208,00
209.00
210.00
211.00
212.00
213.00
214.900
215,00
216.00
217.00
218.900
219.00
220.00
221.00
222.00
223.00
224.00
225.00
226.00
227.00
228.00
229.00
230.00
231.00
232.00
233.00
234.00
23%.090
236.00
237.00
238.00
239.00
240.00
244.00
242.00
243.00
244.00
24%.900
246.00
247.00
248.00

55.51
54,95
54,39
53.81
53.¢c4
52.66
52.G8
51,50
50.92
50.34
49.77
49.29
48.64
48,08
47 .54
47.00
456 .48
45.96
45.‘5
44,96
44,47
44,00
43.53
43.08
42.65
‘2-22
44.80
41.490
41.04%
40.63
40.26
32.90
39.58
39.22
38.90
38.59
38.29
37.99
37.71
37.44
37.18
36.93
36.49
36.46
36.24
36.03
35.83
35.64
35.45
35.28
35.11
34.95
34.80
34.66
34.53
J4.41
34.29

145,53
142.58%
139.60
136.70
133.8%
131.07
128.3%
125,69
123.12
120.62
118.19
115.85
113.58
111.39
109.28
107.23
135%.29
103.40
101.59
99.84
98.17
96.56
95.01
93.53
92.10
90.73
89.42
88.16
86.96
85.80
84.69
83.62
82.60
81.63
80.69
79.79
78.94
78.11%
77.33
76.58
75.86
75.18
74.52
73.90
73.30
72.7‘
72.26
71.69
71.20
70.74
70.31
69.90
69.51
69.14
68.80
68.48
68.19
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«8.04
5,00
“0.01%
~0.01
-0.00
-0.00
*0.00
.0000
-0.00
-5.0%
«0.00
0.01%
~0,00
-0.0%
.0001
-0.0%
«0.90
-3.04
“0.00
.0000
“0.01%
-0.00
«0.00
-0.01
-olno
-0.04
«9.014
-0.00
-0.04
-0.01
-0.00
-0.04
'0'01
-0.00
-0.00
-9.00
-0.00
~0.00
«9.00
«0.00
-0.00
-0.00
-3.0%
«p.00
»8.00
-0.060
-0.00
-0.00
-0.00
.0001
=0.00
0.01%
-0.00
'0.00
“0.014
-0.00
-0.00

1304.79
i816.20
1829.89

A 5 am @A
109 »» 0

1753.97
1853.8¢
1974.90
2078.05
2482.13
2284.02
2383.65
2480.95
297%.90
266A.49
2788.73
2846.63
29032.24
3815.60
3066.76
3475.78
3252.72
3327.66
3400.65
3471.78
3841.40
3408.70
3474.64
3738.98
3801.81
3863.47
3923.14
3931.78
4039.14
409%.29
4150.28
4204.17
42%57.080
4308.83
43%59.70
4409.66
44%8.76
4%07.903
4554.9%3
4601.27
4647.32
4692.70
4737.45
£781.60
4825.18
4868.23
4910.77
4952.85
4994.47
503%5.68
8076.90
54:6.95
%$457.07

4362,614
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427%.2%
4243.79
4209.46
4172.67
4133.86
4093.37
405¢.51
4008.63
3964.94
3920.69
3876.06
3834.24
3786.3%
3741.%4
3696.8¢
3652.50
3608.44
3564.78
3525 .49
3478.70
3436.39
3394.60
3383.33
3312,58
3272.38
3232.70
3193.55
3154,93
3i16.83
3079.22
3042.12
300%.30
2969 .34
2933,.63
2898.17
2863.5¢
2829 .08
279%.03
2761.36
2728.04
2695.06
2662, 44
2630.07
2598.02
2566.25
2534.74
2503.47
2472.43
2444 .61
24108.98
23895 .34
2350.27
23298.15

233%5.61
223424

2142.47
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1818.65
1749.28
1684.02
1622.62
1864 .83
1910.42
149,16
1410.82
1365.21
1322.43
1281.43%
1242.87
1206.35
1171.73
1138.85
1107.60
1077.86
1049.53
1822.%1
$96.71
072.04
948.44
02%.82
¢04.13
88y 3%
863.29
£44.03
825.49
807.60
790.34
773.687
757.%4
741.94
726.82
712.16
697.94
684.12
670.69
657.62
644,89
632.49
620.39
608.58
597.04
585,76
574,73
563.93
853,34
$42.96
832.78
8522.78




246,00
250,00
251.00
252,00
253,00
254,00
255,00
254,00
257.00
258.00
259.00
250.00
264,00
262.00
263,00
264,00
265.00
266.00
267.00
268.00
269.00
270.00
272400
272.00
273,00
274,00
278,00
276.00
277.00
278,00
279.00
260,00
281,00
282.00
263.00
284.00
28%.00
286.00
287.00
288,00
289.00
290.00
291.00
292,00
293.00
294.00
29%.00
294.00
297.00
298.00
299.00
300.00
301.00
X02.00
303.Q0

34.18
34.08
33.99
33.90
33.83
33.76
33.70
33.64
33.60
33.56
33.53
33,51
33.49
33.48
33.48
33.49
33.50
33.53
33.56
33.59
33.64
33.69
33.75%
33.82
33.89
33.98
34.07
34.17
34,28
34.39
J4.52
34.65
34.79
34.95%
35.11
35.27
35.45
35.64
35.84
36.04
36.2¢
36.49
36.72
36.97
37.23
37.50
37.78
38.07
38.37

38.69 °

39.02
39.36
39.71
40.08

40,46

67.91
67.66
67.42
67.21
67.04
66,84
66,69
66.55
66,44
66.34
66.26
66.21
66.17
66.15
66.14
66.16
66.20
66.25%
66.33
66.42
66.53
66.67
66,82
66.99
67.18
67.40
67.63
67.88
68.16
68,46
68,78
69.12
69.49
69.88
70.30
70.74
71.20
71,70
72.22
72.77
73,35
73.56
74.60
75.27
75.98
76,72
77.50
78.32
79.18
80.08
81.02
82.01
83.05
84.13
85.27
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=0.00
0,04
-0.01
'0001
“0.00
*0.01
“0.00
*0.01
-0.00
=0.00
-0.01
-0.00
“0.014
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