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CHAPTER I
INTRODUCTION

Much research has been done in the field of automotive vehicle
dynamics. These studies have employed analytical models of vehicles
varying in complexity from the simple automobile to a tractof—truck
pulling two trailers. Some of the previous studies have been concerned
with problems related to the dynamic responses of articulated vehicles
during braking. Especially important were studies applied to the analy-
sis of tractor-semitrailers where jackknifing is a major cause of
accidents.

Computer simulations of vehicle dynamics have been developed includ-
ing modeling of suspension systems. Through these studies much improve-
ment has been made in the ride qualities and cornering abilities of
vehicles. Several studies have been made concerning vehicle steering
systems. However, in most of the previous studies of articulated
vehicles, either the models were assumed to be executing a constant
turn, or instead, the front wheel angles were specified.

.Because steering stabilizer devices are now becoming popular for
Targe commercial vehicles, an investigation should be made to determine
their effects on the vehicle response. Thus, the purpose of the present
research was to provide a method of analysis and to evaluate the perform-

ance of these stabilizing devices.



The two major objectives of this study were:

1. to derive and solve numerically the equations of motion describ-
ing the dynamic response of a four degree-of-freedom, two-axle vehicle
equipped with a front wheel steering stabilizer device.

2. make a preliminary parametric study of the effects of a spring-
centered steering stabilizer on the dynamic response characteristics of
a typical vehicle.

This thesis documents the research conducted to meet these objec-
tives and summarizes some of the significant results obtained.

Although the results of this research are not directly applicable
to articulated vehicles, they are useful in that

1. the feasibility of fundamental methodology is established by
this study;

2. some understanding of the effects of steering stabilizers is
gained;

3. these results provide a basis for comparison with special cases

of more complex simulation programs to be developed in the future.
Background

The literature contains results from both analytical and experi-
mental studies relating to the dynamic responses of vehicles. Goland
and Jindra [1] treated the problem of directional stability and control
of an automobile in a flat turn. The dynamic equations of motions are
written for a two degree-of-freedom model. A five degree-of-freedom
analog computer simulation was made [2] to predict the directional re-

sponse of vehicles to torque applied to the steering wheel.



"Under-steering" and "over-steering" effects for vehicles were
investigated by E11is [3]. The response of his model was expressed in
terms .of primary tire coefficients to demonstrate their effects on
vehicle control. For studies concerning vehicle responses to steering
inputs, a driver (or steering) function was used. Several driver func-
tions with both single and multiple feedbacks have been derived [4].

Many studies of -articulated vehicles have been made and were help-
ful in the present research by providing the basic method of analysis.

A simplified analysis was made [5] of the directional stability and
control of a tractor and semi-trailer combination travelling at a con-
stant forward épeed in a steady, flat turn. The combined vehicle was
treated as a linear dynamic system with three degrees-of-freedom. A
similar study of a semi-trailer was made [6] in which the equations of
motion were derived using a suspension simulation derived using
Lagrange's Equations. In a study by Mikulcik [7], a tractor-semitrailer
was modeled and both were allowed to pitch, roll, yaw, and translate.
Comparisons between results using the nonlinear and linearized set of
equations were made and the jackknifing phenomenon was analyzed for
various steering and braking inputs. This model was.extended to include
vertical tire flexibility, tandem-axle suspension jacking, and tandem-
axle roll steer [8].

Papers .have also been written on the dynamic response of trucks
pulling two trailers. The first study modeled a "dolly" and trailer
(only) while executing a steady, flat turn [9]. This simulation was
later extended to include two trailers and a dolly. The vehicle, assum-
ing constant forward speed and small lateral motions, was regarded as a

linear system. Two degrees-of-freedom were associated with each unit



[10]. Results of a recent analysis for double trailers showed the
effects of trailer loading conditions, location of the C.G., and trailer
Tength on the stability of the system [11].

Some experimental work has been done to obtain useful tire data.
A study was made for truck tires to determine the road contact forces.
Graphs of the tire lateral forces versus normal force and slip angle
were shown in Reference [12]. Nordeen [13] discussed a method for
mathematically representing the tire lateral forces as a function of

s1lip angles and vertical Toads.
Approach to the Problem

The vehicle modeled in this study was a tractor-truck with a single
rear axle. Aerodynamic characteristics, rolling resistances, and gyro
effects of the wheels were not taken into consideration. The model had
four degrees-of-freedom and was constrained to move on the horizontal
plane. Load shifts due to forward and lateral accelerations were
accounted for in calculating the normal forces on the wheels.,

A moving axis system was used with the origin fixed at the vehicle
center of gravity. Application of Newton's Laws both to the body and to
the wheels, together with constraint equations, yielded the equations of
motion. The steering input force was applied directly to the steering
arms on the wheels. Various functions were used to represent driver
forces applied to the steering system. Tire side-forces were obtained
using a computer subroutine and the braking forces were input as func-
tions -of time. Derivation of the equations of motion and the force

diagrams are given in Chapter II.



The numerical solution to the set of equations was found using
DYSIMP. Chapter III contains a discussion of the solution sequence and
a simplified computer flow diagram.

After the program was verified using simple cases having known
physical results, three situations were studied to determine the effects
of -a spring-centered steering stabilizer on response characteristics.
These cases were (1) an impulse-type load (simulating running over an
object or chuckhole) applied to the left front wheel, (2) a simulation
of a blowout of the left front tire, and (3) a small change in the
vehicle heading angle. Results from these three cases are presented in

Chapter IV. The conclusions from this study are given in Chapter V.



CHAPTER II
FORMULATION OF THE EQUATIONS
Equations of Motion

The equations .of motion were derived considering the vehicle to be
moving in a plane parallel to the horizontal road surface. Therefore,
the three degrees-of-freedom associated with rigid body motion of the
vehicle body are (1) forward translation, (2) lateral translation, and
(3) rotation about the vehicle center of gravity. Because the front
wheel rotation about the king pin axis is not prescribed, this creates
a fourth degree-of-freedom for the front wheel masses.

A moving coordinate system was used with the origin attached to the
vehicle center of gravity. Newton's Laws of Motions were applied to the
body and to the front wheels independently. These equations were then
combined through constraint equations ‘to yield the equations of motion
for the vehicle.

The body-centered axis system is-shown in Figure 1. Figure 2
illustrates the moving axis system fixed to the vehicle. Differentia-
tion of.the position vector ﬁb twice with respect to time results in the
acce]ération of point 0 in the direction of the unit vectors i and j,

and is expressible as

& -3

0= 3 = (U=Ver)i + (V+Uer)j



Figure 1. Body Axis System Referenced to
Fixed Axis System

Tu
Tx

= Ly
(o)

A %

Figure 2. Moving (Body) Axis System
Referenced to the
Vehicle



where
U= Rx - Rye;
v ='Ry + Rxe;
r=9.

Reference should be made to Appendix A for a complete development of
the expression for ﬁb. Using ﬁb the equations of motion for the vehicle

shown in Figure 2 become -

m (U -Ver) = oF | (1)
m (\./+U'Y“) = ZFy (2)
Lor = zh, , (3)

The horizontal forces which act on the vehicle are shown in Figure
3. In this diagram the steering angle (&) is shown as are the steering

input forces, F_, and F$2' Tire side-forces are denoted by Fyi and are

sl
acting perpendicular to the vertical middle plane of the tires. Braking
forces, which act along the lines of intersection of the vertical middle
planes of the tires and the road surface, are denoted as in, The
Tinear restoring moment about the king pin axis (produced by the stabi-
1izing system attached to the wheels) 1is given by KS+Ks, wherein K is
the effective spring constant.

P] and P2
assemblies, respectively. The complete derivation of the accelerations,

locate the center of mass for the left and right wheel

a
pl
is presented here to provide continuity. Chasle's Theorem for relative

and Ebz, is shown in Appendix B. An abbreviated derivation for Ebz

motion is

a5 = 9y + a52/0"



Fy1
P/ AV
—> Fs3
q
S
b
B _'1 I —
Fra L W " F>Y‘l
Fx3 ) Fxs

Figure 3. Diagram of the Forces Which Act on the Vehicle
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Furthermore,

The validity of the two equations is evident from Figures 1 and 3 where
= aj + l-dj

1 2

and

P2

(-e sin 8)i + (e cos §)j.

Differentiation of ﬁb yields
R =R

b ot é(-%—di +aj) + e(é‘+ é)[cosdi + sinsj].

Taking the derivative of-ﬁb and making the substitution g = 6 + & pro-

duces

a., =[e éz sins - e é coss - l-d 6 - a éz + ﬂ-—er]i

p2 2 ‘
I2 .o R 'I ° 2 .. o .
- [e 8" coss +.e B sins + ~de" -ae - V-U-rlj, (4)

and

— _ .2 . .. 'l oe 02 @ .

ap] = [-e B siné + e B coss + Z'd p-a 6" + U=-Verli

1

+ [e 82 coss + e B sins + > d52

+a6+ V+Uerlj. (5)

Figures 4 and 5 show the forces applied to the left and right
wheels, respectively, and Figure 6 shows those associated with the

vehicle body. Applying Newton's Laws to the Teft wheel results in

M1 ap]y ='Ry1 +F gt Fy] coss + Fx] sins, (6)
M1 ap]x =R - Fy] sins + Fx] cOS§, (7)
Iy 87 = -Ke - Fs] (s coss + e sins) - Ry1 e sing

- Rx] e C0SS» (8)



Figure 4. Forces Which Act on the
Left Front Wheel

Fx2

Figure 5. Forces Which Act on the
Right Front Wheel

1



< - 7 < R
Ry1 \_Ks - Kg/ y2
a
—¥—
b
Fy3> | | 3 F)"!)

IF)(g |¢ Fx4

Figure 6. 'Free-Body Diagram for the Vehicle
(Less the Front Wheels)
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wherein 8 = 6 + & is the angular acceleration of .the left front wheel.

For the right wheel Newton's Laws yield

m o ap2y = Ry2 + F52 t F o, sins + Fy2 coss, (9)
m .o ap2x =R, * F ., coss - Fyz sing, - (10)
Lo By = -K& - Fop [s coss - e sing] + R,o € coss

+ Ry2 e sins, (11)

because of the cdnstraint»provided by the tie-rod, By = By- By combin-
ing Equations .(6) to (11), a single expression for 8 is obtained (Appen-
dix C). From Equation (C-10),

. 'I -l_ ]_
g = E——:—————E-[-Ka ) FS S coss + > e (Fx] - sz)
wtmy €

- %-mw et (é coss + ré sins)] (12)
By applying Newton's Laws to the vehicle free-body shown in Figure
6, the equations of motion are obtained for the vehicle referred to
body-centered axes through the center of gravity. The acceleration com-
ponents have been derived previously and appear as the left sides of
Equations (1), (2). and (3). Summing the forces in the x and y direc-

tions .and the moments about . the center of gravity (point 0) yields

mc.(U - \er) =,'Rx1 - Rx2 * Fx3 +"Fx4 (13)
m. (V + Uer) =1_Ry1 - Ry2 + Fy3 + Fy4 (14)
Ih=-R.a-R,a-sdR,++dR
'yl y2 2 xI 27 "x2
“Fob+tdWF . -bF,-duF
3 2 3 7 'yd 2 x4

+2Ks -a FS (15)
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The reaction forces are eliminated using the expressions for R R

x1? "x2°
Ry1, and Ryz from Equations (6), (7), (9), and (10). Substituting the
acceleration components from Equations (4) and (5), and using Mg = Mo
=m, and o = %,yie]ds

m, (U= Ver) - -2 m, (V + Uer) - 2 moar+F,

+ (F 1 * Fx2) cosg + Fx3 * Fx4’

X

m, (V+Ur)=-2 m, (V + Uer) - 2 m,ar+F
+ (Fx1 tFp) sins + (Fy1 + FyZ) COS$

+ F

y3*f

y4’

I°P=-2amw(V+Uq~+a;)+dmw(eézsim
- e B coss - %-d E) + Fx] (a sins + %-d coss)
1 . .
+ Fy] (a coss - ?’d sing) + sz (a sins

1 1 .
- Efcoss) + Fy2 (a coss + z—s1n6) -b Fy3

1 1 |
t7dFg - Fyb-7dF,+2K.

The equations of motion are now complete and describe the movement
of the vehicle in terms of the four degrees-of-freedoms x, y, 6, and §
and their derivatives. These equations, when written in first-order

form, appear as a set of nonlinear differential equations.

Co 1 rks o L + 1 -
Y _iI - é2_[ Ks - 5 FS S coss + 5 e (Fx] Fx2)
W
1 . 2 .
-z m e d(rcoss + r° sins)] (16)
r = 5 1 T [-2 a m. (V + Uer)

Ic+26. mw+§-d mw
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2 . . . 1
+ mC>d e (v~ sins -ycoss) + Fx] (a sins + E'd coss)

G

1, . . 1
+ Fy] (a coss -5 d sing) + F oo (a sins - 7 d coss)

1 . 1 4
+ Fy2 (a coss + 7 d sing) - Fy3 b+>wF,-bF

ya
1
- g W Fg + 2 Ksl. (17)
. 2 m, o 1 q )
Uu=Ver-——m5—ar + —-————I[(F, +F C0s§
m. + 2 m, m. + 2 m, x1 X2
- (Fy] + Fy2) sins + FX3 * Foge (18)
. 2a m,¢ 1 ( )
V= -Uepr- r+ — [(F ., +F coS$
m. + 2 m, m. + 2 m, yl y2
+ (Foq + Fyp) sins + Fy3 + Fy4' (19)
B =y (20)
o =r (21)
é=y-lr‘ (22)
Ry=U+rR | (23)
Ry =\ - r\RX (24)

The tire side-forces (Fyi) appear in Equations (17), (18) and (19).
The side-force is a function of the normal force (vertical Toad on the
tire) and the tire slip-angle (angle between the wheel heading and the

direction of the velocity vector for the point of contact).

Equations for Normal Forces

Acting on the Tires

Due to the vehicle inertia, the vertical load at each axle has a

dynamic term in addition to the static load. Figure 7 illustrates the



mfax |
O @

lo. s,

Figure 7. Normal Forces and Weight Transfer During
Forward Acceleration

16
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forces associated with the acceleration in the forward direction.
Applying Newton's Laws, the resulting expressions for the front and rear
vertical loads, Z1 and 22 respectively, are

m.ag m (U-Ver)h

Ly =M. 9 - 3% b ~ a +b 3
. m. ga . m. (U-Ver) h
2 a+h a+hb

The forces on the front axle are shown in Figure 8 where

) m. a ) m. h (U-Ver) .
c a+b g (a +b) >

mf=m
f=§'d+e.

Application of Newton's Laws yield

1 1M 98 ¢ M h .
P =M 9*2m 9-23%5 " 249 (a+bh) (U-Ver)
me h m. hg . m. h2 .
+ ( T +.b)) V+Uer - ?YITE—;_BT'(U"V‘r)
(V+Uer). (25)
_ 1 1 mcga 1 mch .
Fro =My 9tz 9mM -7 355 - 29 (a+h) (U-Ver)
M. ah m._h mC h2 .
+(f (a+b)- F )(V+U r)+m.(U—V Y‘)
(\.I+U-r“). (26)

The rear axle forces are shown in Figure 9 where

.. __ma _r% h (U-V-r)
r ‘¢ (a+b) g (a+h)

Normal forces resulting from Newton's Laws are

m. g a ]mch w-v-ﬂ

F =lc + =
z3 2 (a+b) 2 (a +b)
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lw"" le‘ £ Wiy

TFz1 T"—zz

Figure 8. Free-Body Diagram Used to Calculate
Front Wheel Normal Forces

T le.,

Figure 9. Free-Body Diagram Used to Calculate Rear
Wheel Normal Forces

Fzs
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m b (V+Ur) h (U-Ver)
Ww(a+*h) [a + ——g‘—'—] (27)
foo1Tc9 1 h (U-V-r)
'z4 - 2Ta+b) 2 (a+h)
m h (VEUsT) b (U-Ver)
TR ORIl e O (28)

Front S1ip Angle .Equations

The derivation of an expression?for the front slip angle utilizes:
both the velocity vector of the point of road contact of the front tire
and a vector in the direction of the front wheel heading. For simpli-
city, the point of road contact is assumed to 1ie on a vertical line
passing through the center of mass of the front wheel assembly. There-
fore, and also because the motion is constrained to a horizonté] plane,-
the velocity of each point of road contact is equivalent to the velocity
of the center of mass of each wheel assembly. The acceleration of the
contact point may be denoted as Ehoﬂ From the derivation of Ebo (Appen-

dix B), ﬁﬁ can be expressed as -

L‘_ .— l _ . . .

R, = (RX‘ 'ﬁRy -5 dr-eg coss)i + (Ry*-r‘RX +ar
-e é sing)jJs

R =R i+R_j.

Rp px' * Rpyd

The wheel heading angle y is expressible as

The angle (¢) of the velocity-vector is obtained by using the relation

¢ = Arc tan (Rpx/pr)'
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Therefore, the front slip angle is y - ¢. These expressions are valid
if ¢ > 0 and pr > 0. Similar expressions are used for the case when

§ <0and R < O0.

Py
v

-1 ;
>+ Arc tan ( pr/Rpx)

©-
1

v - 9.
Rear STip Angle Equations -

Although the rear slip angle (ar) can be obtained by a previous
method, a different procedure is used because the rear wheel heading is
always in the direction of the unit vector i. Appendix D contains the
complete derivation of % By defining q as the point of contact for

the rear tires, the velocity vector is given as-

R
q

- 'I . . .
(R, - rRy -zwr)i+ (Ry+ rR - br)j

or

]

R =R _i+R_j.
Ra 7 Rax! T Rgy?

Using the definition of the dot product
K - B = |AB| cosa,

the rear slip angle can be expressed in terms .of ﬁa and the unit vector

i.

Rq o i =f|Rq| COSOLYJV
Therefore,
Rax
oy = Arc cos (—IX ), (29)
: 2 +R 2

ax . qy
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The sign of “r,is the same as the sign of R_ . Knowing the normal

qy
forces and slip angles, the tire side-forces can be read from Figure 10

showing Fy (empirically) as a function of Fz.and o -
Transfer Equations for the Axis Systems

Equations (16) through (24) are derived with reference to the mov-
ing axis system X-Y . Itbis pséfu], however, to express the position of
the center of gravity referred to the fixed axis system X-Y. From
Figure 1 the transfer equations can be seen to be expressible as

RX = -Ry sine + RX cos6 (30)

and

= 'l 3]
RY Ry cose + RX sing. ( )
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Figure 10. Graph of Tire Side-Forces Versus Normal Forces and Slip Angles
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CHAPTER 111
COMPUTER SOLUTION

As shown in the previous chapter, the motion of the vehicle can be
described by a set of nine first-order, nonlinear differential equations.
The solution to this set of equations was obtained using the Oklahoma
State University IBM 360/65 digital computer and "DYSIMP" (a continuous
DYnamic SIMulation Program). DYSIMP was developed by students and
faculty from the School of Mechanical and Aerospace Engineering and has
the capability of solving, simultaneously, a maximum of 100 first-order
differential equations. Integration methods available to the user are
the (1) simple Euler, (2) modified Euler, and (3) fourth-order Runge-
Kutta methods. The standard program output consists of up-to-five
tables, each containing time-histories of up-to-ten variables. Five
printer-plots, each containing as many as five variables, can also be
produced. The program is.coded in FORTRAN IV and may be executed in
either single or double precision,.

The differential equations to be solved for this research problem
were supplied to DYSIMP using a "derivative subroutine." Therefore,
programming the solution involved developing a sequence of computer
operations to evaluate the nine derivatives appearing in the set of nine
differential equations.

Evaluation of the derivatives depended upon the state variables,

).

steering force (Fs), braking forces (in), and tire side-forces (Fyi

23
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Fs is a Tinear function of the state variables and F.i 1s prescribed by

the user as .a function of time. However, F_. is a nonlinear, empiric-

yi

ally determined function of the slip-angle and normal forces (F_.) which

zi
are, in turn, dependent on ﬁ and 0. A "look-up table" subroutine was
used to find Fyi and this prevented the development of expressions for

U and Q which Wou]d involve Fyi directly. By choosing the integration
step-size sufficiently small, calculation of the normal forces could be
made using values for the derivatives from the previous time-step.
(Between any two time steps, the greatest change in Fyi was found to be
less than five percent of its.maximum value.)

As stated earlier, the tire side-forces were obtained using a
“Took-up table" subroutine. In previous studies, investigators calcu-
lated Fyi using empirical equations to approximate test data. Figure 10
shows a plot of the side-force (Fyi) versus normal force (in) and s1ip-
angle for a specific truck tire. A two-dimensional table was set up
using Fyi as a tabulated function of the in and the slip-angle. Even-
increments were used on both axes (normal force and slip angle) and a
three-step, linear interpolation procedure was used for the intermediate
values.

After the tire side-forces were evaluated, the derivatives for one
time-step were expressed in terms of known quantities. Although the set
of equations is linear in the time-domain, the ;, ;, and Q equations are
coupled by the derivative terms. A subroutine called "SIMQ" was used to
solve for these three derivative values. The other six derivative ex-

pressions were direct evaluations. With these values, the derivative

subroutine was then input to the main program and the integration was
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performed for.one time-increment using the Runge-Kutta fourth-order
method. DYSIMP called the subroutine for each time-step.

A brief flow-chart describing the sequence of operations for the
derivative subroutine is shown by Figure 11. The look-up table algo-
rithm was also supplied to DYSIMP in the derivative subroutine with the

addition of one control card.
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CHAPTER IV
NUMERICAL RESULTS
Verification of the Program

After the program was written and "de-bugged," a study of several
simple cases was made to verify that the computed results were accurate
(qualitatively, at least) and reasonable. Although these cases were
relatively simple, no shortcuts -in the computation sequence were made,
thus verifying that the entire program was functioning properly.

Using a sample problem, a search was made to determine the typical
step-size needed for numerical stability. The integration was performed
over a maximum time-period of twenty seconds. Applying a step-function
steering force of 31 pounds, beginning at three seconds, and using K=50
ft-1b/rad, solutions were found for computing increments of .500, .250,
.125, and .100 seconds. Figure 12 illustrates the computed response of
V for three of the step-sizes. (The results using a time-increment of
.500 seconds were highly unstable and are not shown on Figure 12.) It
was concluded that .125 seconds was an acceptable step-size and was
used in all the remaining computer solutions. This appeared to be
satisfactory for maintaining numerical stability.

Three alternating-direction forces were applied during a twenty-
second period to the steering arm to observe the quality of the physical

response. Because of the sign convention, a positive force should
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create a negative wheel-angle. The three applied forces and correspond-
ing points of application were: (1) +20 1bf @ 80 ft, (2) -40 1bf @ 220
ft, and (3) +40 1bf @ 560 ft. (_FS acting to the left is taken to bé
positive.) These forces were applied for a duration of one second and
the input force was held at zero for all other times. The initial value
of the forward velocity (U) was 40 ft/sec while all other variables were
initially zero.

The varying wheel angles resulting from applying these forces are
shown in Figure 13 for two different spring stabilizer constants (K=0
and K=100). For this same study the path of travel for the vehicle
center of gravity (C.G.) is shown by Figure 14. Although there have
been no previous studies with which to compare these results, they seem
to be reasonable.

Another study was made to check the simulation by applying both
equal and unequal braking forces at the rear wheels. The vehicle was
given an initial forward velocity of 40 ft/sec and all other variables
initialized as zero. A braking force of -400. 1bf (forward forces are
taken to be positive) was applied at t=3 seconds to each of the rear
wheels. Figure 15 shows the path of travel to be unaltered, as expect-
ed. It should also be noted that the angular rotation of the vehicle
remained zero (as it shou]d) during the entire braking period.

From the equation of motion (F=ma), the acceleration can be deter-
mined for the case of equal braking forces. The forces are constant
and, therefore, the acceleration is constant. For constant acceleration
along a linear path, the velocity may be found at any point using the

2

expression V2 = V0 + 2a (S-So). This -expression matches very well with

the numerical solution as can be seen from Figure 16.
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The same initial conditions as before were used for the case of
unequal braking forces. After three seconds, forces of -425. 1bf and
-300. 1bf were applied to the left and right rear wheels, respectively.
The path of travel for the vehicle C.G. for this situation may also be
observed from Figure 15. Application of a larger left-wheel force pulls
the vehicle to the left as it should.

Although these few cases hardly verified the applicability of the
computer solution to all anticipated situations, the results of these
studies were reassuring and were judged to be sufficient for a continua-
tion into the next phase of fhe research. Certainly, the true test of
applicability of this method would be correlation with results taken
experimentally, but such verification is beyond the scope of this

present research effort.

Analysis of Situations Which May

Occur During Normal Driving

After having gained some confidence that the methodology and the
computer program wefe reliable, a study was undertaken to gain quantita-
tive insight into the characteristic behaviors of typical vehicles
during simulated front-tire impacts and failures. Also, a major
objective of this portion of the research was to gain some awareness of
the effectiveness of simple mechanical spring-type steering stabilizer
devices.

A study was made to determine the effect of the steering stabilizer
device during an impact load applied to the left front wheel. A simpli-
fied simulation was made of the impulse forces resulting from the front

wheel encountering a hole or bump in the road. For this case the
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response characteristics studied were (1) the path of travel of the
vehicle C.G. and (2) the steering arm force associated with that path.

In an attempt to simulate, approximately, the action taken by the
driver, the restoring steering force was expressed as a linear function
of the vehicle rotation and the wheel angle (FS = Cq0 ¥ Cza), Both con-
stants were arbitrarily assigned a value of 600. The initial forward
velocity was chosen to be 40 ft/sec and all other input variables taken
to be initially zero. An impact force of -100 1bf was applied to the
left front wheel over the time interval from 2.0 to 2.125 seconds. The
driver reaction time was estimated to be about 1% seconds. Therefore,

a steering force was not applied until 3.125 seconds (i.e., the vehicle
had traveled forward approximately 45 feet).

Three different spfing constants (0, 100 and 200 ft-1bs/rad) were
used for this simulated front wheel disturbance. Figure 17 shows the
different paths of travel for the C.G. The steering forces associated
with the three spring-constant values are shown by Figure 18. Although
the difference in the lateral movement of the C.G. between K=0 (effect-
ively no spring stabilizer) and K=200 is only approximately 1.5 ft, this
small distance could be sufficient to keep the driver from entering the
lane of oncoming traffic and, thus, is enough to prevent an accident.
Steering forces for this study were small, but it should be noted that
K=0 yielded forces which were over twice those for K=200. For a rela-
tively large spring constant, significantly less driver effort is
experienced.

Tires blowing out on the front wheels may create forces which cause
the driver to lose control of the vehicle. A study was made to determine

if a spring stabilizer will increase. the controlability of the vehicle
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during a blowout. The front-wheel forces during a blowout depend on
tire size, vehicle speed, deflation -time, and other factors. These
factors are not easily determined. Therefore, for the present study an
approximation was used. By applying kinematic principles and judgment,
a forcing functibn, shown by Figure 19, was selected and applied, compu-
tationally, to the left front wheel.

The steering force for this study was expressed as FS =1C]e + Czs
=600 1bs/rad, and C, = -26 1bs. The

2 3
driver reaction time was, again, taken to be 1% seconds. Initial condi-

+ C3 where C] = 300 1bs/rad, C

tions chosen were U = 40 ft/sec and other variables taken initially
to be zero.

Again, using three values of K (0, 100, 200), the three paths of
the C.G. were computed and are shown by Figure 20. Steering forces
associated with these paths are shown by Figure 21.

For this blowout simﬁ]ation, the C.G. traveled slightly more than
23 ft to the left of the intended path without the spring stabilizer
(i.e., for K=0). However, using K=200, the maximum distance to the left
was 18.7 ft. The extra 4.3 ft could, perhaps, result in the vehicle
entering an unsafe region or running off the left shoulder. The steady-
state responses for all three cases are nearly identical. The simulated
steering force contained no component to drive the vehicle back along
the original path but, instead, was intended only to restore it to a
path parallel to that of the main roadway. A maximum steering force of
-125 1bf was needed using the "stiffer" (K=200) stabilizer while a force
of -205 1bf was required with no stabilizer at all. Although these are

merely representative numbers, the analysis showed that approximately
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70 percent more force would be required if the vehicle were not equipped
with a steering stabilizer.:

A centering device tends to keep the vehicle.in a straight line
and may actually hinder the response when a change in heading (i.e.,
manueverability) is desired. The objective of the next study was to
determine the effect of the stabilizer when a normal change in heading
is made. The steering force used for this study was a linear function
of the rotation angle (o) and the velocity ef rotation (r), (i.e., F_ ="

S

C, (e+r) where Cq = 300). The chosen initial conditions were U = 60 ft/

1
sec and 6 = 4 degrees. Al1l other variables were initialized as zero.
Constant and equal braking forces of -800 1bf were applied after .5 sec
to each of the rear wheels. The chosen initial conditions and the
selected braking forces may physically reflect a vehicle being pulled
off .the roadway onto the right shoulder as in a normal stopping maneu-
ver. No steering force was applied until the vehicle C.G. had traveled
6 ft to the right. At this point the steering function was allowed to
start "driving" the vehicle to change the heading angle from 4 degrees
to 0 degrees.

The paths of travel for the C.G., using the three spring constants
K =0, 100, 200, are shown by Figure 22. Steering arm forces for all
three cases were small and about the same magnitude. The maximum steer-
ing arm force was 16.0 1bf.

For the case of no stabilizer, the C.G. traveled 10.4 ft to the
right and made the -4 degrees change in heading in only 106 ft of for-
ward travel from the point of application of the steering force.
However, for K = 200, the maximum distance to the right was 12.0 ft and

the -4 degrees heading change required 400 ft of travel. A distance of
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1.6 ft might be critical for.a narrow shoulder or a drop-off in the
pavement. It can be concluded from this study that “oversteering" may

result from the installation of a centering-type steering stabilizer.



CHAPTER V
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

This study has been made tb develop an analytical method for deter-
mining the effects of steering stabilizers on vehicle controlability.
The model used for this research simulated a single front axle and a
single rear axle vehicle with the weight and dimensions chosen to be
roughly equivalent to that of a typical tractor-truck. Application of
Newton's Laws of motion to the body yielded the equations of motion and
this set of equations was solved numerically using the Oklahoma State
University IBM 360/65 computer.

Investigations were made for one particular type of stabilizing
device to illustrate the capabilities of the method of analysis employed
in this research and to gain physical insight into the significant
effects of stabilizing devices. - The major steps taken in this study are:
presented below.

1. Equations of motion were derived for a four-degree-of-freedom
vehicle moving in a plane parallel with the horizontal roadway.

2. A numerical solution was obtained for the set of equations
using DYSIMP and an auxiliary "table look-up" subroutine.

3. The validity of the computer program was verified by comparing-
with results for several simple cases in which the trends.of response

were known.

45



46

4. Threé different driving situations were investigated to deter-
mine the effects of a steering stabilizer on the overall vehicle
response.

The observations .and conclusions made from this study are listed
here.

1. The method of analysis (and the associated computer program)
developed to study the effects of steering stabilizer devices on the
vehicle response provided results that were physically reasonable for
the cases studied.

2. Although a simple vehic]e mode]l was used, the technique can be
readily extended to more complex systems.

3. During blowouts and sudden forces applied to the front wheels,
a stabilizer will decrease the lateral distance traveled by the vehicle
C.G. Given the proper situation this distance could be sufficient to
prevent an accident.

4. The steering force, which is proportional to the driver input
force, required to control the vehicle during a sudden force on the
front wheels was decreased’by using a stabilizing device. Not only was
the maximum value less, but also the force required over the entire
restoring time interval gradually decreased. Thus, less effort was
supplied by the driver.

5. The driver reaction time used in this study was estimated to
be 1% seconds. The actual time will vary between drivers and will de-
pend upon the situation. However, this device produces a restoring
force the instant the front wheel is displaced (i.e., it reacts "passive-
1y"). Therefore, a spring device will supply a restoring force during

the reaction time interval of the driver.
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6. Because the stabilizing device tends to keep the vehicle
traveling in a straight path, it may produce harmful effects when a
change in direction is desired. Results of this study indicated that
oversteering will occur due to the presence of the spring device and-
may be expected to cause an increase in the lateral distance traveled
by the vehicle C.G., thus allowing the vehicle to enter .an unsafe
region. Therefore, the spring device may create undesirable effects
when the vehicle is being mahuevered,

7. The spring device causes a significant increase in the required
steering force when a large rotation of the front wheels is desired.

For sharp turns, backing-up, and other slow maneuvers, the wheel may
often be rotated as much as 40 degrees. To turn the wheels the driver
must supply enough force to overcome the restoring moment, thus creating
another undesirable effect from the spring device.

Recommendations for further study concerning this research are
given as-follows. |

1. Experimental studies should be made to correlate results from -
the computer program with those experienced in real-Tife situations.
This would allow the computer program to be used as a usefuT design tool
and also to provide a dynamic simulation for the investigation of acci-
dents.

2. The vehicle model should be extended to include one and two -
trailers. Jackknifing (a common problem for articulated vehicles) could
then be analyzed by this model.

3. A study should be made to determine a more accurate transfer

function to describe the driver response.
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4. For this research the center of mass for the front wheels was
assumed to Tie on a vertical Tine passing through the point of tire con-
tact with the road. It should be determined if a significant change
occurs by moving the center -of .mass to a point between the king pin axis
and the point of contact.

5. Both front wheels were assumed to rotate the same amount.-
However, the two wheels may actually rotate to slightly different:
angles and an investigation should be made to determine the effects this
difference has on the vehicle response.

6. Camber in the front wheels should be studied to determine the
restoring moment due to the camber angle, the maximum allowable angle,
and the effects of combining a steering stabilizer with different camber
angles.

7. A single.rear axle was used for this researchvmdde1, The model
should be extended to include tandem axles each with dual tires.

8. A study should be made to determine more accurately the forces .
experienced by the front wheels during blowouts and other situations
which are of interest.

9. The method of applying the braking forces should be improved
so as to better simulate the actual driver application of braking forces.

for given situations.
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APPENDIX A
DERIVATION OF ﬁb

The displacement of the origin (moving axis system x-y) with
respect to the fixed reference system X-Y is given by

Ro = RX1 + RyJ.

Thus, differentiation yields

«

Ry=V, =R 1T +RT+ RyJ + qu. (A1)

Because i and j are unit vectors, then

%%-= i=0j (A.2)
== e (A.3)

Substitution of i and j into Equation (A.1) yields
R, = R, +R 6]+ RyJ - R0
which can be simplified to yield

RO = (Rx - Rye)iv+ (Ry + Rxe)j.

Letting

U= ?x B Rye

v =.By +R,8

r = 6 (A'4)
)
Ro can be expressed as

R0 = Vo = Ui + Vj.
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Differentiating the above equation results as

Ro =a, = Ui + Ui + Vj + Vj.

Using Equations (A.2), (A.3) and (A.4) yield

Ro»= a, = (U -V-r)1 + (V-+U-r)j.
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APPENDIX B
DERIVATION OF THE FRONT WHEEL C.G. ACCELERATION

The centers of gravity for the left and right front wheels are de-
noted as P] and P2, respectively. Reference should be made to Figures
1 and 3. A detailed development will be given here for the acceleration

of point P2. The position of‘P2 can be written vectorally as

where ﬁb, E} and Eé are defined as

Ry = Rx1 + RyJ
S} = ai + %—dj
Eé = -e sindéi + e cossj.
Differentiating the expression of ﬁbz yields
sz =-R0 + Py + Py (B.1)

The terms fbr 3} and éé can be expressed as

R
py =2l * 5 dj (B.2)
éé = (-e écos&)i - (e siné)% - (e ésins)j + (e cos&)j. (B.3)
Substituting f = éj»and 5 = —éj into Equations (B.2) and (B.3) produces
R
P1 = "3 dei + a6j

Py = - (6 + 6)(cossi + sinsj)
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Substitution of the above expressions into Equation (B.1) yields

Ry =Ry o(-x di +aj) - e(s + 8)(cossi + sinsj).  (B.4)

Differentiating Equation (B.4) produces

T W VN I
sz =y, R, + 8( > di + aj) + of > di + aj)

- e(s + 0)(cossi + sinsj) - e(s + o)(cossi
- §sinéi + sinsj + 6cossj) (B.5)

Defining B = (6 +¢8) and substituting into Equation (B.5) results as

1 1

_ KN 1 --. ... 1 12 2
ap2 = Ro - 2‘de1 +asj -5 de

j-ae"i - eé(cosai + sinéj)
- ee(écosajv- §sinsi - osinsi + écosaj) (B.6)
Using the expression for ﬁg derived in Appendix A and collecting terms

yields -

2

— _ 02 . . '| .. . . . .
3y = (es siné- e coss - yde-ae” +U-V r)i

- (e(.s2 CoS$ + eé sins +;—dé

z-aéw-9+wrﬁ. (B.7)

The expression for Eb] is derived in a similar mannef. Displace-
ment of P] may be expreséed as
Ro1 =Ry teg*

where

by = i * 5 dj
oy =€ sindi - e cossj -

Repeating the procedure for Ebz with these two changes yields

2 sins + e é cos¢s + %-d 5 -a é

ap] = ('e B

240 - Ver)i

2 1

coss + e B sins +a 6 + ?’d e2

+(es EARNTOF

(B.8)



APPENDIX C
DERIVATION OF THE & EQUATION

The equations of motion for the left wheel are

M aply = Ry-| *Fq * Fy] cos$ +'Fx1 sins (C.1)
Myl 3p1x =Ry - Fy] sins + FXI cos 6 (c.2)
Iw] B] = -K§ - FS] (S coss + e:s1n6) - Ry] e sing

- Rx] e CcoS§. (C.3)

Solving Equations (C.1) and (C.2) for Ry] and R, 1> then substituting into
Equation (C.3) yields

le By = -Ks - m e(ap]y sins + ap]X coss)

- SFS1 coss + eF 4. (C.4)

Using the components of Eb] expressed as

e(-é2 sins + g coss + %

m|o.

r ) +U - V r

nq-a
o |

ap]x

and

ER I
-e'- )+V+Ur

I\)]«—-'

a e(B coss + B sins + —-r

ply

and substituting into Equation (C.4) results in
= 1 1 .o
By = ——— {-K§ - m, e(g-d coss + a sins)r
L My e

1 . 2
+ Mg e(a coss - > d sing)r® - S Foq coss+e Fxl

- m e[(V+U-r) sins + (U-Ver) coss]}. (C.5)
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The equations of motion for the right wheel are

mw2 apzy =‘Ry2 +.F52 + FX2 sins + Fyz CoS$

M2 ap2x = sz + FX2 cos§ - Fy2 sins

IW2 By = -Ks - F52 (s coss - e sins) + sz e cosé
+ Ry2 e sing.

Repeating the previous .procedure using

= —a(g? Bsing - &pr+ 42y Ly
apzy -e(B“ coss +.8 sins Srtszor Y+ V + Uer
and
_ 02° . ]—d—o g-2 . .
ap2x = e(8” sins - B coss - el g’ )+ U= Ver
results in
é S — {-Ké - F_, s coss - F_,e
2 I . +m e2 s2 X2
w2 o w2

tmo e[r(a sins - %—d coss) - re (a coss + %—d sing)

+ (ﬁ -Ver) coss + (Q-+Uor) sins]} (C.6)

Iw2’ B] = 82 and thus equating

Assuming that ma = Moo IW1 = ]

Equations (C.5) and (C.6) yield the following expression
(F52 - Fs1) S .C0S$ =.-e(FX.=I + FX2) + ZmW efa(r sins

- rz coss) +-(0 - Vf) coss

+ (V+U) sins, (G.7)

Introducing the requirements that

Fo=F

S s tF

s2

and combining Equations .(C.7) and (C.8) yields
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1
FS S COS§ - Eae(Fx] + sz)

| —

Feo (s coss) =

2

tm, e[a(r sins - r" coss)

+ (V-+U.r) sins + (ﬁ -Ver) coss] (C.9)

Substitution of Equation (C.9) into (C.6) gives the desired expression
for é in terms of Fs‘
6= — 1 {Ké-X+F_ scoss+relF,-F.,)
2 2 'S 2 Xl X2

I +m
w we

-m, e[%-d(; coss + r2 sins) ]} (C.10)



APPENDIX D
DERIVATION OF REAR SLIP ANGLE

From Figures 1 and 3, Ea is expressed as

Rq =_R0 + R2
where
R =R.i+Rj
0 X y
R, = -bi + & wj
2 2 Y
Differentiating Equations (D.1), (D.2) and (D.3) yields
Rq = Ro + R2
RO = RX1 + Rx1 + RyJ + RyJ
= o_ .1
R2 = -bi + 5 wji.
Because % = rj and j = -ri and substituting these expressions into

Equations (D.4) and (D.5) yield

Ro

(RX- rRy)i + (Ry+ rRx)j
and

1 . .
R2 = -y Wri- brj

ﬁa is now expressed as

R = (ﬁ - rR_ - !

q = Ry y wr)i+ (éy-+ r RX -br)j.

N

(D.1)

(D.2)

(D.3)

The angle between ﬁa and the wheel heading (unit vector in the i direc-

tion) is the rear slip angle (ap). Using the definition for the dot
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product,

and 1etting

r
thus
R X
o, = Arc cos (—2 )
2 + R 2
gx qy
where
-p _pp 1L
qu _'Rx r R’ 2vwr
and
=R+ rR, - br.
qu y r " bk

The sign ofuP is equal to the sign of R

qQy”
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