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pﬁe Department of Transportation in the interest of
information exchange. The United 5States Covernment
assumes no liability for its contents or usSe thereof.

The contents of this report reflect the views of Calspan
Corporation, which is responsible for the facts and the
accuracy of the data presented herein. The contents do

not necessarily reflect the official views or policy of the
Department of Transportation. This repoic. does not
constitute a standard, specification, or regulation.
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FOREWORD

This report is one of four manuals prepared under Contract Number
DOT-FH-11-8265 for the Federal Highway Administration, U.S. Department of
Transportation for the purpose of summarizing end upgrading documentation of
the Highway-Vehicle-Object Simulation Model (HVOSM). The HVOSM had been
previously developed for the Federal Highway Administration (FHJA) by the
Calspan Corporation (formerly Cornell Aeronzutical Laboratory) under
Contract Number CPR-11-3988 during the period from 1966 to 1971 and extended
under this contract. Contained in this report is a complete summary of the
mnthematlcal analysis which is the basis for the simulation modezil.

Complete documentation of the HVOSM is contained in the following

mhnuals:

] Highway-Vehicle-Object Simulation Model

Volume 1 - Users Manual

® Highway-Vehicle-Object Simulation Model

Volume 2 - Programmers Manual

] Highway-Vehicle-Object Simulation Model
-~ Volume 3 - Engineering Manual - Anslysis

¢ Highway-Vehicle-Object Simulation Model - Volume 4 -
Engineering Manual - Validation

This report has been reviewed and is approved by:

Gl A N2l

Bdwin A. Kidd, Head
Transportation Safety Department

ii
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1. INTRODUCT ION

In 1966 Calspan Corporation (fofmerly Corneil Aeronautical
Laboratory, Inc.) began development'of a general mathematical model and
computer simulation of the dynamic responses of an automobile in accident
situations under Contract CPR-11-3988 with the Bureau of Public Roads.

The mathematical model of vehicle dynamics developed in the first
year of that effort included the general three-dimerisional motion resulting
from vehicle control inputs, traversal of irregular terrain, or from collisions
with simple roadside barriers. The model was subsequently named the
Highway-Vehicle-Object Simulation Model (HVOSM). Later, the model was
furthef Jdeveloped and a comprehensive validation program was carried
~out including a series of repeatable full-scale tests with an instrumented
vehicle in order to objectively assess the degree of validity of the vehicle
model. Extensive megsurements of the vehicle parameters required for input
to the HVOSM were made under a subcontract with the Ford Motor Company as
a part of the validation procedure. This effort was reported in Reference 5
and the model as described therein has been referred to as the V-3 version
of the HVOSM.

Modifications were subsequently made to the simulation in order to
study the effects of terrain (specifically, railroad grade crossings) on
vehicle controllability. The impact routines were removed and extended
terrain definition capabilities were added along with a more realistic
model of suspension properties. This program version (Reference 10) has
been informally referred to as the V-4 version of the HVOSM and has since
been used extensively for study of roadway and roadside geometrics.



Further deﬁelopments of HVOSM aimed at providing a simulation
model more suitable for the study of the complex dynamics resulting from
accident aveidance evasive maneuvers were reported in Reference 11. This
version, informally called the V-7 version of the HVOSM, includes a detailed
model of the braking and engine-driveline systems and an empiricaily based
definition of the relationships between longitudinal and lateral tire forces
through the inclusion of rotational degrees of freedom of the four vehicle

wheels.

During development of the HVOSM, documentation efforts primarily
fulfilled the objectives of maintaining communication within the program
development structure, ensuring quality control of the development and
providing a historical reference. It was, however, recognized early in
the davelopment of the HVOSM, that this state-of-the-art advance in the
modeling of a vehicle and its environment could be put to best use through
its widespread distribution to organizations interested in its applicatioen to
highway safety. As a result, distribution of the HVOSM was begun before
its development ‘was complete and before instructional documentation could

be provided.

Recognizing the need to bring documentation of the several HVOSM
versions together and to provide the highway safety community with an effective
description of the programs and their use, the Federal Highway Administration
(FHWA) awarded Calspan Corporation contract number DOT-FH-11-8265 for the
purpose of providing such documentation for the then-existing versions of
the HYOSM.

Three Gersions of the HVOSM were covered by this documentation.
They were, the HVOSM-SMI1 (Sprung Mass Impact) version (formerly known as
the V-3 vefsion), the HYOsM-RD1 (Roadside Design) version (formerly known
as the V-4 version) and the HVOSM-VD1 (Vehicle Dynamics) version (formerly
known as the V-7 version). Under the first phase of that effort, only

those versions as developed by Calspan were covered by the documentation.
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The second phase of contract number DOT-FH-11-8265 called for
extension of the capabilities of the HVOSM by adding new features, including
some additional modifications made by other research organizations, and

providing additional ease of use features.

Accordingly, Calspan has:

Generalized the basic vehicle model to include the
capability for simulating an independent fromt and
rear suspension vehicle and a vehicle with solid

front and rear axles,

Generalized the tire model to allow specification
of up to four different tires on a vehicle and

revised the friction ellipse tire model.

Combined the sprung mass impact version with the
roadside design version resulting in only two

program versions at the end of the second phase.

Incorporated the Preview-Predictor Driver Model
described in Reference 15 into the vehicle dynamics

model,

Incorporated impact forces due to localized
structural hard points into the sprung mass impact
algorithm. This medification was originally
developed by the Texas Transportation Institute

(TTI) and was added as reported in Reference 13.
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) Extended the curb impact algorithm to allow up to
-8ix planes to describe a curb. This modifi&ation was
also developed by TTI and was reported in Reference 16.

!

!

] Developed a road roughness algorithm to allow
determination of the effects of road roughncss on
vehicle performance. .

e Revised input and output format to provide an easy to

use, more flexible data interface,

] Developed a Pre«Processing Program to calculate a
number of program inputs including vehicle and

terrain data or to supply input cards from a stored

librafy of vehicle data.

The documentation provided now covers the twe program versions:
the HVOSM-RDZ Version {Roadside Design) and the HVOSM-VD2 Version (Vehicle
Dynamics). It is intended to be a base to which further developments and
modifications to the HVOSM can be added, thus providing a uniform reporting
format and centrélized source of information for the many HVOSM users. It
consists of four volumes, each describing a separate aspect of the HVOSM,

Two volumes are directed toward the enginzer/analyst containing the analysis

{derivation of governing equations, assumptions, and development of controlling

logic) and experimental validation. Another volume is directed toward the
general program user and contains analysis/program symbology, descriptions

of the models and solution procedures, descriptions of input requirements

and program output, and a number of program application examples. The
remaining volume of documentati.. {5 infended for use by those interested

in the detailed computer progrums. This volume contains descriptions of

the computer code including 2 discussion of subroutine functions, annotated
flowcharts and program listings. Also included are a list of program changes,
a description of program stops and messages, and computer system requirements

+

necessary to ‘run the programs. .
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The HVOSM analysis is covered in this report, Section 2 contains
& list of symbols and their definitions and the notation used in the anglysis,
The analytical derivations of the HVOSM mathematical model are presented
in Section 3, and réf‘erehces gve listed in Section 4.



2. SYMBOLOGY AND NOTATION

z2.1 Symbology

The HVOSM symbology is presented in this section. The listing
of symbols is ordered with' respect to analytical symbol and includes a
corresponding program symbol, a brief definition and an equation number
referencing the calculation of the variable. Input variables are indicated
By an I in the equation number column.

2.2 Notation

The time derivative of a variable is indicated by a dot over the

symbol for the variable (i.e., & = da , & = dza ).
dt ;:f

The following subscript notation is employed:

0 = initial value of a variable at zero time.

t = value of a variable at the end of the current time
increment.

t-1 = - value of a variable at the end of the previous

time increment.
F = front.
R = vrear, or rear axle.

i = wheel identification -- 1, 2, 3, 4 = RF,
LF, RR, LR, respectively.

j = identification of vehicle end. j = F, R

for front end and rear end, respectively.
§ » sprung mass.

u = unsprung mass,
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3. HVOSM MATHEMATICAL MODEL ANALYSIS

3.1 Derivation of Equations of Motion

The deviation of the equations that govern the general, unsteady
motion of the vehicle is based on Euler's equations of motion written with ‘
respect to a moving axis system in order to avoid the appearance of the
derivatives of the moments and products of inertia of the vehicle sprung

mass in the equations. Thesc equations take the general form (see for example,.
Reference 1}:

m(?},*uf@"ifﬂ) = Fy
m(ﬂ’-&-’uz'wp) Fy ‘
mr+vP-uQ) = Fz W
Cr £-)¢ +QL1"2L3 = Nx -
Ly #RLc-PLz = Ny
L, +PLy-QLy = Nz

L1

L

where (’ZL.‘U’,-w-). (plQIR ), {[_x ’ L_y 'L£ Y, (F)L ¥ FglF‘z ), and
(Nys ,\jy, Nz )} are the scalar components along the vehicle axes of the linear
velocity, the angular velocity, the angular momentum, the exteinal forces,

and the external monents, respectively.

Applying the assumption that symmetry exists in the XY and Yz
planes, i.e., the ¥Y and YZ products of inertia are zero, (Iy.gz I‘yzs 0)
the angular equations become:

Ixé’I}gé‘Qﬂ(Ig‘Iﬁ)’aPIx? "-'“Nx @)
Iﬂé—(fe‘-P’)_fH—';zp{fz‘IQ = Ny 3
(4)

’Ixzﬁ"‘ Iz fé - PQ(I;.-»IQ-)'*QQI:!L: ME
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.11 Sprung Mass

In the following derivations, inertial forces produced by
accelerations of the unsprung masses are treated as external forces acting
on the sprung mass. That is, the Euler equations of motion for the sprung
mass are modified to include inertial effects of the unsprung masses.

For the case of sprung mass accelerations in the X direction, each
of the unsprung masses is assumed to act as a point mass, With this assumption,
the equating of inertial and applied forces in the X direction is

Ms(l;('TE*WQ) = ZF;‘,M +2F,¢5- (ZM)gSI-Rg"ZFI'Xi (5}
where 2&;; are the unsprung mass inertial forces in the X direction.

The scalar component in the X direction of the acceleration of a
particie in a moving frame of reference (e.g., ses Reference 1) is

az ek -vR+w@ + 2 +2Q; ~2Ry
-1;((?'%1?')+y{/’q—ﬁ.) * }fﬂkﬁé) (6)

In the vehicle representations depicted in Figure 3.1, constraints
on the suspension system preclude motions of the unsprung masses, relative
to the sprung mass, in the x_direction. Therefore, in the present application
of Equation (6), X = 0. Also, dynamic effects of motion of independently
suspended unsprung masses, relative to the sprung mass, in the .J¥ direction
are assumed to be negligible, Application of (6) to the cases of the
independently suspended unsprung mass centers of gravity yields the following
expression for inertial forces:

o = Midn= MR wa +2Q4; - x(a+R) +ylPA-R) +2(PRQ)T (1)

17

- r—



SPACE-FIXED
AXES

o

z

_ Y, z
(e} SOLID AXLE FAONT ARD REAR SUSPENSIONS

Figurs 3.1 ANALYTICAL REPRESENTATION OF VEHICLES

i8



RO Cal NS R Rt ol B it i b

where

X, =a y,=T/2 O Z = Zptd

X = @ p="T/2 B EE
X3z-b y3= Te/2 Z3= 2ptd;
X4 =-b 54”'1k/2 24° Zptdy

and M; =Mk/2 for i =1, 20r M, =Mr/2 for ¢ = 3, 4,

Similar application of (6) to the beam axle centers of gravity

yield:

Free = Miay, = M[w -v—fz‘%uayméﬁ *2Ry; -k (QRY) +y(PY-R )+ 2 (PR¥2)] (8)

where
X, ¥ a H’:.jpqu zl:.2#+é}ﬁf¢
sz _b ya:.-..})¢£ ;_3:2‘2#.{54‘}
9: = -Pr #r 7:: = & *pr ér
§s = -pde 23 S5 +pde

and'Mi = Mug for L =1 and Mi = M for € = 3.

Substitution of {7) and/or (8) into (5) yields the equation of
motion for acceleration of the sprung mass in the X direction as shown in
the first row of the UDI and HEl matrices in Section 3.1.5.

The equation of motion for acceleration of the sprung mass in the

y direction is:

Ml +uR-wP) = ZFyu + By ¢ (ZM)gasBong-Shrye )

19



The scalar component in the y direction of the acceleration
of a particle in a moving frame of reference can be expressed as:

ay = T +uR-wP+jj +2R% -2P2 + X(PG+R) ~y(P4RY) +2(QR-F) (10)

Independently suspended unsprung masses are gssumed to act as
point masses, and for purposes of dynanic interactions are also assumed
to be constrained to motion parallel to the # axis. For this case, the

unsprung mass inertial forces acting on the sprung mass are:

ryi = Miay = M, [ +iR-wP- 2P, + Ig(PQHé)ayt(PZ*Rz)fZg_(aE*r':’)J(“)

where : 4
X = A y,= /2 Z,2 2 +d,
¥:=Q yy = = Tf/2 2,7 Zptdh
Xa=-b - yz=Te/2 235 Zptd
X4 = b Ys © -TR/2 By Zetdy

and M, =Mr/2 for (=1, 20r Mi «Mu/Z for €= 3, 4,

Inertia.forces for a beam axle suspension are approximated by
means of a thin rod representation as illustrated in Figure 3.2. For this

case, the inertial force is given by:

Yi Yi
L= : = .1- - f“— ‘r-' + -—'pl-'“-f
By xﬁj;.agtara - ng}v W0 P+ - 298, 2, (FReR) yelP )

+ £ (QE‘P)] di
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and

X = a Y, = ~proindy - Laosgy 2 = 2.0 -pose -Lsinds
Y = -pr e 050 +L G, Sindy 4 = & —prde e -5ty
G = pedl singe 14} os¢y '
~Pr Fr cosPe + 1, Singe
X3 = -b Yo = ~pSindy -L D5 ¥y = Bp +&+pwsde-Lsme

Y, = <0decsde *ﬂtf": sinde gy = & -pdesinde-Lbpide
Ys = pde snde-L9e 03 |
-pde0Sde + Lde Sin e

Substituting into (12) and assuming @+ and ¢z to be small

angles yields:

Fagr = Murl 5 uRwP opudy 47 e - 2P5, + 20dede +a(Par)

+pe Qe (PYRE) ¢ (246 r e MQR-P)] (13)
Fys = Ml ¥ 1UuR- WP pde 4F - pda - 2P+ 2Ppdede -b(PA+R)
o (PR + (2p+8+p )X QRE-P) ] (14)

' Substitution of the appropriate inertial force equations into (9]
for the different suspension options yields the equation for vehicle accel-
eration in the y direction as defined by the second row of matrices [fDf
and JEI in Section 3.1.5.

For the case of sprung mass accelerations in the Z direction,
interaction with the unsprung masses takes place through the mechanism of
the suspension forces. Therefore, the corresponding equation of motion

can be written directly as

22



et o e AR e mtem 1+« 1 & ok sl g e e

M‘{“:’ﬁ VP—“Q)‘*E&,‘E’;:*M,? {'03'8"04‘¢ (15)

This equation appears in the third row of matrices [IDJi "and JEf in
Section 3.1.5.

The equations defining angular motions are derived in a similar
panner, Thet is, the preceding definitions of the unsprung mass acceleration
components sre substituted in the following equations.

TP -IeR - QR(T- L) -QPILyy = ZNgy + SNps +Zhy 2
- LM z; guosesing 1)

where F;3; are defined by (11) or (12) for either independent suspension or
beam axle suspension unsprung masses, For independent suspension 2, are

given by:
g, = 2p 14
23 = 221'63
24 = ngtg.

a7

and for beam axles:

zl = i{F 'fd',

fyd _(RZ.P‘)I!e - RP(I‘-IX) = ZNQU_ + 2”95 - ZFTJ

- ZMz; gsin® (19)

where Fiz; are given by (7) and (8), Z; by (17) for the independent
suspension and by

23



2, = 2+, vpr ;
) [

3= 2et Rt p |
' i

i

i
i

for the beam axle suspension option.

L Pe (I, +T,)R - PAT,-Ty) + QRI,; = SNy, + SNyg + Efgy; yi

= Zhy X + ZM; X, gwsosing + ZM; y; 45in6 (20)

where Fv; , Fry; are given by (7), (8), (11) and (12) for either
suspension type, X; =4 for ( =1, 2and X s-b for (=3, 4.

For independent suspension,
!

L
l Y, = %/
Yo =-Te/2
y;z T2/2

7 ~Te/2

and for beam axle suspension

Appropriate substitutions lead to the fourth, fifth and sixth

rows of matricies [Dl| and [EJ in Section 3.1.5.

3.1.2 Unsprung Masses

in the following derivations, the general procedure that is applied
to aircraft control systems in Reference ] is followed, That is, the equations

of motion are obtained by application of Lagrange's equation of motion in a

moving frame of reference:

24



G-
a£e ag,\, a;‘

where 7 = kinetic energy relative to the vehicle-fixed axis system of that
portion of the total unsprung mass that has 3; for a degree of freedom,

oW

F & —— = generalized force, or moment,
- %%«
W = work done on the unsprung mass ﬁystem, in degree of freedom Gx
by the external forces which act upon it, including the effects of the
inertia force field produced by acceleraticn and rotation of the vehicle-
fixed axis system, and 5« =« generalized coordinate (i.e., degree of freedom)
relative to the vehicle-fixed axes.

independent Suspension Unsprung Masses

The kinetic energy of an independently suspended unsprung mass
relative to the vehicle-fixed system (in its assumed form of a point mass
and neglecting wheel rotation) can be expressed as

ﬂ L]
r___ Lai) s (22)

Z é?

where the subscript L refers to the mass number (1 = right front, 2 = left
front, 3 = right rear, 4 = left rear) and the subscript § identifies the

front or recar.
The generalized force, F , is obtained by means of determination

of the virtual work done by external forces, including inertia forces, during

a virtual displacement of the right front unsprung mass:
Meui 9 (23)
;wz(;,m, + S; t— o5 6 cos 818 (&) + S(w;)

25



where SW. « work done by the inertia forces,

Let the acceleration of the right front unsprung mass relative to
the space-fixed axes be @ , and relative to the vehicle-fixed axes be £’
Then the acceleration due to motion of the vehicle is (2 ~-&’) and the
corresponding inertia force is

“;':' a~(E-a’')dm 24)

The components of dF; in the X and ¥ directions are
perpendicular to the virtual displacement, 4/ 4;) , and can, therefore, do
no work during the displacement. The scalar component of JF"},’ in the 3
direction can be expressed as follows: '

df, =~ [zh v P “q + x;_(m'-é),‘ p(QR+ P)

~(# +&)(Pz+gt)] A (25)

Since the front independently suspended unsprung masses are treated
as point masses, the virtual work due to inertial forces is given by

Mg

W, - [w + VP Ul £ XfFPR-G)+ y;/aﬁ-rﬁ)

- (35 +Jz)(f°‘*9‘)]°'(é‘z) (26)

Application of Equations (22}, (23) and (26) in Equation (21) yleids
the equations for independently unsprung masses in the matrices {OF and I!E”
in Section 3.1.5.
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Beam Axle Unsprung Mass

]
From Figure 3.3, the motions of the center of gravity of the axle
are defined by the following relationships (note that the subscfipt Jf
is used here to indicate either the front or rear axle):

Y= -pismdi 2= 2f+df + 05 050y
y=-pidjasgi = i - pids sing;
Y= pild]snds-Giengi)  E = & pil 3} cosgy +dy sindy)

e

The kinetic energy of the.axle, relative to the axis system fixed

in the sprung mass can be expressed:
| .

!
H
|

2 » +
Te 3L ¢ ~fMj(4+5) , or
Te 556 ¢ § M} 8] + - 200y 0y singy) @

Evaluation gf‘the left-side of Equation {21) for each of the axle

degrees of freedom, and a subsequent assumption of a small angle restriction
on & , yields: '

BTN 2T o (Tr it 63 G = (Mhorsedr) -

dt aé,') ¢ (T +Maj £7) &7 = (Muspidi) S casy
d aT aT — V". - . !z b.. 29
c}E(E;;}) ) :;%; - AAQf(JG - i &5 “y?f¢?¢§) (29

The work done by the inertia forces produced by vehicle motions

during a virtual displacement, J“(, d} )}, 1s determined as follows (see
Figure 3.3 and Equation (22),. ' '

: L 7
KL/ j/:a; = J/”/'(a,-s)d! (30)
§(s;) - ‘~Tifz e Tfs
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Figure 3,3

AXLE REPRESENTATION
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The scalar component of acceleration of element dL in the Z
direction, due to motion of the vehicle, is defined by the following

expression: ] ‘
g - Faw s Pr-Qu-ZFod, cos #;+ x (PR~ )

~(prsin g, » Leos &) QR+ F)

: . (31)
(3 +&; + pseos g; -£ sin gy ) (P*+ %)
Substitution of ({31} into (30), integration of (30) where
x = a for the front and X = -b for the rear, and subsequent
assumption of a small angle restriction on ¢; , yields the portion of the
geﬁeralize_d force that corresponds to inertial forces produced by vehicle

motions. When this results and Equation (29) are substituted in the following

relationshin, the equation of motion for the vertical acceleration of the

beam axle is obtained:

( 6(‘% .;.F;“L.fﬁ'}utﬂ
dt 3¢ aa} "8 (&)
F+8 F Sy My g 005 8cO5P (32)

The work done by the inertia forces produced by vehicle motinms
during a virtual displacement, (@) , is determined as follows (see

Figure 3.3 and Equation (24) ).

sw) /"r’/‘

J‘(pSJ J_., [a’F {pjt‘o.s‘ -2 sing; )+ dA [pj.rm g +Lcosé )]

‘ 'y
-/ Nay-5)(prcos #y -2 5in )
%/l .

# (a5 )jren oty « Leos ¢y Jd £ (33)
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The scalar component of acceleration of element of in the =
direction, due to motion of the vehicle, is defined by [quation (31). The
corresponding component in the y direction is defined by the following
expression:

@ -y =7 ¢ Ru-Pu -2/’.(&} -4 sing ) - (PQ+R)
* (pysin gy « £ tos g ) (PR R?)

#(3) #8j+p01c05 f; ~£5en & )(QR-F) (34)

Substitution of (31) and (34) into (33), integration of (33) and
subsequent assumption of a small angle restriction on G&' » Yields the
portion of the generalized moment that corresponds to inertial force
produced by vehicle motions. When this result and Equation {28) are
substituted in the following relationship, the equation of motion for the

angular acceleration of the beam axle is obtained.

d (ar]m X7, y ' (35)
2t \og;]  ad; S(e;) %
3.1.3 Steeriqg System

The steer mode degree of freedom is defined by the following
relationships with the assumption that inertial coupling effects are

negligible:

Ip’iVllF + 7;1;- + 72-,; = Fyu,, (h; o5 ~ Wdaﬁ V}( o5 wa>
+ Fyyalhscosan, - PTcos e Orsr)
= Furhy(cospu,+dycos ¥y, - Fun by (wspuz+ 1 0S¥, )
* Frus o hy 050, + Buz dyhyosap, {36)
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where

7 ={0 , dor | ¥l & 6y
Yo lchgnts | dor [l ey

T -;{ 0 , for IVl € LLy ,or ¥ sgni
¥ sgnYe Ky(IVel-1Ly) | for (9l >0y

The assumed form of the steer angle stops is depicted in Figure 3.4.

STEERIKG SYSTEM
RESISTANCE

{"_QP'"*"'"H V_J]A
|

FRONT WHEEL
% STEER ANGLE, ¥,

Figure 3.4 STEERING SYSTEMRESISTANCE VS STEER ANGLE
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{
In the HVOSM-VD2 program version, torques genersted within the
steering system by gyroscopic precéssion of the spinning front wheels are
approximated by means of the following added term in Equation (36):

|

. ‘ -
I‘,’?F 4-1',7 +'r2-4, - e e @ . . | .
-\"'INF[(EPS),{P“" j%él}) m5¢}+(RFQ[Pf %?151,)6051’1 (37

3.1.4 Wheel Spin (HVOSM-VD2 Program Version)

The inertial coupling of the drive wheels, through the differential
gears, and the associated effects of drive-line inertia cen exert & significant
influence on the occurrence of wheel lock. Therefore, it was necessary to
derive differential equations for thesrotational motions of the drive wheels,
that wodld include these effe;ts. Since the developed program, for generzlity,
permits!the simulation of either rear or front wleel drive, the derived
equations are applied to both ends of the vehicle. The coupling effects
are suppressed at the nondriving end by means of the input of a tero value

for the associated drive line inertia.

DIFFERENTIAL GEARS
OF RATIO (AR), 7

Figure 3.5 INERTIAL COUPLING OF DRIVE WHEELS
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The kinetic energy of the system depicted in Figure 3.5 can- be

expressed

B
['= 4 T (RPS) 4 T (RPS)2y ] Toy (PP | 8

1 PS){M
e )y = o, [

[(KPS?J» 200%), (efs);,,ue;s;;,]
F

1
then ['= 5 Ty (RPS)' + § Twiue (RS 7 Ty (A (39)

Collecting terms, Equation (39) becomes

. -. ' . H ) 1 z.
e [;_ZJ . D (AR)q (kP! 4_[1';;" + fwéé;‘-’)f} (R, + Eozz(f‘fb(kfsk (8PS); 0y (40)

The potemiial energy of the system, V, in the rotational mode (i.e.,

torsional wind-up of axle and propeller shafts, elastic distortion of tires)

is assumed to be negiigible. Therefore,

V =p (41)

Energy dissipation may be expressed in the following form:

D= ~12(TQ)y; (RPS)y, + [Feih, +€eu -2 (Tl (BPS) + oo oy *Resin 7Ty, ] (RS, (42)

Substitution for and collection of terms yields

D= [.h, - 6(TQh, (AR); ~Rew: 12(TQ),,) (BPS),
(43)

 [Foiay gy -6(TQ) (AR), 7ot 12(Tpiv ( RPSket
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Applicatioﬁ of Langrange's equation of motion to Equation (40),
(41) and (43) yields:

E + E-?Lf;‘q) Lé(kés);] ‘ [E&;_“ﬁ’.’..] [ (.éps)m]

{44) -
= - F‘iht. + IZ(ngb f'é(Az)j (TQ)DJ +Reu;
[ X ;HJE(%)‘] * [I"frf"' = iﬁm)}[f!@mw"”] (45)

=-Fihiey +120T@)8,, + (AR (TRYo, *Reuiey

The rates of change of the wheel angular velocities are integrated
directly.

(RPS); = (RPS), + fi[RPS)L' Jt (46)

where

(F5);, = “"u‘“"‘"i’}:‘"’“o sintl,
Lo
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3.1.5

3.1.5,1

Summary of Equations of Motion for
Sprung and Unsprung Masses

Independeni Front Suspension - Berm Axle ' /
Rear Suspension Equations of Motion o

The equations of motion are simplified by the use of the following

combinations of inertial terms:

LM =
(z),
i)
(1),

. (I;l')c -
Tysde =

s =
(%),
(%)¢
(%4);

(%),

| (JG)g
(”’)c *
(;l)t ¥

()s)t *

'y

My + Myp + Mug
i ‘ 8t + &)

© My |35+ 3:(61+8;) # —T—L] * Mun(?x *J})z*ﬁ/ﬂaﬂ (30 + %)

(Ié) “« 0 Mye (3’3 +dy *.2)

A{“’ Q#H]J‘Mag(bx"‘/a ¢‘-

e
; &, +dp

Mor T2

(61-82) ~Mue o $o (3 + 2 #J3)

Myr @~ Mar b (47)

& » &e
f‘fa;(h-ﬁ_ '; )* Mua (32 + 2 + d3)

(’z)t"‘ Mal/"
([;;)g *« Mue P° Pe

r [1=(Z) [ en [17702]

2 [Ma;(di # &)+ Mue (B -0 Pe ﬁa«)]

Z{M“ (3¢ (8 # 40) 4 6., + &) + M (rerds) G- 3 "")}
2 (22 (4b) - Mae ot (5 e 50)

P [i;-’a. (5 tdy) =M b (8y ~© Be ¢.¢)]
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5.1.5.2° Independent Front and Rear Suspension

Equations of Motion

i~ mel@ )]+ el v (37 |
1, = Ylatz8)ralz. 14)] - ’%‘ [b(zw,)fb(w&ﬂ

| Iy, = %{%(ﬁp*&)' Faed, )] + B[ B (2p1s;)- B(2et4)]
5 * Mwra-Mweb \

Moe L2 {3520« Muel 2o+ (259)]

& Ml (8] +A4m[b‘-(—?)‘]

K= Ma(408) + Mue(By4dy)

Ny
i

b= Mel 200750085 08,5, )  Mlze (dy e by vaude]
é.—; "i’.;.rf(d!,'cfz) + A@-;-Ig(;?“j#)

Y= Mualdicd) - Mueb(d3+4)

Inertial Term Definitions for Independent
Rear Suspension Option

38

- (49)



S

b4

0,

2

ot

.J
' | _ | by 1oy ! i |
sy o 4 © m o, 9 vgmy o T oy o0 10
i t , | | ! !
e e e i = e - - ——— AU SR —— g ———
T .__. ¢ ! - ' I“ !
Qﬂﬁaq.a,o“%_ﬂi%_qﬁo
b | 1 a
l-l:r“ciaulns.wlllual_llsil.ﬂl..i!eI.W..;..!-nl.m.llnlll*ll.,tl”lsllw!iinila
[ 4 - i
o o | % ! o I o _mﬂ-”ké‘_,mw | O ” 0
|
illm|i.+ll:;lltIIiEwltlTiElr£||Pill+I|!1
r bz | o b s ! _
o M 0 __ o | # “ 0 _«tx-_..u%:_ k%«* o, °
! ] ! {
et daids Dt bt e S it et
_ !
0o | o o | o | EU U “.u-zi cr e
| . _ R E TR S I
: r ~ C _ _ .M, _
o | © “ o | @ o Ml oo 0 0 8
1 ) ! !
li.l'w;tl'llt”l'll...“tl.ll.l"l'l!EmllilT;tlw-lifll—Wltl!'l“luclll
o P oo y 0 t o wm\‘:-_ 0 ”ww..xh_ o | % 1+ ©
| ] t 1 i — i | _
...||L||l..lli.“....i.r.ii.mnsiJl._ii.*...t..,«a..l._.i..l.
i i SR : !
o , o | o L o o | o 1 o ” w o o0 ” o
i } by i i
.l‘ll.ivml llllll Lllll..l..”'lal Illr.c.lhli!.l.'lm. - — .......I..lll—lll.l-!l.
i " i 1 T | | T § .
o1 ° 0 o ! ¥ lo ” o L Wz 1 o
‘ .
| 1 ! |
iiiiii “l.! — lmg.nl Iﬁtc:nnl e - — — L_ |.|.¢-:I -
| o 1 o % 0 c

-

Matrix Equations of Motion for Independent

Resr Suspension Option

39



o

WPy [IDF o (D0 d) (P )9 pngsa by gan-p uu.mm

e e kb VWS PR mmm e G N W e e e et SR AR e WEE W ot e SRR S e T mee SR S S s

fS Y 4 [y § - (240) (9 72) s q+ b50550k: ga.om 1K,
%+, (00 £ s (24 (0H92) 2390 - psogsmbs gn-pn Tmﬁ

gy _suu + ﬁmqm - () (Pr) Yyv - %mSmmvamb.wﬁuuwm

i v b e e Amw G mms b S ANk LS OmuS e e M e e MEL WA e S ML M wme e e AL mms e S e e
— man  wha wp e mm e e W WA ML e e e e R e M mAR e M W M e e S S s e b mee e e
- — W MM MM A D W L R S e e e e S S e e e am e e G SR s ems mem e e

Sy (psagsnbiga-p)Sw

%yZe "7+ d %+ AR -V A - (wsamBean-gr)iZ

S2a M7 e O - YA~ (D) R + (- pot-yaywg

40



|
|
|
|
|

|
|

3.1.5.3 B;eam Axle Fro_nf and Rear Suspension
Equations of Motion

I0 = Mur (2 +de) +feMurlzprde) + MR(22t 2 +eMoe (2a+ ) ”

I’Y = Ix tPeMur(Ze +¢ 1?3;) + pr Mue(2e +4p +Pg)

M@+ ggE) M (bpEdR )

L.
e
n

Rl
L2
W

 Mralzers) - Mueblzard)

Tj= ~Mopd (25 45 +55) — Mok fede (B 1 +0)
Y, = My - Moz b

Y= M (zp4pet8) + Mue(Ze 1fe +52)

GLE ¥ Murpe ~Murfr

=
u

Iw * ﬂc’rﬂ:MuF * P2 fr Moz
Mw(a’;/o}-f,cz) r Mor (b2 pi42)

we
!

Y= M (G- prdede) + 2 M (Ge-pedede)
%= 2Mu(z +5)( & -quDFrﬁ;) +2Mor (2o 82)(da=prdrde)
BT -2 Mopr e (& 7&52;99;) + 2 Hoefrde (de~Pefrde)

Yo= 2 Mo a(‘;f' 70;9",::;5;) - I Mue b(&n‘)"zé’:éﬁ)

Inertial Term Definitions for Solid
Front Axle Uption -
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3.2 * Vehicle Position and Orientation

3.2.1 Sprung Mass

The transformation matrix from the coordinate system fixed in the
vehicle sprung mass to the inertial coordinate system according to the rotational
sequence ¥ , © and ¢ is: :

- — R — —
— e mam Wl S WA D AR Tl RS e g — .t —

| . .
‘ cosB eos i :-c‘asﬁ Sn Y+~ Sin g sin eco.s-;l'_:_.rm g sinywcosgsincosy
- —_

L
e e — fmmm———— e —
-$in 6 1 cos & sin @ 1 Cos 8 cos &
!

where ©° = &, , ¢ =¢& ,and ¥ =%

In order to obtain the Euler angles required it is necessary to
integrate the components of the rotational velocities ( P, R ,R )

along the axes of rotation of the Euler angles. These components are given

by:
6. = Qeosdy - Rsind} | 58)
<i5é = P+(Qsind, + E’cosqb;)tane; (55}
W = (Qsind+ Reos Pl sec &, (56)
Note that the presence of the tan €, and sec eé in these
expressions result in a singularity at 8 =7x/Z2 .

An indexing scheme that allows unlimited angular excursions of the

vehicle involves the use of three sets of Euler angles:

§) Ye ., O , ¢+ are the Euler angles that define
the orientation of the vehicle with respect to the inertial
axis system in which the x’ and .‘f’ axes are horizontal

and £’ is vertically downward.
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2) fé . 6, . @ are the Euler angles that define

the orientation of the vehicle with respect to an intermediate

system (the indexed axis system). MNote that this axis
system is fixed in space either coincident with the initial
orientation of the vehicle or is oriented colinear with the
vehicle axes at the time of most recent indexing.

(3) Yn , 9;1 , ¢'n are the Euler angles that define the
orientation of the indexed axis system with respect to the
inertial system,

Thus, it can be seen from Equations (54), (55) and (56) that the
rates of change of the Euler cngles that are calculated are written with
respect to the indexed axes and integrated:

6, = 6, + féjé dt (s7)

&= P +| Pt dt (58)
Ve = Va +f1’}§ dt (59)

These angles are then related to the vehicle Euler angles with
respect to the space axes by the following logic,

If &, = ?So = 0 and coordinate system indexing has not:

occurred,
L
g, =6,
:45;
F
V=¥
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“1f 9, £ 0, ¢9 § 0, or coordinate system inde*ing has

occurred,

(1)

(2)

For first time increment of a given run only, cet

‘4’;-:"% ) et-1=9':'- v ¢t-f=¢£?-

e Bl = JAI witn ¥ =¥, 8 <En
¢ « @'n (note that #Bnl  remains constant

between times of indexing).

f

et IIC{L” = ,Aﬂ with '5# = ‘p‘t’; ’ g = 9& »
¢ « P . ' :

'fherefore, . IIBn. I transforms a vector in the indexed

coordinate system { T” ) to the space fixed coordinate

system

Tr'= )Ball ¥

and ﬁCwJ/ transforms a vector in the vehicle coordinate

systexﬁ { 9 ) to the indexed coordinate system

Tz Call T
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¢&))

(4)

(5)

Therefore
7' = JBall-lCall T
and, by definition,

HAN = 1l Ball-llCall

By inspection of the elements of A , (Equation (53) ),
it is seen that:

tan ‘wg = Az,/Ay

Therefore,

B Cot + Bialay + 5135371
= arctan
v [ B Crv + BigCar + Bys Cog

Number of revolutions is integer value

(60)

. Y.
Iv= z&

Define four possible values for testing

TRYPSI) = Ve +22(IV)

Rypsy, = H * R 20(1V)
TRYPSI, = Ve - +20(1v)
TRYPSI, = Ve -2 +20(V) for positive Y& ,

- VY t2%+ 2 (Iv)  for negative VYe .
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(6} Test each of the four pessible angles to seek correct
one. For L= 1, 2. 5, 4

DIFF; = TRYPSI; = Yeu

(a) If IDI'FF;I“;F . TRYPSI, is the correct
one, SET ¥e = TRYPSIi.

(b) If none of the four values of JOIFF < E .
et IV =¥, /2T « 1 sgn (¥, /2% )

Return to (5).

(1 (&) For [sn%l olor.

BysLoy + B2 Cay # Byg ot
(b) Foro0.7< ISin¥;/ .

6, = arcton ['ww‘*(gf" Ly + By Cy *333(351)] (61)

-sin¥, (B +83y 0, +B33C
0, = arctan o ( B3 Cay +B3yCyy + B33 Car)
By s + By Gy + 813Gy (62)
B3y Crp + B3zCag i B33 Csy
| Darbrs* Daz 23 F 033033
(9) Repeat steps (4) through (6) for ©: ¢:
The values of the angles ¥p , B¢ , ¢ at the time of
indexing are saved as Ya , ©a, @n , and the sngles 'F"’},,B‘L R

{
snd e are set to zero.

The position of the sprung mass center of gravity is determined by

integration of the velocity components in the space-fixed axis systiem,

4 4

w , v , and w’ , where
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U ¥ , and W are obtained from the differential

*

equations or initial conditions, and

: ¢
x, = z;, * .[ 4 (65)

. £ )
e e [ w

(]
! & ’ ¢ i
¥ 5:&"‘ w'dt
(]

w (67)
3.2.'2 Unsprung Masses
3.2.2.1 Independent Front/Solid Axle Rear Suspension
Wheel Center Location
¥, Ye @ .
g |l = e {l+ 1Al e )} Tz a0 RIGHT %)
¥ |} e il a
gill = lJs || #11 AN« || ~(F72 ~802) i (69)
Xs %e -b RIGHT (70)
wll= |lse |+ HALl - T/2-pde REAR
23 2 2y vp ¢(Te/2)dy +ds
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¥y X: _ -b
gl = {1 % ||+ 1Al - Rk - pée LR (71
2} 2! Zgep-(f2)dprdsll

where ATuee , and ATwez A :
values of Tr/2 interpolated from the ATur  teble as a function of s‘uspension
defiection <, and 4 .

are the froné half-track changes from the static

Wheel Orientation

B3 = P4 = $2

, from differentisl equations of
motion or initial conditions;
¢p 4 ¢z by interpolation of tabular inputs of
dc as a function of &, %2
m ) ﬁ by interpolation of tabular inpuis of
Yr as a function of time,
or from differential equation of
W: if curb routine is active;
'F"f?l'} T Kas @e (Rear axle roll steer, positive (72)
values of g produce roll
understeer)
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3,2.2.2 Independent Front and Rear Suspension

Wheel Center Location

X} x!
gifl = |19
2 2e
X3 1A
ypll = 14l
25 2.
X3 Xt
Ysi| = |14
2% 2/,
L1 Ke
= {19t
z} £

where ATwes and Amrz:q are the rear half-track changes from the static

-

+ L All

+ Al

FlIA

+1All

-

a
Te/2 + OThry
Zr +4;

a
~(Te/2+8Tye, )
;'F +Jl

-b
Tef +47§za
2o+ 83

-b
~(Ta2+8Te4)
Zp+ J..’ i

value of Tr/2 interpolated from the ATig table as a function of

suspension deflection 3

and dy

51
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Wheel Orientation S :

7¢1 , @2 - interpolate $e V5. &, /
#3, @4 - interpolate Qe V5. ds, S

'45? . sz - interpolate_ 15?71’5 t or from 7}}
Vs = Kas+Kasids +Kisa 6+ Kgy 4 (77
¢ = “(Kyy + Kgsi 63 + KJsz.f; +Kss by ) , (78)

where Kis , Kk, , Kuss |, Ksss arg"input coefficients.

3.2.3  Beam Axle Front and Rear Suspension

|
1
Wheel Center Location

A «a | |
gl = )+ 1Al %2-se o)
z | 2::” ,t_FvJ;f(TF'/Z)dl;uf,

X4 % e |
gl = %l = 1Al | -5 -pes (&0)
z, Al Zp +,pgn(7}/2)¢F +d,

X5 x¢ b

A I P I R B Y o
24 | 2L Zg+p -r(Tz/Z)gﬁg fé:,l

x4 xe . b

2:’ E’G ﬁg *‘P - (ﬂz/Q)@e +J5 : :
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Wheel Orientation:

¢; » ¢2. - ¢F
¢3 ’ 4‘! * ¢£
7}’} . Yz « % from interpolation or 1}7; equation

VoY = Kesde (83)

3.3 Vehicle to Ground Orientation

The directional cosines of a line perpendicular to the ground in
the local tgrrain region under wheel L are calculated by:

£0% o &% = cop ¢a; n Bﬁ_
L]

&as ;:‘f’ s fof 9“. cos ¢‘._' (84)

where Es. , Poc sre the ground slopes’ under wheél ¢
in Section 3.4,

as determined

A normal’ to the wheel plane of wheel [ is determined by the
directional cosines:

los “yw; -35ih y/‘
€os Ayw. || = "A u < || cos & cos ¥
cos Iyw‘. ' I S:nﬁ;. cos i/ I (85)

53



P S

i . e A ATt i+

By subtracting the angle between the two sbove normal lines froa
f/2 . the camber angle relative %o the ground is obtained:

beo, = ."/2 -are Cos [cas Uyes, COS Kgpr * COF Fyer, €05 Soa,
* €05 Oy COS 3'“:.] (263

(Note that a + sign for @ce. corresponds to camber thrust in =Y direction.)

The directional components of a line perpendicular to both the
normals to the wheel plane and ground plane are calculated by taking the

vector cross-product of the two normais:

- CoS 2 :
D,‘: : 05 By, €08 Fyp,.. D, = cos a;,,.‘, o8 oy,
cos ,&’“t €OS Yy e | ¢os J;,z‘,_ cose,,.
. £
D,‘. e 1608y oS By

Front and rear wheel steer angles in the plane of the ground are
obtained by modifying the respective steer angles relative to the vehicle
by the cusins of the angle between the assumed axis of rotation of the wheel
(in steer} and the normal to the ground plane at the individual wheel, where

Cos &y, 0
cos yur- | 2 AL L - sing (88)
€08 Iyuy,: cos &

sre the directional cosines of the assumed axis of rotation of the wheel

{kingpin axis assumed to lie in wheel plane).

54



T e - o [ S T

Thus:

I

, \ f
v = r:-{ca: Agay COS Ky ¥ CO8 My, COS By, f-c'a;)“?f cos ) (89)

In order to determine appropriate slip angles to be used in the
ecalculation of tire side forces, the forward and latersl velocities of the
tire contact point. in the plane of the ground under wheel ( must first be
calculated. This is done by determining velocity components along the
‘vehicle ¥ and Yy axes projected onto the ground plane under wheel

L

The velocities of the tire contact point along the vehicle axes are

firset calculated by the expressions given for esch suspension option.

!
1

'1

Independent Front/Solid Axle Rear Suspension

Forward velocities of hubs (along X -nmxis)

W= W= (T2 10T )R+ (2p45)@Q
Up = W (RATEIR ¢ (2,45)Q (90)
Us = U -(T/R + (Bgrdyep + Tode/2) Q
Uy = WH (DR + (B¢ 8+p Tede/2)Q
Latcfal velocities of contact points {along y -axis)
, dé, - J 8T §
v = veaR (e 8)P-(heosh N Pr 7Y+ g5 &
y . [3 T” -
e Vel - Gees)P- (st P Gg &) - LT
Uy = U -bR - (2g+d)P - (p-Todha 2+ h3 05 ¥y (e +P) (91)

Uy V- bR - (2gtd)P - (,D-Tgég/zm.fwsxm)(éx +P)
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Vertical velocities of contact points {along 2 -axis)

w, =w ~-ad 7'(7;/2 *AT‘}F’)p 1-3‘:, rh,(osa'n'(Pf {jﬁ' )

w, = w~-ai ~ (7?/2+A7;1F2)P fd} '!"h CJSXM(P*" é J;) (92)
Wy =W rbQ ¢ 83 < (pge - Te/2 ~h3cosPn3) (e +P)

Wy =W+bQ+ 33;*(ﬁ¢g + ﬁfﬁ-hﬂasﬁuwéz +P)

‘- Forward Velocity of Hubs:

W, = U - (F2+8T: )R + (2, +8,)Q
dy = w (T;‘fZA* AT IR + (2 +8)Q
uy = w = {Tp/2r8Thas)R +{(2g+£H)Q (93)
ug = U+ (R/2+8Tee)R +{2p8)Q
Lateral Velocity of Contact Points:
v, = v eal- (2,45)P- [k, cost)Pe 55 8) + j’;“w;
G = U raR (2,0 d)P ~(nycostu ) Pr 92 G,) - G 4
- dds dda
W= V- bR b) Pl M P S ¢ 2R g o)

=y~ bR- -} s, A iy dBTes
W=7 "b (Zg2de)P (g sV X P g}:cfi) —:J'}:ﬁ&



Vertical Veloc'ity of Occupant Points:

W, = W-aQ + (/200 )P *“g; + hyospy, (Pr. %J’)

. ‘ ’ b .
Wox W-a.Q - (RSP ey ¢ ytosphy (P 92 4)
o (95)
Wy =W +bQ 4 (73 /2+400s) P+ 3 + hyospu, (P 7{% d3)

Wy = w +b @ = (T/2+8Tg)F s + hyostuu (P ¢ % “)

Solid Front and Rear Axle

Forward Hub Velocity:

W, = U - (G R-ped) v (274 + e /2) Q
Uy = U+ (/20 )+ (25761 Tee/2) @
Uy U - (p/2-p )+ (2erd5+Rd/2) @
Ug= R+ (Te/2epdo) +(2g 135 - Tede/2) @ (36)

Lateral Contact Point Velocity:

U 2 » Al - (2,48)P - (pc +Teghp /2 +hy 0S¥y, M(Prbe)
e v ral - (2:48)P - (- Tde/2 +hy 05%)(Prde)
Va =¥ bR = (245,)P - (p+ T/ + hyw$ ¥ns) (P )
Vg =1 bR = (2,48)P ~ (- Tady2 +hg 05 ¥ns) (Prd)

(87)
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Verticél Contact Point Velocity:

W, = W + 8, -a@- (p:qbp»?,&/z-h,(osﬁm)(}%ép)

Uy T W +d, —aq- {pe4e *E/z’hzfasﬁm)(P*éF)»
Wy = aeds +bQ - (Pde -Te/2-hy0sprs)(Prde) |
wy= wedy +bQ ~ (pda +T/2 - hs0sne)(Prde) (s8)

The angle between the vehicle X -axis and its projection onto
the ground plane is then determined. By taking the vector cross-product of
the 4 -axis and the normal to the ground, the directional components of

-

the )f- -axis projection in the plane of the ground are obtained.

cos
2y, Py . cos %Yy -
€OS gy, €08 Oar
by = cos dy cos wy
- cos )’@g". t‘o.':" d;f"'
los
er; = £y cos ,6;
CoS gy,  €OS Bop, (99)
&
where
cos ay 0
o3 ﬂy = ”Al! . 7 9
cfos )’g 0 (100}

are the directional cosines of the 'kj -axis.
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The angle between the X -axis and its projection onto the
ground plane is then determined by the vector dot product:

(C‘OS‘ ﬂfx) Ay, # (CO: ﬁx)b_“z“ - (Ca.? ;Z) c:“-

€05 Byp. = = 101
‘ 1/4&;‘. » by, v ck, (aon)
and,
Cx;
Sgrn 6,‘,‘. = Sgn |cos - =
. F £
}/4::‘. > bx‘. ¥ Cx‘.
vhere
COs oy !
cos By || = l An <ol .
Cos Iy 0 (102}

are the directional cesipes of the X -axis,

The forward velocity of the contact point in the ground plane is

calculated as:

@y, = U; 008 Org. — W S Opg. (103}

&

Similarly, the directional components of the y -axis projection

onto the ground plane are:

ay, © cos &y cos By
‘ o5 gy €oS B gz;
[ 4 ’
by, = cos ay cos Jx (104)
¢ oS gy, cos g '
. _ | cos By oS &y
¥ cos ﬁ‘?_:. oy .1‘932.
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And the angle between the . 7% -axis and its 'proj'c:tion onto the
ground plane is: : ;

, i
(cos «y) ay, + (cosgy) by; * (cos &) oy,

€os $ye, (108)
. . 2 7
| ]/‘y; * A,‘. * Cy.
and
sgn g, = sgn | cos s 7
¥6; 4 ¥ = = -
Vay » 85: + <y
Finally, the lateral velocity of the contact point in the ground
plane is:
!
1
| - ; 106
i v = % caspya‘. wy St Py, (106)
3.4 Tire Contact with the Ground
3.4.1 Cround Contact Point

Determination of the tire "ground contact point" is accomplished
by passing planes'through the wheel centers ( x/ , '3!4-' ) y": )
perpendicular to both the wheel and ground planes at the individual wheels.
At each wheel, the point that lies in all three planes is designated the
"grouﬁd contact point". The characteristics of the ground under wheel

are determined in Sections 3.4.2 through 3.4.5.

Thus,

4
Apy = X Cos @yy, + YOS By * 37 €05 Yyury 107y

’ ’ ’ {108}
Ay, = X} €05 &gp ¢ Y COS Boer + 34 €05 op 7
(109)

A’J- - Df‘. X;+ p“: y’: + ﬂ,‘. 3-:' _

&
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where Equation (107) is the equation for the plane of wheel < , (108) is
the equation of the ground plane through the terrain point directly under the
wheel center, ( X , ’;ﬁ , 2% ), and (109) is the equation of the plane
through the wheel center perpendicular to both the wheel plane and ground

plane.
Let
. cos dy”‘, . £os ﬂyﬁf; cos )'y“p-"
u C" ! a il fos “G!"; “Qsﬂal:‘. cos )’GE','
Df‘. 08.; D-’:.' (110

Then a point that lies in all three planes is determined from

/

x&"- A".
A Yor ll = || 22
3 As, @

The radial load on the tire is subsequently found by determining
the deflection of the tire at the ground contact point.

Bi = + (7 =250 )? ¢ (Yim gy \* # (30 - bim) (112)

where 4; is the distance between the wheel center and ground contact

point; and

p iy TorB:< R,
“U
Ry For Ru€A; (13

where h; is the rolling radius of the tire.
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Finally, the radial tire force is:

al ﬁf’ {ﬁw“&g')ta ‘ '
b= & (R =hi) s for O<(Ry-hi)< o7

Ky [“r (R ~hi)=(Ar-7) "i‘]v for oy & (R -4;)

The directional cosines of the line of action of the tire radial

(114)

force for wheel [ are:

£ - ’,
Xep = X

&y

cos g, =

’o
cos fe. = M
L A‘
. f = 3
eos X, Bor = 3¢ ©(115)
‘ i
The corresponding direction cosines in the vehicle coordinate

system are obtained from

cos 4 CoS g,
o8 By, = HAT| » || coS Be,
116
cos Jl" Cos J’& ( )
3.4.2 Flat Terrain Ground Characteristics

The default terrain is defined as being flat and level at an
elevation of 0.0. Therefore, the ground characteristics under wheel

are defined as:

2, = 0.0

¢“' = 0.0
G5, " 0.0
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3.4.3 Variabie Terrain Ground Charactefistics

|
f
I

|

Varying terrain is defined by the use of input terrain tables.
Therefore, it is necessary to determine the characteristicS'of the terrain
under wheel . L as defined by 2, $s. , B, by iuterpolation
of terrain table data’

.

The calculational procedure for determining the elevation and
slopes of the terrain under each wheel of the vehicle from tabular input

data is described in detail below.

Step 1

The highest numbered terrain tabie (1 through 5) applicable to the
wheel is determined by sequentiaily testing if the wheel is located within
the X' and Y' bounds of each table, HNote that in regions of overlapping
tables, the program will use the terrain as defined in the highest numbered
table, Therefore, if it is desired to use & small or 'fine grid" table to
describe in more detail terrain that is also within the bounds of another
“coarse grid" table, the number of the “fine grid" table must be larger than

that of the other table,

Steg 2

The particular grid segment within which the wheel is located is
determined and the corner points labeled as shown in Figure 3.6.

Step 3

Determine if an interpolation boundafy cuts through the segment,
For Y boundaries, a boundary cuts through the segment if
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NOTE: 1,2, 3, 4 ARE
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AX >
[+ 4
L] e
3
—— -
¥ gony
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Figure 3.6 TERRAIN TABLE GRID
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Yy < Yapry < Y%

(Note: Subscripts 1, 2, 3, 4 refer to
' corner points of grid segment.)

An angled boundary cuts through the segment if
'y P '
XGI’ 4 XL(EPT = X&Z » or
' !
XLLEPT 2 Xéz and XRCEP]‘ < Xgg , OF

Lrceor & Xey and Xeeeer > X&s

where:
 Yueer = Kooy + ( Yér - Y) ctn Vaoey | i
. - ' 118
Yeceer = Xaory +( Yos - Ya) ckn Vapev (118)
Step 4 '

If no boundaries cut through the segment, caluclate f'a; by two-

way interpolation using the elevations of the corner points of the segment

2 . Eoz : , 26s and 264
Then
Og1 = arctan(_{gia-__:ﬁ) (119)
Gin = arcﬂzn( "‘2”;:'“) (120)
Bsi = Ceg + (953'661) ('l{i;d-f") ooz

65



!

e3¢ - 24, g
. ‘ I
¢6i'= ies4 Zy f!
- Lt ) y
dfcfdn{—rw sec Q“) s ‘For y:_ = Y‘., . (122}

f

. i
where i';l,z and Z63,4 are "“intermediate" terrain elevations at points
on the Y' sides of the terrain segment at X’ as detérmined in the first
of the two-way interpolations,

Step 5

If there is only an angled boundary cutting through the segment, a
determination is made as to whether or not the wheel has c¢rossed the
boundary. 'The wheel has crossed the boundary if

Xeey+ ( yi-Ya)ctnYeory < X (123)

(a) If the wheel has not crossed the boundary,-

{1) starting with corner point 2, the first grid
point along the Y'Gl' Y’GZ edge of the segment
for which X'<XLCEPT is found and designated
as point 2, Corner point 1 is then relabeled
accordingly (one 4X increment toward XB).

(2) Stafting with corner poini 4, the first grid

| point along the ¥',., Y'G4 edge of the segment
for which X'<XRCEPT is found and that point
is designated point 4. Corner point 3 is
relabeled accordingly {(one AX increment
toward . XB) .
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(3)  If X' = X'ea Zé:. ,» ©s. and sl are
computed as in Step 4.

1f x'G2 = x'Gs.

2, - 2 -

&, = t hd “) 124

e, = arctan I (124)
' ’

¢, = arctan (..’.f%;.ﬁ mgﬁ) (125)

2o = Bia+ (y)-Ye) cosOutan s, -(¥!-Xg,) tanb,,  (126)

If Xooy = Xggr

Ber-2ei) o ‘
G5 = arzéan(@#‘%ﬁ’j 5¢c6ﬁ) (128)

Lei = Equation (126).

If x'GZ < X‘G3. designate the grid point one
& X increment toward XB from point 3} as

peint 5. Then

¢, = Equation (124)
s - 2
b, = arctan((“—.__-fizsecga} (129)
AY
£ = Lquatinn (126)

1f xtG] > X'Gd’ designate the grid point one
&X increment toward KB from point 1 as

point S. Then

67



M 1 e I
et B e,

m e me s ey s prr g

6;; = Equation (127)
? ’
Foi = 0"61‘4"((%1) sew,) (130)
g&d * Equation (126)

{b) If the whes} has crossed the boundary,

1) Starting with corner point 1, ¢he first grid
Point along the Y.Gl' Yt

as point 1. Corper peint 2 i¢ labeled &ccordingly

{one aYX increnent towarg XE).
(2) Starting with corner point 3, the first grig
G4 edge of the segment

4 is labeled accordingly

(one ax increment toward XE).

(3) 1f x'cl-x'w Ze. v €5, snd Po. are
computed as in step 4,

If X‘GZ - x’GS'
8¢, * Equation (127)
¢si

® Equation 125y

2i -z o B~ Y6) 08Bk tandy, - (y: x| tang,, (131)
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. Ml’o—‘w«--ﬂ_ _____ -«_.M_.."—-H--_....__,-»—-—
;
1
i
!
X = n gy /
B = Equation (124) |
P = Equation (128) ;
z%: = Fquation (131) :
1f xo

¢z € x*ci, designate the grid point one
8X increment toward XE from point 2 as
point 5. Then

Bsc Y Equation (127)
LY ] '
%e; =anctan ((—---_._2"2 2es) seceﬁ) (132)
v :
2%: *= Equation {131)

if X6 ? X'cse designate the grid point one

&X increment toward xE from point 4 as
pPoint 5, Then

96‘; ® Cquation (124

| 2oc - 2! ‘
¢ﬁ - an;ﬁan,( C“Ti) sec 9“) (133)
2, = Equation (131)
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Steg &

If a v boundary cuts through the segment ang

{2) if Y'i :'YBDRY’ the grid segment . ope

toward YB is used with the
shown in Figure 3.6,

AY increﬁcnt

corner points designated as

Proceed as in Steps 3 through 5,

{b} Ifyr >y s the grid segment one
i BDRY

&Y increment
toward YE is used with the

torner points designated ag
shown in Figure 3.6, Proceed as in Steps 3 through s

using the following Cxpression for the roll siope, Pei
in Step 4, :

when boundaries cut throy

gh the
located, the ¢ley

Bird segment in which a wheel is
ation and slopes of the t

errain under the wheel are computed

gments, To minimize errors that

far from the actual terrain se
it is recommended that the
range:

Erid points tog
wheel s located,
be restricted to the following

gment
in which the

angle, Yaoey |

- AY S A AY
(2 arttanm 2 VYeory 2 antan Ty

A minimum of two tubul
angled boundaries or two Y°¢
beginning or end of a terraj

operation of the subroutine.

ar values between like

boundarijes (i.e., two
boundaries} or between

a houndary and the



3.4.4 Curh Impacts ‘

The use of the curb impact subroutine is determined by & series
¢f logical tests, If no curb impact input dats are supplied, then this
subroutine is not activated during the course of the computatioﬁs. However,
$f input dats are supplied, then each wheel center is tested for proximity
to the curb immediately after the vehicle position end orientation suﬁroutine
has been completed. |

1£R, ¢ (yé, ..yi) , then for wheel i

1. use tabuiar input of ¥k until set to differential
equation of U by any one wheel, ' .

2, bypass terrain input and set i:-, n b5 = ¢6 e 0,
§
3. retain coofficient of friction = AMU; . ;
) [} ‘
1f Rw# fyi«» yét) , where ‘,’ju is the location of the start
of the last curb slope then for wheel i , i

P

1. continue to use differential equation for determination

of Y .

2, bypass terrain input and set

26, = 2o+ (y¢-ye) tan der
961: o , ¢é = Peu

3. reset coefficient of friction to the nominal ground

value P
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if aln} wheels pass this test, reset calculation time
increment to .,

5. return to vehicle to ground orientatiop Subroutine,

!ff3f£'~yé;.)$ Rwe(gé,-.y:') then for wheel [

» enter into
curb impact subroutine calculations,
1. use differentja) equation for determination of }ﬁ,‘e
wWith most recent tabulayp value as initial condition
2. Set calculation time nerement to At s
3, modify the tire-ground friction coefficient by the
curb friction multiplier, i e., Ms; =(AMU¢‘)(4}MUC.)
Let the matrig ”AJ” be defined ag foliows:
_______ @ 5:”:9{5?:‘__-___!_15"{51%_-1 s sin 6
) . 1 t."'“'"'f ““““““““““““
“AJ” = q‘f_ﬁ‘%f‘_"_ﬂ{@?:_f_?}fi_ﬁf'f%“’_Cesfi_ﬁgs_’}’ :',_msié’*ﬁ"%smersm‘»‘im% (134)
5N siny, 9,-cos¢;s:,n9, | Strg, (s, « s, sin

Qj: 4(.}) 2 J - -261—25) T, 0,1, ’ 25126

X corresponds to the sequence ¢;’ . 7/’}
r angle ¢,

axis,)

111 apply the Cambe
to the Sprung mass X

=2
85 a rotation about an axis parallel

» ¥

be defined as EA”’%M;'H
with the usual notation,

Let the matrix B

» and 823 ' 833
TEPresent elements of |3
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Solve each of the following expressions for Ry s

. ‘ % R 135
1 h} - = “"W""'z" .{Df“ 3L-<ycl { 5 )
Bas : _
2. ; -2 t{g;-yi,) Tand,, " {136)
R, = for 4. ¢y <yl .
J 5” - %g,km e y Jat Y, < Yer
. 2y - 2%y -yl)tande, . ' (137)
o= for Yia€ yi <Y
} 553_ Bza N ¢C1 2 5C2 Yo €Hea
4. : 25 -EZL (Y -gls)Tandcs . (138)
. = ¢ For L2 L e |
A | 543 "623 +ﬂﬁ¢¢3 ‘ﬁ) Yeas Y Hea
5. ) 2q -2+ (yl-yra)tandcs {134,
n'y = - b !
b 533_525 fan ey ,‘ﬁr Yep & 4. < Yces
6. by = TRl 2it {jg.—yés) fangs for s & g <yl (40) .
B3z ~ B3 Tondeg ¢ ,
T s 2l Bl 1 (Yl -Yis) P09Pce o gy (141)

Ba3 - Byz OV G

Using each of the values of !'1,'5 solve the following expression

for three sets of ( x} voyy 23. ),

xj x !I 0
|
il =l ¥ Hﬂl - o
s i o
AN a s
Using the solutions of { Xy . H'J , 27 ) for each ,

test the value of n.'J' for the range corresponding to its 3‘;' solution
shown above., Retain only h.',' . }:'J’ . g} . z’.'j‘ for which is

. i - .
in the correct range for its /1y solution.
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Using the retained values above:

e .

1f h.':;'?&/,; + then this individual radial spring is not in

contact, index [ by +1 if J. > 26 proceed to calculation of radial

tirer forces.

if h.',' < Rw; ~, calculate and store the following:

¢ ¢

M.fﬂj .ﬁ_-:rf‘{_
Aj

gf—-y.’

Wl ==
Ly

3 -5 : (143)

o

Index 4 by +lor, if j > 26, proceed to calculation of radial tive

forces,
Calculation of radial tire forces:

’ .
For each h‘.'}' , look up Fj‘ in input-generated table of F;'
versus (Bw.~h'Y), calculate:

rig '
NP £ cose;
A x¢ J;i‘ iy o (14¢)

2§
Loy, = J Freoes, ae

LI

L ) (146)



and

(147)

Ch *W/(Z:&xi): #(Llay)" ¢ (Lray.)?

Therefore, the directional cosines of the line of action of the tire

radial force are:

Fag’.
fos 3’&‘. = --..z.:?__-..’?-.:«. , (148)
=

An "equivalent™ ground contact peint and "equivalent" ground slopes

are now determined for calculation and application of side and circumferential

tire forces.

The equivalent rolling radius of the tire is

7

&
R = j;h" for (R~ 03) < A
Ay = g
Fec (A,=1) o3 ' (149)
2 - R r T
G r ” Ay » For £ < (izv"a;)

and' the corresponding y' and 2' coordinates of the equivalent ground

contact point are:

- .?a;;. =y v A cos g, (150)

3en = 3L * A cos g, (151)
]

75



“Equivalent” terrain slopes for this case of nonplanar terrain
contact are established by the use, as a normal to the equivalent terrzin,
of the projection of the normal to the actual terrain, at .the equivalent
ground contact point, in the piane determined by the radial force vector
and & normal to the wheel plane. In this manner, the line of ihtersection .
between the equivalent ground plane and the wheel plane is made to remain

perpendicuiar to the radial tire force vector.

-

Determination of the siopes of the equivalent ground plane is
accomplished by means of application of the following relationships:

&, = arcsin = DNE
” s+ oz eon: (152)
{ )
Gs; = arcian (D’;"; ) (153)
(9

where
ONIl: =a, by sin @y, - a:C; s &%,
INZ; = ~bic; @5 $ei - (@l +c] )sin s
(154)

M" = (d:f‘b:)COS(PA‘ J-b‘CL 5£"I¢""

é@é and &4, are the equivalent ground slopes, d5: is the
actual ground slope at the equivalent tire contact point (note that éZéi ® 0
for the case of curb simulation}, and .
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&; = ces ﬂk-‘: ces ):e" ;
cas Aﬂth. cos %&“@ i
]
. |
ﬁ" o cas Jg‘. &os “t‘u :
cos J",,,;. 05 &y e
C‘f - £os O"‘. . &os ﬂfe‘_
008 'y, €08 By, (155)

are the directional components of a line perpéndicu;ar to both the normal

to the wheel plane snd Fr, .

3.4.5, ~ Road. Roughness
| .

I
13

The road roughness algorithm is based on the assumption that
foughncss data is in the form of small elevation changes from the ground
plane and is supplied with a constant increment betncen eievation points.

The roughness data is assumed to vary in the X' direction and is constant

in the Y' direction. Tire enveloping . effects are approximated through the

use of the distributed radial spring tire model in a manner similar to that

used in the curb impact model.

Let:

'AG be the distance increment between roughness

elevation points

Z'Gm be the mth elevaticn

The overall solution prucedure involves determining the intersection
between radial spring J’ and the straight line cbnnecting elevation points

L and ot +1, If the point of intersection lies between the limits

defined by the two clevation points, the solution is lepitimate and the
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radial spring deflection and force are computed. If the intersection is
cutside those limits s is in:remented and the procedure repeated until an
jntersection is found. ¥Note that the terrain outside of the limits of the
data is assumed to be flat znd level at an elevation of 2% = 0.0. '

The transformation matrix between the radial spring j; and
space, [NBll , is computed as 181= JAL-IA L where [lAgH
is given by equation (134).

The intersection between radial spring j and the straight line
between elevation peints A1 and M+l is:

! . Bs o 2w - B , |
X r =% ﬂbm— X‘M(M)-Eé]} (156)

| [[
- G ( Zim Eim) |

i

Bpn v

ot ! ‘ : : fens -
If Xbﬁé-xj'C Xomei » the intersection occurs within the limits
for this terrain segment and the distance between the wheel center and

intersection point is computed:
ho. X X (157)
! 8
5

If ‘1-'_,' > Ru , the spring is not deflected, and calculations .
proceed for the next radial spring.

if h_'J- < Rw. ; the direction cosines for this spring are
computed:
Xi-xXg
£o5 &, = ..‘____.._’
hvj.
CDSﬁJ‘ = "y‘ t"‘f’
h'y
Eo-2% (158)
05 = L
Ay



and the radial spring force, ffﬂ , 1s obteined through interpolation.
J

When calculations have been completed for all radial springs, the

resultant force components are computed:
Shae = EF; @050
2551 = ;Fl{wsﬁj
Zhey, = ZFowsd

and

Fﬁ!,_’ . j)ij,"-)z ¢ (E'C;’y',;)z ¢ (ZFEPJ)I

{159}
(160}

{16})

. (162)

Therefore, the directional cosines of the line of action of thg

tire radisl force are:
Z Forr,

CD‘JQ"L = -
Fe.

i

oo
Bpp = - z:-:f#

/3
Zﬁzz',_'

s Xe,
e fre

(163)

An “equivalent" ground contact point and “equivalent” ground slopes

are now determined for calculation and application of side and circumferential

tire forces.
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The equivalert rolling radius of the tire is

Fo. '
R, - 7\ , for (B, - G Y <k

“ K, '
h¢=’ ( K
aw,_ [ Fé‘ . l)k-r;-”fh],ﬁrh‘:((ﬂw“dﬁ) (164)

Ky Ar, A1

and the corresponding coordinates of the equivalent ground contact point

are:
Xep, = X{+h osog,
b Yery = Y. +hy 053 ' (165)
.£ ‘ .
Tgo, = E, + hj(osdp, S {166)

_ "Equivalent" terrain slopes for this case of nonplanar terrain
contact are established by the use, as a normal to the equivalent terrain, of
the projection of the normal to the actual terrain, at the equivalent ground
contact peint, in the plane determined by the radial force vector and a
normal to the wheel plare., In this manner, the line of intersection between
the equivalent ground planc and the wheel plane is made to remain perpen-

dicular to the radial tire force vector.

Determination of the slopes of the e¢quivalent ground plane is

accomplished by means of application of the following relationships:

- DNZ;
N1+ DNZY t DNE]

{167}

G5, = a'rcsin{ J

(168}

DI,
8,; = arttan EU.‘;‘)

BO

i Ay

—



wvhere
DNT, = (cteb])sinBs; - 0,CiC0564¢
W2 = -ak sinb, - C b, 0565,

DN3; = (a}+h?) o865, -aiti sin€y; (169)
ﬂ',,; and ¢ are the equivalent ground slopes, 92‘- is
the actual ground slops at the equivalent tirc contact point (note P = 0

for the case of road roughness), and

cﬂ%ﬁq‘ Cﬂsﬂk;
a; = )
0% By, o5 Cqu;
o5 B, o5 g,
b’- P
6053&35 o5 g
L oS g, @S Ba. (170)
-"' -—
o5y, COSPup,

are the directional components of a line perpendicular to both the normal to

the wheel plane and Feo

3.5 Suspension Forces

* Suspension forces include effects of viscous and coulomb damping,
suspension stops, auxiliary roll stiffness, anti-pitch linkages and jacking

forces, and are calculated based on suspension displacement and velocity.
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3.5.1 Front Suspension

The displacement snd velocity for front suspension force
calculation are dependent on the suspension type. For independent front

suspension they are:

5 = &
5= & | (171)

For & heam axle suspension, they are:

. i -
S = & -1 Ledr/2
' ;. (172
S = &V T dr2 (172)
The front suspension forces are given by:
g = = M S F, Fp -Fiy-Fu, tF a7
L E ) 8§ ~Cedi - Frpe " TzRg TlaRL T AR, trre,
where
b MSB is the static sprung mass weight at wheel L
2(a+b)
Ce 3" is viscous damping force at wheel {
FaFi is the coulomb damping force at whee!l <
given by
9L ¢
€ CF ,fa‘lstf‘:éf
fe, = (174)

C;ﬁjﬂ.(j‘) Sfor 180 26€
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r

£,

B KPP il - -

I
I

is the combination of suspension force due to
displacement from equilibrium and suspension
stop force as 1llustrated in Figura 3.7 end

given by: f

' & -afczsc"?-ﬂfé

L/ij + Kfc (S(,"ﬂpc)fz;‘(a'nf(.)‘ ¥ ;" -&4.‘2':‘ aﬂd bgﬂ 3'; '8"»5‘:
b 3: 0 [0S0 + Hic (5 e ) for 5,¢ 5 and sgn , # 590 %,
eS¢ Kog (50,00 ¢ g (5-06)® for $50p and sgnd; = sgns,

Fae:

-
FaPL

o, = - (AR

| LS ¢ A (Kl S - ) + K5 -0 VD sfor 3 5D and sgn S, 4 ogn S

ol H

(175)

is the suspension force at wheel L due to
suxiliary roll stiffness given by

(1) [L? £ (5 S for independent frum 70}

Suspension

1R
Fon = of-1* |2 for beam axle front (177}
“L ( ) 7-

suspension

is the anti-pitch force at wheel ¢ given by:

Fe, b,
7

[7e 1 W7 34 (178)
where (’4&3;‘- is the anti-pitch coefficient inter-

polated from the front anti-pitch table as a function

of suspension deflection
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| :
By = ~(Fon i s et 357 -0 By 5

{s an approximation of the jacking force induced

on an independent suspension at wheel ¢  glven

by:

d# d AT (178)

Note that . frz; = O for beam axle suspension.

'nh———ch R P ) §

Ki SUSPENSION DEFLECTION
. w
J b Fe “ &1 ¥ é ] gJ ] .34

GENERAL FORM OF SIMULATED SUSPENSION

Figure 3.7
LOAD-DEFLECTION CHARACTERISTICS

(REFFRENCE 2}



3.5.2 Rear Suspension

The displacement and velocity for the rvear suspension are similar
to those of the front. For an independent rear suspenrion they are:

5 =&
. (180)
5= &
And for » bsam ax]e suspension:
ji = gy - (-1 7;¢1/2
& = & ~(-0)' /2 (182)
The rear suspension forces are given by:
5 L : -
X = vt Msq - G5, ~Fa; -Fapi -5, -Fao, # Fr; {183)
where
4 M
m 55 is the st.;tic sprung mass weigh? at resv
wheel, ¢
Ck.Sk is the viscous damping force at rear wheel .
Ff.e". is the coulomd friction force at wheel ¢
given by:
. é: Ca . for 15.] €
e, * . ; ‘ I (1ed)
. Cgfﬁﬂ(sg) 1] ‘Fa{ !56,1 eR
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_ is the combination of suspension force due to
Fini displacement from equilibrium and suspension

stop force as illustrated in Figure 3.7 and

given by: r.

Ke; $; -  for Dge2 S 2 e

Ka S + KeelS;-Rc) + Khc (50, For 5.4 g and sgn5; = sgn3;
foe = § %% +M[Kgc(5:;--f?~fc)*Kz::(i'-ﬂzc);] Jfor - $,<Qy and sy # sgnd.
oS + Kep (5 -Reg)e le(5-00e)® for 3>y and 590 %; = sgn 3,
KoS: + Mlkee (5 ~0ee) kel 3i-S20)7] \ for ;> 0ec and 5903, # 59n.5;

(185)

FAR _ is the suspension force at wheel ¢  due to

auxiliary roll stiffness given by

o= i Re (%5-5,)
AR, — (- “““?T?r__' for independent front
- suspension (186)
R
F.-aej =l [——;_jfm] for beam axle front
_ . fs suspension (187)
FiPz is the anti-pitch force at wheel < given by:
— ) . l': h.;l |
Fap, = ~ (AP "‘*;7— wsd; sy, (188)

where (QF})5£ is the anti-pitch coefficient inter-
pelated from the front anti-pitch table as & function

of suspension deflection
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F&Fﬁ is an approximation of the jacking force induced
on an independent suspension at wheel ¢ given
by:

: ~ dé; é ddle;
Fore = (R 0¥y~ by osprdbu T = 1 P 0= (189)

Note the  frc. = 0 for beam axle suspension.

Note that, the Anti-Pitch coefficient, AP or APz , is the
ratio of the positive or negative jacking force (assumed positive for anti-
pitch effects at the front and rear suspensions for forward braking) acting
on the wheel to the corresponding moment of the applied circumferential
force about a line parallel to the vehicle Y axis. The units of the anti-
pitch coefficient are 1bs/lb-ft. Tabular entries of the coefficients
corresyond to given displacements of the wheel centers from their design

positions,

Front and rear suspension jacking force, . fze; , approximated

by the follouing derivation.

The and =2 coordinates of the ground contact point of
Y g

front wheel { may be expressed as

Yo = -{-1)‘;(7;:/2 +A7;dF£) + Fi‘;casﬁn;

2= %+ J" *-'h.;_ cos )’M- (190)
where
cosapdl - icosV; sing; ’i
wsPn; || = |icos @, sin¥, sinb; - s5ing; cosfiil
CDSX;,_“ Sif-‘.¢" S(RU’L‘ 55!"6;*605@ (05‘:?[] (191)
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rquating the work done by the tire forces, Fyu; and Faui
to that done by the suspension force, S:; , in a virtual displacement of
the suspension & &; yields:

]

.

2y a2

- 5“ = Fgui -Z!: + Fau; -3-2; . ‘(192}
where d
a4 _ ot diThe, | Cdd
JJL' { 1) MJJ" h,_ 5053/};,‘ ‘-}J‘_‘
dz, dd; (193)
= + k. a5
T T+ h; @Shn, s,

The suspension force is:

,__l s-t_ = Fyui —(—-f}‘; %}Eﬁ_ "ht'(ﬁ.sxn" d&

e : 49: (1047
95 ¥ Fay, 1thocosBy; Jd'f.‘ (194

and the jacking component is given by:

Lo (5 B - . . ,Jé&' 1yt ddr' "
Free = ~(ivFay) = = (R @5¥ ~Faug @y ) 550 -0 gy St (195)
Similarly for the rear: L = 3, 4

FJ’FL' - = (6;4,_ Cﬂﬁa’n‘- - qui wsﬁn‘ )h‘ -j—jj-“ - {-]‘)L FH“L id};‘fi (}96)

where A Twr( s & Tuee are the half-track changes input as tabular
functions of suspension deflections.

3.6 Braking and Tractive Torques

3.h6.1 HVOSM-RD2 Version

Braking and tractive torques in this program versions are inter-
palated from input front and rear torque tables { T@e o, TWe ) 28
functions of time.
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3.6.2 HVOSM-VD2 Version ' ]

. ' !
A general outline of the procedure used for generation of wheel

I
1

torques (both tractive and braking) is depicted in ﬁigure 3.8.

The form of the open loop control inputs (tabulated as functions
of time) for speed control is illustrated in Figure 3.9. The detailed
algorithms for generating wheel toroues is duscussed in the following

sectione.

3.6.2.1 Braking Torque

‘ The brake torques at the individual wheels, (T@)s, ., are
Falculateﬁ for the specified brake type (i.e., 1, 2, 3, 4) based on analytical
%elationships given in References 3 and 4 using'the input values for brake
pushout pressure, Fs - ., and the instantaneous values of bféieline
pressure, F? , and the lining fade coefficient, (LF); . The

following relationships are applied:

1. e owvs, E interpojated from direct tabular input,

2. =R

o fr ctR2p
AtK(R-R) , fr B¢ R<R
RI*KI'(”’J'.‘F}) H{z(@ ’@) , for ﬂ_?Pz (197)
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-f(t) “THROTTLE TRANSMISSION
SETTING RATIO

| l LT) I (TR)

TORQUE GENERATING

ROUTINES
PROPORTIONING N re——
VALVE ,
CHARACTERISTICS BRAKING TRACTIVE | | vs. speen FoR

WIDE OPEN THROTTLE (WOT)

AND CLOSED THROTTLE (CT)

BRAKE TYPE(S}

AND PROPERTIES, -
TORQUE VS. PRESS.,
FADE

(TQ) ; (1b-£1) (TQ); (1b-£1)
i=1,2,3,4 § = F,R

Figure 3.8 GENERATION OF WHEEL TORQUES
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t P ' (1s) (TR

h Time Master Cylinder Throttle Setting Transmissgion Ratio
; Sec Pressure, PSIG 0.00< TS < 1,00 (For Disengaged

i . 6< P <1000 L wer Clutch, * Enter

¢ - = b00= W TR = 0.000)

: A 0..00< gg Z5.000
Examples:
2.57 lst

: 1.83 2nd

N 1.00 3rd

; 0.70 oD

i .

i # For engine RPM < 500 during a brake application the transmission

ratio is set to zero, The effect is the same as a disengagement of
the clutch. Note that disengagement by the driver at other values
! of engine RPM (e.g., between gears or while braking} can be

; simulated by directly entering a value of 0.000 for TR .

Figure 3.9 CONTROL INPUTS FOR SPEED CONTROL

TR A g
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3. " Brake .torques are calculated from

|

+YPE 1 BRAKE - Drum Type with Leading and Trailing Shoes

0 , for (Fi-P)<0O S

(T)s;={ | . |
L0,y gy 17, [ L ) Gl -G, )
% ‘ {1 - G256y, apl’
for (Ff,'*Pjo)é' 0 {L8-p1; . (198)
: TYPE 2 BRAKE - Drum Type with Two leading Shoes
!.
| | o, for (7 'F'J'o)Q 0 '
(M), =1 1 Gag Gy (LF); |
. — ) - 2y B3y £ D
& (P_J Jo) 64} 611 I:’,@-U'Q_;j (LF),_’ ] . ‘Fﬁ- [PJ E,,)eo (199)

(LB-F1)

TYPE 3 BRAKE - Bendix Duo Servo

0 , for (Pi-P)<0O
(m)o,; =

1 ¢+ i . . . \ '
7 (Py 'pjo) Gy { [1* Gii + Grj 5 g] [ij sin§+ Cy; 6uy Gray (L) 2]

‘ G‘U —6&}-61‘,'_51}1. 69’-(,-,” f'Gk;Gf!j(!-F

_ (200
, for (F-B,)20 (B )

V"‘ 614'65‘;6}1,(”)[ -
GGy 1-G1j G (LF);
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TYPE 4 BRAKE - Caliper Disk

, for (B-Pp)¢0

Where G:j . 62,’ s aes G!Sj are taken from the
input table of brake data (see Figures 3.10 through 3.13,
and (), is interpolated from the brake fade table

following calculation of 77

Becauzc the brake torques must always oppose wheel rotations, the
algebraic’ signs of the brake torques are set to be opposite those of the

wheel rotations:

sqn (T, = & sgn (RP3),

With a digital integration procedure, the simulation of coulomb
friction can produce instability at small values of velocity. Since the
friction force is held constant during a calculation increment, it can
produce an overshoot of zero velocity and, thereby, add energy to the
simulated system. To avoid such a problem in the present simulation of
braking torques opposing wheel rotations, & séquence of calculation logic
has been developed to limit the applied brake torques at small wheel
rotational velocities (Figure 3.14). The analytical basis for the logic

is presented in the following.
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DAUM

RCTATION
5; = Lever arm, inches
G.x = Actuation constant, assumed to be equal for the two
shoes, {Note that &, = 1,42 in Chrysler Products, Ref. 3 )
({Fr = Coefficient to permit change of hining friction at clevated
temperatures i
53 & Effective lining-to-drum friction coefficient at design temp,
G’,, = Cylinder area - leading shoe, in, 2
6'5- = Cylinder area - trailing shoe, in, 2
P Hydraulic pressure, psig
£ = Push-oul pressure, psig
o, for (P-B)<0 '
(m)a » ;-{»(P-P 6.6 & 6, [1+ 6,6, (tFll+ 6. [7-6 6 {.4/—‘)]!1‘ 0<(P-P,
7z (7)1 Ge b (46) [7-6,6,(LF))" - o)

((B-FT)

Figure 3.10 TYPE 1 BRAKE - DRUM TYPE WITH LEADING AND TRAILING SHOES,
UNIFORM OR STEPPED CYL!NDER
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DRUM
ROTATION

G, = Lever arm, inches
G;_ E Actuation constant
(L.F) = Coefficient to permit change of lining friction
‘ at eievated temperatures
Gs = Effective lining-to-drum {riction coefficient at design temp,
Gg = Cylinder area, in.
P = Hydraulic pressure, psig
A = Push-ocut pressure, psig
o, for (P-R)g 0 o
(ral, = ! : Gy Gy (LF)
5 1 =(PR)6E 27 for O<(P-R) (B-FI)
é O}_I £ ]“GgGJKLF) » ( a)

Figure 3.11 TYPE 2BRAKE - DRUM TYPE WIT 4 TWO LEADING SHOES, TWO CYLINDERS



DRUM
ROTATION

P PRIMARY TO \+ SECONDARY . -
HEEL .

k= anclan [6_, /LF)]
G, = (1.0#X DRUM RADIIS)

(0, for (P-R) SO

-7
72 (7~/%) b {/ " GGG, Sind

__6/66m2(LF)
Gy 61 | /=62 612 (LF)]

(1a)y =1

, for O<(P-F£,)

Figure 3.12 TYPE 3 BRAKE - BENDIX DUO SERVO
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e R I o R

Gy = Total cylinder arca per side of disc, in.z
G,_, ® Mean lining radius, inches
G‘, = Effective lining+to-disc friction coelficient
(LF) = Coefficient to permit change of lining friction
at elevated temperatures
P - Hydraulic pressure, phig
f: = Push-out pressure, psig

0, for (P-F) <0
L(r-R)6; 6, 63 (1F), For 0<(P-p)  (LB-FT)

Figure 3.13 TYPE4 BRAKE - CALIPER DISC
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R COTEY MR ERTR.

s

EX ot

P p L PRSP RR ST T

i

i (QPS);. p=
dt

d
dt

(RPS)L'H =

Solution of Equations (44) and (45) of Section 3.1.4 for (RFPS);

and (RP5);,, vyields

. 1,;(A0) .
Tuj [-Feih; +12(TQ)g;+ 6(A7) Q]+ %——4 [Foiry byur - b+ 12(T0;- m,,;,,)] (202)

: (AR)}
Luj [1 I-"—"”zAE* )

| I,; (4D}
Tyi ['f';m By +12 Ty, +60A8) T —%(—AE)L [’Eau hinthe R -IZ(TQ,,--”EQMQ] (203)

T [T+ 22T

-For Qery small values of (RPS). , {RPS)ie1  (i.e., smaller than
an arbitrarily specified ;hreshold value of 358 radians/second) it is
desired to prevent the applied brake torques from erroneously accelerating
the wheels. To accomplish this objective, the values of (tola. » (TQRBew
are limited to those required to make the numerators of Equations (202} and

(203} equal to zero (with the exception of the tractive term}.

From Equation (202), the limiting value of brake torque is

1
(1Qs; = 7 Feohy - ;15 Lg (Foioghioy - 12TQg00) (204)
where 2
1, 42
Aa Tt 4 p
Iw_,’ + ‘Tp." (AE)-'
4

Similarly, from Equation (201), the limiting value of brake torque

is
. 1 1 '
(‘m)em = ;E F(.iu h.f'f - 1_2' Ra (EL Il,: - 17 TQg" ) {205)
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The value of A8 distinguishes between the driving and non-
driving ends of the vehicle (i.e., for ij =0, Ap = 0),
' |

]
The need for the inclusion of inertial coupling with the other

‘wheel of a driving pair is illustrated in Figure 3.19. The traversal of

the patch of ice by braked wheel | can reduce the circumferential force,
Fee » permitting the brake to rapidly decelerate the wheel to & small -
rotational velocity. If the inertial coupling term were not. included in
Equation (202), the value of (Mg, would be set to the low value ( fZ; h; )
when (RPS); became smaller than Ss . In this case, however, because of
the inertial coupling terms in Equation (202), the large' value of F o,
could then accelerate wheel { in reverse rotation unopposed by the true
brake torque applied to wheel [ . Therefore, the inciusion of inertial
coupling éffects in the determination of a limiting value of (TQ)a; is -

! ;
seen to be a necessity.
i

Figure 3.15 EFFECTS OF INERTIAL COUPLING OF DRIVE WHEELS
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In tﬁg case where both wheels have rotational velocities less than
the specified threshold value of JSs rad/sec, the simultaneous satisfaction

of Equations (204) and (205) requires that

{

@); = 3 Rih, , and o (206)
{
Qg 0y = 77 Riv oo

»

Note that this case is the same as the one in which ij = 0,

If both wheels have rotational velocities greater than JB rad/sec,

the limitation of brake torques is bypassed.

The effects of brake fade are approximated by means of interpolation
of a lining-to-drum fade coefficient, {F); , that is entered as a tabular
function of brake temperature. The brake temperatuTes are approximated

by the following relationships:

f;' - 'Ea . 2 (df‘) ' , or . (207)
where
AL = _figi_ of
y GriGu; (208)
Q) (RPS), 03
AE; A IR S, G’Hj !ueél (7': - 2’4) At » 8rd (209)

171.8

i=1,2  forjsF
L'=3‘4 forj-.;R
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3.6.2.2 Tractive Torgue

The engine torgque is interpolated from tabular entries of engine
torque vs. eagine RPM, for thé given throttle setting, as shown in Figure 3,l¢€,
(The throttle setting is entered as a tabular function of time,) It is
assumed that the engine torque increases linearly with throttle setting
between the values entered for closed -throttle and for wide open throttle.

Thus, the engine torque is obtained from

), = €1+« (15) (WoT-cT)

04£T5£10

{210)

ENGINE
TORQUE
(TQ)

LB-FT

WIDE OPEN THROTTLE (WOT)

500 1000 2000 o000 4000
] 'l L 3 Fl

i'\ (RPME) '
CLOSED THROTTLE (CT)

Figure 3.16 INPUTS TO DEFINE ENGINE PROPERTIES:
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The engine speed in revolutions per minute, | (ﬂWE) , is
i :

éao,or' } L

i

e 2 iy |

calculated from

-

whichever is larger, for 6??5& , (RPS)‘;,., at driving end of vehicle.

To permit the simlaf‘:ion.o.f a standing start, the logic depicted

in Pigure 3.17 has been incorporated in the program.

2.7 Tire Forces
3.7.1 HVOSM-RD2 Version

The side, braking and traction forces are, of ‘course, related to
the tire load normal to the plane of the tire-terrain contact patc.h,

Fg"; -, rather than the radial tire load, Fe. . Therefore it is
necessary to find the value of Fg’; corresponding to the radial load,

Fai , and the side force, Fs; . The components of the external
applied forces, ' Fé,_' and . Fsi , along the line of action of the
radial tire force, Fri , are depicted in Figure 3.18. These force‘
components must be in equilibrium with Fe: -, such that

FR; o ¢°"1 + F, ain ¢“£ = Fr, (212)
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(TQ) INTERPOLATION

< \ NO )
Is (RPME) = 500 )
/S

YES (EITHER A STANDING
START OR A BRAKE
STOR)

!

NO
Is 10 psig < P;\\\

YES .
(BRAKE STOP)

¥ 1

|

|

SET (TR) = © INTERPOLATE

(TR}

{DECLUTCH) FROM INPUT TABLE

{

(MQ)p; = (TQL(TR)

Figure 3.17 LOGIC TO PERMIT A STANDING START

i0s

LB-FT
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P TIERy

g5 2 st e o

SANIF T X

-

PLANE OF

Figlire 3.18

f,,, = CAMBER ANGLE
6,  RELATIVE TO
TERRAIN (SHOWN

" NEGATIVE)
.f_;‘, = SIDE FORCE
PRODUCED BY
COMBINATION OF

SLIP ANGLE AND
CAMBER ANGLE

3 = 1,234

TIRE-TERRAIN
CONTACT “r
PATCH Ay

VECTOR SUMMATION OF FORCES WITH COMPONENTS ALONG THE LINE
OF ACTION OF THE RADIAL TIRE FORCE (VIEWED FROM REAR) '

oy
Sojution of (209) for T r{ Vyields

FRE - FR’" m¢ca‘. - F:.‘- Tist ¢¢‘G‘~ (213)

is required for the determination of Fs, , an initial

is obtained by extrapolation from the previous
Fs; in the current time .
Fe, and

Since Fg,‘;
approximat.ion of Fsi
time increment. Following the calculation of
increment, an iterative procedure is employed to correct both

Fay
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Side Forces ‘ |

The side force calculations are jased on the smnil angle properties
of the tires.uﬁich sre "'saturated" at large angles. Variaéions in the small-
engle cornering and camber stiffnesses produced by'changesiin tire loading
are epproximated by parabolic curves fitted to experimentai‘data (Figure 3.19).
The small-angle cornering stiffness is taken to be the parfial derivative of
lateral force with respect to slib arzle as measured at zero slip angle for
various tire loads. The upper plot of Figure 3,19 depicts a parabola fitted
to the small-angle cornering stiffness as a function of tire loading, in which

the cornering stiffness varies as,

‘ A 4 z .
Cop=Ao*hA Fp, - - (_FR (214)
F ¥ {

The low;r plot of Figure 3,19 depicts a similnf fit to smail-angle cambér
stiffness, the partial derivative of lateral force with respect tc camber
angle as measured at zero camher angle, in which the camber stiffness
varies as, '

cCO

- 4y e, - 22=(Fa) | (215)
The fitted parabelic curves are cbandoned for tire loading in
excess of f1r Az (see Figure 3.19), where the approximate range of the
coefficient is 0.80 < 2y <'1.15 ( (2 . is an adjustable item of
input data). The side force properties are then treated as being
‘independent of tire loading, The use of Sy  is necessary to avoid
artificial reversal of the slip angle forces uﬁder conditiors of extreme
loading (i.e., where Az << Fkg ). Actual properties of tires
in this range of loading (i.e., extreme overload) are not known.
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For the case of zero traction and braking the side forces, for

' smell slip and camber angles, can be expressed from (215} and (214) as

Ay Fri(Fe - Ay)
(Ffsi".)cautua.'l' - [ A4 2‘-‘6‘ {216)
Ay Fé.-' (F‘;t"'AZ) ~Aoh; ] [ %( - '] ’
(";"i )cur-' [ A, “G; }e .(217)

where the sign convention corresponds to the right-hand rule applied to the
system depicted in Figure 3.1.

The tire model must handle extremely large camber angles relative
te the tire-terrain contact pleanes, dppliczhle tire data are not known té be
available. Therefore, the assumption has been made that the czmber force;
for & given normal load, will rearh its maximum value of 45 degrees of camber.
In accordance with this assumption, a parabolic variation of cﬁmber force
with camber angle is simulated with the peak occurring at 45 degrees (see
Figure 3.20). With the assumed large-angle camber characteristic depicted
in. Figure 3.20, Equation (216}, for the complete range of possible caﬁber
angles, becomes

Ay Fr, >F'.-A
(F‘i)omsgn.“_[ > El:l < ][¢ce;'7fzf'¢zﬁf_l¢ca¢.l] (218

To permit the use of the nondimensional slip angle concept which

"saturates' the side force at large slip angles, an "equivalent" slip angle
is defined to approximate camber effects

, AyAsFr,(Ag-Fa,)
V-7 Ag[Ar Fe, (Fap=As)-Auhs]

[f“’ce‘- ok 219 M.—.‘.]] (219)

13
-
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AFPROX. RANGE
OF AVAILABLE F}:,-r CONST.
CAMBER DATA ‘
ANGLE } S
FORCE - |
i i
‘ N
!
| i
Y1 H
g® as® 80°

CAMBER ANGLE
Figure 3.20 ASSUMED VARIATION OF CAMBER FORCE WITH CAMBER ANGLE

RN £t B i s e e

Note that the selected analytical treatment of camber angles subjects the

camber force to the saturation effects of the slip angle, superimposed on

the assumed behavior shown in Figure 3.20. While the assumption depicted

in Figure 3.20 may be shown to be in error when appropriate tire data
becomes available, it was found to be necessary to reduce the "equivalent®
slip angle of large camber angles to avoid an unrealistic predominance of
% camber effects on steeply inclined terrain obstacles. On the basis of the
comparisons of predicted and experimental\fcsponses that have been made

to date, it must be concluded that the selccted analytical representation of

large-angle camber effects is at least adequate.
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Using definition (219), the resultant side force for small slip

angles and the entire range of camber angles can be expressed as

. (A Fe (Fa;-As)-As A Y. ‘e 8’
F;‘:'[,r‘( 2; ~Az) 2 ][ fuh_..;? o-ﬁ‘.]. (220)

Az a&‘

Application of Equation (220) to the nondimensional side force relationship
(see Figure 3.21) yields

- £ . - o _
£(2)= (";;?)-m; o456 B+ & A7 (221)

where Fs, = resultant side force for entire range of slip and camber”’
angles, and
,
- F‘:‘

ﬁ& ﬂ.(fzi)uwué

Large values of the slip angles, particularly in skidding, make it necessary
to use the arctan { Vs, /Us ) rather than { Us, /tlg; ). Also, in cases where

reversal of the vehicle velocity has occurred, it has been found to be

(222)

necessary to control the algebraic signs of the slip and steer angles.

Equation (222} requires that Equation (220) be modified as follows:

| A;Fxl(ﬁ:—Az)-AaA:][ % ]
- tan =~ - YU e Bl 223)
A [ | g (WP (
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i
MENSIONA
ﬁ?::é I:JRCE : CORNERING STIFFNESS FOR
£a) 6.5 < SMALL SLIP ANGLES
|
¢ 3 I
N I
| '
1P ANGLE VARIABLE,
l SLIP ANG /d
| |-
' !
% %
| 1

p#———e BOUNDS FOR CUBIC FORM OF £'(/) ——-——-‘

Figure 3-21. NONDIMENSIONAL TIRE SIDE-FORCE CURVE
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The "friction circle" concept is based on the assumption that the
maximm force that can be generated by the tires in the plane of the tire-
terrain contact patck is equal in all directions. With the use of the
"friction ci;ple" concept {see Figure 3.22), the maximum side force can

be expressed as

il

FAR Y A ' ‘
() T

where Fel = circumferential tire force (i.e., traction or braking) at
wheel [ , in pounds which is determined from interpolation of the input
tables of applied torque.

::mcl.t WHEEL ) VEHICLE
AW peane Ao Tt
% VEHICLE vimCLE
 woTioN A MoTION
\/ >
Vd
BaCREAING /
TRACTION,
MCREAEING
WREEL Tu .. A i | LOCKED WhEEL PROLUCES
PRODUCES o €y My OFPOLING vEMICLE
N RHMEEL PLAKE ‘

MOTHON
. Ve, .
2 '{Wh. 1-“—“%-(“,« u,.) ¥ l

- ELIP AMGLE 49 TIRE TERRAMNE
CONTACT PLANE

pL T L

|

TRACTION + 1'; BRAKING - T

Figurei3,22' FRICTION CIRCLE CONCEPT
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The detailed calculatic™ procedure is shown below.

The determination of the tire side force, Fs; , for the current
time. increment requires the use of Fé,; , and a value of Fs¢ is,
therefore, not available at this point in the calculation. For this reason

Fs¢ from the previous time increment, is initially used. The
subsequently calculated value of Fs; is then used to recalculate Fg;

where

, .
fo, = Fr; sec geg; = Fojtan fee,

'l‘he following tests are employed to determine if the tire has lost
contact wzth the ground, or if the force normal to the ground, FéL R
is calculated to be a negative quantity (thls condition can be produced by
the extrapolated value of 1% under conditions in which the side force
reverses signs).

1¢ Fe; =0, o0r (FgL Fs¢sineai ) < 0, bypass calculation of
the tire side and circumferential forces, set Fs;, = Fei w Ft.a, = {,

The circumferential tire {orces are calculated from the following

relationships:
o 12 (TR)e :
i. K = m , for ¢ =1, 2 (front wheels)
- 1.{18 .
e = '“;{"":l" , for ¢t = 3, 4 (rear wheels)
2. A. 1f T; = 0, bypass calculation of Fere , set
FC.(:‘ a )

B. If 0 < 7/, (Traction)

\ o B . [T ol el

pbei s for T lpifel
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A

@) 1s any - T; > JuiFel ?
{a) If no, set Fei '“:Fc,,‘l

(b} If yes, compare the corresponding product
( R:h: ) for the other wheel of the
pair (i.e., the pairs (1, 2) and (3, 4)).
Set the values of the products ( Fe; ;)
in the given pair to the smaller of the
individual products. For example, say
‘Fq_h'»;_ < Fc.,"l, , then  Ff = fey
and  Fe; = Falta/hy) . (Effects
of differential drive gears.)

c. 1f 7T, <o (Braking),

(1) For 1.932 in/sec < ]u&‘_-/, s

F'Ti(‘-"?n Ugt) , for !Tiiélﬁ % cos[arcx‘an ‘!"1%;!“ 7/{-’{53&11,,;)“

-l g osfaretan 225 - yiesgn)]
L I#inw{dfcfan%-m‘(sgnﬁa)ﬂ < T

(2) For [Uei/ < 1.932 in/sec
Cslculate Fc { 8s above (Equatiomn 226), but

multipiy it by

fugct
1432
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The calculation of tire side force includes testing as to whether

Thus:

1f [Ri]2 l/u.'Fg',;l - 1.0, bypass side force calculation,
set Fs; e 0

If both l'v'é,;} and . I'uéél. < 0.5, bypass side force
calculation, set  Fs( =0

If either /Vz./ or [ug:! > 0.5, and /Za/ <3,
. Fowroravamm s il ) i
fu= AT -5 [ A - Bl Bl Y B
For 3 x /;‘/ '
Ris AmGIED e gnfy = sgn b
For conditions of tire loading that are not extreme (i.e.,

fe. = Ayllr,

s - [RELL AR
‘ Ayl R - B2

I _ AKAQ(Aﬁ_" Fg‘t )Fg: z ’ .
P [A,“(Atf v (Fe.-Ay) -AqA.)-J (QS“ (T Peei | ¢cmo

.
tan [,—;‘3 o - (g ¥

effectively all of the available force (via the friction circle concept) is
taken up by braking or tractive forces, and whether the vehicle is in motion,

(227)

(228)

(229)

{230)

- T ; Il . x ’
For conditions of extreme tire overload (i.e., F,gL 2 Az _(2,- Y.

Ny

7 - [At"%ﬁt(ﬁﬁ")'““] mfm["’*—*' WIRCEMA
gl

i1s

(231)



and

Bl = [ ArAsfla(As-TA) ] (q; - Zg. | |) (232)
C T LAn(AA R net)- A LT T g TR TR
3.7.2 HVOSM-VDZ Version
The calculation of the tire loading normal to the ground, Fﬁk .

and the tire side force, F;L , follows the same assumptions and
derivations given in Section 3.7.1. However, the tire model employed in
this program version makes use of the "friction ellipse' concept in

establishing the relationship between side and circumferential forces.

In addition, the inclusion of wheelspin as a degree-of-freedom necessitates
the use of longitudinal tire characteristics in determining the instantancous,

circumferential force based on measured tire properties.

The "friction ellipsc" is an extension of the widely_used‘"friction
circle” concept {e.pg., References-s and 6) that permits a more realistic
analytical treatment of interactions between the circumferential force
(i.e., tractive or braking) and the side force of a tire. Experimental
evidence that the maximum values of tire friction forces are dependent on
direction relative to the whee! plane is presented in References 7 and 8.
General represcntation of frictional properties of pneumatic tires requires
independent specification of lateral and circumferential friction coefficient

and their variation'with load and speed. Further, two characteristic

goefficients are required to represent the circumferential friction, i.¢.,

the peak ( Myp )} and sitiding ( fAys )} coefficient,

in the "friction ellipse” form of treatment of interactions, the
maximum value of the resultant tire friction force in the tire-terrain contact
plane is assumed to be bounded by an ellipse with the minor axis equal to

2;15Fz and major axis equal to 2ty fe ,- where

il6
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At x

: i
/Lg = effective tire-terrain friction coefficient
for side forces, for the given conditions
of vehicle speed and tire loading. Note
"that, in the gbsence of circu#ferential
forces, the value iy fi  constitutes the

»  maximum achievable side force.

Vaddi = peak tire terrain friction coefficient for
circumferential forces for the given conditions
‘of vehicle speed and tire loading.

= tire loading perpendicular to the tire-
terrain contact plane, 1bs.
The bounding ellipse is depicted in Figure 3.23. Note that a value of
Hrp = My will reduce the “"friction ellipse’ to a "friction

circle”,

‘ In the calculation procedure of the developed analytical treatment
of interactions, the cirecumferential tire force, Fc’ is given first priority
in utilization of the available friction. The maximum value of side force,
(F )max' corresponds to a resultant force that constitutes a radius vector
of the bounding ellipse, is then determined for use in the calculation of
side forces (see Figure 3.23). Note that this sequence of calculations is
identical with those of References 4 and 5 for the "friction circle"

concept.

In Figure 3.23, the maximum value of side force, (Fs)max' for a

given circumferential force, Fb; is determined in the following manner.

(B)max £r 5)? (233)
#5 M
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Solution of (233) for {F ) yields

(I \/;*}'(F &) - A — (234)

Eor the case of traction, the magnitude of the circumferentiai force is
limited only by the bounding ellipse, since the resultant force lies in the
wheel plane under the condition of maximum traction. Therefore, Fc is
deternined directly from

ri
fe = pufe (235)

In the case of braking, where the limiting condition on the resuitant force
is that of opposing the direction of venicle motion, the maximum circum-
ferential force may be less than }L;fi{ . Therefore, the circumferential
component correspond1ng to the cited limiting condition on the resultant
force is calculated, as follows, for comparison with My EE , and the.
smaller of the two values {i.e.,_smaller absolute value) is used in

" Equation (234). From Equation (233) and 'inspection of Figure 3.23,

R+ (e = paglFe)”+ ci[ ) TT] = f sec’p (236)

Selution of (226) for Fc yields

\/-tan. P-r

(237)

il9
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Thus, the calculation of Fc. to treat either traction or braking, is as

follows: : ' |

pan

#l
A

3

N

Fe

tarp+ 2L | (238)
#p

whichever has the smaller value, Application of the value of Fc obtained

from Equation (238) in Equation {234) yields the required value of (Fs)max'
The determination of the actual value of the circumferential friction

coefficient jAx is dependent on the instantaneous value of rotational

slip, #LIPi, and the  ily vs. SLIP relationship. This relationship,

as shown in Figure 3.24, is in turn characterized by four measurable

quantities:
Cr = the slope of the [fty wvs. SLIP curve in
the small SLIP region '
MAxp = the maximum value of the circumferential
friction
SL!PP =

the value of SLIP at which [yxp  occurs

M#s = the value of Mx at 100% SLIP

i20

e A p e, -
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Figure 3.24 Normalized Tractive Force vs. SLIP Model

The relationships employed to define the entire MHx VS, SLIP characteristic
are: ' '

Hy = ClSLIP] for O%ISLIPI= SLIPr |
My« CtGBLIPIC [SLIPI®  gor SLIP £/SLIPIS SLIFp

My = C31C/5IPles)stpt  for sLTp<)SLIPl< 1.0 (240)
- Cr '
Cre 3
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where:

-8
516 = 2%
T
""02 M | -
s = PB ; s = Ayp /fxs ,
(@il?}' Bppp - (5Lfp - 10)
. e :
€, = =~2¢c3 (SLIP,) g = =2¢Cg

The preceding calculation procedure is applied for all values of
totationa;‘slip less than that which produces the velue Uyp . For
rotational slips greater than that corresponding-to /pr , Equations
(234) and (238) are modified by the substitution of /iy  to replace

Shxp . The effect of this substitution is the prevention of an
excessive recoveéy of side force capability at rotational siips'greater than

that at which /lx ® }AIP .
The detailed calculational procedure follows.

The following expression is used for the calculation of tire

loading perpendicular to the local terrain:
#
fri; = FriSec g, - Gi tan #cq, (239)

The determination of the tire side force, f%L ., for the current
time increment reguires the use of Fi& . and & value of Fs,;  is,
therefore, not available at. this point in the calculation., For this reason,
an approximation of Fs; , extrapolated from the previous time increment,
is initially used. The subsequently calculated value of Fs, 1is compared
with the extrapolated value, and an ilterative procedure is5 then applied to

achieve agreement,
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The following tests are employed to determine if the tire has
lost contact with the ground, or if the force normal to the ground, Fg:- .

is calculated to be a negative quantity {this conditi:on‘ can be produced

by the extrapolated value of Fs; under condi‘t'ion.vi in which the side
I
]

force reverses signs).

If Fa = 0, or (Fg - Fsr 5in e ') < 0, bypass calculation
of the tire side and circuaferential forces, set Fs; = Foi = FR;
= 0,

Rotational Slip

Let Uewi, = Us; s Y+ Ve, sin Y,

Test  Uow;

(1) 1f | Usw| < 0.5 in/sec
test h; (RPS5),

()  for| h; (RPS); [« 0.5, set (5LIP} = 0,

(b)  for 0.5 < 1, (RPS); | set (SLTP)i =
-1.00 sgn[Uc,wL(RPS);,J .

L+ S MRy A

2 1£0.5 < [Ugw,/

h. (RPs); . (241)

(SLIP)" = ! -

For 1.000 < [G6Lzp)] , set (SLLP); = + 1.000,

retgining élgcbraic sign,

AR a1 % S 1 4 ¢ e a5 0



Cireumferential Force

(1) For (P;"Pjo) < 0, where j = F for ¢ = 1,2
§ « R for & =34

Fei = —psipriFri (sgn tewi) (282)
() For o< (Pj-Pj,)
~ps, puFe; (gnbeni) 5 O
Foi= - Mi Fe. (sqn Yew)(sgnfsi)
Veu ’
Jés;f tan® [amian. I?;d -V (s 'u,él (245)
whichever has the smaller.absolute value, where
1
£
€ = (Psidpar for BLIA ’/[SU%/
I} ! ‘
p) y for I(SLIP)&'/ <I(SLMLI (246)

([O& Jmax = ,"""PL’ / /‘lj;

: Y
Pse _;:;-; 'sgn (SLI?i)
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Side Force

The calculation of tire side force includes testing as to whether
effectively all the available friction force is taken up by braking or tractive
forces, and whether tle vehicle is in motion. ' '

Thus:

1 3 *
m 1 es fei > ( /u:' Fa; = 1.00), bypass side
force calculation, set Fs, = 0.

(2) I1f both [ve.] and [ug:/ < 0.5, bypass side
' force calculation, set F5; = 0,

(5)  If either 0.5 = [Vl or 0.5 < [Ug| , test

B

{(a) for ’5;/@3.

G R -e [B-4BRI1- 55 o

(b}  for 3 < IEL} ,

fum YR -6kl ond gnfky = gnp, @)

For conditiuns of tire loading that are not extreme, (i.e.,
r
th _‘i A;.ﬂ—r ),

Fa (R - A)-AAs ‘ =
| E.‘ - I:ALR‘( . Axt) Aﬂa] [am&ln-%-l +ﬁ.’>: _ (Sjnvg;)w;'] {249)

YL [+
AZ‘ . ‘L) é‘f;’, Yoy 3
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and

B = L AgAslAy-Fel Ve

2
. — L . . {250)
*[AL&‘(E{‘ ’Ax) ‘_Aqui)] (¢¢¢'f, | ﬁ- ¢C&Ll Q"Ll )
For conditions of extreme tire overload (i.e., fF > A,[M0r Y.
B = [w [mfa Ve L (251)
KT n o 44, L . !
Vi) —en b A ) ¥
and ' : .
A{(A‘Aqﬂn(ﬂndf)- Aq_) (= fk ¢“£ l¢“{.l) (252)
3.7.3 Components of Tire Forces
Finally, resolution of the resulting forces acting on the tire,
L , into components along the vehicle fixed axis system, is required

for application to the differential equations for motions other than the

wheel rotations.
Fﬂ‘ls’

Fr3ui

Fczuc‘

&yuc’ = o

’Ejtci

,
Fi’yg;‘ = “Fé‘_ ‘”Aru .

| arl -

r
.
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cos gy

Cd.l‘ ﬂ‘,:-
Cd&' J‘!".

Ca.fct“
ces ﬁc‘;
Cos ey

{253)

(254)
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where >,

(3

m“c‘- - ‘m
./ ,:} + 05+ a;‘,
cos 4. = Dy,
_ R/ o} + D,
Oy,

Cos X, = et
, < = Dg - D'v‘- .D’. {255)
L £ £/

are the directional cosines of a line perpendicular to the normals to the

ground and wheel planes,

fexui €os etz ]

lyui {| = A ‘ ATH o cos 8,

Fsyut ' cos &y, (256)
where as,

€03 a5 =
(4 F -4 -
| fa,‘ R

AJ' 3

L T '&
X
]/a_,‘. * by, + Cs.

&

£

= (257)

cos &, =
§ 7 3
{a,‘. * bi # ey,

are the directional cosines of a line perpendicular to the normal to the

ground and f; (i.e., M to the ground plane).
Further,

o8

a,, = ¢ J'CE ¢os A,
cos
caos

. by = X, cos 7,

. COS appr, .

6z; €05 Fgp,
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s ﬁc‘. . Cosa,,

% = ‘ ‘ (258)
. €65 By COS g . ;

are the directional components of the above line,

I :
The summation of the tire force components acting along their

respective vehicular axes are:

&!{“ = &x’ﬂf; + F:‘zg; +* F;';%- 259)
Fyai = fayxe * leyu; * Gyac (260)
) (261)

. f}.a: = ":f;u;‘. + Lepui * 63:44: '
3.8 .impact Forces

This subroutine, used in the HVOSM-RD2 version, calculates forces

applied directly'to the sprung mass for simulated collisions of the vehicle
with horizontally disposed obstacles having flat, vertical faceS‘typified

by beam-type guardrails and median barriers, or wells. Twe options for
simulatihg different types of barriers are included: (1) rigid or deformable
barrier option, and (2) finite or infinite barrier vertical dimensions
option. The barrier is always oriented parallel to the X' space-fixed axis
and is also treated as being of infinite length,

For simulated impacts with deformable barriers, inertial effects
and curvature of the barrier are not considered, The deflection of the
barrier at a given time is determined by incrementing the barrier in small
discrete steps (& gs ), from a pseudo-deflected position that results in
no vehicle-barrier interference, until a barrier deflection is found for which
the force required to produce that deflection is balanced with the force

required to crush the vehicle structure in the region of mutual interference,
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Rigid-barrier impact forces are computed in a similar manner
except that, in this case, the barrier is “incremented" to its original,
undeflected position in determining the vehicle crushed volume and, thereby,
the forces agting on the sprung mass.

Provision is alsé masde for the calculation of point forces arising
from the deformation of structural "hard points" as originally documented
by the Texas Transportation Institute in Reference 13. The undeformed
location of three hard points together with an omni-directional stiffness
are input and forces calculated based on the amount of deformation imposed

on these points.

3.8.% Vehicle to Barrier Interface

*

‘In this calculation procedure, the analytic geometry of the
vehicle-barrier interface is determined. Like the curb impact subroutine,
use of the sprung mass impact subroutine is determined by a series of logical
tests. If no sprung mass impact input data are supplied, the subroutine is
not activated during the course of the computations. However, if input data
sre supplied, a test for excessive spin-out is first made since the left

rear corner of the vehicle is not simulated.
f ¥ > 135° stop calculations,

The corner points of the vehicle are tested for proximity to the

barrier:

Lepp e Xepx

v || = |52]| = 14] | e

' 32'Pn 3o Fern {262)
where Yepn o Yern » Bepn are the corner points with respect to

the space fixed axes, and
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: ’ VEHICLE

; M| Kepn Yepn Zepn CORNER

i = '

: !

: i )] Xye Yv RIGHT FRONT
2 Xva Yy RIGHT REAR
3 Xve -Yv 0 LEFT FRONT

are the vehicle corner points in the plane

2 = 0 to be tested.

Using the value of " that corresponds to the largest value of

Ylepn » the coordinates of the top and bottom points on that corner are
calculated: ,
¥ere z, Zen,
Yere ye|| * ”’4“" Yern
(263)
Zeny z; LI
Yers e Il (4] [ e (264)
/
ders || 3¢ Frs
and, ‘yc’m. .= the larger of Aipe and ylp,
1£ 2(8y'8) > Yipm - (Yg)enr
1. bypass remainder of sprung mass impact subroutine

for current time increment,

2. set

Fn =Z Fgs =ZFys = ZFs =0

ZNgy = ZNes =ZNys = O
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:
I1f 2{a yé } < yém. - (y’a Yemy ', continue with calculation
of barrier face plane constants and set time increments to Ats
. |
The location of the undeformed hardpoints with respect to the

_l

f

initial axis system are:

I !
Xsrio Xe Xsrip
Hs'fco = Lyt + Al Ysrio
2o il N Be Zsrip (265)

The direction cosines of a normal to the barrier face pfane in the

vehicle-fixed axes are:

cos oy 0
| cos fg || = “Ar”- 1
! cos 2y 0 (266)

And the point of intersection of the y’ axis and the barrier face

plane is:

‘x,‘. -xé

vo | = 47|+ | (9a), - %

s -5 | (267)
where  (y5) = (yi) * 7' (Bys) - (c-1)(by)) (ze8)

! ¢

barrier cutting plane, ¢ =1,2, ..., ' o, n o+l
and

yé"”n - (yz)l‘-l_“_ 4
Lyg

*

7 ‘= the characteristic of
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Knowing the direction cosines of the barrier face plane normal and
a point on the barrier face plane, (both with respect to the vehicle axis.
system) a constant for the barrier face plane is determined:

-

Ro, = *g o505 + Yp; OPs * Ep; cos ¥y (269)

The approximate line about which the vehicle rotates is determined
by the intersection of the previous time increment barrier-vehicle
equilibrium plane, and the present barrier plane with an assumed deflection
of (J;)t., A plane is passed through this line perpendicular to the
boundary of compression of the vehicle structure are found.

The coordinates of the axis of rotation at the plane Z «(Z)g ¢

are:

(cos g )e GCEA? (cos 95 ), 7Y, Ky
(ces % ). s (cos Ba)y., fcos 3g), , 0| * Il Yar [ = (ka)é_’
o 0 4 kot (3ede., | (270

where, Ry =250 (05 ag), + Yp. (€05 fs)p * 360 (€05 2%8)e  (7T1)

and

g 1 -zl
vor | = a7l - L ewa)., - %

. , (272)
dg ~%c

A constant for the plane perpendicular to the present barrier face

plane and containing the axis of rotation is:
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and the directional cosines of a normal to the plane are

Cos og, = a”
87 ™
dm
. A
oS Bgy = *7-;;;*
o (273)
cos By = ——=
where
a® = 6% (cos 05), — €7(¢o8 Ag)e
¥ mec”(eos y), - @ (cos )y
e =+a” (cos By), - b7 (cos esg)e
" =of () # (57)7 + ()
{Z74)
end o< = | (095 Bs)e (cos %)
(cos Bg)e-r (€05 4a)p.,
s = |(C05%8)e (eos o)
(ecos Og),., (cosely)e.,
(cos «g), (€05 Ba)e
L -1
¢ (€os )., (€0354),,
(275)

, on the vehicle

Possible intercepts of the cutting plane,

periphery are then given as:

cos oy Cos gy cos Iy Xy Ls;
Ay 5 Cy Mol = | &
Ae By % In 1l (276)
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where T =1, 2,3, ..., 17. See Table 3-1 for definitions of 4, ,
. 8, ., C B, ¢ Ay + B2, Ca , £, corresponding to T .,

|
I

The following tests are employed to prevent Equatjion (276) from
becoming indeterminate, Note that this condition exists when the barrier
and one or more of the lines or planes describing the vehicle boundaries
are parallel. '

if cpsoeg = 0, smit points 4, S, 10, 11

if ws by * 0, omit points 1, 2, 7, 8

if Ws¥s * 0, omit points 3, 6, 9

if obsamcaspsﬁcosﬁa,ws% , omit points 12, 13
i if (psﬁma,sxa._-_ @5581(0‘555 , omit points 14, 15
| Af cosYp, sty = (050g w5¥y  » OFit points 16, 17

Note that points to be omitted refer to points in Table 3.1.

Each point that exceeds the following ranges is rejected as being
outside the vehicle periphery:

YR E Xn Lt Xwr

Yok Y Y

Eo & EZn & Zvs

I~

To avoid retention of improper points for subsequent calculation of
vehicle crush forces, the following legic is emplo'yed. The plane perpendicular
to the barrier face plane and containing the axis of rotation (the Kgs
plane) is a compression boundary when the axis of rotation is located within
the bounds of the vehicle. The axis of rotation is inside the vehicle if
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Table 3-1

DEFINITION OF ELEMENTS IN MATR!X‘EGUATION’{Z‘IG)

ll'rzn"tl*z slefsjel7ie]o)iol 12¢ 13 he {18 {ie |7
s Lt fofotofvivfifjoflo] o J o1 [tjojo
g, olefojr|ifjrioflojo] 1pi] o |oo o| '] 1
e ojofojojofojofojof of oy 1 1ol ofol] o
Ryl xyel Xgp Bve] Yol Yol YoiXwr]Xvri%ve] Yo} Vv It Zya| Xyr{ Xvr| Yv | Vv
12'00000|ooooo(cosar.,) -
s, ojol1{ojojofojolt) of ojfcessy) -
czﬂl_: ofrfrfolufrfofn b {{cos ay)
22 [zvr 2en | Yo|Zyri2vs {vai2vr| Zve| =Yy Zvr| Zve} (Rml = |-
.4
1
-
7
2
to | %’ (1)
'§ ' b FRONT ¢ 3
1\ \!s\
\\$\Q£ ! \‘.:’\Qt
K L Y
e o emerefe e e
7 2
& - f/
' Ll
Vg ’}%
{18} P 5
REAR - be
s
e
/
-
s

SOMIT PTY 1217 AT IRITIAL CORTACT
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iy

xvg‘ £ Yg1 £ XvF
“Yv < Ypg1< Ys
Zvr< Zpg; < Zvs
The intersection of the £ » Xyr ., and 2 = 0 planes is
By

Rt — Xve caf:“gi
5581

- YBIVF =

1. If the axis of rotation is outside the vehicle, omit points
12, 13, 14, 15, 16, 17,

2. If the axis of rotation is inside the vehicle and YBIVF >

Yv . reject all points if one of them is not a point
12, 13, 14, 1§, 16 or 17,
If less than three points are retained, let ¢ = { +1and
return to calculation of the point of intersection of the y’ axis and the
barrier face plane (Equatien 267).

If option 2, finite vertical barrier dimensicns, is desired the
preceding calculations are carried out, and it is necessary to obtain the
equations of the top and bottom barrier planes with respect to the vehicle
axis system in the same manner as for the barrier face plane,

Thus:
cos a,,

€os for |l = ,Ar"‘
Cos. )’,, '

~ 0 0

(277
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are the directioh'cosines of the normal to the barrier top and bottom planes

with respect to the vehicle axis system, and a point §n the barrier top plane
: .

% is: , ’ ‘ !
] . . /
? | *ar -z ||
3 Yar || = ﬂﬁql‘ -¥ ‘
3or . Far—3c ' (278) ,

A point on the barrier bottom plane is:

Jorl) %

? | H3es -9¢

T

(279)

‘ ~ Hence, the constants for the barrier top and bottom planes are:

E.
: ‘  Rar = Zgy COSdgr * Ygr €05 Bar * 3ar €05 Vg  (280)

; ' Rog = Zsg Codgr + Ysg (oS Bgr T Py €05 Ugr - (281)

Determination of points 1, 2, 4, 5, 7, 8, 10, 11, 12, 13, 14, 15,
16, 17 is repeated using definitions given in Table 3-2 except as follows:

1f Y <0, omit points 1, 2.

‘If any of the points 12-17 havé not been retained from Table 3-1,
omit the corresponding point in Table 3-2,

If both points 1 and 2 from Table 3.1 have been retained, omit

peint 14.

I1f both points 7 and & from Table 3-1 have been retaiied, omit

point 15.
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'If both points 4 and 5 from Table 3-1 have been retained, omit
point 16.

If both points iC and 11 from Tsbie 3-1 have been retained, omit
point 17. o

If point 1 from Table 3-1 has been retained, use K, = Rgg for
point 14, '

If point 8 from Table 3-1 has been retained, use K; = Rar for
point 15,

If point 4 from Table 3-1 has been retained, use Rz = Ru for
point 16.

If point 11 from Table 3-1 has been retained, use K; = Rgr for
point 17.

Table 3.2 .
DEFINITION OF ELEMENTS IN MATRIX EQUATION (276)

ITENAﬁu====I 2 Jelsfr |8 10 |us 2 L.l s | e
o — fr—

H [+] [+] i 1 0 0 o4 r{ Bt . o

1] 0 4] 0 L] 0 ¢ |eo Ty ..

e § Yo Yo {Ymidyr | Yy | *Yy | % -

co‘, .T _b

C“, 8T -

Tam | ey [ Res | fer [ as | Rer § Fes | Myr | Res | Mer|tmfler| e
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The following tests are also employed for use with Table 3-2 to
prevent the solution to Equation (276) from becoming indeterminate with the

above points:

if m“simxor"@?fo tosctgr , omit points. 4, 5, 10, 11,

Lf 05 Y spar = CosPp oS Var , omit points 1, 2, 7, 8.

if cosab[cospm 1723 £ s par 05 3'51] + CDSCX&-E% (%5 84~ COSPa1 (05 Xe]
. wscagileospswslur—wsPares¥s]  *, omit points 12, 13, 14, 15,

16, 17. " ek o

Again reject points with values outside the ranges:

Xve€ xn £ Xy
~gv€ Yn &y,

Zvy< En b Zvs

Compare values of [Zal in both sets of points retained, and
wheve two exist for a given 7 , reject the point with the larger value

of [E.n.l

If juss than three points are retained, let i = ¢ +1 and
return to the calcnlation of the point of intersection of the y' axis and

the barrier face plane.

For each point retained, calculate its velocity components:

73 ' U~ Yu Rt @

!, -=|A“- Vhzg R - 5 P

7 Wty P~ 2y R (282)
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Of the vemaining points, retain only the four points with the
larger values of U?; »  (Note that points 3, 6 and 9 are counted as two

points in this selection.)

I1f a rigid barrier impact is desired and the values of Ua for
the four points retained are negative, bypass the remainder of the sprung

mass impact voutine for the current time increment,

Set f;, EE“;;=£F’,=Z_I-;S=0

L e = 2:‘*5:'ﬂz:'°@@’=57

3.8.2 Area Calculation

In this calculation, the contact area of the interface between the
vehicle and the individual barrier cutting planes, [ , will be determined,’

as illustrated in Figure 3.25.

(%95 35),

(;;lihﬁ 3£2ad;,’

Figure 3.25  INTERSECTION AREA
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Given the thres, or four, points that define the intersection area,
(x5 Yy a‘_;-)i , where 5 =1,2, 3, (4), make the following

*

selections: (Note that { identifies the cutting plane.)

Of the two larger values of L;‘ , select the point with the
larger value of z‘}' ." Lat this point be designated, within the subroutine,
as ( x5 Yy , 27 ). For the, case of equal values of X% , scan
all points for the larger value of Z'}' . If 2 values of £7% are equal,

select either one.

Of the two smaller values of x"j‘ , select the point with the
smaller value of 2% . Let this point be designated, within this subroutine,

as ( x% . o3 s 2% ). For the case of equal values of x". , scan
2 2 2 S

all points. for smaller value of 2% . If 2 values of 2% are equal,
J ‘ s _

select either one.

Let one of the remaining points be designated, within this

subroutine, as ( x'y y}, y 2% ).

1f four points, identify the remaining point, within this

subroutine, as { x4, y; , 2% ).

Direction components of lines in the cutting plane, P

to the line between ( X7 ‘,'j'f Y and {  x7 31 1 )

are:
o = |(v7-wE) (3735
¢ éos g cos g
ot <\ G- (E- %Rk
‘ cos ¥y €os g
o o | GE (- yi)
cos xg cos Sy (283)
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The length of line 5; as shown in Figure 3.25 is:

(S,)' - la‘{ (x5 - 23), r 8 (vl ) - el (35 3:)£|
‘ ) '

: 284
V@i« (6:)2+ (1) (284)

The length-of S; as shown in Figure 3.25 is:
(Ss); = ‘/(zf ~x )i+ (v;- 52 : o (3735 ; (285)

1f three points were retained, set (51).: = 0,

[ If four points were retained, the length of 5; as shown in
Figure 3,26 is:

(8:); = lal (xf- 27), # &/ (37-52); » €l (3] - 3:)] (286)
| Ylal)? « (87 + (el)? .

The total intersection area is then:

YRR § :
(Aur); = / =) (%), (287)
/.
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(=5. 9, 52)

(z:' 3/:' 3?)".

(sz Ye> 3‘2)5 | (x;, 3’:, ;;)". | ‘

Figure 3.26 CENTROID OF INTERSECTION AREA

Centroid Calculsation

) In this calculation, coordinates will be determined for the
intercept, in the actual vehicle-barrier interface plane, of a normal through

the centroid of an individual intersection erea.

Calculate the following: {Subletter <+ omitted for

convenience)

o ry
X, r %3 ™ ’
Qey = — oz Zy » 4cr
” ”
b yr s 3’: " 4
cr * “""""""“—"'"'"_"’2 - .*’/, ’ of

¥, * 3z 4 el [ b,, (oS &
Cer = “——"5""’”—"‘“’3'.!’ cr = %y 0S Ag = bey =4

L4 I 4 ' N 4 L4
b = @ X3 * Ly ¥y * Cor Fs

i

Cqp COS g = gy COS Ig
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point F

& ~
, Ky r Zg

- ~2Z, Qg = bpg COSIg = oy 05 s
.A’ * 4 .
- _?.'.{_:z_..b..'.:’. - y‘; N é;z = oy COS Oy = Rpp 005 3&
# o :
* ~ :
- #r > 33 _3:{ 0 ct".z - dq ccs,fd 'bc'z fos og

- PR PR PR
= R Xgr by Yz *Cez 3z

Find the centroid of the upper triangle in Figure 3.26 (i.e.,
} by solving the following:

coS wg  C0S g, oS J x (4
a ’ ’ g Q”'
Qe &gy Cer %=l
e ?
2rs boz Sz ] In 62
(Note that (Eﬁ)é-; corréspoi:ds to the actual equilibrium

interface plane from the previous time increment.)

1f 3 points only, set

. (2'@){ - {sz-
{bkg- - {ég%%
Ci‘lf = {sﬂgk

If 4 points, calculate the following:

z’* -
_ ’ z w ‘
” " ’
¥ * Y2 ’ ’
by = = -Y . bl m €y Cos oy - @, Cos Iy
. #
’! > 3=z » ’
“ca - Z —3, 3 ccs - 4’:5 505/5’5 méc_’ ;a8 ® g

£ & F 2”7 F4 »
8y = @ Ty + Doy ¥y * Cly By
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z+ ®] ’

a‘f 5'-.“—"‘:'——— -Xz 5 ‘Co" ] éc‘f COSJd = Ceg “’Sﬂa .
A r; !
;f i 74 v ’ |
¢ " l 2 - 3‘2 ] Cog = 4 cosys",. — bey COS olg
, ] . {292)
gf -~ ‘_* xg’ s é’ yz * ¢'¢'4 3‘; . )
Find the centroid of the lower triangle in Figure 3,26 (i.e.,
point @ ) by solving the following:
Cos Wy CoS By CoS g Zy (£ 3)”
’ . e
Loy b2y Gy || ° Bl = (4
’ F I'd .
e et 29 # 8, (293)

i (Note that (Rs),.,  corresponds to the actual equilibrium

.
interface plane from the previous time increment.)

The centroid of the entire area is obtained from the following

relationships:
_ - Se
( xg)" = (x;:)( + ('}_T‘—) ( rg' —?-'p)‘-
(yx)" = (yp) (3 - S ) (Jf yP)
(3’&); " (3;0),_- * (-};—;fg)é (39 - 3{"){ (294)

In this calculation, the total force normal to the barrier will be
calculated and the coordinates of the application point for an equivalent

concentrated load will be determined,
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The point of application may be obtained from:

’f’ (Afﬂ)‘- Ll (A/W)"_’ 2"‘. 'l“ z‘t’-_{

( . €27 I Z 2
EZ’,) = -
¢ [
I (Amr); * ("Iﬂf)t‘-"f]
1Y 2 ! (29%)
ot .. .
E (A,,,.)‘, * (Amr ot yﬂ‘,‘ * yd'(-f
ie? P : : ¥l
(z: y‘)’t = wef |
- Z; (Awr); * (Awr);'nr (296)
ief 2
E' -(Afﬂr):‘ i ( Awr)iert|| Fer * 3&ieg
A L=l ¥4 . 2
. (225 ) - '
it "E’ (Aus): + (Auer);., (297)
qar 2
The total force normal to the barrier due to vehicle crush is
given by:
! (Aﬂ}r)» * ( Awr):.
(), = K (DY) L | — @)

The force normal to the barrier due to deformation of the hard
points is assumed to be zere if the lateral position of the undeformed hard
point becomes less than that of the barrier or if the lateral velocity of
the hard point becomes less than zero. That is

Fusri =0 f Yir;y < Ys or Viér, <O

146

e s



AU B e B o o

where:

W U~ Rysr; + Qg

N4l

H

Ry, ~Piay

]
Vsr‘:
'

Woer,

; W+ Py, —Quor, Il C(299)

However, if p—s:.‘— > 0 and 35'”,‘: > yfﬁ

' — [
Fusr, = Korp (ybrs, = 43) (300)
Kote that the position of the deformed hard point in the vehicle
system fs;l
X'g-r" X;r‘ - Xé
T
Yorc | = AT} 95 - ye
Zyr, N 24— 2 (301)
And the total vehicle force is o= (Fg)t + é- Fasr £302)
i)
If the barrier is rigid, lex { = [ + 1 and return to the

calculation of the point of intersection of the 3' axis and the barrier
face plane until ( HIB ]t u ( 35" )J Then proceed to the calculation
of sprung mass resultant forces snd moments (Section 3.8.4),

1f the barrier is deformable,

1. let the assumed deflectior of the barrier be

86 = (48); - (Y5), - €n
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~where &p  is the permanent set of the barrier
(initially zero), ]

/

z. calculate the barrier force, Fgs , as described
in the next section (Section 3,8.3) '

If the vehicle normal force and the barrier normal force ar$ not in

balance (within limit ¢gg ), 1.8,

és < (F5 "FN)

jet. ¢ = { + 1, and return to the calculation of the point of inter-
section of ‘the. ¥’ axis and the barrier face plane,

b

i

| 1f € > ( Fg - Fu ). proceed to the calculation of sprung

" mass resultant forces and moments (Section 3.8.4).

3.8.3 Simulation of Deformable Barrier
Load-Deflection Characteristics

A previously developed general subroutine for handling non-linear
load-deflection characteristics (Reference 12) has been adapted for
calculating barrier forces for simulation of sprung mass impacts with
deformable barriers. Use of the subroutine requires that the load-deflection

characteristics of the simulated barrier be known.

The load-deflection relationship for increasing load is represented
by a generél polynomial functicn of def]ection and the velocity of deflection,
(Velocity terms, included in the original application for which this subroutine
was developed, have beeon retained. However, since simulated barrier
deflections occur in discrete steps of Ag;b , the coefficiénts of the
velocity terms in the polynomial for the load-deflection relationship should

be entered as zero for the present application to barriers.) For decreasing
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load, the load-deflecﬁion relationship is represented by a parabolic
function of the deflection that is determined from specified (input data)
ratios of: (1) conserved energy to tots  absorbed energy, and {2) residual
defliection to maximum deflection (see Figure 3.27).

¥hen recurrent loading takes piace. the residual deformstion for
each cycle is incorporated, in the form of initial surface displacemenf: for
subsequent cycles. If the'unloading between cycles is incomplete, a value
of residual deformation is determined such that the new loading curve will

4pass.throu§h the final point on:the preceding unloading curve (see

Figure 3.28).

The general procedure followed in the nonlinear load-deflection
subroutine-is described briefly in the following paragraphs.

1. The deflection and the velocity of deflection are
determined from analytic geometry and applied in the
appropriate functional relationship to determine:
the corresponding load.

2, The change in area under the force deflection curve,
(Ft”ﬁai)(ét";tw)/z is calculated and stored

for each time increment.

3. wWhen a maximum load point is reached (as indicated by
an initial negative value for the velocity of deflection},
the total area under the loading curve (total absorbed
* energy) is calculated, and the coefficients for a
parabolic unloading curve are determinsd from input
specifications for (1) the ratio of conserved energy
to total absorbed energy, and (2) the ratio of residual

deflection to maximum deflection.
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Figure 3.27 GENERAL FORM OF BARRIER LOAD-DEFLECTION CHARACTERISTICS
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4. ‘¥hen the deflection, during the unloading, becomes
equal to or less than the specified residual deflection
{from the calculated maximum deflection and the
specified ratio of residual to maximum deflection), the
force is set equal to zero.

The logic and calculation steps for the general noniinear load-
deflection subroutine are presented in Figure 3.29. Note that the
correspondence between the symbols used in Figufa 3.2% and those defined
in this report for application to deformable barriers is given in the
following table.

Symbol in Symbol for Application
Fipure 3.29 to Barriers

Fa
&
o

(%)e - (‘f;)t-l
Hly

SET
CONS

6% (R=0,1,2,3, )
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In the'logic'depicted in Figure 3.29, the criteria for a “proper"
range of combinations of the imput parameters that control unloading
characteristics (i.e., SET and CONS) are based on an adopted requirement
that .unloading curves (i.e., load vs. deflection for decreasing deflection)
should be coﬁcave upward, with the linear case as an upper limit and zero
minimum slope as a lower limit, During the original_develophent of the
general nonlinear load-deflection subroutines, it was found that a dyﬁamic
load-deflection characteristic for increasing deflection that was initially
quasi-linear but then yielded at a constant force leéel required exploratory
variation of the input parameters that control unloading characteristics,
sinée the "proper" range of combinations was dependent upon the paximum
deflection. Further difficulty was encountered in the case of multiple

toading cycles, in which the range of maximum deflections for the individual

loading cycles are generally different.

in order to avoid the above difficulties while still retaining
control of unloading curve characteristics, the depicted programrlogic
automatically adjusts the input values of CONS, as required in initial loading
cycles. Any adjustments made in the input values of CONS are, of course,
indicated in the program output. In addition, whenever a sequence of loading
cycles leads to an "improper™ unloading curve, either through the mechanism
of different ranges of maximum deflections or through the accumulation of
“earry-over' energy from previous loading cycles with incomplete unloading,
the revised program logic resets the conserved energy to a value corresponding
to the exceeded limiting case of unloading curve characteristics. Again,

the program output indicates any adjustments that are made.
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3.8.4 Resultant Forces and Moments

The velocity cbmponents of the points of application of the

sprung mass forces are:

Ug, U - yR+z Q
Ve | = IAlelv » iR - 2P |
‘ (303)
We; wo- yiP-x @
where:
xl = ZXg
y: = 272
2z = 22
and
¥i Xer i
gf. - 357-5*1" fbr ‘:':2;51‘%

And its velocity tangential to the barrier is:

VTAN, = [‘/{«&J‘ f{a'f,")'](sgna,;.) (305) 

The friction force acting on the vehicle due to contact with the

barrier is:

|0 fr |V7AH] % ¢,
FRICT, = (306}

Mg & Sgn(VTAK), for &< I ml
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The resultant force components along '« vehicle fixed axes

|
i
i

acting on the sprung mass are: [

Fese - pg Fsn, 05 Og, f
Fsi | = [[ATN= || - B, b
| Fas; = Mo Fsn; sinby, (507
. + w.’. :
where, Os; = arctan ( _5})
‘ Ugry
'and Fsm = (&)t
Fsu,; = Fsrg for « = 2, 3,74.

The moments acting on the vehicle sprung mass are, therefore,

I

ig - ZNg = 2[ Yohasy - 2 Fysz] (308) .
ZNog = Zl2ife —xiFe ] - (309)
BNy = Sty - giFess ] .

3.9 Preview-Predictor Driver Model

The driver model includes several modes of operation: path-

following, speed maintenance, speed change and skid recovery modes
(Figure 3.30)}. The normal) steering mode is path-following, = The path-
following mechanism predicts the future vehicle path based on the instan-

taneous velocity and an estimated lateral acceleration due .to the instantanecus

front wheel steer angle. In the calculation of the projected path, the model

assumes that the vehicle will maintain its present velocity except for the
continuous effect of the lateral acceleration. The estimated lateral accel-

eration is a function of the forward velocity, the front wheel steer angle
and the stability and control characferistics of the vehicle, Error estimates

are made between the predicted path and the desired path at evently spaced
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points along the predicted path. These error estimates are weighted to
account for the reduction in lateral acceleration required to null errors at
further distances ahead of the vehicle. The error estimates are also
weighted <o emphasize the importance of errors at particular locations
along the desired path. The change in the front wheel steer angle is
propertional to the average of the weighted error estimates. This steer
command is filtered to reflect human dynamic capabilities, specifically

neuro-muscular dynamic characteristics.

Operating simultaneously with the path-following mode is either the
speed change mode or the speed maintenance mude. The speed change mode
uses input data values of the desired speeds, their initiation times and
sttainment distances to determine the required brake pedal forces and
accelerator pedal deflections. In calculating the brake and throttie control
commands, the model assumes linear relationships between deceleration and
brake pedal force and acceleration and throttle pusition. Initializntion
of the path-following mode requires that the initial vehicle pasition and
heading be consistent with the desired path. To initialize the speed control
mode the initial vehicle speed is set equal to the first desired speed,

1f, because of terrain features or cornering forces, the vehicle
should gain or lose speed such that the difference between the desired speed
and the actual speed exceeds the threshold values, the model will activate
the speed maintenance mode and attempt to return the vehicle to its most
recent desired speed. These threshold values are variable model inputs.

The skid recovery mode is activated if the vehicle slip angle,
Bc ,
exceeds a pre-seiected threshold value, Tes . The degree of severity of
the skid is determined from comparison of the vehicle slip angle with a
second (higher) threshold, 7Tgz . For skids of low severity the brake
pedal force ( Faex ) and accelerator pedal deflection { APD } are set to
1€710; hawsver, the steering control remains under the path-following mode,

the angle between the vehicle heading and its velocity vector,
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If the skid is of high severity, in which the highef vehicle slip angle
threshold is exceeded, the steering commands are determined by the skid
recovery routine. Thus, for more severe skids, brake pedal force and
accelerator pedal deflection ar set to zero, péth»following is discontinued
and steer commands are generated strictly to recover the directional control
cf the vehicle. Under the skid recovery mode, the steer angle chanée is
proportional to the average front wheel slip angle, }“f , and the sxgn of
the sieer correlation is in the direction of reducing the average front
wheel slip sngle. Repetitive steer angle correlations are made until the
wheel slip angle is equal to zero. Steer commands are filtered, as in the
path following mode, before being applied to the vehicle.

The data sampling scheme is virtually identical! to the one
investigated by Kriefeld {Reference 14). All of the model functions
éperate on their appropriate inputs at discrete time increments, as
determined by the input value of EMDT, the time between driver sanples

" in seconds, Significant changes in model output can be produced by this

mechanism, iacluding improved correlation with recorded nonlinear responses

of human operators.

It should be noted ‘hat the thresholds or indifference levels
mentioned above are designed to be single parameters representing the
minimum detection level for that particular control input or, if the driver
chooses not to act until s higher value is reached, the minimum indifference

level for that control input.
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3.9.1 Path-Following Mode

3.9.1.1 Specification of Desired Path

The center line of the desired path is entered intc the program
by a series of continuous straight line segments, i,e., first crder
polynomials.

3.9.1.2 Determination of Predicted Path

The predicted path (i.e., driver prediction) is obtained by
integration, from the present vehicle position, of the instantaneous velocity
and estimated Jgteral acceleration. The estimated lateral acceleration due X

" to the front wheel steer angle, 'l;fp DeaL  * €8N be calculated by

‘uty
T F .
&, = Hes! (311)

(@4@}({#!(‘ at)

where @& and b are the distances along the vehicle-fixed X axis
from the sprung mass center of gravity to the center lines of the front and
rear wheels, respectively, inches, ({y = magnitude of the vehicle velocity
and Ky is a performance parameter characterizing the understeer-
oversteer properties of the vehicle. Rawriting the lateral zcceleration in
the inertial reference system yields

Il a? 0
, t
a, = “ A E ¢ 2y
. 0
%y
160

e e e maee e e A Vi - B T o e gt S U P U U

P T At -



e ST T Ay

where JJAll is i:_ho transformation matrix from the vehicle fixed reference
system to the space fixed system. The coordinates ( X:;p‘: ’ yf/p‘; ) at
evenly spaced points a distance 4% apart along the predicted path can

be found by
¢ e xt e (B, Ve L85, ) &
Ko = B * (“r ')“ 2 (u,. ‘) Gz (312)
’ F L4
) L= Y'f- ..é....-s..,oi V’f-q-,-(d—s:" a’ (313)
v, T ¢ “y 2 \ur ¥
where
Uy = magnitude of the vehicle velocity vector

23 «{ = t-t; , an incremental time into the future,
vr
The error, €. , between the predicted path and the desired path
is measured at EAN different points, each one AS times .
{ £ =1, ..., EN ; inches along the predicted path ahead of the
vehicle. The measured errors are individually weighted and the results are

averaged to yield £y

i6l
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3.9.1.3 Ervor Determination ' !

|

The manner of error caiculation is outlined beio_;r._

[y . j

.f

f
:

1

DESIRED PATH

XA

DI'Y,

Figure 3.31 ERROR CALCULATION
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It canlbe seen in Figure 3.31 that

I 4 _x' . .
Ly, VB, = tan sb‘ (314)

! [}
va‘- ¥p 7

Since &; s measured normal to the‘projected path at point
( Xwe » ,'f'uﬂ; ), the slope along which &, |is measured, relative to

the ¢’ axis, can be determined from

LY . tan b ' (315)
dy ¢

In the present case the indicated derivative is equal to the ratio of the X
velocity at point ( Xyp, » Yypy ) to the y velocity. )

7 :AS' . ’
dfyy _ "(TF' ‘)“f

T .
4y .. [88 Na' (316)
], o+ “r :) zy
Combining Equations (314), (31'5) and (316}, one obtains
' ' 45 . ’
o= Xw & ’(:‘T; ”) “ (317
Y. = ' fa i
Y\'P'- y’p‘. Vv + (—;—S; ] )d,;
From the desired path input
(318}

x:;a‘- = SPn t SPns YP,
where

’
« 1 for yr = _Y;’f

n

N =« 3 for Y;’;< y;’t € Y;’;
n o= § for Yr;), < fjh' < Vs
N = 7 for Yes < Yh, £ ‘Y:"‘
N = 9 for Yps ¢ {1’&'
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Equation (317) can now be written as

. AS_.) d

(5P * SPasy 95 Xim _ “ (B2
. 7 y) - s (AS .Y 7 {319)
va‘."yp‘- r-p%ra;)d.’, ;

Solution of Equation (319) allows determination of the error via

.- ]
i - ’ . ] a -y, 2 ®

= Ieil = [(zp‘ - x'vp‘.) * (yP‘ - );;:) l {320}
The' algebraic sign of e is determined by the sign of ;4? in’'the normal-
tangential reference system at each peint o

39‘ = (ﬂp( - xye) sin Pg' * (5’: - va‘.) cos y" {321}
SGN (e;) = SGN (.‘f,‘.) (322)

The « th error €, would, therefore, be

e; = e | san(e,) 23y

The lateral acceleration required to displace the path of the vehicle
by & at a distance & ahcad of the vehicle is '
)
a, s 2 =41 (324)
¥ Jg°
From Equations (311} and (324}, it can be seen that the steer angle change
required to null an error € at a distance & ahead of the vehicle on its
projected path is

2 sb)lie Kk, u))

AY¥, = o e (325)
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Because the driver model samples the error between the desired pdth and the
projected path at EN eveniy spaced points 45 apart, the stee¢r angle
change required to null the error ¢ of the A thfpoint & distance
from.the vehicle is

Zﬁrb)(frkd ut) g

oVt Tesor S (326)

3.9.1.4 Importance Weighting Function

If the importance weighting of error &, is WZI; , then the
resultant stcer angle change is the weighted average of the steer angle
changes computed for individual sample points, '

@ 20k, L)

. f ¢
' : wrl e 327
% a¥, ENZ: @as.ir*t foe e
) - :
or
£V .
LAY, = K, 5 wE WI e
Y (328
where
!
wE, = T2 is the error weighting function,

wl is the importance weighting furction,
2&*&)(’**(‘ a;) .

Kp = ENBS®
gain. The driver's estimate of the vehicle

is the control

handling parameter (1 ¢ K4 uF ) is
probably -& constant. Thercfore, for the
preview-predictor driver model &  should
be determined for the normal velocity

and then held constant.

165

[PV |



3.2.1.5 Filter Structure

A siuplified- mode)l of the physiologlcal operator is essumed which
incorporates a time delay £  a possible lead 7L and a lag Tr .

This filter structure corresponds to the first order effects of the
neurological and muscular systems of a human driver (Reference 17). The
parameters Jr and 7. determine the exact shape of the cutput curve

AYr (), and T - sets the time delay before onse’ £ the smoothed output
(Figure 3.32).

) All of these parameters are variable inputs of the model and,
therefore, ‘readily permit alterations in the exact shape of the filter output
in crder to match a particular set of driver characteristics,

EMDT fo

]
,/Avrl o.. P
- L}
ri 0 .

—
.

t o
et —

(!, ‘:"T}" T+ Vaec
i

Figure 3.32 NEUHO - MUSCULAR FILTER CHARACTERISTICS
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Mathematically, the 4 th desired steer change from time ¢y
yields &n actual steer chauge at time ¢ of

e lr-t,-9) :
= },u(t-z";--r) (329)

Ty T,
AV, (t)=AV, 41— b
pf’,_ f’{ . TI

To sccount for the time delay

. 0 for (t-t;-7)< 0
A(t-t,-7) =
‘ t for(t-t;-7) 20 (330)

and since the transienss are assumed to have disappesred after one second,
the steady state response becomes:

AP,}.(H ] AV’;’, for (z"-t’- -r)=t (331)

The time functional form of the actual steer angle would. then be the sum of
the 4 th independent inputs '

temor
p,-(t) =t ﬁr”;’(f) ' (332)
"

and the ideal steer angle would be

(7 Lt is .
¥ et~ t aYe; | (333)
A

where EMDI s the time interval between driver samples (' *we 3.32).
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If /‘!’F(f‘)}> i , where .QY/ is

the maximum steer angle, then (334}
Y(t) = 2y sgn (Y 1gar)
and . : (335)

'//FwEAL = -QW 55'1(90”1054:.)

3.9,2 Skid Control Mode

To .effect the control of a vehicle skid it is first necessavy to
deiect the skid. This is usually done by the “feel" of the brake, steerink
and/or ahgélerator systems along with visual and inertial cues. No atitempt
has yet been made to simulate the detection mechanism per se, except for a

comparison of the vehicle slip angle with threshold values.

Theee types of vehicle skids are comsidered: braking skids, accel-
eration skids and cofnering skids. In all cases, the first attempt to controi
the skid, in the model, is through a nulling of all wheel tcrques. For a puré
rear wheel acceleration skid, torque nulling shouid be a sufficient action to
return control of the veb‘cle to the driver, providing that the yaw velocity
has not attained an excessive value, If a skid is of such severity that the
nulling of the wheel torques will not reduce the vehicle slip angle below the
threshold value, c%eer angle coﬁmands are generated in an attempt to regain
control. In such a case, instead of following the desired path through
steer angle inputs, the driver model atiempts to criznt the vehicle, thfough
steering commands, so that its heading corresponis to the direction of its

velocity vector.

From Figure 3.33 it can be seen that

95'—'- Gm%ﬂn(%} : (336)
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Figure 3.33 VEHICLE SLIP ANGLE Y

where & is the vehicle slip angle. The skid is detected when: the vehiéle

slip angle, ©. , exceeds the lower skid threshoid 7ey . The brake and

throttle controls are set to zero until the condition represented by Equation

(337) is no longer met, following which the model returns to the speed con-

trol mode.
1If  16.] > Tz, (337)
then APD = Faae = O {338)

For cases of extreme skidding where the vehicle slip angle exceeds

the higher skid threshold Te, (Tep, > Tri) , path following is
discontinued, and the steer angle commands are made proportional to the-

front wheel slip angle.
If [6c] > Tra (339)
then OYs; = Ks(-Yr t&c) (340)
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If the vehicle has not rotated more than ninety degroes dﬁring s skid correction

' maneuver, the driver will return to his path- ~-following behavior. However,

if the vehicle orientation has changed more than ninety degrees. the driver
wodel will bring the vehicle to rest. [ '

|

|

i

3.9.3 Speed Control Mode

The speed control section of the driver model is much less compiex
than the path- followxng mechanism. The model determines the differencs

_ between the desired and the actual forward speed of the vehicle, AV, and

then attempts to null the difference within a specified distance, It will
be possible in the future to have the driver model include a calculation of
the desired nulling distance. However, for the sake of initial simplicity,
the nulling distance is prespecified as a tabular input for each speed change
requxrpd For speed maintenance, on the other hand, ‘the acceleration is
specxfned &8s a function of AV. The speed control outputs are in terms of
inches of accelerator pedal deflection or pounds of brake pedal effort, The
modeled driver “assumes' that a vehicle deceleration of 0.1 g will result
for each ten pounds of applied brake pedal force and also that there is a
linear relationship between change in throttle position and change in the
magnitude of the vehicle acceleration.

The order cf calculation for the speed control section of the driver
model is as follows. The velocity error is calculated as

AV = DS Ur . {341y
A set of threshcld/indifference levels 7s; and Tsz are appliied
for positive and negative av, respectively. A desired acceleration 5%,

is calculated using the desired nulling distance, DIST

Day = =2 ' | (342)
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For a change of speed task the new desired speed, DSgp ; the time
of the cheange, *-cg ; and the desired distance to null &V, DISTI ., are
among the data read into the program. DIST  is set equal to DISTI 4 at
fx . At each time increment after ¢tg&g , DIST  is reduced by the
distance traveled by the vehicls, ' ' '

Drsr = prer- uy EMDT (344)

until DI'ST < O when it is reset equal to DIST[, and the speed maintenance
wode is resumed.

The speed maintenance mode consists of exactly the same equations
as the speed change mode except no periodic update of DIST at each calcu-
lation time is done, i.e,, the desired acceleration is proportional to-the
vehicle velocity and the magnitude of the error times a gain, Q'}":r,’r
For Dax > 0, an accelerator pedal deflection AFD  is the model output.

APD = APD + Ks, Dax (345)

The initial value of APD  is found by solving the net horsepower versus
speed function at ]S, for constant velocity. The vehicle, therefore,
starts all computer runs in equilibrium at the first desired speed. Ffince

APD can never exceed APDMAY | nor be less than zero, for cases of
Equation (345) where this happens, APD is set to APDMAX or zero at
the exceeded limit.

For sz > Tb- , the braking indifference level, the applied
brake pedal force, fgg, , is

FB&' = Ksy Ddx (346)

where st is the assumed response of the brake system,
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3.9.4 Driver Vehicle Interface

3.9.4.1 Braking

The output from the driver model is a force acting on the brake
pedal. This iorce is converted to a master cylinder hydraulic pressure
which is subsequently used to determine brake torques as described in
Section 3.6.2 by the following equation

P = Bpe(Faee) + Bery (Fgee)* : (347)

3.8.4.2 Engine Torque

Engine output is controlled by the accelerator pedal deflection
( APD ) and the engine speed. The accelerator pedal deflection is normalized
with respect to the maximum ( APPMAX ) to produce a throttle setting as
defined in Section 3.6.2,2

_ APD
TS5 romAR (348)

The throttle setting and engine speed are then used to interpolate
between the input engine torque values. The enginc speed is determined from
the average drive rotational velocity of the drive wheels, the rear axle

ratio and the transmission ratio:

RPUE = 2 (4R;)(TR)(RPS; +RPS,,,) (349)

A simplified representation of an automatic transmission is used
with the driver model to determine the transmission ratio which allows
transmission upshifts and downshifts at input engine speeds. The instantaneous
transmission ratio is determined by calculating the engine speed using
Equation (349} with each input gear ratio and comparing the calculated engine
speed with the input engine speed shift points. Note that down shifts are

assumed to occur only if the previous value of engine torque is negative.
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Letting IG -represent the gesr number at the previous time
increment, then the gear ratio is GEAR 26 and the upshift engine speed is

V6RU 14, 1601
5 1f RPME > VBRUrg re,, » 8n upshift occurs, i.e.
; TR = GEA’Q Laret
f Similarly, for downshifts ( T@g < 0)
% If RPME < VGED::,,:&-: » & downshift occurs, i.e.
i . .
5 TR GEAQ;‘_,
1
;
5 3.10 Aerodynamic and Rolling Resistances
2 i (HVOSM Vehicle Dynamics Versicn)
“ 1 .
1

The effects of aserodynamic and rolling resistances are grossly
approximated by means of a force, ZFes . acting along the X axis of the
sprung mass, The nagnitude of the force-i§ determined from an empirical
relationship which relates the driving force that is required to overcome
the cited resistances to the component of linear velocity along the vehicle
X axis. For simplicity, it is assumed that ZFyg acts through the sprung
mass center of gravity. The primary objective of this simplified analytical
’ treatment is to approiimate the effects of aerodynamic resistance on stopping

distances.

A number of empirical-analytical relationships can be found in the
literature. The following, representative rélationship is taken from

Raference 9:

Fo = 0.001128 AV + W(0.0001395y+ 0.01676) (250)

1

~a

3




where

Fe = force required to over come aero-
dynamic and rolling resistances, ibs.

A = front area, square feet.
Y = vehicle speed, ailes per hour.

W, total vehicle weight, 1bs.

Converting Equation (350) to a general formst that is suitable for the present
simulation program, the following expression is obtained:

0 , for lul <1 in/sec
ZF = ‘
: (351)
“Guful-Cr u-cysqnu | far ful 21 n/sec '

wherc

WU = scalar component of linear velocity
along the X axis, in/sec,

G,C 06 = coefficients to approximate the total
force required to overcome aero-
dynamic resistance.

In applications where measured resistance data are available, the
coefficiants Cl, Cz, C3 can be directly selected to achieve an empirical
fit. In the absence of such measured data, Equation (350) can provide &
basis for approximating CI’ Cz and C3' by means of the following

conversions:

c, = (3.6415X10"8)a

C, = (7.926xX10 %)w

2

C3 = 0.01676W
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where

A = frontal ares, square feet, and

¥ = total vehicle weight, lbs,

For A = 26.4 square feet and W = 3600 pounds, the following,
representative values are obtained for the coefficients:

C. = 9.6136X10°°

1
c, = 0.02853
C, = 60.336

A rolling resistance torque is approximated by a linesr function
of tire normal load and is applied directly to the sppropriate wheel spin
equation of motion:

Remi = - Coou, Fa, sgn (RPS;) s

3.11 Resultant Forces and Moments

The resultant forces on the vehicle that act on the unspfung masses
in the x and 4  directions are determined frum the following

relationships:
ZFx.u = %(5;g¢*ﬂxug+ﬁsug) (353)
zryu = i}(&yﬁ *’Egﬁ"figui) (354)
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Forces acting on the unsprung masses in the X direction must

ke trénted_ individually in view of the unsprung mass degfees o7 freedon:

5“:‘ = FR!&;‘, ”E:u; # Fegn; ‘ (355)
!

The resultant force that is transmitted through the suspensions in

the 2 direction is obtained from
' (356)

Zhy = 510545, ¢5,

The resultant moments acting on the sprung and unspfun’g nesses arising

from tire and suspension forces are given below for the three suspension

options.
{ Independent F;ont/Sol id Axle Rear Suspension
2’\"4’“ = "'Fjui.{EF 'Jl"'hlwsrm) “Fyuz(z#sz *hzcosl’n;)
= (Fyus + Faug (22 #03) + S (Te/2 *0Tura).
""51(7;/2 *ATHF;) + (54 "53) 7;/2 (357)
SNo, = (5,508 =(5545)b = Fy, (2,44, +h,costh,)
-FE'UZ {ZF f‘fz f@é}/n_z) *qus (3.2 +d’§ é—f’d-Tpd,/Z fhams. ynﬂ)
{358}
+Fug (2pt83 0P - o2 /2 +hys YM)
ZNyy = thu’ (a+hyson,) + Fyus (a+h,050,)

“Fjusfb"hb@?ns) ~ Fyuq (b~ hy 50y )
P (T /24 87e2- hy 05Biy) = Fruy (Te/2+8%45: by osén, )
- : {359)
+ Fepa (Te /2 + pe '}Hmﬁu)' rxug[fz /2 'P'#*h;m‘iﬂns)
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ZNoe = Rus(Te/2-pox rhs@spns) - Faug (TR 27pde-hy @5fns)
R (Pt R +hyloBes) - Fua (p-Tede /2 thy o5 Ky)
# (55"54)7;/2 (360}

Independent Front and Rear Suspension .

2Ny, = ST /2+8Tes) = ST 2 ¢ 8Tup,) 54 (o2 +8Tigg ) - S3 (% /2¢ BThes)

- Fyu.-(zr"d;“h:mrm) = Fpuz (21485 v hy o582 )

- Fpusl2ardyerhycon¥as) = Fuy (2ped, + by cosdin, ) (361)
ZNoy = (5+S1)a - (55454 )b + Fy, (2. 48, +h, c058,)

*FIUZ (zF'JZ +thy CD'.‘»J;‘:) + F;u;(z':fd;"'hsdosxha)

+ Feuq(Zerdyr hyos¥ng) | (362)

ZNw = _Fgm(a rh,wsay, ) + yuz(a vh, (050n ) |
- Fyus (b-hycoschy) — Fuug (b~ hsws, )
*+ My ( 7;'/2 rdeZ’ 'hlm:'éu) - F:ml(y;/z TALFI "h: (05,53_,) ‘

(361)
+Frug (T2 2 +8Tupa - hycos But) - Frun (To/2+8Tes ¢ ity s Pns)
Solid Front and Rear Axles
ZNgy = - (@ur *Fpua (2 t4) ;'(F;{ua rgiu4)(33'J3) |
(525 ) G /2 + (54-55) 7512 (364)
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ENGH = (SJ f’sz)a' "(65451)‘7 +E¥UJ(ZF f‘f, f’fg& 7;.- ;/2%&,@53;”)
¥ Feuz (2544, +}7;— T ge/2 +hy 058n;) + ! Yu3 (zefcfsrf e ToGe /2 +h3008 XM)

+ qu‘; (2 ri'-l-;p '-T,eég/z fhf COSB;M) | . (365)

EM#‘:A

i

;';m; (a+hlwsdﬁ}) hi guz [a‘f'h; Q’dn_‘.) - Fy“g(b'kamwus)
~Fig (b - hatoses) - Frar (B2 prdy thycospr)
+F;ll2(TF/Q+ﬁF¢F'hJ(06£N) “"qug(?k/? 'P4e rh; (osp,,;)

* Frua (/24P de - hg cosPna) (366)

p:‘!u: (/2 ’}aﬁéF "hifps,ﬁlu) - guz(";ﬁ'ﬁ}% -hy 6”5“)
=y [PF"TF""/? thywsky,) — Fur (P ~Tedy /2 ¢hy 081
+(5,-5)Te/2 _ " en)

> Nd'ﬁ

TNog = Feus(B/2-pdes hyoshes) ~Foua (/2 ¢ pbe -y C5Png)
'Fybﬁfp ‘“&dk/z 1‘hl“"xm) -FWJ/O-?E:#/Z *h, cos X’u)
+(53-5)T3/2 (370)

Note that driveline torque reactions are included in the roll moments acting
on the sprung and unSpn‘mg masses in the HVOSM-VD2 version if the drive axle
is solid., For the case of a solid rear axle, with rear drive, the following
terms are added to the equations for sprung mass roll moment and rear axle
roll moment:

ZNg = oo *12(TR)se

TNge = -0 ~1207TQlog

-
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For the case of & solid front axle with front drive the following terms

are added to the equations for sprung mass roll moment and front axle
roll moment: '

ENgu = ... =12 (TQhr ;

ZNgp = ... <12(1Q)
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