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Chapter 1. Introduction

Recently , wunder contract No. DOT-HS7-01715, the
authors were invelved in the creation of some all-digital
simulations for both open and closed-loop automobile
maneuvers. Specific achievements of that project were the
development of':

(1) A vehicle module IDSFC (Improved Digital

Simulation Fully Comprehensive).

(2) A driver module DRIVER, which involved several
mathematical mocdels of the human driver. Such a
module is required for closed locp maneuvers

Overall features of these mcdules are as follows. Full
details can be found in Refs. [1.1] to [1.9].

(1) IDSFC., The vehicle model IDSFC involves the
following degrees of freedom:

Sprung Mass. Specification of the sprung mass requires 3

translational and 3 rotational degrees of freedom.

Frcnt Unsprung Masses. The degrees of freedcm allowed are 2

wheel hops, 2 wheel spins, 2 wheel rotations about the
kingpins and 1 steering connecting rod displacement. To

reduce costs, the steering system is handled statically.

Rear Unsprung Masses.

A. Scolid Rear Axle. The degrees of freedom allowed are

1 rear suspension deflection, 1 rear axle rcll and 2 wheel
spins.

B. Independent Rear Suspensions. The degrees of




freedom allowed are 2 rear suspension deflections and 2
wheel spins.

The mathematical representation of the vehicle mcdel
involves 30 first order nonlinear differential equations
and approximately 250 algebraic equaticns. The digital
program contains 30 subroutines and both single precision
and dcuble precision versicns are available.

The vehicle simulation capabilities are basically as
follows:

(1) Straight line braking/acceleration, cornering
withocut braking/acceleraticn and cornering with braking/
acceleration are allowed.

(2) Maneuvers up to and including the 1limit range can
be studied in that (i) Nonlinear terms in the kinematics
are retained. (ii) These terms are activated by model level
switches and can be deleted for 1less severe maneuvers,
thereby decreasing running cocsts. These switches can also
be employed if the user wishes to do studies on the effects
of various nonlinearities. The tire and suspension forces
and mcments are modeled into the ncnlinear range.

(3) For system and user flexibility, two methods are
provided for ccmputing tire forces and mcments, namely (i)
The APL-CALSPAN model which 1is based on curves fitted to
the measured data. (ii) A Partial Data Deck model which
directly uses the measured data.

(4) An antilcck capacity, which can be activated by a

model lével switch, is available.



(5) Both solid rear axle and independent rear

suspensions are allowed.
(6) Front wheel drive, rear wheel drive and four wheel
drive are available.
(7) Separate braking at each wheel is permissible.
(8) An interactive capability is provided, which is
activated by a mcdel level switch.
(ii) A driver module (DRIVER), invelving  several
mathematical models of human driving behavior, was also
developed. The main features of DRIVER are as follows:
(1) DRIVER <controls steering, braking and drive torque
inputs to the vehicle model.
(2) There are 5 pre-programmed c¢pen-locp maneuvers
available, namely:
(a) Sinuscidal steer with trapezoidal braking.
(b) Trapezoidal steer with trapezcoidal braking.
(c) Double trapezocidal steer with trapezcidal
braking.
(d) Trapezoidal steering with a sinusoidal per-
turbation with trapezcidal braking.
(e) Sinusoidal steering sweep with no braking.
In addition the driver module will accept:
(i) Any copen-locp maneuver supplied by the
user in tabular form.
(ii) Any cpen-loop maneuver specified by a
user supplied subroutine.

(3) The driver module can operate in a closed-loop



mcde following a desired path. Four control strategies are
available, namely:

(a) A "cross-over" mecdel for a straight line path.

(b) A "cross-over" model for an arbitrary path.

(c) A preview-predictor model which uses a geo-
metric predictor.

(d) A preview-predictor mcdel which uses a three-
degree-of-freedom vehicle model as a
predictor,

(4) The driver module permits a mixed-mode cperation
which allcws combined cpen and closed lcop control.

(5) An cobstacle avoidance strategy using the preview-
predictor models is available.

Since the completion of that contract, additional work
has been done in’the areas of: (i) develeoping a simpler
vehicle mecdel, (ii) vehicle asymmetry, and (iii) driver
mcdeling. More specifically: (a) A three-degree-cf-freedom
vehicle model incorperating certain asymmetries has been
developed and a digital program has been written for it.
(b) IDSFC has been mcdified to take into account certain
vehicle asymmetries. (e) Thé module DRIVER has been
modified to allow it to interface with the
three-degree-cf-freedom vehicle model. Also, an improved
cross-over driver model has been implemented in it.

The purpose of this report is to provide documentaticn
tc enable wusers of IDSFC and DRIVER to inccerporate the

above additions/changes. In Chapter 2 a description is



given of the mechanical modeling involved in the
three-degree-cf-freedom vehicle model. Then a discussion of
the numerical strategy used is given, as well as a Fortran
program Iisting of the computer code. In Chapter 3, the
alterations in the seventeen-degree-of-freedom vehicle
medel IDSFC that are required to allow for certain
asymmetries are presented. Both equation and program
changes are given. Chapter 4 1is concerned with the module
DRIVER. The program alterations required to interface it
with the three-degree-of-freedom vehicle model are
documented. Also, an extended cross-over model of human
driving 1is described and the program changes required to

implement it are detailed.
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Chapter 2. Three-Degree-of-Freedom Vehicle Model

2.1 Equations of Motion for the Model

4 relatively simple mathematical model of a four-wheel
vehicle has been developed as an inexpensive and easily
manipuiaﬁed simulation tool., It <can be applied to both
symmetric, and certain types of unsymmetric, vehicles,

The model possesses three degrees of freedom; namely,
translation in a plane (X-Y plane) and rotation about an axis
(the Z axis) perpendicular to that plane. The vehicle is
considered to be acted upon by gravity, by air resistance, and
by contact forces and moments at the four tire-road contact points.

The following asymmetries can be treated:

(1) Addition of a "payload" at any arbitrary location

inrthe vehicle,

(2) Independent tire properties at each wheel.

(3) Torque transfer from the chassis to the driven

axle(s).

(4) Asymmetrical brake-torque and drive-torque

distribution,

(5) Independent steering system compliance at each

front wheel., In addition, the model includes the
following features which are particularly
important to the asymmetry mechanisms,

(i) Non-linear tire models.

(ii) Variable lateral weight transfer at front

and rear (corresponding to front-rear roll



stiffness ratio).

Payloads are incorporated by considering a system
consisting of two rigidly connected arbitrary rigid bodies.
Body 1 will wultimately be interpreted as the nominal
(unloaded) vehicle, and Body 2 will be interpreted as a
payload.

Let Body 1 be a rigid body (mass m1) and let xyz be a
set of axes fixed in Body 1 with the origin 0 at the center
of mass.* Let [11] denote the inertia tensor of Body 1 with
respect to these axes.

Let Body 2 be another rigid body of mass m which is

2
rigidly fastened to Body 1 such that the center of mass of

Body 2 1lies at point P which has coordinates (xp,yp,zp).
The position of P with respect to 0 is given by

> > > -

pp = (xpi+ypj+zpk) (2.1)

with origin at P, which
21

Define a set of axes x2y222

will be parallel to xyz as shown in Fig. 2.1. Let [I

denote the inertia tensor of Body 2 with respect to axes

*2¥a%or
hkssume that the only forces and moments acting on Body

->

2 are gravity and the forces and moments F21 ‘and le

exerted by the connection to Body 2 from Body 1. Then,

Newton's laws give

*A Tist of Symbols is given at the end of the chapter.



->
m2§2 = Mg+ ?21 (2.2)
32 -

The forces and moments acting on Body 1 are gravity,

the forces and moments ﬁiz and ﬁ12 exerted by the

coﬁnection from Body 2, and FO and ﬁb which are the

resultants at 0 of all other forces and moments acting on

Body 1 as shown in Fig. 2.2. Then

mea, = mg+ Fqp + F (2.4)
;1 - -> >
H x PTQ + Mg+ prF12 (2.5)

> > > >
F12 x --F21 x -m232 + ng,
> > ;2
M2 = My = -0,

(2.4) and (2.5) become, using (2.2),

m1§i x (m1+m2)§'- ngé + ?6 (2.6)
g' = -2 & Bpx(-m232+m2g) + M*O (2.7)

The equation of translational motion will be developed
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first, from (2.6). The equation of rotational motion will

then be developed from (2.7).

Let & be the angular velocity of Body 1. Then

- > -+ > > -> >
a, = a, + wxpp + wx(wxpp) (2.8)

Substitution of (2.8) into (2.6) gives the equation of

translational motion

- 3 > > > >
(m1+m2)a1 + mzwxpp + mzwx(wxpp) x

(m1+m2)§ + FO. (2.9)

Now specialization is made to the three-degree-of-

freedom model, for which

w = rk (2.10)
g = gk (2.11)

kecalling that

d = d ->
<3t) <af>rel "X (2.12)

where "rel" stands for relative to the moving frame, it

follows that
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5*1 x (\7’1)rel' + 5 X \71 (2.13)

where V

1 is the velocity of the point 0 namely,

v, = ul+ vy (2.14)
Using (2.10), (2.11), (2.13) and (2.14), (2.9) gives, in

component form,

u(m1+m2) - rypmy, = (m1+m2)vr
+m r2X + F (2.15)
2 p X *
v(m1+m2) + rxpm2 x -(m1+m2)ur

+ myroy 4 F (2.16)

0 = (m1+m2)g + F, (2.17)
For the model at hand, angular momenta are given by

HY = Ig W o= Iyt Y=1,2,021,2,3 (2.18)

Noting this and the relation (2.12), the component version

of (2.7) is, using (2.10) and (2.11)
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S = S 2 . .
I xz’ - I yzr x m2(v2p+rxpzp+urzp

2
r ypzp+ypg) + My

S 2 S . . .

P ro + 1 gzl = mz(rypzp—uzp+vrzp
+rex z -X g) + M

pp P y

Iszz; x m2(-pr-fxp2+ﬁyp-§yp2+urxp

-vryp) + MZ
where
S - 1 2
Inn = Iy * Ipg

The forces and moments acting on the vehicle are

(2.19)

(2.20)

(2.21)

(2.22)

tire

forces and moments, aerodynamic effects, and gravity (which

is already included in the formulation). Then

4
F, = i51Fxi Foers
4
F « iz1fyi s Fyaero
4
F, = i51F21 + Fyere
4
M x z F .+M .) + M

X ixl(Ytini'Zti yi Txi Xaero

(2.23)

(2.24)

(2.25)

(2.26)
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» - .
My * ix‘l(ztiFXi xtini+Myi) + Myaero (2.27)
MZ * 151(xtiFyi-ytiEXi+Mzi) + Mzaero (2.28)
where in, Fyi’ Foir Myio Myi’ M,; are the tire forces at,
and moments about, the tire contact points; anero’
Fyaero’ anero’ anero’ Myaero’ Mzaero are the forces at,

and moments about, the vehicle c.m. due to aerodynamic
effects, and Xei0 Yeio 2gq are the coordinates of the tire
contact points.

The tire is assumed to operate with zero camber angle

in the three-degree-of-freedom model, so F F M

xi’ “yi? xi?

Myi’ MZi are functions only of in, tire drive torque, and

slip angle, F ooy M are functions of vehicle

xaero' zaero

velocity. Equations (2.15),(2.16),(2.17),(2.19),(2.20) and
(2.21) thus provide six equations in the seven variables
(ﬁ,&,f,FZ1,F22,FZ3,qu).

A seventh equation is obtained by the following
argument., Consider a system consisting of a rigid body
which pivots on two solid axles, with torsional springs at
the pivots, as in Fig. 2.3. Assume that the axles are
parallel, and that there is some angular deflection (roll)
of the body with respect to the axles. In addition to the
moments caused by the springs, let there be torques T1 and

T2 transmitted between the body and axles which are

independent of 6.
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A free-body-diagram of the front axle is shown in Fig.
2.4, If the axle is taken to be massless, the equation of

rotational motion about the x-axis becomes

Fa1¥e1 * Fao¥ep = Fyybp = Foohp + Moy + My = Ty = -k 0

(2.29)
Note that ytz < 0.
The analogous equation for the rear axle is
Foa¥e3 + Fpg¥eq = Fyghp = Fyghg + My3 # My - T) = -ky0
(2.30)
Define
K = k1 + k2 (2.31)
Mg * k1/K. (2.32)
Then

Substitution of (2.33) into (2.30) and (2.34) into (2.31)
yields

“Foq R mF Bt g+ o =Ty) /hpg = -KO (2.35)

LPEFERLIPPS S S
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(Fz3yt3+Fz4yt4-Fy3hR-Fy4hR+Mx3+Mx4-T2)/(1-ARS) = -K0

(2.36)
Equating (2.35) and (2.36) yields
(l—ARS)(leYtl+Fz2Yt2) B ARS(Fz3Yt3+Fz4Yt4)
= (1-ARS)(T1+Fyth+Fy2hF—Mxl-sz)
= Ags (T2+Fy3hR+Fy3hR+Fy4hR_Mx3—Mx4) (2.37)

Equation (2.37) holds for all values of K. In the
limit as K becomes infinitely large, the two-axle/body
system will behave as a rigid body in plane motion (i.e. no
rolling). Eq. (2.37) can thus be wused to remove the
indeterminacy in Fz for the three-degree-of-freedem model.

The steering system will now be addressed. The front
tire forces depend in part on the steer angles of the
wheels. The steering system is shown schematically in Fig.
2.5. It is assumed tc be massless, so that the deflection
of the compliant members can be computed statically. The
input to the system is the steering-wheel displacement. The
linkage geometry can be specified to yield either parallel
steer angles or Ackerman steer angles, as shown in Fig.
2.6. In either case, the simplifying assumption 1is made
that the torque acting at the pitman arm 1is the sum cof the
kingpin tcrques.

The steering system 1is described by the following
equations, where 68w is the steering-wheel displacement, §

P
is the pitman arm displacement, 61 and 62 are the front-
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wheel steer angles, TQST1 and TQST2 are the steering

torques about the kingpins, NG is the steering ratio, CSTI’
CST2’ and CST3 are the steering-system compliances as shown

in Fig. 2.5, and 6T0£1 AND 6TOE2 are toe-in angles.

GP x GSW+CST3(TQST1+TQST2)/NG /NG (2.38)

For parallel steer linkage geometry,

61 % 8p * CsqTQ57y * Spop (2.39)

x +

85 8p + Csr2T312 *+ S1og2 (2.40)
For Ackerman steering linkage geometry (assuming a
perfectly stiff linkage) the following relations are

obtained from geometry, where the wheelbase L and rear-

axle center turning radius Rr are defined as in Fig. 2.6.

-1
dp s tan (L/Rr) (2.41)
-1
61 x tan (L/(Rr-yt1)) (2.42)
5, = tan"(L/(Rr-ytZ)) (2.43)

(note that Vi < 0).

Substitution of (2.41) into (2.42) and (2.43) and

addition of initial toe-in angle and steering compliance
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effects yields

5 = tan'1[Ltanép/(L—ytltandp)] e

1 5717971 +0pog1  (2.44)

1

62 = tan~ [Ltanéb/ﬂLfytztanép)] + C $ (2.45)

57279127 OroE2

where GP is given by (2.38).

Tire  ferce and moment  equations will now Dbe
considered. It 1is assumed that the tires are capable of
generating side forces, circumferential forces (along the
intersection of the ground plane with the wheel plane), and
aligning torques (moments abcut the z-axis) in addition te
the normal forces (perpendicular to the ground plane). The
tire forces are calculated using a simplified CALSPAN tire
mcdel in which the tire forces and mcements depend only on

the normal force, slip angle, and drive/brake torque [2.1].

The slip angle at each tire is computed by the

following equations.

a; = By - 8 ix1,2 (2.46)

oy * B ix3,4 (2.47)
where

B, = tan ' [(vaxyir)/(u-ygyr)] (2.48)



18

The tire circumferential and side forces and aligning
torques are resolved into the vehicle axis system by the

following equations, where FCi, FS and TQALi refer to

i’
circumferential force, side force, and aligning torque,

Fog = -FSysiné; + FCjcosd; iz1,2 (2.49)
Fyi x FSicoséi + FCisinéi iz1,2 (2.50)
Foi = FC ix3 4 (2.51)
Fop = FS; ix3,4 (2.52)
Moo= TQups ix1,2,3,4 (2.53)

The steering torques TQSTi are computed by the
following equation, where CX is the caster offset, as shown
in Fig' 2.7.

STi

Tire modeling will be addressed now. The force and.
moment generating capabilities of the tirés in the vehicle
model in this report are represented by a tire model
developed by investigators at the CALSPAN Corporation. The
model has evolved over the last 1% years; in its current

form it supplies a fairly complete representat:n of the
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non-linear steady-state behavior of the pneumatic
automobile tire [2.3, 2.4]. Such a representation is felt
to be necessary even with simple vehicle models, if
realistic results are to be obtained., It includes the
following features:

(1) non-linear cornering stiffness/normal force

relation

(2) non-linear camber stiffness/normal force relation
(3) non-linear side force/slip angle relation

including side force saturation

(4) non-linear circumferential force/normal force

relation

(5) side force roll-off as a function of longitudinal

slip

(6) aligning moments and oVerturning moments as non-

linear functions of normal load, side force, and
camber angle.

The CALSPAN tire model is based on a representation of
experimentally measured data curves with  polynomial
expressions. A total of 29 descriptive parameters plus a
side force roll-off versus longitudinal slip table are
required. The independent variables for the model are slip
angle, camber angle, radial deflection, and 1longitudinal
slip. The dependent variables are radial force, side force,
circumferential force, aligning moment, and overturning
moment

A 8implified version of the CALSPAN tire model for use
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with the 3-DOF vehicle model will now be described. The
simplifications arise since no tire deflection is allowed
and -wheel-spin dynamics are not included. AsS a result, tire
deflection and longitudinal slip cannot be independent
variables, Instead, the normal force and drive/brake torque
are taken as input variables. Also, the camber angle is
always zero, so the camber angle dependence is removed., 1In
addition, the overturning moment was felt to be unimportant
for this vehicle model, so it was taken to be zero. In
summary, for this simplified model the independent
variables are slip angle, normal force, and drive/brake
torque; the dependent variables are side force,
circumferential force, and aligning moment. Longitudinal
slip 1is calculated as an intermediate variable so that the
standard CALSPAN side force roll-off calculation, which
depends on longitudinal slip, can be used.

The simplified CALSPAN tire model can be broken down
into the following steps. Details of the calculations are
given later,

(1) The circumferential force necessary to give the

existing drive/brake torque is calculated.

(2) The corresponding longitudinal slip is computed,
which requires the calculation of several
frictional properties of the tire and road
surface,

(3) The circumferential force computed in (1) is

compared with the maximum tire capabilities and
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reduced if necessary.

(4) Kolling resistance effects are added.

(5) The side force is calculated for the existing slip
angle and normal force as if the tire wefe free-
rolling (no longitudinal slip).

(6) The side force computed in (5) is modified if the
longitudinal slip computed in (2) is non-zero.

(7) The aligning moment is computed based on the
normal force and side force.

These steps are carried out by the following sequence

of calculations,
th

The circumferential force for the i tire is first

assumed to have the following form

The coefficient of sliding friction in braking (at
longitudinal slip = 1.0) as a function of normal load is

represented by

2
i

The peak coefficient of friction for zero slip angle

as a function of normal load is represented by

2
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The longitudinal slip at which uPi occurs is given by

SI. = =K

i oi ~ K

1iFNi (2.58)
Note that in the CALSPAN data ROi AND R1i have negative
values so that (2.58) gives positive value for SI;.

An effective coefficient of sliding friction
(longitudinal slip = 1) for the existing slip angle and
road surface skid number is given by

An effective peak coefficient of friction for the
existing slip angle and road surface skid number is given

by

v

(1-57.3B .a.)SNi (2.60a)

HMi Hpy ci%i

provided this expression is greater than Wqj o Otherwise,

uMi O Hqg (2.60b)

The lbngitudinal slip corresponding to this 1level of

FNi and FCOi is given by

S; = 1.0, for FCyy < =-my;FN, (2.61a)
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Note that if | FCOi | guMiFNi, a value of slip Si will be
obtained such that -SIi < Si £ SIi.
The circumferential force generated by the tire is

then given by

FC,. = FC

ii oir for FCqoi SHyiFNg (2.62a)

x U .FNi, for FC

14 >U iFNi (2.62Db)

0i M

Finally, an additional circumferential force,
proportional to the normal load, is added opposing the
direction of motion to simulate the effects of rolling

resistance [2.5]. Thus,
FCu x FC : - KRRiFNi (2063)

where KRRi is the rolling resistance proportionality
factor,

Some remarks should be made concerning the possibility
of tire spin due to drive torque _(Siz-1), even though
maneuvers involving tire spin were not. included in this
investigation. The limit on circumferential force in this

tire model 1leads to a corresponding limit on the drive
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torque which can be utilized, given by

TL., = FC

i 11 /Ty (2.64)

This wutilized drive torque would be less than TQti in
the case of Si = -1, For a two-wheel-drive vehicle with a
standard differential in the driven axle the drive torque
applied to the wheels on that axle is the same and is
limited by the torque which can be utilized by either tire,
To accurately simulate post-tire-spin behavior of such a
vehicle, TLi should be taken as the input drive torque to
the non-spinning driven wheel, rather than TQti' This
provision is included in the 3-DOF model.

The side force generatd by the tire 1is computed by
first calculating the force which would be generated by a
free-rolling tire operating at the same slip angle, then
modidying this to account for the longitudinal slip. The

side force for a free-rolling tire is calculated by

FS.: = =G

0i { FNy (2.65)

ui”yl

whereuvi is the peak lateral friction coefficient for the:

v

existing normal load, given by

) ,
‘i+BNiFNi)SNi (2.66)

= (By;FN;+B,

Hyi

Gai is a side force shaping function, given by
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G,y = 1.0 for a& > 3.0 (2.67)

- 1/3§ilai| + ﬂﬁﬂ)&i , for IE.

i| < 3.002.68)

x El

= -1.0, for o, < -3,0 (2.69)
where Ei is a non-dimensional 'slip angle defined by

Oti x -OLlCO(.l/(UYIFNl) (2.70)

and C is the 1low-slip angle cornering stiffness,

ai

represented by

C. = 4

ol oi * A

- 2
iFNi (A1i/A2i)FN.

1 i?

for FN; < Ay (2.71)
x kg, for FNg > A, (2.72)

It may be noted that at low slip angles this free-
rolling tire model behaves like a linear tire, reducing to

FS C at extremely high slip angles it saturates

0i 0i%i?

and behaves like a sliding tire, reducing to F5,; = “yiFNi'
The effects of longitudinal slip are accounted for by

assuming that the side force of a side-slipping

longitudinally-slipping tire can be broken down into two

components: a "rolling" side force and a "sliding" side
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force., & side force roll-off factor fi is defined where

fi *r 0 corresponds to a free-rolling tire (Si- x 0), and fi

= 1 corresponds to a sliding tire (Si = 1.0). f; is given

by linear interpolation on Si in a lookup table,
The final value of the side force is then given by

FS; = FSg;(1-f;) + FNiuSilsinai

i f‘isgn(FSOi)SNi (2.73)

where the first term is the "rolling" component and the
second term is the "sliding" component.
The aligning torque 1is assumed to be a function of

both normal load and side force, and is given by
TQu; = (K1iFNi+KZiJFSi')FSi (2.74)

Aerodynamic effects are treated in the standard
fashion., They are represented by the following equations,
where all forces are taken to act at the center of mass of
the vehicle., The longitudinal drag, which affects the drive

thrust requirement, is given byl(2.75) where C. is the drag

D

coefficient, APF is the projected frontal area, oy is the
density of air, and u is the forward velocity. This assumes

the vehicle 1is moving through still air with constant

velocity.

Fyaero * Cphppopi Jul/2 (2.75)
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Fyaero - anero = anero = Myaero = Mzaero = 0(2.76)

The terms which are taken to be zero in (2.76) will be

retained in the model for completeness.

The drive-brake torque at tire i is given by

TQ; = Top Ra *roi = Prp Brki (2.77)

where TQD is drive-line torque, RA is the drive axle ratio,
ATQi are torque distribution parameters, PFL is brake-line
pressure, and BRKi are brake torque coefficients.

Chassis-drive axle torque transfer is given by
T, = TQD \ppyr T = 1,2 (2.78)

Differential equations for inertial coordinates X, Y,

and heading angle y are given by

X = ucosV - v sinV (2.79)
Y = u siny + v cosy (2.80)
¢ = r (2.81)

2.2 Solution Procedure for the Equations for the Three-

Degree-of-Freedom Model.
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Equations (2.15), (2.16), (2.17), (2.19), (2.20),
(2.21) and (2.37) describe a set of coupled non-linear
first order differential equations in the variables u, v,
and r. To integrate these equations, it is convenient to

put them into the form

[ L 3
u = ulu,v,r)
v = v(u,v,r)
[ ) L]
r = r(u,v,r)

This cannot be done immediately due to the implicit nature
of the tire force relations, the presence of compliance in
the steering system, and the fact that the normal force-
side force relation is not one-to-one. The desired form is
obtained by the following method.

Equations (2.23) through (2.28) are substituted into
(2.15), (2.16), (2.17), (2.19) and (2.21). In matrix form,

they, plus (2.37), (2.44), and (2.45) can then be written

[c] {a} = {v} (2.82)

where



and

i]

11

13

23

34

42

29

zl

z2

z3

z4

36 =~ C37 =

(2.83)
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(@]
[}
[aa]

43 xz ~2¥p%p

44 = Ye1 v+ Cg5 T “Yyp 0 Cypg = “Yi3 ¢+ Cy7 = Yiy
Csy = MaZg
C = IS -m VA

53 vz 2yp P

C5q = X¢y + Cg5 = X5 4 Cgg = X3+ Cgq = Xy

Cgz = Iszz + m2(xp2+yp2)

Coq = Yiy (1-2gg)

Cy5 = Yep(1-2gg)

€76 = “Ye3lrs

C77 = “Yea'rs

Cgg = 1 (2.84)
4

b, = (m1+m2)Vr+m2r2xp+i£1Fx1+anero

4

= 2 T
b, = (m;+m,)ur+m,r yp+i=lei+Fyaero
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b3 = (ml+m2)g+F

zaero
4
_ +S 2 2 z
b, = Iyzr +m2(urzp-r ypzp+ypg)-i=lztiFyi+anero
s .2 2 :
by = -I,,r"+m (vrzp+r xpzp-x g)+1 2 tlFx1+ yaero
4
b6 = mz(urxp vry )+ lt(xtl yi Y x1)+M ]+Mzaero
= (1-A -A
by = (1-7pg)T)="ggTy
bg = {aSw + Cgpq (TQgmy + TQgm,)/NG} /NG (2.85)

{p} is a function of u, v, r, F_ ., F.. M ., and TQ

xi yi zi STi

(F Y i
aero’ Maeror 2re functions of u, v, r). Foir Fyi’ M,; and
TQgp; depend on F_., which are elements of {a}. It is thus

necessary to solve (2.82) simultaneously with the following

non-linear equation

{p}] = {(b}(u,v,r,{a}) (2.86)

The solution to (2.82) and (2.86) is obtained
iteratively. At a given time, u, v, and r are known. An
estimate of in is made from a previous time step. (The
first estimate is made using the static weight

distribution.) An initial {bo} can be computed, and the

following algorithm applied.
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fag} = [c]'libj} (2.87)
{bj+1} = {b}(u,v,r,{aj}) (2.88)
This process is continued until

!ai,j"ai,j-1} <€ i=1,...8 (2.89)

where €i are assigned convergence parameters whose

magnitudes are related to the expected magnitudes of a,.

2.3 Fortran Computer Program for the Three-Degree-of-

Freedom Model

The differential equations presented in 2.1 were
integrated by a fourth-order predictor-corrector method. A
pre-programmed . code, the HPCG subroutine in the IBM SSP
package [2.6] was used to implement the scheme. The source
code for HPCG is not given in the following program 1listing
since it is widely available.

The 3-DOF model, as programmed, requires a set of
"driver" subroutines, named DRINPT, DRINIT, DRIOUT, and
DRIVER. This was done to interface this model with the
driver module described in Reference [2.7] and Chapter 4.
The call statements for these subroutines may be removed if

alternate provisions are made for supplying values of
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DELSW, TQD, and PFL in subroutine FCT.
A Fortran 1listing of the program is given on the
following pages, followed by a list of program variables

and a typical data set.
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MAIN SUBROUTINE TRANS3S

c MAIN PROGRAM FJR THF 2D0F MODEL., MAIN READS VEHICLE AND TIRE
c DATA AND CONTROLS.THE ITERATIVE SOLUTION O° T4 STEADY-STATE
S EQUATIINS
C THIS VERSION OF MAIN REQUIRES SUBRDUTINES F35,TIRE3, MINV,
C HPCGy FCTy OUTL, (OUT2 INCLUDED FOR EXTENDED OUTPUT!
C DEVELOPED BY DOUSLAS L. WILSON, 8/30/81
0001 LOGICAL*1 VEHCON(6), TIRCIN(6), ICSETL6)
0002 REAL K1,K2y KD
0003 REAL*8 T¢DT,T1l,DTPRNT
0004 DIMENSION C(T7,7)4PRMT(5),Y(6)4DERY(6) 4 AUX(16y6)JUNKLIT),JUNK2(T)
09005 EXTERNAL FCT, 0UT1
0006 COMMON /T3DATA/ FRDI4,10,2)y AO(4), AdlG&), K2(4), B1(4), B3(4),

1 B4(4), RT(4), PO(&), PL{4), P2(4), SO(4), S1(&), S2(4),
2 RO(4), R1IC4), K1(4), K2(4), BCl&), SN(4&), FRR(4&)

n007 COMMON /V3D/ CI(T o7V ALAMT(4),EC(S),XT(4)yYT(4),DTDE(2),TAXLL2),
1 AXLR yVC 3G gALAMRS VM VI ZZ o VIYZ(,VIZXoXPLyYPL,ZPLPLM,PLIZZ,PLIVZ,
2 PLIZXCST1,CST 2y CST3, SRy XC(2)14BAK( 4)4HF yHR,Z I, P-4, RHOA,I ACKER

0008 COMMON /FOUT/ FN(4) JALPHAT(4 ), TOT(4),FS(&) o FCL&)yS(4),DELT (2),
1 TOST(2)
enoe CNMMON /OUT PT/ DSWOUT, TQOOOUT,PFLOUT
0010 COMMON /PRNT/ DTPRNT, Tl
0011 COMMON /VPR/ DSWMAX,TQDMAXyPFLMAX,KDyDSW0,TQI0,PFLO
0012 COMMON /FINFO/ IFIRST
C
c READ VEHTCLE AND TIRE DATA
0913 READ (5,105) VEHCON
0014 READ (5,101) (XT( 1), YT(I), I=1,4)
15 READ (S5,101) DTJIE(1), DTIE(2)
001¢ READ (5,101 ALAMT(1), ALAMT(2)
0017 READ (5,101 ALAMT(3), ALAMT(4)
0018 READ (5,101) TAXL(1), TAXL(2)
0219 READ (5,100) VC, VIZZ, VIYZ, VIZX, VM, AXLR, ALAMRS, G
0nn29 RFAD (5,100) XPL, YPL, ZPL, PLM, PLIZZ, PLIYZ, P_1ZX
0021 RFAD (5,100) CSTl, CST2y CST3 4 SRy HF, HR
0022 READ (5,101)-XC(1), XC(2)
0023 READ (5,101) BRK(1), BRK(2)
0024 READ (5,101) BRK(3), BRK(4)
0025 READ (5,100) CDy PFA, RHIA
0026 READ (5,99) I1ACKER .
on27 RFAD (54100) DSWMAX,TQDMAX,PFLMAX ¢KD
on2s8 READ (5,105) TIRCON
on2e READ (5,102) (RT(I), I=1,4)
00390 © RFAD (5,102) (A)(T), I=1,4)
0031 READ (5,102) (AN(]I), I=1,4)
0132 READ (5,102) (A2(1), I=1,4)
0023 READ (5,102} (B1(I), I=1,4)
0024 READ (5,102) (B3{ 1)y, I=1,4)
0035 READ (5,102) (R4 (IV, I=1,4)
0n36 READ (54102) (PO(1), T=1,4)
0037 READ (5,102) (P1(I}, I=1,4)
cn28 READ (5,102) (P2(1), 1=1,4)
co3e FEAD (5,102 (SO(I)y I=1,4)

N)4d RFAD (5,102) (S1(1), I=1,4)
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ona?
0243
0044
0045
0046
0047
0048
0049

0150
0051
0052
005 2

0054

0055
0056
ons7?
0058
0059
N0&0
0061

0062
ong2
CN64

0065
0056
&7
0068

0066
0070
on7l
0072

on72
0074
0075
onTeé
0077
2078

onTe
an8n
00f 1
0082
00R3
aneeG

e Nal
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READ (5,102) (S2(I), I=1,4)

READ (5,102) (RO(TI}, I=1,4)

READ (5,102) (R1(1)y I=1,4)

READ (5,102) (K1{I)I=1,4)

READ (5,102) (C2(1),1I=1,4)

READ (5,102) (BC(I), I=1.4)

READ (5,102) (SN(1}, I=1,4)

READ (5,102) (FRR{I)yI=1,44)

READ (5,104) ((FRO(T+J91) oFRO(T9J92)y 1I=1,4)43=1,1D)

READ (4,105) ICSET
READ (4,100} X0,Y0,PSI0,UOyVO,PSIDD,OSWO,TQD),PFL),0T,DTPRNT
READ (4,100) TMAX
READ (4,103) (EC(I), I=1,5)
WRITE (1,19€) VE4CZON, TIRCON, ICSET
199 FORMAT (*1VEHICLE CONFIGURATION:*,6AL1/" TIRE CONFIGURATION:¢ 541/
*¢ INITIAL CCNDITIONS SET:*,641/
%Y TO 11Xy "DELSHYpTX o "X 3 11Xo? Y 311 Xe*PSI®9X,*Ve,11X,
xR 11X, AYY)
©9 FORMAT (I16)
1)) FORMAT (F12,5)
10} FORMAT (2F12,5)
102 FOIMAT (4F 16, 6)
1)3 FMRMAT (5F12.5)
104 FORMAT (RF 12, 5)
105 FNRMAT (6A1)

SET UP THE COEFFICIENT MATRIX

00 10 I1=1,7
D0 10 J=1,7

10 €(1,4) = 0.0
Clls1) = VM & PLM
Cl143) = =YPLEPLM
Cl2,42) = C(1, 1)
C(243) = XPLEPLM
C(3,4) = 1.0
€13,5) = 1.0
€13,6) = 1.0
Cl3,7) = 1.0
Cla,2) = —ZFL*PLM
Cl4y3) = =PLMEXPLEZPL + VIIX +
Cla,se) = =YT(1)
Cl4y5) = =¥TI2)
Clay6) = =YT(3)
Cl&T) = =¥YT(4)
C(5,1) = IPL¥PLM ,
Cl343) = VIYZ ¢ PLIfZ = YPLEIPL%PLM
C(5,4) = XT(1)
€(5,5) = XT(2)
C(546) = XT(3)
CI5,7) = XT(4)



36

o
0085 C(6,1) = C(1,3)
0086 C(642) = C(243)
00R7 C(5493) = (PLMR(XPLX%2 + YPL**2) & PLIZZ + VIZZ)
c
0n88 Cl744) = YT(LI*({1.0 - ALAMRYS)
O0RG C({7+5) = YT{2)%(1.D = ALAMRYS)
0090 C(746) = =YT(3)%¥ALAMRS
no91 CUTy7) = =YT(4)*ALAMRS
c
2 CALCULATE THE INVERSE
0092 0N 20 1=1,7
0n9 2 00 20 J=1,7
ones 20 CI(T¢Jd) = CAT,J)
[»
0Qec CALL MINV(CIL7 Dy JINKL,JINK2)
oN9A IF (ABS(D) J.T, 0.001) G3 TO 70
onev Tl = =DTPRNT
onasg IFIRST =1
0029 PRMT(1) = 0.0
o1lo0 ORMT (2) = TMAX
0101 PRMT(3) = DT
0102 PRMT (4) = 0.1
c
0103 Y1) = X0
0114 Y(2)y = Y)
0105 Y(3) = PSIO
0106 Y(4) = U0
2137 Y{5) = V0
710% Y(6) = PSIDO
0109 DERY(1) = 0.16646
nLLn NERY(2) = 0.,16565
0111 NEAY(3) = 0,.16667
N2 DERY(4) = 0,.16667
112 DERY(5) = 0,16667
Ool14 NERY{6) = 0,16667
c
0115 CALL DRINPT
0116 CALL DRINIT
2117 CALL DRIOUTI(L)
1118 CALL HPCG (PRMT, Y, DERY, 6, IHLF, FCT, QUTL, AUX)
c
2119 TF (IHLF LT, 11) GO 7O 30
c ERRI RETURN FROM 4PC5
3120 WRITE (64151) IHLF
2121 151 FOAIMAT (?OERROR RETURN FROM HPCG: THLF =',13)
0122 sToP
0123 30 IF (PRMT(5) ,NE, 0.,0) GO TO 40
r
c TMAX HAS BEEN FXCEEDED
0124 WRITE (€4152)
0125 152 FNRMAT (*QTVMAX HAS BEEN EXCEEDED')
n2s sTne

c VEHICLE HAS STOPPED
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0127 40 WRITE (6,152)
0128 153 FORMAT('OVEHICLE HAS STOPPED?)
0129 STIP
c
C COEFFICIENT MATRIX SINGULAR
0130 70 WRITE (6,210) 2
0131 210 FORMAT (YOCCEFFICIENT MATRIX SINGULAR D =*,F20.10)
0132 sToP
0133 END ,
*OPTIONS IN EFFECT* 1D,EBCDIC,SOURCE,NOLIST,NODECK,LDAD,NOMAP
*0PTIONS IN EFFECT® NAME = MAIN  , LINECNT = 57
®STATISTICS®  SOURCE STAT EMENTS = 133,PRIGRAM SIZE = 5078

*STATISTICS* NO DIAGNOSTICS GENERATED
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c
c SUBROUTINE OUTL CHECKS THE VEHICLE STOPPING CRITERIIN
c AND WRITFS DUT INTERMEDJTATE VALUES,
C
0001 SU3RDUTINE OUT1 (T,Y,DY,IHLF,NFQ, PRMT)
0002 REAL*8 OTPRNT,T1
0003 DIMFNSTICN PRMT (5), Y(6), DY(6)
0004 COMMON /0UTPY/ DSWOUT,TODOUT, PFLOUT
0005 COMMON /PRNT/ DTPRNT,T1
c
0006 IF (LIYL4)%%2 ¢ Y(S)%%2) .GT. 0.1) .OR. (TOD .NE. 2.01) GOTO 10
0007 PRMT(5) = 1.0
0008 RETURN
c
c PRINT OUT INTERMEDIATE VALUES AT INTERVALS DTPINT
o000¢ 10 IF (T-T1+0.C001 .LT, DTPRNT) GO TO 20
0010 1 =7
0011 VEL = SQRT(Y(3)*%2 ¢ Y(4)%%2)
0012 AY = DY(5) + Y(4)#Y(6)
o WRITE(1,201) T,DSWOUT,Y{1),Y(2),Y(3),VEL,TODOUT,Y(4),Y(5),Y(6},
c 1 AY,PFLOUT,DY(4),0Y(5),DY (€Y
0013 201 FORMAT(*OT =" ,F12.495Xs*DELSW=",F12,4,5X,*X ='yF12.495X,
Xy =1 oF12,645X9'PST  ="4F12,495Xy*VEL =%, F12,4/
*21Xy'TOD ='4F12.4,5X%,'V =49,F12. 445XV = yF12 445X,
k'R =V, F12,4,5Xs'AY =',F12.4/
¥2IX9 'PFL  =",F12, 45X, UDOT =*4F12.645X,°VDOT =*,F12 .4, 5Xy
*12N0T = Fl2.4)
0014 WRITE (25232) T oDSWIIT o {1)oY (20 Y(3)y YI5), Y(6),AY,Y(4)
on1s 202 FIRMAT(9F12.5)
0016 20 RETURN
0017 END
*0PTIINS IN EFFECT* 1D,EBCDIC,SOURCE,NOLIST,NODECK,LOAD,NOMAP
*0PTIONS IN EFFECT® NAME = T1 o LINFCNT = 57
*STATISTIC S* SOURCE STATEMENTS = 174PRNGRAM SI7E = 936

*STATISTICS* NO DIAGNOSTICS GENERATED
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c
C SUBRDUTINE OUT2 PRINTS OUT TIRE FORCES AND SLIPS
C O0UT2 IS NOT CALLED ‘IN THIS VERSION OF MAIN PROGRAM?®
c
0001 SUIRNUTINE QUT2 :
0002 COMMON /FOUT/ FNU4), ALPHAT (4) s TQTI4) FSU4)F2U 4),S(4),0ELT(2),
1 TosT(2)
C 20 WRITE (1,205)
c WRITE (1,206) (I FNCIV,T,FSITIY,1,FC(I),1=1,4)
c WRITE (1,20T
C WRITE (1,208) (I,SC1), I, ALPHATII),I=1,4)
c WRITF (1,209) DELT(1),TOST(1),DELT(2),TQST(2)
0003 205 FORMAT ('ONORMAL FORCES AT TIRES®,8X,*SIDE FORCES AT TIRES?,10X,
£ 'CIRCUMFERENT 1AL FORCES AT TIRES?')
0004 206 FORMAT (" FN(® 1140 ) =",F12.5sL1X'FS{*4I1e*) =%,F12,5,11X,
*FC('y11,°) =% F12,5) .
0125 207 FORMAT (*OSLIPS AT TIRES® ,16X,*SLIP ANGLES AT TIRES')
000 € 208 FORMAT {0 S ,11,%) =9,512,5,12X,  ALPHAT(? 411, ) =*,Fl2,5)
0007 209 FORMATU{'DFRCNT TIRE STFFR ANGLES: DELT(1l) =*,F12.,5,8X,
% 'KINGPIN STEERING TORQUES: TOST(1l) =?,F12.,5/727X%,
* ELT(2) =',F12,5,25X,'TOST(2) =*,F12.5)
00208 RETURN
€009 END
*QPTIONS IN EFFECT® 1D, EBCDIC,SOURCE,NOLIST,NODECK,LOAD,NOMAP
*QPTINNS IN EFFECT®* NAME = 0UT2 s LINECNT = 57
*STATISTICS% SOURCE STATEMENTS = 9,PROGRAM SIZE = 53)

¥ STATISTICS*

NO DIAGNNSTICS GENERATED
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c
c
c SUBROUTINE FCT SERVES AS AN INTERFACS BETWEEN HPCG AND F35
c
0001 SUBROUT INE FCT(T,Y,DY)
0002 DIMENSION Y({6), DY(6)
0003 COMMON /FINFO/ IFIRST
0004 COMMON /FOUT/ FNU4), ALPHAT(&4),TOTU &) oFSU4)4F2U4),SU&),DELTI2),
1 TQsT(2)
0005 COMMON /0UTPT/ DSWOUT, TQDOUT,PFLOUT
: c
0006 DEL1 = DELTI(D)
%07 DEL2 = DELT(2)
0008 CALL DRIVER(DELSW,PFL,T0D,D3,D44DY, T,Y,DELL,DEL2)
0209 CALL F35(DELSW,TOD,PFLyY(4)yY{5),Y(6)DY(4),DY(5),DY(6)4IFIRST,T)
0010 DY(1) = Y(4)*COS(Y(3)) - Y(SI*SIN(Y(3))
0011 DY( 2) = YU4)*SINIY(3)) + Y(S)*COS(Y(3))
0012 DY(3) = v(6)
Q013 DSWOUT = DELSHW
0014 TO0DOJT = TQD
0015 PFLOUT = PFL
0016 RETURN
0017 END
«OPTIONS IN EFFFCT* 1D,€BCDIC,5NJRCE, NOLIST,NODECK, .J AD,NI¥A?
*OPTIONS IN CFFECT® NAME = FCT 9 LINECNT = 57
*STATISTICS* SDURCE STATEMENTS = 17, PROGRAM SIZF = 766

*STATISTIZS* NO DIAGNOSTICS GENERATED
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SURRJUTINE F35 COMPUTES THF TIME DERIVATIVES FOR A SIMPLE 3-DOF
VEHICLE MODEL. THE ONLY FORCES ACTING ON THF VEHICLE ARE TIRE
FORCESy GRAVITY, AND AIR RESISTANCE
F35 REQUIRES SUBIODUTINF TIRE3
OEVELOPED BY DOUGLAS L. WILSON 8/30/81
SUBROUTINE F35(DELSW,TQDsPFLyUyV,RyUDOT,VDOT yRDOT IFIRST,T)
DIMENSICN BI(7), RO(T), FX(4)y FY(4)y FZ(4)y THETAT(4),
*TOAL(A) o UT(4)y VT(4),TLI4)
COMMON /V3D/ CI(T74T7)sALAMT(4) oFC(5) o XTU4) 4YT( &) DTOE(2),TAXL(2),
1 AXLRyVCsGy ALAMS VM VIZZoVIVZ,VI ZXoXPLyYPLsZPL,PLMy PLIZZ,4PLIYZ,
2 PLIZXyCST14CST29CST39SRyXC(2)4BRKI4) HFyHRyCD,PFA,RHOA,TACKER
COMMON /FOUT/ FN(4) 4 ALPHAT(4),TQT(4),FS(41,FC(4),S(4),DELT(2),
1 TQST(2)

INITIALIZE FZ AND TOST ON FIRST CALL JF F35
IF (IFIRST «NE., 1) GO TO 10
FZ(1) = (VMEXT{3) & PLM*{XT(3)=XPL)I/(XT(1)=-XT(3))&G/2.0
FI(2) = FI(1)
FIU3) = =(VMEXT(1) ¢ PLM&(XT(1)=XPL)) Z(XTIL)I=XT(3))%G/2.)
FI(4) = FI(3)
TOSTIL1) = 0.0
TOST(2) = 0.0
IFIRST =0

COMPUTE THE PART OF B WHICH IS INDEPENDENT OF TIRE FORCES

10 BO(1) = (VM+PLM)®VAR 4+ PLM*XPL*R*%2 - CDKPFAXRHOA*0, S*U*ABS(U)

BO(2) = =(VM + PLMI*U*R + PLMXYPL%R#%x2

BO(3) = =(VM + PLM)*G

BOL4) = (VIYZ + PLIYZ)®R#%2 + PLM&(UXR¥IPL = YPL#IPL*R*%2)
1 + PLURYPL®S

BI5) = =(VIZX + PLIZX)*R#*%2 + PLME[VIR#ZPL + XP. *I>|#3%%2)

1 -PLMEXPLEG

B0(6) = PLM#R&(XPL¥Y - YPL#*V)

BO(T7) = (1,0 — ALAMRS)*TAXL(1)*TOD = ALAMRS*TAXL(2)%*TQD

COMPJTE T IRE PATCH VELOCITIES

PI02 = 1, 57079633

DO 20 I=1l.,4
UT(I) = U = YT(IV*R
VTI(TI) = V ¢+ XT(I)*R
IF (ABSQUTII)) .LT. 0.D01) GD T3 15
THETAT(I) = ATAN(VT(IV/UT (D))
GO T0 20

15 THETATII) = P02

IF (VT(I) LT, 0.0) THETAT(I) = -PIO2
I (ABS(VT{I}) .LT. 2.001) THETAT(I)} = 0.0

20 CONTINUE

COMPUTE DRIVE TORQJE DISTRIBUTION
DO 30 I=1.4 .
TOT (1) TQO*ALAMT(T)%AXLR
TQT(I) - BRK(IV*PA

ITERATE 7O FIND SOLUTION TD AX=8B



0934
0035

3736
2037
BUER.)
39
0040
00%1

0042
0043
0044

945
0046

0n47
0048
nna4o9
9050
0051

7352
0053

9054
onss
Mnsé

0957
0ns8
n0s9
0050

0061
005 2
one3

0064
0065

on66
0067
0068
0069

[aEaNe)

a0

©

(xNg]
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K=20
40 K=K +}

SAVE THE OLD VALUES OF UDOT, VDCT, RDOT, FZ(I)y, DELT(I)
uooTo = uocCT

wWmaT0 = VDOT
RNOTC = ROOT

FI10 = FZ(1)
F220 = FI(2)
F230 = FZ(3)
Fl140 = FI(4)

DELTLO = DELT(1)
DELT20 = DELT(2)

COMPYTE TIRE FIRCES
DN 50 I=1,4
50 P I) = -FZ(I)

CHECK FOR TIRE LIFTOFF
Do 60 1=1,4
IF (FN(I) .GEe 0.001) G) TO 60
WRITE (£9202) (JyFNILJ)gJ=1,4)
sTaP )

60 CONTINUE

COMPUTE STEER ING ANGLES

DELTO = DEL SW/SR + CST3*{TQST(1) ¢ TQST{2))/SR*%2
CHECK FOR STEERING TYPE

IF (IACKER .EQ. 1) GO TO 70
COMPUTE WAGON-TYPE STEERING ANGLES

NELT(1) = DELTP #+ CSTL1#4TQSTI(1)

DELT(2) = DELTP + CST2*THST(2)

50 70 75

COMPUTE ACKERMAN STEER ANGLES

70 Xt = XT(1l) - XT(3)
To = TAN(DELTP)
DELT(1) = DTOE(1)+AT AN(XL*T P/ (XL~TPHYT (1)) )+CSTL1*TIST( 1)
NELT(2) = DTOS(2)+ATANIXL*TP /(XL=-TP®#YT(2)) )+2ST2ETQST(2)

COMPUTE TIRE SLIP ANGLES
75 00 80 I=1,2
ALPHAT(I) = THETAT(I) - DELT(I)
80 ALPHAT{I+2) = THETAT(I+2) -

COMPUTE TIRE FORCES

DN 85 I=1,4

CALL TIRE3(FNALPHATsTQT¢FSyFCyTQALSoTLHI)
CHECK FOR TIRE SPIN )

IF (S(I) +GT. -0.,999) GO TO 85

IF (1 .EQ. 1) IOTHER = 2

IF (I .EO. 2) IOTHER = 1

IF (I +E0. 3) IOTHER = 4



0070
0071
n372

0073

n074
0075
00746
m77
no78
0079
nosn
Q081
0082
0083

0084
0085
0086

N0K7
0088
0089
n0Q0

Mn9l
7092
90913
7094
0095
096
0097
009R
0099
0100
0101
0102
0103
0104
0105

n1neé

OO0

ADOOO

a R Ne]
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IF (I +EQ. 4} IOTHER =3
TQT(INDTHER) = TLID) '
IF (TOTHER oFQe 1 oNR. IOTHER +EQe 3)
* CALL TIRE3(FN,ALPHAT,TAT,FS,FC,TQAL,S,TL,I0THER)
35 CONTINUE

RESNLVE TIRE FORTES ALONG VEHICLE AXES

FX(1)
Fyil)
FX(2)
FY( 2y
FX(3)
FY(3)
FX(4)
FY(4)

TAST(1)
TAST(2)

=FS{LV&SIN(DELT(1)) + FC(LI*COS(DELT(1))
FSI11*CISIDELTII)) + FCUL)*SIN(IELT(L))
=FS (2)*SIN(DELT(2)) + FC(2)*COS{DELT(2})
FS(2)%COSINELTI(2)) + FC(2)*SIN(DELT(2))
FC(3)

FS{)

FC(4)

FS(4) .

= TOAL(1) - XC{1)*FS(1)

= TQAL(2) - XC(2)*FS(2)

COMPUTE THE TIRE-FIRCE DEPENDENT PART JF B

BI1)
B(2)
B8(6)

1

2
B(3)
8(4)
R(5)
8(7)

BO(1) ¢ FX(1) + FX(2) + FX{(3) + FX(4)
B3(2) + FY(1) + FY(2) + FY(3) + FY(4).
BO(6) = FX{LI*YTIL)=FX(2)%YT(2)=-FX(3)%YT(3)=FX(4)%YT(4)
+ FYLLIEXTOL)+FY(2)%XT{2)+FY(3) EXT(3) +F Y(4) EXT(4)

+ TQAL(L)+TQAL(2)+TQAL(3)+TQAL (4)
801 3)
BO{4) - VOR(FY(1)+FY(2)+FYI3)+FY(4))
BO(S) + VCR(FX{1)+FX{(2V+FX(3)+FX(4))
BO(TI+(1.0-ALAMRS)*¥HFX(CY( 1) +F Y( 2) )~ALAMRSEARX(FY(3)+FY (%))

COMPUTE NEW VALUSS FNPR UNDDT,VNOT, RDOT, FZ(I)

worT
volT
RDOT
FI{n
F7(2)
FZ(3)
FIl4)
N0 90

UOOT = UDOT + CI(1,J)*B(J)

naT
RDOT
FI( 1)
FIt2)
FI{3)
90 FIl4)

CHECK FOR

VDOT + CI(2,J)%8(J)
RDOT + CI(3,J)%8(J)
FZ(1) ¢ CI(4,J)%3(J)
FI(2) + CI(5,J)¢B(J)
FI(3) + CI(6,J)%8(J)
FI(4) ¢ CI(T,J)%B(J)

CONVERGENCE

IF((UDOT~-UDOTO) *%2 (LE. EC(1) .AND. (VDOT-VDITD)I*%2 LE. EC(2)
1 <AND.
2 <AND.

(RDOT=-RONTO)«*2 ,LE, EC(3) .AND. (FZ(1)-FZ10)**x2 ,LE. EC(4)
(FZ(2)-F220)%%2 ,LE. EC(4) .AND. (FL(3)-FZ30)%*2 ,LE, EC(4)
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3 JAND. (FZ(4)-F74N)%%¥2 LE, EC(4) .AND. (DELT{1)-DELTION**2 .LT.
4 EC(5) oAND. (DELT(2)-DELT20)*%*2 LV, EC(5)) RETURN

c
c CHECK WHETHER ITERATION LIMIT HAS BEEN EXCFEDE)
n1o7v IF (K .LT. 20) GD TO 40
2108 WRITE (642010 T
7109 201 FIIMAT (°*ONO CONVERSENCE AFTER 20 ITERATIONS IN SUBROUTINE F32°,
® AT T=',F12.5)
0110 202 FORMAT ('ONEGATIVE NORMAL TIRE FORCE-~TIRE LIFTOFFY/
(* PN, IL,%) =',F12.5))
c
011 RETURN
0112 eND
*OPTIONS IN EFFECT* TD,EBCDIC,SOURCE,NOLIST 4 NCDECK, LO AD, NIUA?
*0PTIONS IN EFFECT* NAME = F35 » LINECNT = 57
®STATISTICS* SOURCE STATEMENTS = 112,PROGRAM SIZE = 4N88

*STATISTIZS* NO NIAGNOSTICS GENERATED



0901
0002
00013
0004

0095
3006
0007
0008
0009
0010
0011
M1L2

0013
0014
0015
nle
0017
on1 s

0019
2029
on21

0022
c023
024
0025
0026
0027
0928

729

0020
0021
0032
0033
0034
0035

0035

on37
0038

n039

OO

(8]
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SUBROUT INE TIRE3 CIMPUTES TIRE SINDE FORCE USIN5 THE CALSPAN MODEL.
CIRCUMFERENTI AL FORCES ARE COMPUTED BY FC=TQT/RT.
THIS MJIDEL INCLUDES SIDE-FORCE FRICTION ROLL-OFF AS A FUNCTION
OF SLIP, WHICH IS COMPYTED FROM THE CIRCUMFERENTIAL FORCE.
DEVELOPED BY DOUGLAS L. WILSON, 8/30/81

SJBROUT INE TIRE3(FN,ALPHAT,TQT4FS+FC,TOAL,S,TL, 1)

REAL K1 ,K2

NIMENSIOM FN(4) JALPH4AT(4) 4, TOT (&) ,FSt&),FC(4 ), TQAL(4) ,S {4),TLISG)

COMMON /T3DAT A/ FRD(4410,2), AO(4), Al(4&), A2(4), B1L(4), B3L4),

1 B4(4)y RT(4), PO{4), PLU4)},y P2(&),y, SO(4)y S1(&4)y S2(4),

2 RO(4), R1(4), K1(4), K2(4), BC(4), SN(4), FRR(4)

FMAX = (SL(IV*FN(TI) + B3(1) + BL&(IVEFN(TI**2)%xFN(T)%SN(I)
CALPHA = AD(T) + ALCT)AFN(T) - AL(ID®RFN(1)*&2/A2(1)

IF (FN(I) .GT. A2(I)) CALPHA = AO(I)

ALFBAR = =CALPHA * ALPHAT(I) / FMAX

DALF = ABS(ALFBAR)

G = 1.0

IF (ALFBAR T, 0.0) G
IF (DALF LTe 3.3) G =
1+ ALFBAR*%3 / 27,0
FSUI) = G * FMAX

FCUI) = TQT(TI/RT(I)

= -G
ALFBAR ~ ALFBAR * DALF / 3.0

UP = PO(I) + PLILIXFN(I) + P2UIV*FN(])**2
US = SO(T) + SLCTI*FN{I) + S2(T)*FN(1)*#2
SI = =RO(I) = RLUII*FN(I)

Y1 = US*ABS(COS(ALPHAT(I)))/SN(I)

XMl IS THE SLOPE AT LOW SLIP NUMSERS
XM1 = UP*(1,0-57, 3*RC(I)* ABS(ALPHAT(I)))*SN(T)/S1
IF (XMl ,GE. J1/S51} G} 7] 20
XMl = U1/S1
S IS THE SLIP NUMARER
20 S{I) = =(FCUIV/FN(IVI/XML
IF (S(I) .GT, SI} S(I) = 1.0
IF (SCI) LT, =ST) SUI) = -1.0
IF (ABS(S(I)) (LE. J.993) GO TO 30
FC{I) = UL*FN(1)
IF (S} «GTe 2.9) FC(I) = =FC(I)
IF (S(I) JLE, =0,999) TL(I) = FCIII*RT(I}
ADD ROLL ING RESISTANCE FORCES
20 FCLI) = FCUI) - FRA(TI*FN( T
COMPYUTE SIDE-FORCE FRICTION ROLL-OFF-
DO 40 J=1,9
IF (ABS(S(I)) .LE., FRO(1,J+1,11) GO TO SO
40 CONTINUE
F=14
5] 1) 60
50 F = FRO(I,J,2) ¢+ (ABS(S(1)) - FRO(TI4Jy1))
1 *(FRO(I,J¢142) = FRO(I,4J42))7 (FRO(I4J41,1)=-FRO(TI,J,1))
60 L =1
IF (FS{I) LT, 0.0} L = -1 )
70 FSIT) = FS{I)*(1.,0-F) + FN(I)*US*ARS(SIN(ALPHAT(IV))
1 SFH SN T)

80 TAALII) = (KI(IVEFN(T) # K2({I)*ABSIFS{IV))I*FS(I)
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02490 RETRN

0041 END

*0OPTIONS IN ZFFECT* [D,EBCDIC,SOURCE4NOLTSTyNCDECK 4L OAD,NOMAP
*0PTIINS TM EFFECT* NAME = TIRER ¢+ LINECNT = 57

*STATISTICS * SCQJRCE STATEMENTS = 414PRCGAM SIZE = 2056

#STATISTICS*® NO DIAGNOSTICS GENERATED

NO STATEMENTS FLAGGED IN THE ABOVE COMPILATIONS,
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C NAASA 2,1.020 MINV FIN 06-24-T75 THE UNIV OF MICH COMP CTR

OO OO OOV AT OO AOTOOOOCYN

[aXakaXasXaRaXasiakakaia e R Xa e XEXE Ke Kz Na)

SUBROUTINE MINV

PJRPCSF
INVERT A MATRIX

USAGE
CALL MINV{A,N,DyL,M)

DESCRIPTION DF P ARAMET ERS
A -~ INPUT MATRIX, DESTROYED IN COMPUTATION AND REPLACED BY
RESULTANT INVERSE.

N = ORDER OF MATRIX A

D = RESULTANT DETERMINANT

L - WORK VECTIR OF LENGTH N

M -~ WORK VECTOR OF LENGTH N
REMARKS

MATRIX A MUST BE A GENERAL MATRIX

SUBRCUTINES AND FUNCTICN SUBPROGRAMS REVJIRED
NCNE

METHOD
THE STANDARD GAUSS-JNRDAN METHOD IS USED., THE DETERMINANT
1S ALSO CALCULATED, A DETERMINANT OF ZERO INDICATES THAT
THE MATRIX 1S SINGULAR,

SURROUT INE MINV (AyNy DoLoM)
DTMENSICN A1) 4L(1), M(1)

00000000 0000000000000000000000000000000000000930800000RCCRNPSITS00L

1F A DOJYBLE PRPECISION VERSIIN JF THIS ROUTINZ IS DESIRED, THE
C IN COLUMN 1 SHDULD BE REFMOVED FROM THE DJJBLE 2RECISION
STATEMENT WHITZH FOLLIJWS,

DOUYBLE PRECISION A,D,BIGA,HOLD
THE C MUST ALSD BE REMOVED FRCM BOUBLE PRECISIJN STATEMENTS
ADPCARING IN NTHER ROUTINES USED IN CONJUNCTINN WITH THIS
ROUT INE.
THE DOUBLE PRECISION VERSION OF THIS SUBPJUTINE MUST ALSO

CONT AIN DOUBLE PRECISION FORTRAN FUNCTIONS, ABS IN STATSMENT
10 MUST BE CHANGED- TO DABS,

SEARCH FCR LARGEST ELEMENT



0003
0004
2105
0006
0007
0008
0noe
0010
0011
0012
0013
0014
0n1s
N16
0017
0018
0019

0020
21
0022
0023
0024
0925
092¢
0027
0028

n132¢
00230
0021
0022
023
0034
0035
0036
23137

0038
0039
0140
0741
0042
0na3
2244
0045

(S Na N

AR Nel

cConA

10
15

20

25

30

35

38

40

45
46

48
59

55

48

D=1.0

NK==N

DO 8) K=1,N
NK=NK+N
LIK)=K
M{K)=K
KK=NK+K
BIG A= A(KK)
DO 20 J=K.N
1Z=N*(J-1)
DN 20 I=K.N
14=17+1

IF( ABS(BIGA)~- ABS(A(IJ))) 15,20,20
RIGA= A{14)
LiK)=1
M(K)=J
CONTINUE

INT ERCHANGE R3WS

J=L(K)

IF(J-K)} 35,35,25
KI=K-N

00 30 I=1,N
KT=KI+N

HIL D=-A(KI)
JI=KI-K+J
AIKIN=A(JI)
A{JIV) =HOLD

INTERCHANGE COLUMNS

I=M(K)

IF(1-K} 45,445,318
JP=N*(1-1)

DO 40 J=1,N
JK=NK +J

JI=JP+J
HOLD==-A(JK)
A(JKY=A(JI)
A(JIY =HOLD

DIVICE COLUMN BY MINYS PIVOT (VALUE OF PIVOD
CONTAINED IN BIGA)

IFIBIGA) 48,46448
D=0.0

RFTURN

DN €5 I=1,N

IF(I-K) 50,55+50
IK=NK +1 ’
A(TK)=A(IK)/(-BIGA)
CONTINUE
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C REDUCE MATRIX
C
0046 D0 65 I=14N
0047 IK=NK +1
0048 HOLD=A(IK)
0049 1J=1-~N
onso DO 65 J=1,N
0051 [J=1J+N
0052 IF(1-K) 60,65,60
0053 60 IF{J=K) 62465462
0054 62 KJ=1J-1+K
0055 A(TJ)=HCLD*AIKJ )+ A(1))
0056 65 CONTINUE
c
c DIVIDE ROW BY PIvVOT
c
0057 KJ=K=N
0058 DO 75 J=1.N
0059 KJ=KJI+N
0060 IF(J=K) 70,75,70
0061 70 A(KJY=A(KJ)/BIGA
0062 75 CONTINUE
c
: PRODLCT OF PIVOTS
C
0063 D=D*BIGA
c
c REPLACE PIVOT BY RECIPROCAL
C
0064 A(KK)=1.0/B1GA
oneés 87 CONTINUE
c
C FINAL ROW AND COLUMN INTERCHANGE
c
006¢ K=N
0067 100 K={(K-1)
0n6s IFI{K) 15041504105
0069 105 I=L(K)
0070 IF(I-K) 120,120,108
0071 108 JN=N*(K~1)
0072 JR=N*{]-1)
0072 DO 110 J=1,N
0074 JK=J0+J
0075 HOL D= A(JK)
0078 JI=JR+y
Q077 AlJK)==A(JI)
onT8 112 A(JI) =HCLD
on79 120 J=M(K)
0080 IF( J-K) 100,100,125
0021 125 KI=K-N
0092 DO 130 I=1,N
0oer3 KI=KT +N
0784 HOLD=A(KI)
0085 JI =Kl =K+J

0086 MKIV==-A(J1)
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0087 130 A(JI) =HOLD

ooes GO 70 100

0089 150 RETWRN

0090 END

*0PTIONS IN EFFECT*# ID,EBCDIC,SOURCENOLIST,NODECK,LOAD,NOMAP
*0PTIONS IN EFFECT® NAMF = MINV o LINECNT = 57
*STATISTICS* SOURCE STATEMENTS = 90, PROGRAM SIZE = 2084

*STATISTICS* NO DJAGNOSTICS GENERATED

NO STATEMENTS FLAGGED IN THE ABOVE COMPILATIONS,
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2.4 Program Variable Definitions for Three-Degree-of-Freedom

Model
Program Variable  Analytic Symbol Definition
ALAMRS ARS Fraction of total roll
' stiffness at front
axle
ALAMT(I) ) Fraction of total
TQ1 . _ .
drive torque applied
at wheel I. Note that
A, =1
TQ1
ALFBAR a3 Normalized slip angle
ALPHAT(I) o, Slip angle at tire i
i
I=1,4
AUX Auxiliary variable re-
quired by subroutine
HPCG
AXLR RA Axle drive ratio, same
at front and rear if
both driven
AY Lateral acceleration
AO(I),Al(1), AOi'Ali'AZi Coefficients in ex-
A2(1) pression for low-slip
I=1,4 cornering stiffness
B(I) {p} Vector of force-type
I=1,7 quantities in itera-
tive solution to {a}
BC(1) BCi Tire parameters which
I=1,4 give the influence of

slip angles on circum-
ferential force

*program variables are not listed for Subroutines MINV or HPCG



Program Variable Definitions for Three-Degree-of-Freedom

Model

Program Variable

Analytic Symbol

Definition

BRK(I)
I=1,4

B1(1),B3(I)
B4(1),I1=1,4

c(1,J)
1=1,7,3=1,7

CALPHA
CD

I,d

CI(I,J)
I=1,7,3=1,7

CST1,CST2
CST3

DALF

DELSW

RKi

B,.,B

11’731

4i

Cij

Ca

Csr17Csr2

Csm3

Sw

Brake torgue coef-
ficient for wheel i

Part of {b} which does
not depend on tire
forces

Coefficients in peak
lateral friction coef-
ficient expression

Matrix of inertia-type
gquantities in itera-
tive solution to {a}

Low-slip angle tire
cornering stiffness

Aerodynamic drag
coefficient

Inverse of C..
1]

Steering system
compliances (right,
left, steering column)

Determinant of Cij

Absolute value of o

Steering wheel angle
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Program Variable Definitions for Three-Degree-of-Freedom

Model

e s

Program Variable

Analytic Symbol

Definition

DELT(I)

DELTP

DELT10,DELT20

DEL1,DELZ2

DSWMAX

DSWOUT

DSWO

DTPRNT

D3,D4

$

S

, 8
1" 2

TOE1 ' STOE?2

Front wheel steering
angles (right, left)

Pitman arm angle

Values of DELT(I) from
previous iteration

Arguments for DRIVER;
correspond to DELT(I)

Input variable for
HPCG

Maximum allowable
value for DELSW; re-
quired by DRIVER

Output variable;
corresoonds to DELSW

Initial value of
DELSW; recuired by
DRIVER

Integration time step

Toe-in angles of
right and left front
wheels, positive for
positive rotation
about z - axis

Time increment at
which output is
printed

Dummy arquments; re-
quired by DRIVER



Program Variable Definitions for Three-Degree-of-Freedom

Model

Program Variable

Analytic Symbol

Definition

3
@]

FMAX

FRO(I,J,K)
I1=1,4
J=1,10
K=1,2

FRR(I)
I=1,4

FzZ10,Fz20
FZ30,FZ40

FC,
1

FN,
1

RRi

FS.
1

xi’'yi

Convergence criteria
for the iterative
solution to %ay

Side force roll-off
factor

Circumferential force
at tire i

Intermediate variable
in tire side force
calculation

Normal force at tire i

Lookup table for com-

putation of f,

K=1 gives S, k=2 gives
f., I=tire number,

J gives tabular values

Rolling resistance
proportionality
factors

Side force: at tire I

Components of tire
forces at tire contact
points

Values of FZ(I) from
previous iteration
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Program Variable Definitions for Three-Degree-of-Freedom

Model

Program Variable Analytic Symbol Definition

G o Gravity

G (subroutine Gai Tire side force

TIRE3) saturation function

HF,HR hF’hR Height of roll center
above ground plane,
front and rear axles

IACKER Steering type indi-
cator;
IACKER = 0: Parallel
IACKER = 1: Ackerman

ICSET Label for initial con-
ditions data set (6
characters)

IFIRST Indicator for first
integration time step

IHLF Error indicator for
HPCG

IOTHER Index identifying
laterally opposite
tire

JUNK1(I),JUNK2(I) Dummy vectors recuired

1=1,7 by MINV

KD Understeer factor; re-
ouired by DRIVER

K1(I),K2(I) Kli'KZi Coefficients in tire

I=1,4 aligning toroue calcu-

lations



Program Variable Definitions for Three-Degree-of-Freedom

Model

Program Variable

Analytic Symbol

Definition

NEQ

PFLMAX

PFLOUT

PFLO

PIO2

PLIZZ ,PLIYZ,
PLIZX

+P1(I)

I

P

PF

FL

zz'1 vz

ZX

0irFl

21

i

Number of ecuations
integrated by HPCG

Projected frontal area
of vehicle

Brake-line pressure

Maximum allowable
value of PFL; required
by DRIVER

Output variable; cor-
responds to PFL

Initial value of PFL;
recuired by DRIVER

/2

Movements of inertia
of payload w.r.t. X5Y52,
axes :

Mass of payload

Control parameters
recuired by HPCG

Initial value of

Coefficients in the
peak coefficient of
friction versus normal
force expression



Program Variable Definjtjons for Three-Degree-of-Freedom

Model

Program Variable

Analytic Symbol

Definition

H WU W
oo
— o~ o~
B~

=]

TAXL(I)

RT

RoirRyg

SI.
1

SN

NG

5017514

21

DT1' DT2

Angular velocity of
vehicle about z-axis

d(r)/dt
Density of air

Rolling radius of tire
i

Coefficients in lon-
gitudinal slip versus
normal load expression

Longitudinal slip at
tire I

Longitudinal slip at
which peak coefficient
of friction occurs

Skid number ratio:
present surface/
measurement surface

Steering ratio

Coefficients in ex-
pression for the
sliding friction
coefficient

Time:

Drive torcue transfer
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Progrem Variable Definitions for Three-Decree-of-Freedom

I'cdel

Program Variable Analytic Symbol

Definition

I=1,2

THETAT(I) i
I=1,4

TIRCON

TMAX

I) T0

TOD

TODHAX

TQDOUT

TL,
1

‘ALi

parameter: fraction
of drive torcue acting
at axle I (front,rear)
which would cause axle
roll relative to chas-
sis. TAXL10 corres-
ponds to negative axle
roll about x-axis

Angle between x-axis
and tire contact point
velocity vector at
tire i

Label for tire data
set (6 characters)

Drive torcue limit.
When driven wheel 1

.spins, only generating

tan (§

TL,, then TL, is drive

to%que inputlto wheel
IOTHER

Simulation stopping
time

p)

‘Aligning torocue at
tire i

Drive toroue

Maximum allowable
value of TQD; reauired
by DRIVER

Output variable; cor-



Program Variable Definitions for Three-Degree-of-Freedom

ﬂodel

Program Variable

Definition

TODO

TQT(I)
I=1,4

Tl

u,v

upoT,vDOoT

UP

Us

Analytic Symbol

g1

T0g12

Si

1i

responds to TQD

Initial value of TQD;
required by DRIVER

Steering toroue about
the kingpin due to
tire forces and
moments (right,left)

Drive/brake toraue at
tire i

Time at which output
was most recently
printed

‘Components of vehicle

velocity along x and y
axes

du/dt, dv/dt

Peeck coefficient of
friction

.Coefficient of sliding

friction

Components of tire
contact point velocity
along x and y axes

Initial values of u, v

Effective coefficient
of sliding friction
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Program Variable Definitions for Three-Degree-of-Freedom
Model

Program Variable Analytic Symbol Definition

vC Zt' Height of vehicle
i
center of mass above
ground plane

VEHCON Label for vehicle data
set (6 characters)

VEL Speed of vehicle
VIZZ,VIYZ Ilzz,Il . Moments of inertia
VIZX ) Y of vehicle w.r.t. xyz
I axes
zZX
VM m1 Vehicle mass
XC(I) Cx Caster offset
I=1,2
XL L Wheelbase
XM1 Mi Effective maximum
’ coefficient of
friction
XPL,YPL,ZPL Xpr Ypr Coordinates of center
of mass of payload
XT(I),YT(I) Xeir¥eg Coordinates of tire
I=1,4 contact points w.r.t.
Xyz axes
X0,Y0 Initial values of

inertial position X
and Y
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Program Variable Definitions for Three-Degree-of-Freedom
Model

Program Variable Analytic Symbol Definition
Y(I) State vector:
I=1,6 Y(I) = X

Y(2) = Y

Y(3) =y

Y(4) = u

Y(5) = v

Y(6) = ¢
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2.5. Three-Degree-of-Freedom Vehicle Data For Base Configuration

Xy oYeqrZeg 48.0 30.75 21.74

(coordinates of tire 48.0 -30.75 21.74

contact points), in -61.0 30.50 21.74
-61.0 -30.50 21.74

5TOE1' dTOEZ 0.0 0.0

(toe angles), rad

drive torque distri- 0.0 0.0

bution parameters 0.5 0.5

(fraction of Top

at each wheel)

A 0

- (drive torque 0.0 0.0

distribution parameter:

front, rear)

A —sti

RS (roll-stiffness 0.66

ratio, front/total)



rear axle ratio
. 2
g, in/sec

Mq, lb-secz—in

1

277 lb-secz-in

I

1

I yz’

1b

1

2% 1b-se02—in

I

Xps¥p1Zp (payload

coordinates), in

Moy 1b—sec2/in

2

227 1b-se02—in

I

12 . 1b-sec®-in

yz'

2

- 1b-sec®-in

I
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2.79

386.4

9.403

22500..0

0.0

-230.0

-6.0

0.83

0.0

0.0

0.0

0.

0
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Cori (right steering 0.000005404

linkage compliance), .

rad/(in-1Db)

Cgpa (left steering 0.000005404

linkage compliance),

rad/(in-1b)

Comp3 (steering column 0.001389

compliance), rad/(in-1b)

SR (overall steering 17.5
ratio)
hF (height of front 0.0

roll center), in

hy (height of rear 0.0

roll center), in

Cxi (caster offset), in 0.0 0.0
BK, (brake torque 30.0 30.0
coefficient), 20.0 20.0

in-1b/(1b/in?%) = in3

Ch (drag coefficient) 0.45
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Ao (projected frontal 3100.0

. 2
area), in

P (air density), 0.000000115

lb-secz/in4

Convergence criteria used in solution:

€ = 0.05
convg
e, = 0.001 in/sec2
7
€4 = 0.001 in/sec”
g5 = 0.0001 rad/sec2
= 0.001 rad
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BODY 1

FIGURE 2.1 BODY-FIXED AXIS SYSTEMS
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BODY 1

FIGURE 2.2 FREE-BODY DIAGRAMS OF BODY 1 AND BODY 2
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Torsional Spring,
Stiffness k2

Torsional Spring,

Stiffness kl

FIGURE 2.3 CONCEPTUAL MODEL FOR NORMAL FORCE
DISTRIBUTION
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FIGURE 2.4 FREE-BODY DIAGRAM OF FRONT AXLE
OF CONCEPTUAL MODEL
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Sw

FRONT

ST3

FIGURE 2.5 SCHEMATIC DIAGRAM OF STEERING SYSTEM,
3-DOF MODEL
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PARALLEL STEER

— S
~

— <

ACKERMAN STEER

FIGURE 2.6 STEERING LINKAGE GEOMETRIES:
PARALLEL AND ACKERMAN
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FRONT

>
]

Tire contact point

B = Intersection of kingpin axis
with ground plane

Cx = Caster Offset

FIGURE 2.7 SCHEMATIC DIAGRAM OF CASTER OFFSET

\4
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The nomenclature used in Chapter 2 is presented below.

Symbol

BojrByirPay

By1irB3iByy

Ci

RKi

{b},bi

ij

Csr17Csr2Csr3

Definition

Acceleration of body 1 and body
2, respectively. Body 1 is the
vehicle. Body 2 is the payload.

Vector of kinematic derivatives,
normal tire forces, and steering
angle. ’

Projected frontal area of
vehicle.

Coefficients in expression
for low-slip-angle cornering
stiffness.

Coefficients of curves fitted to
the peak lateral friction coef-
ficients.

Tire parameters which give the
influence of slip angles on cir-
cumferential tire forces.

Brake torque coefficient for
wheel 1i.

Vector of force type terms.

Aerodynamic drag coefficient.

Matrix of inertia-type quantities
in iterative solution to {a}.

Steering system compliances.

Caster offset.
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Cui Loy-slip-angle tire cornering
stiffness.

fi Side force roll-off factor for
’ tire 1i.

§ Net force acting on body 1, excluding
°© gravity and Fi,

F £F
x,Fy,FZ Components o Fo

anero' yaero'anero Components of the aerodynamic

force that acts at the vehicle

center of mass. These are desig-

nated as IF__, IF , IF in Ref
XS ys zs

[1.11].

->

F12 Force on body 1 exerted by the
connection from body 2.

>

F21 Force on body 2 exerted by the

connection from body 1.

in,F i'in Components of the tire forces at
Y the tire contact points.

FCi Circumferential force at tire 1i.

FcAi'FCoi Intermediate variables in tire
circumferential force calcul-
tions.

FNi Normal force at tire 1i.

FSi Side force at tire 1i.

3 The acceleration due to gravity.

Go g Function that arises in tire side

force saturation.
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h_h Height of roll center above
F'R
ground plane, front and rear
axles, respectively.

>y >
Hl,H2 Angular momentum of body 1 and
body 2, respectively.
Hg Angular momentum components.
[11],[12] Inertial tensor of body 1 and
body 2, respectively.
Ilnz,Iznz Moments of inertia of bodies 1 and 2
w.r.t. the z-axis
Note: I% ,Igz, I%z are de-
fined §uch that the inertial ten-
sor [I°] is given by
2 - 2 2 2
("1 = Ixx 'Ixy “Ixz
2 2 {2
Ty Tyy “lyz
2 2 2
“Ixz 'Iyz T2z
S .
I mn Sum of corresponding moments of
inertia of bodies 1 and 2.
K Sum of torsional spring constants
kl and k2.
kl,k2 Roll stiffness used in deter-
mining the normal tire force dis-
tribution.
Ky Ky, Coefficients in tire aligning
11’721 .
torque calculation.
K_._. ‘Rolling resistance proportion-
RR1 .
ality factors.
L Wheel base.
>
M

Resultant external moment acting



Mx'My'Mz

Mxl'M

=4

12

=y

21

m, ,m,

M oM

Xaer

NG

P

FL

0i’™1i

RT,
1

x2'Mx3Mys

yaero’Mzaero

0i'P1i’P2i
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on body 1, excluding 312

Components of Mge

X components of moments gener-
ated by the tires.

Moment on body 1 exerted by the
connection from body 2.

Moment on body 2 exerted by the
connection from body 1.

Mass of body 1 and body 2,
respectively.

Components of the aerodynamic
moment at the vehicle center of
mass.

Steering ratio.

Coefficients in the peak co-
efficient of friction versus
normal force relations.

Brake line pressure.

Angular velocity of body 1 about
the z-axis.

Axle drive ratio.
Rear axle center turning radius.

Coefficients in longitudinal
slip versus normal load
relations.

Rolling radius of tire i.



Q
0i’51i1524

SI,
1

SN,
1

Ty Ty

TL

T4

QD
TQgp1+ TOg19

TQ,
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Longitudinal slip of wheel i.

Coefficients in the sliding
friction coefficient versus
normal load relations.

Longitudinal slips for which the
peak coefficients of friction
occur.

Skid number ratio: present
sur face/measurement surface.

Time.

Torque about the x=-axis trans-
mitted from the vehicle body to
the solid front and rear axles,
respectively, as a result of
drive torque.

Drive torque which can be
utilized by tire i.

Tire aligning moments.
Drive line torque.

Steering torque about the kingpin
due to tire forces and moments
(right, left).

Drive/brake torque at tire i.

>
Component of \41 along the x-axis.

Component of 31 along the
y-axis.

Inertial coordinate system. Z is
directed downward
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X,Y,2 Body-fixed coordinate system.
X and z are directed towards the
front and bottom of the vehicle,
respectively.

X V.12 Coordinates of P (center of the
pop P payload) with respect to the xyz
axes.

XeioYeg Coordinates of tire contact
points with respect to the xyz
axes.

Xo1Yy1 2, Body-fixed coordinate system with
origin at P (center of mass of
payload), parallel to the xyz
axes.

o, Slip angle at tire i.

Ei Normalized slip angle at tire i.

B3 Angle between x-axis and tire
contact point velocity vector
at tire i.

6p Pitman arm angle.

GSw Steering wheel angle.

Smorl’STOE2 Toe-in angles of right and left
front wheels, positive for posi-
tive (i.e., right-hand) rota-
tion about the Z-axis.

§,,6 Front wheel steering angles

1'°2 g
(right, left).
Y (=1,2) An index designating body 1 or

body 2.



RS

ArQi
ADT1’ ADT2

HMi
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Convergence criteria for the
iterative solution to {a}.

Roll of vehicle body about an
axis parallel to the x-axis.

Fraction of total roll stiffness
at front axle in conceptual model
for normal tire force distri-
bution.

Fraction of drive torque applied
at wheel i.

Drive torque transfer parameter
(front, rear).

Effective maximum coefficient of
friction at tire 1i.

Peak coefficient of friction for
tire i.

Coefficient of sliding friction
at tire 1i.

Peak lateral friction coeffic-
ents for tire 1i. '

Effective coefficient of sliding
friction at tire i.

Density of air.

Position vector from vehicle
center of mass to payload
center of mass.

Heading angle; angle between
inertial X axis and vehicle x
axis.



g4
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Angular velocity of body 1.
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Chapter 3. Mcdifications Required in IDSFC to Simulate

Asymmetric Vehicles

3.1 Changes in the Equations of Motion

The equations of moticn of the vehicle in IDSFC are

written

(MI{x} = {F} (3.1)

where {x} is the state vector consisting of the ten degrees
of freedom described by differential -equations (the
remaining seven '"degrees of freedem" are handled using
algebraic approximations), [M] is a matrix of inertial-like
quantities, which depends on {x} thrcugh suspension
deflecticns, and {F} is a vector of forcing functions which
also depends on {x}, and is found through a numerical
iterative procedure.

IDSFC was modified to include the opticns of adding a
rigidly attached payload of arbitrary inertial properties
at an arbitrary pcoint in the vehicle sprung mass, and of
transmitting an arbitrary pertion of the drive torque from
the chassis tc the rear axle in the case of a driven solid
rear axle. The equaticns belcw detail the changes necessary
to implement the «ptions above; the new terms are
underlined. The "Technical Manual" referred tc below 1is
>

I Xpy Ypr  Zpy and kTT are

Ref. [3.1]. Variables m,, nn?

defined in section 2.1.
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Changes Necessary in {F}

Equations (2.2S) and (2.2I) in Technical Manual:

F(1) = (vr-wq-gsine)(2M+m2) + IF. -+ IF
XS

—

Xu

2 2
m. rex - -r )
+ d(q Xp+ p qup Pzp

+ terms involving assumption switches 0, (2.2)

ijkl

Equations (2,3S) and (2.2I) in Technical Manual:

F(2) = (wp-ur+gcosesin¢)(ZM+m?)

2 2
+ m2(r Y *P yp-rqu-pqxp)

+ szs + ZFyu + terms involving Oijkl° (2.3)

Equations (2.4S) and (2.4I) in Technical Manual:

F(3) = (uq-vp+gcosﬁcos¢)(MS+m2)

2 2
+ m2(p Z,*9 zp-prxp-qryp)

4

+ zs‘zs -_=>:lsi (3.4)

Equation (2.%S) in Technical Manual:
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F(4) = y,(ur-wp-gcos6sing) + ZN¢S + ZN¢u

+ N¢2 + T2 + terms involving 0ijkl (3.5)

Equation (2.5I) in Technical Manual:

]
F(4) = yz(ur-wp-gcosesln¢) + ZN¢S + ZN¢u
+ N¢2 + terms involving Oijkl (3.€6)
where
2 2 2 2 2 2 2 2
N¢2 = I xzPd * I yzq -1 - I xypr + 1 yyqr -1 yzr
+ m,(uqy -vpy_-prx y'+q22 y -qry 2
2 P p p°p pP°p P
+Urz_-wWpz _+rqz 2-r2y Z +pgXx._z
p p P PP PP
+ypgcosecos¢-ngcosGsin¢) (3.7)
and
T2 x TQDXTT (3.8)

Equations (2.€S) and (2.,€I) in Technical Manual:

+ N + N

S~ ] . -
F(5) = Y2(vr-wq-g51ne) + INgg oy 02
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+ terms involving Oijkl (3.9)

where

2 2 2 2 2 2 2
N62 x =] «xP’ * I xyqr + 1 xz" - I 7P -1 yqu

2 2

, 2
+ I7 rp + mg(\rzp-qup-qpypzp+r xpzp-rpzp

, 2 2
+VPX -UQX #PrX Z-pTZ X +Qry X
—ngsine-xpgcosﬁcos¢) (3.10)

Equations (2.7S) and (2.7I) in Tecknical Manual:

‘ ‘ i
F(E) = YT(wp-ur+g005951n¢) + ZNws + Zqu + le

+ terms involving Oijkl (2.11)
where
2 2 2 2 2 2 2 2
NwZ r I Xyp - I yypq + I yzrp + I~xqu -1 xyq -1 xz' @
2 2

+p ¥y X -Pax

+ I X =Urx -
2 (WPX =UPX =rQz X +D7Y X =PQX

+IpzZ Yy

2 2
W -V -
+ qyp ry,+apy q Xpyp p¥p

p p
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+xpgcosesin¢+ypgsine)
Equation (2.11S) in Technical Manual:

F(10) = ZN¢R - T2 + terms involving Oijkl

Changes Necessary in [M]

Equation (2.16) in Technical Manual:

M(1,1)

ZM+2

M(2,2) = IM +

Equation (2.22) in Technical Manual:

M(3’3) = MS +'m2

Equation (2.15) in Technical Manual:

M(3,4) = m2yp
M(3;5) = m2xp
M(u,3) = m2yp
M(4,5) = -I°

xy = "2%p¥p

(30

(3.

(3.

(3.

(3.

(3.

(3.

(3.

(3.

12)

13)

14)

15)

16)

17)

18)

19)

20)
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M(5,3) = -moX g
. _1°
M(5,4) = Ixy - mzxpyp (3.22)

Equations (2.17S) and (2.17I) in Technical Manual:

(3.21)

M(5,1) = Yo + Moz terms involving Oijkl (3.23)

Equations (2.18S) and (2.18I) in Technical Manual:

M(6,1) = -m2yp + terms involving Oijkl (3.24)

Equations (2.19) in Technical Manual:

M(4,2) = - Yp = Mpz, + terms involving 0ijkl (3.25)

Equation (2.20) in Technical Manual:

M(2,6)

"
=

M(6,2)

]
<
—
+
3
Ny
>

Equations (2.263) and (2.26I) in Technical Manual:

(3.27)

M(2,8) = - v, - myz, + terms involving Oijkl (3.28)




88

M(1,5) = Yé + myz  + terms involving 0ijkl (3.29)

p

Equations (2.27S) and (2.27I) in Technical Manual:

M(u,4) = I+ 1

2 2., 2
X x + Igx+ m2(yp *z, )

+ terms involving Oijkl (3.30)
Equations (2.28S) and (2.28I) in Technical Manual:

1)
: - 2
M(6,4) = "Ixz - Ixz Ixz mzxpzp

+ terms involving Oijkl (3.31)

Equations (2.31S) and (2.31I) in Technical Manual:

) ' 2 2 2
M(5,5) = Iy + va + Iyy +‘m2(xp 2, )
+ terms involving 0ijkl (3.32)

Equations (2.32S) and (2.32I) in Technical Manual:

2

M(6,5) = -Iyz - m,y z  + terms involving O,

0% e (3433

Equations (2.36S) and (2.36I) in Technical Manual:

M(1,6) = -m2yp + terms involving Oijkl (3.34)
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Equations (2.37S) and (2.37I) in Technical Manual:

! 2
M(4,6) = -IXZ - Ixz - IXZ - mzxpzp

+ terms involving 0ijkl (3.35)
Equations (2.38S) and (2.38I) in Technical Manual:

M(5,6) = -I5, - myy

pzp ¥ terms involving Oijkl (3.36)

Equation (2.39S) in Technical Manual:

i L 2.2 2
M(6,6) = Ip + I, + M p(@™+T"/4) + M b

2y

2 2
+ Izz + m2(xp +yp

+ terms involving 0ijkl (3.37)

Eauation (2.39I) in Technical Manual:

_ 2.1 2 2. 1 2
M(6,6) = IZ'+ MuF(a +IF /4) + MuR(b +IR /4)

p2 +y.2) (3.38)

2
+ Izz + m, (x B
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3.2 Running the IDSFCAS Simulation

The modified version of IDSFC described by the
equations above is referred to as IDSFCAS
(IDSFC-Asymmetric). The following changes in simulation
operating instructions are necessary as a result of the
modifications:

1) Payload data must be read in on I/0 unit 9 in the
format and order described below.

Format for payload data deck: (card number, data) in
format (I4,1X,F20.10)

Order of payload data deck:

Card Number Variable to be Read
1 m2(1b-sec2/in)
2 xp(1n)

3 yP(in)
" .
zp(ln)
5 Iix(lb-secz-in)
2 2 .
6 Iyy(lb-sec -in)
7 Igz(lb-secz-in)
8 12, (1b-sec®-in)
9 Igz(lb-secz-in)
10 Iiz(lb-sece-in)
1 ATT(dimensionless)

2) Initial suspension deflections (which are required
by the simulation) corresponding to the static equilibrium

position of the vehicle plus payload must be determined by
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one of two procedures: a calculation based on the given
force/suspension-deflection data, or a brief simulation
run., SUSpensioh forces in IDSFCAS are given by
interpolation from tabular data as a function of suspension
deflection. For payloads which are sufficiently small that
the suspension deflections remain within the initial linear
segment of the force/deflection table the equations below
can be used to compute the initial deflections. After the
defiections have been computed they should be checked
against the force/deflection table to insure that the
deflections remained within the initial segment.

Equations for the loaded -equilibrium position were
derived by minimizing a potential -energy expression in
terms of suspension and tire deflections. Tire compliances
are in general large -enough that they must be included in
the formulation,

The potential energy of the 1loaded vehicle with
respect to the wunloaded equilibrium position 1is given by
equation (3.39), where 65i is the suspension deflection for
wheel 1, meésured at the wheel for an independent
suspension and at the spring mount for a solid axle, ¢, . is

ti

the deflection of tire i, Kgy is the stiffness of the

suspension for wheel i, effective at the wheel for
independent suspension and at- the spring mount for solid
axle suspension, kti iss the tire stiffness, kF and kR are

auxiliary front and rear roll stiffness, TF and TR are

front and rear track widths, and TSF and TSR are the front
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and rear spring mount spacings (which are equal to TF and
TR’ respectively, for independent suspensions). Deflections

are taken to be positive in elongation.

4
2 2 2 2
PE = I (kgy8sy #ky s )72 + k(85800 /Tep
+ k(8 =8 )°/T_ % + m.ghh (3.39)
R®"s3 "si sR 2 p '
where
Ahp = (651+552+5t1+5t2)(b+xp)/[2(a+b)]
+ (Gs3+654+6t3+6tu)(a-xp)/f2(a+b)]
+ [(651-652)/TSF+(6t1-6t2)/TF]yp (30”0)

The frame and body are assumed to be rigid, so that
the body roll 1is the same at the front and rear. This

constraint is expressed by equation (3.41).

(651-652)/TSF + (6t1-6t2)/TF

= (85=8,)/T p + (8 )/T 0 (3.41)

3 £3-%¢3)/Tg =

|
A constrained potential energy expression PE is

formed by multiplying the left-hand side of (3.41) by a
Lagrange multiplier A and adding it to (3.39). The
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equilibrium equations are then given by

PE/%g= 0 i = 1,9 (3.42)
where

E, = (8.6 .8 _ 8 & 6 _8 8 A

1 s1? s2’ s3? sy t1? t2' t3’ t4°

After some algebra the following expressions are

obtained for the suspension deflections 6.

2
[K] = -m,8 (3.43)
2
653 B+F/T +2Bk /(ksu SR )
where
Kig = kgq # (kF+E)(1+kS1/kSZ)/TsF2
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Kop = kgg+ (kR+E)(1+kS3/ksu)/TsR2

A = (b+xp)/(23+2b)

B = (a—xp)/(2a+2b)

C = -yp/TSF

D = -yp/TF

E o= 1/01/(k T2+ 1/ (kT2
+1/(kt3TR2)+1/(ktuTR2)]

F o= ELO1/Ky =17k )/ Tp=(1/ky 3=1/ky B/ Ty

+(1/kt1+1/ktz)D/TF-2A/(ks2TSF)+28/(ksuTsR)]

For solid rear axle suspensions the initial conditons
which must be specified are GR and ¢R. These are computed

by the following equations.

O
1}

(8yq+04y)/2 (3.45)

-
=
L]

(845-8.3)/Tgp (3.47)
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Initial conditions can also be determined by
performing a brief simulation run with either zero steering
angle ‘input or clesed-=loop driver control. The zero
steering angle procedure 1is appropriate for symmetric
vehicle configurations with paylcads which are sufficiently
large that the suspension operates outside of the initial
linear range (or simply as an alternative to Equations
(3.43)-(3.47). A three-to-five second run at moderate
speed (e.g., 400 in/sec) should be sufficient to determine
the 1lcaded equilibrium position. Extremely 1low speeds
(belcw 100 in/sec) are not reccmmended because the wheel
spin equations are very sensitive at such speeds.

Some asymmetfic configurations, such as these
invelving geometrically asymmetric center of gravity
lccation in a vehicle with significant roll steer, will not
travel in a straight 1line for a zero steer angle. A
cleosed-lcep driver mcdel, such as the "Straight Line
Crossover Model" in the IDSFC Driver Mcdule, may be used to
control the steering angle to obtain straight line motion.
(Driver time delay may be set to zero to improve
ccnvergence te  a straight path.) This method will provide
the steering wheel path angle necessary for straight line
metion and the resultant vehicle side-slip angle as well as
suspensicon deflections.,

It should be neoted that initial conditions computed

from equaticns (3.43) - (3.47) will in general not agree
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exactly with those obtained from a simulation run. This
discrepancy 1is largely due to coulomb friction in the
suspension (which is noﬁ included in the static analysis),
with small contributions coming from approximations to the

trigonometric functions and other minor sources.
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Chapter 4, Mcdifications in Driver Module

4,1, Technical Changes Required to Implement Extended

Creoss-0Over Mcdel

Based on a cross-over model of human driving, Garrott
et al [4.1], implemented, in the Driver Module, the
foellowing control law for steering regulation while

3 3 3 *
maintaining a constant forward speed .

Kwwerr + KU)Teqwerr

GSw(t)

KwKYYerr + KwKYTelerr (4.1)

+

However, this contrcl law 1is inadequate for curved
paths. If the vehicle is perfectly positioned, i.e.u)err =

werr = Y., = Y .= 0, then GSw = 0, which is not cerrect.
To remedy this, fcllowing Garrott et al [4.2], it 1is
assumed that the driver 1is able to perceive path curvature
and vehicle speed u and is able to determine and implement

the steering angle necessary to cause a steady turn of that

curvature. This is achieved by the addition of the term,

(NG) L1+(KD)U2] L k(t=1)

A further extension has also been performed, following

a proposal of Allen [4.,3]. This extension involves the

*A list of symbols is given at the end of the chapter.
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addition of an "integral ¢trim" term. Thus, the latest

version of the control law in the Driver Module, is

6Sw(t) K (t-1) + K, T

qﬂ%rr V- eq werr(t'T)

+

Kw Y err(t ) + KW y Teq Yerr(t-T)

t-1
+ Kf & Y err(g) + Kw eq wer'r(g)

+

(E) + K

w Y err Y YTe Yerp (8D d&

(GR) [1 + (KD)u?l L «(t=1) (4.2)

+

The follcwing change was made in the desired heading

7le ccmputation in the Driver module.

wdes = linear interpclation between ¢ﬁ and wj, where
IH andd3 are the average path angle at the
two end peints of the cleosest road segment

(j = i+ 1), defined by

<
"

(¥, + V5172 (4.3)

<
1]

<wB + wc)/z (4,4)
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Vg o= tan (Yppy =Yppy )/ (Xpp; ~Xpps_q) (4.5)
by o= tanT (Yppi =Ypo)/(Kppy =Xppo) (4.6)
Vo = otanT! (Ypoi o =Yoo )/ (ppi g <Ypp) (4.7)
If 1= 1 vy = ¥y (4.8)
If j=N L (4.9)

4,2 Prcgramming Changes Required to Implement Extended

Cress=cver Mcdel

The extended cross-over model and improved path
curvature calculaticn described in section 4,1 were
pregrammed inte the Driver Module. Alterations were made
in subroutines DRINPT, DRIOUT, DRINIT, DCROV, and DCRERR.
Listings of the medified Fortran code for these subroutines

are given c¢on the fcllewing pages.

Fer subroutines DRINPT, DRIOUT, and DRINIT conly the
pertions of the ccde affected by the chanres are listed.
Lew lines are dencted hv "> ", Fcr subrecutines DRCROV and

DCRERR the entire subrecutine is listed.
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Changes in subroutine DRINPT

41 c i*tttttttttttt*tt*tttt*t*t*tttttt*tttttc
42 c
4 o SUYBTONTINE DPINPT
44 c THIS SUBRIOTINE READS THE DFIVER DATADECK INTO THE SIMULATIORN.
15 SUBRQUTINE DRIXNPT
16 IMPLICIT BTZAW(A - H,0 - 2)
al INTEGER DR™ODE
uR LOSICAL ATRND, DPASTOB, VIFEHOB
49 CHNMON /DRDMAP/ BRDPT(3,300), IPT1, NRDPT
59 COMMON /DROLCM/ OLCOM(6,300), OLTIM(2,10), PPPARM(14),
51 1 IOLCO™ (300), NINT, NMAX, NOLP
572 COMMON /DROP“D/ DRMODE
53 COMMON /DRPA®1/ DE2R1(9), PE(12), WTAC(10), WTIST(10),
S 1 YPRED, YOPERR
:>S" CO#™ON /DRPAR2/ DGAIN(7), TAU, VDES, DELINT, ACCINT, TLCR
<R ~NMMON /DRPAR3/ ACCSW, ACFRAC(2)
<7 rn¥“CcN /DOBST/ OBRCLR, OBBRK, TPPTO, IOBMOOD, IOP, IVP,
3 1 PASTOR, VIEWOR
Y NTMTNSION LIT1(%), LIT2(4), LIT3(8), NAME(U)
L) TATA I3LNK /'00700Y/
150 o
167 z CRNCSSAVFR MNNE|. NDRIVFR DARAMETER SFCTINN
141 r
142 273 LIT3(4) = [RLNK
143 b
164 NN 210 K = 1, 5
165 OCAN (3,422) 3, NGAINIK)
1546 217 ZALL NeCRO(I, J, 1, NAVE)
147 QFAD (3,420) J.DGAIN(A)
148 CALL NRAPN(T,J,41,NAMF)
140 RFAN (3,420) JyNSAIMIT)
v70 CALL ORNAN(T,J, 1o NAMF)
171 §
172 RFAN (3,420) J, TAU
172 CALL DRORND(I, Jy 1, NAMF)
174 9EAD (3,420) J, VNES
178 CALL DRNRO(Y, J, 1, MAMF)
YTk CALL DRFENNS (14 NAMF)
177 6N TN 50
17R
179 - POEVIFW=DPRENTCTCR MONFL DRIVFR PARAMETERP SEFTINY

180 r
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Changes in subroutine DRIOUT

384 C*ttttttt*tti*t#t*ttt*ttttttt*tttt*tt*ttt*ttttttt#t*#t*tttt***tt*tt
3185 c
186 z SYBROCIINE DRIOQUT
3187 c
384 o DMRPOSE:
339 z ™0 PRINT OUT DRIVER MODULE PARAMETERS
390 o
391 STBROUTINE DRIOUT (PRNTCN)
392 IVPLICIT RBAL(A - 4,0 - 2)
392 TYTEGER DRMOONE, PRNTCN
394 LOGICAL PASTOR, VITWOB
395 COXMON /DOBST/ OPCLR, OBBRK, TPPTO, IOB3MOD, IOP, IVP,
196 1 PASTO3, VIEWOR
3a7 COMMON /DRNDMADP/ RDPT (3,300), IPT1, NRDPT
198 CNMMON /DROLCY/ DLCOY4(6,300), OLTIM(2,10), PPPARN(14),
399 1 IOLCC*(309) , NINT, NMAX, NOLP
400 COMMON /DROPYD/ DRMODE
01 COMMON /DBPAR1/ DRPR1(9), PE(12), WTAC(10), WTST(10),
402 1 NPRED, NOPERR
> 402 COMMON /DRPAP2/ DGAIN(7), TAU, VDES, DELINT, ACCINT, TLCR
u0u COMMON /DRPAR1/ ACCSW, ACFRAC(2)
4ns IF (PENTCN .LT. 1) RBRETURN
106 TF (DRMODE .GT. 0) GO TO 40
197 - P9I HT OUT OPEN-LOOP COMMAND PARAMETERS
408 RITE (1,270)
409 WRITE (1,290
410 L=20
411 101 =1
421 J = NRMNANE « 10 % T
482 IF (J +L5e 2) GN TY 212
482 PRINT JUT DESCRIBINA-FYNTTINN(CROSSNVER) MONEL PARAMETERS
X1 IF (J JEQ. '3) WRITE (1,560}
4RE I€ (J +FNe 4) WRTTE (1,571)
IS WRTTFE (1,5a0) NRAIN(TY, NGATN(2)
4r7 WRITE (1,5%7) DRATINI(R), NGAINIG)
saa WRT TS (1,670) DGAIN(R), TAY
>80 WOTTE (1,605) NGAIN(A)
> san WRITE (1,606) NGAINIT)
4c] IF (] ,EQ, 3) GN TN 22)
492 WRITE {1,610) VDFS
4012 R THON
IACTA " PR INT JYT ORFVIEW PREDILTIR UINEI PAIAUETERS
408 217 1F (J +FNe 1) WRITE (1,4627)
LIk TE (J +FN. ?2) WRITE (1,420)
sc? WRITE (1,A60) (MRPAL(K),K=1,5)
40 WRTTE {1,A5N) (NRPOY (K),K=A,9), NDREN
4nc WRITE (1,660) ACFRAC(1), ACFRAM(2), ACTSW
587 37) FOOMAT ('0', *DRIVER DARAMFETERS FNY THE STRAIGHT LIN= ¢
L 1 o YCROSSOVFR MAEL ")
Ll 809 FORVAT (*D*, 'NOIVFR GAIN NN Y =¢, G12.5,
5an 1 ' 4 DRIVFR v, 'GAIN ON V =, 612,5)
sa1 S37 FIRMAT (¢ ¢, DRIVEL SAIN NN PST =', G12.5,
592 1 ', DRIVER *, 'GAIN NN PSIDNT =', G12,.5)
5012 40N EORMAT (f ¢, 'DRIVFR GAIN NN 1) =0, G12,.5,
594 1 v, DRIVER ¢, ¢TIMC | AG TAN =¢, 512,5)
505 AN FNRMAT (¢ NRIVER GAIN NN STFERINA EPPAR [NTFARAL =',G12,5)
504 €76 FIAAT (v DRIVER RATN 7% VE| FATTY EERNP [NTFARAL =' ,A12,5)
507 S1) FNOMAT (¢ ¢, 'OFSIRFD VFLICITY =9, 12,5}
Q8 420 FORMATY (*'0%, 'DRIVFR PARAMFTFOS FCRP THF DPREVIEW=PRED!',
509 1 TICTNR DRIVER MINFL YSING THE GFAMETE[Z PREYY,

LU ? 'TCTCRY)
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X4
he3
666
KRS
YY)
687
568
KO
> 610
ATY
472
473
674
675
676
677
678
AT70Q
48N
691
582
£92
4R4
HRK
6R€
ART
AAR
689
490
491
407
691
694
KOS5
60k
607
498
K00
Yab)
701
hall
703
ROTA
ms
rdal3
17
708
700
7o
711
T2
73

ne
s
naA

n?
718
719
7270

hl
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Changes in subroutine DRINIT

1

t

1

1

CruMnn /R INTL/ TLAST

COMYNN /DRINT?/ NPRINT

£IMMnN /DRINT2/ AZC), NELSWN, 6P, TSTAOT

COMMNN /NROLCM/ NLCNM (6,297, NLTIM(2,10), PPPADM(14),
INLCOMI 2001, NINT, NMAX, NOLO

CoMUAN /NPNDMN/ NRMNNE

CNMUrN /ORMIX/ T2, J010LN

Co44NM /IRDARL/ JRPRYI(O), PE(12), WTAC(10), WTSTI(1D),
NORFC, NOPFRQ

COMMON /NRDAR2 / DGATMI(T7) 4TAULVNFES NFL INT, ACCINT, T CR

CIvMNN /DRP AR/ ACZSW, ACFAC(2Y

CNMMNON /DNBST/ £aCLe, NRBRK, TPPTN, INaMon, 102, Jvp,
PASTNB, VIFWNR

NINT = 1

CHECK FJR DIRE NDEN-LNND CONTROL

IF (DPMPANE ,LE, 1O} RETYRN
T =}

NPRINT = )

IF (0RUCNS LEQ. 14} RO TO 29
TF (DRMONE L(EQ. 24) GY TV 20

CHETK #NR ZRRORS IN ROAD-PAINT NATA
1€ (NRDPT ,LTe 2) GO TO 3823
no 19 1 = 2, NRDPT
NTST2 = (RNDPT(1ls1 = 1) = RDPT(1,I)) *x 2 + (RDPT(2,

I = 1) = ROPT(2,1)) %% ?
TF (DIST2 .1T. 1.E-9%) GO 7O 90

19 FINTINUE

20

21

40

57

CONTINUE
CHE"K FNR NMN-ZERMN DERCEDTIY ERRNR
NNOERR = |

N 30 1 =1, 12
IF (PF(T) .GFe leFE=%) GN TN 40
CONTINUE

NOPFRR = 0

6N TN S50

INITIALIZE PEPCEOTINN=-FRRAR RANNOMTZATINN SCHEME
CALL NRANNY

NRTAIN NESrESSARY VEHTCLE PARAMETERS

CALL DRVFH

NETERMINE CLNSEN-LNOP NRIVER MANFL

! = DRMNANE / 10

J = DRYONE =~ 10 = 1

IF (J .LE, 2) GD TN AQ

INITIALTI7F OESCRIRING=FJNCTINN MONEL RESPONSF wAT[ X
NUSEDN = 2

NELINT = 0,0

ACCINT = A,

TIre = TSTART

RFC(1,1) = TSTART

RES(2,0) = NELSW)
RES(3,1) = ACCO
RFES(1,2) = TSTART + TAY = 1,F=04
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1758
1259
1260

1261
1242
1267
1264
1265
1246
1247
12FR
1240
1270
1271

1.277

1272
1274
1275
1775%
1277
1278
1279
1290
1291

128>
1293
1294
1288
1286
1287
1228
1289
1200
129

1292
1203

12094
1295

1204
1297
1208

1200
1211

1371

12302
13Nn2
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-
C

r

(3]

[}

17

29

SURP NYT INE DRCRNV
nRERNAV TS THE CCNTROL SUBROUTINE FOR THE DESCRIBING FINCTION MONEL

SYR2NYT INE CRCRCV(ACC, NELSW, To Y)

TMOL ICTIT °CAL(A = H,0 - 7)

INTEGFR NRUNDE

RFEAL XD

FAMANN /ARNDMN/ NRMANE

CAMMON /NRDARZ/ NGATM TV, TAU, VNFS NEL INTLACARTINT, TLZR
fAuAcN /NCRVEH/ A, R, GR, KD

NIMENSTON SRR (5), Y(6)

NELNEW = 0,0

IE (NRMONE L,EQ. 13) GN TN 10

[F (DRMPNE LFO. 22) G 71 1"

QTRAIGAT LINE DESCRIRING FINCTTCN ERRNR COMPYTATICN

FOS (1Y = =¥ (2)

ERR(2) = =Y (&) * SIN(Y(2)) = Y(5) = COS(Y (2))
ERR(3) = ~V{3)

ERR (4) = =V (5)

EQR(5) = VNES = Y (%)

G 0 20

GENERAL PATH DESCRIBING FUNCT ION FRRAQ CNAMDUTATION
CALL DCRERR(ERR, T, Y, RDCRV)

COMPYTE STFADY=TYONING STEFP AMGLE

ANES = Y(R) + ERR(4)

VEL2 = Y(4)1%%2 + Y(5)=%%x>

DELNEW = (1 .D+KDAVEL?2)*(A4+8)*QDFES/SART(VFEL2)1/GR
ADND IN FRRCR CORIECTIONS

NELCNR = 0,0

Mn YT =1, &

AZL20R = NGAIN(T) & cSRR(T) + DELCNR

NELNFA = NELNFW ¢ NFLCNR + DFLINTEDGA IM(A)
COMPUTE STEESRING FRRNR TMTEGRAL

NELINT = NELINT 4+ JSLCPRX(T-TLCR)

COMPUTE ACCFLERAT IDN COUMAN)

ATZIFS = DGAIN(S)%xcR0(5)

ACCNEd = ACCDES + JSAIN(TI*ACCINT

COMOUTE ACCELERATION INT FGRAL

ACCINT = ACCINT + ACCPES*(T-TLCR)

JPNATE TLCR

TLCR = 7

CALL NCRMF(ACC, ACTN=W, DFELNTW, NELSW, T, TAY)
RETURN

END



105

13n4% R P R R A A R AR AR R ARk R Rk Rk AR kA kR R Rk Rkk ke EEREE
1315 s

1304 r SURRMIT INF CCRFRR

1207 i NCRERR CALCULATES THE FEEDBACK FRRORS FOR THF NESCRIBING-FUNCTINN
1308 of MANEL

1309 L

1210 SURRNUTINE NCRERR(ERR, T, ¥, RNCRV)

1311 IMPLICIT REAL(A - 4,0 - 7)

1312 CNMUMNN /DRPTER/ UINT, XINT, YINT, 1?2, IPT

1313 COMMCN /DRDMAP/ RDPT(3,300), IPTl, NRNPT

1314 NIMENSTON FRR(5), Y(6), YP(6&,1)

tusg £

131¢# DN 101 =1, 6

117 12 YP(T,1) = Y(1)

1318 ° NFTERMI NG POSITION AND VELOCITY ERRCPS FNR CYRRENT . PISIT ION
1319 CALL NOTERR(DIST, iJ2ERR, YP, 1, T)

1320 f FRR(1) IS THE LATERAL PJISITIIN ERRIR

1371 ERR(1) = -DIST

1322 ” I[PT AND T2 ARFE THE INDICES NF THF RQAD PN IMTS

1223 M CN RTT4ER END QF THE NEAPEST RCAD SFGAFMT

1324 TF {IPT JLT. T2V I = 1PT

1378 I[F (IPT ,GT, 12) 1 =12

1324 J=14+1

1327 DISTL = SORT((XINT=ENOT(1,1))1%2 & (YINT=RNOT(2,1))*%2)
12929 NISTOT = SQRT((RNPT(] 4J) = ONPT(L1,1))%%2 + (PNOT(2,J)
13209 1= RNDT(2,1))%%x2)

1320 |8 COMOYTE NFES [RED DATH ANGI T oy | INCAR INTERPOLATION

1331 OSIR = ATANZ2((RNPT(2,J)=RODT( 2,11 ) (RNPT(],J)=RNPT(1,T1)1})
1322 IF (1 .NF, 1) GN TDO 29

1323 pSIa = PSIR

1324 N TN 20

1335 Yk =1 -1

1336 PSTA = ATANZ2((POPT(2,1)1=RDOT(2,k) ), (RPMT(1,])=PNPI{]1,<)))
1337 ) IF (J NF, NPNPT) GO T2 40

1220 oSIC = PRIB

1320 67 79 s0

1340 YK =)+

1241 PSIC = ATAN2((RDPT(2,K)=RNOT (2 ,J)),RNOT(1,K1=0N0T(],4)))
1342 §) OST1 = (9ST1A + PSIBI*N,S

1342 PCI? = (PSIR + PSICI%*N,S

1344 pSINES = BST1 + NISTI*(PSI?2 - PSIL)I/DISTONY

1345 ol E2R(2) IS THE LATFAL VELNCITY FopPNR

1246 FPR(?2) = =Y (&4)%SIN{Y(3)=DSID=S) - Y(5)%COS(Y(3)-2SIDES)
1347 PT = 2,141592465359

1347 A% TF (Y(3) LE. PI) G0 TO 70

1349 Y(2) = Y(3) = 2,0%P]

1250 G TN &D

1351 7Y IF (Y(2) ,GT. (=-P[)) GO TN 3)

1352 Y(3) = Y(3) + 2,N*PY1

1353 GO TN 70

1354 r FRR(3) IS THE HEADING ANGLF ERRCFR

1358 ]9 .ER(3) = PSINES - YI3I)

1356 I€ (FRR(3) GT. PI) FRR(2) = FERO(3) - 2,0%]

1357 IF (ERR(3) LLT, (=PT)) ERPR(3} = SRP{3) + 2,0%]

1358 r COMPHTE ROAND CURVATURE AT PIINT OF PERPENDICULAR INTSRSECTION
13F0 . RY INTERONLATING RETWREEN CURVATURE AT SEGMUFNT FMAPNINTS
1340 IF (1T JNF, 1) GO TO 90

1361 ROCRVY = N,0

1347 G0 TO L))

13672 N K =1-=-1

1364 CALL DRCYRVIRDPT(1,K), RDPT(2,K}, ROPT(1, 1),

136F 1 RNPT(241)y RNPT(1,J)y RNPT(?,J), RDCRV1, TIFLG)
1366 IF (PSINES (LT, PSTL) RNCRVL = =RNCRV1

1367 100 IF () oNS, NRDPT) GN TO 119

1368 RNFRV?2 = N,0

1369 GO TO 129

1370 110 K = J ¢+ 1

1371 CALL NRCURVI(RDPTIL,I), POPT(2,1), RNPT(1,4),

1372 1 ANPT (2431 DPT (L XKV ,RNPT(2,K )y RDCV2, IFLS)

1372 TF (PSI2 +LTs PSINDES) RNCPV? = =RNCRV?

1374 129 RPNCRV = RNCRVL + NIST1 ¢« (RNCPV? - RNCRV1LY / NISTOT
1378 VEL = SORTIY(4)*%2 ¢ Y(5)%%xD)

1376 r FAR( 4) TS THE YAW-RATE FRFRND

1377 FRP(4) = VEL * RDCRV = Y(&K)

1378 : ERR(S) |S THFE FCRWAPN VFLOCITY FERROR

1379 FRR(S) = IJINT = VFL

1380 RFTYRN

1381 END

1382 o
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4.3 Programming Changes Required te Interface Driver

Mcdule with The Three-Degree-of-Freedem Medel

Four subroutines in the Driver Module afe specific for
the vehicle model being used, namely, DRFAC 1, DRFAC 2,
(which includes an entry for DRFAC 3), DRFAC 4, and DRVEH.
Versions o¢f these subroutines have been written to
interface the Driver Module with ‘the
three-degree-cf-freedom vehicle model describe in Chapter
2. The Fortran ccde for these subroutines is listed on the

follewing pages.
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1om
1072
1n72
11074
1175
107+
1277
1078
1979
108N

1ne1

1082
183
1194
178§
108«
1037
IRLL]
1nac
1"en
1701
100>
1ne
1naa
1nes
1n0s
1097
109Rr
1099
1100
1"
1172
11n2
1124
119
1106
1107
1108
1139
1110
11
1112
1113
1114
1S
1116
1117
1117
1119
11
1121
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b
c SRR JT INE DRFACS
M T4IS SURIIUTINE COMPUTES DELTA AND ACC
r FeNM VEHICLE CONTRNL VARTABLFS
Syse NYTIME DRFAC4(ACF, NELTA, NFLSW, DNUTL, NOUT?,
1 neuT2, DNYT4L, JNLCOM)
ITMPLICIT RFAL(A = HoN - 7)
FIMMNN /NRVEH4/ RRKTON, NRVEIN, GR, RRKTAB(?2,11)
o CONMVERT STEERING WHEEL ANGLE TO FRONT WHFEL ANGLE
NELTA = DELSW % 3R
IF (JOLCOM LEQ, 1) RFTJRN
CONVERT DRI VE TORQUE AND RRAKE {INF PRESSURE T ACCE.FATIIN
M or=2, 10
I (NOITYL JLF, RRXTAR(1,TI)) GN Tn 2n
1) COMTINUF

1 =1

20 FoAC (ROKTAR( 1,T1) - INYTY) / (RRKTAPI1,T) - RARXTAR(
1.1 = 1V)
TNR = BRKTAB(?2,1) = FRAC * (BRKTABR(?,I) - BRKTAR(?,1 =~
TN
ACF =708 / ROKCON + NNJT?2 / DRVCNN
OF TIIRN
FNN

~

PR32 2 R Rl s R Ity T e Yy

~
SURRDUTINE DRFACL
NRFACL CONVFRTS VEHICLE KINFVMATIC VARTASLES TO JRIVER FNRMAT

NE B RSN BN

SURRQ'ITINE DRFACL(DY, NYVEH, Y, VVEH, NEL]l, DEL2, JDPO,
1 JoLeov)

IMDLICIT RFAL(A = H,0 - 7)

NIMENCSIAN DY 1), DYVEH4(1), Y(1), YVEH(])

Y(1) = YVFH(1)
Y{?) = YVEHI(2)
Y(?2) = YVEH(2)
Y(4) = YVFH(4)
Y(S) = VYVEH(5)
Y(6) = YVEH(A)
NY(1) = DYVEH(1)
NDY(2) = NDYVFEH(2)
NY (2) = NYVFH(3)
NY(&)Y = DYVEHI(4)
nYI5) = NYVEH(S)
NY(&AY = NYVEH(R)
RETYRN

END

~

bR TR R s e I T T T T ]



2562
25h4
25465
25h4
2567
2568
2549
2570
2571
2572
2873
2574
2578
2576
2577
2578
72579
2589
2581
2582
2582
2524
72589
2586
2587
2688
72580
2591
2591
2592
2593
7594
2505
2596
2507
2508
259¢
2600
2601
2602
2673
2604
2605
26N6
2607
2609
2699
2610
2A11
2612
2613
2614
?R15
2614
2A17
2419
72410
2622
2621
2522
2622
2R74
2675
2626
2627
2478
2470
2AN
2621
72632
2623
2534
2625
2626
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SUBROQUTINE NRFAC?
DR FAC? CONVERTS THE DRIVER JUTPUT TO VEHICLE FPRMAT

SUYRRNUTINE NRFAC2(ACC, NELTA, DELSW, NOUTL, NOUT2,
1 DOUT3, J0UT4, JOLCOM)

IMPLICIT REAL(A = H.0 - 2)

COMMNN /NRVEH4/ RRKCON, DRVCIN, GR, RRKTAB(2,11)

COMMON /FOUT/ EN(4) o ALPHAT (41, TOT (41, FS(41,FCI4), ST G1,IELT(2),

1 TAST(2)

COMMON /V3D/ CI(7,7)sALAMT(4),EC(5) XT(4) ,YT(4) ,DTOE(2), TAXL(2}),
1 AXL R,V GeALAMRS VMo VIZZGVIY7 WVTZX o XPL,YPLy ZPL,PLY,PLIZ7,PLIYZ,
2 PLIZXyCST14CST240ST2,SR,XCI?2),RRK(4) ,CND,PFALRHNA,TACKER

IOLECMM . EQ, R NMCEANS PRENICTOR NPFRATING

WHILE STILL IN TOTAL OPEN-LNOP CCNTROL

1F (JOLCNY LEQ, R) RETURN

IF (JOLCTM (EQe 1) GO TJ 10

COMPENSATE FOR FLEXTRILITY JF STSE2INA SYST=M

Al = TOST(1)*CSTL

A2 = TOST(2)%CST?

TEMP] = SP«(A1+421/2.0

TEWN? = [TQSTI(L) + TOST(2))=CST3I/SR

NELSW = NELTA%SR - TEZWP1 - T=up?

1) COMT INUE

AR AK Z/NRIVE TORNIE JUTPYT CCUMAND CCMPUTATINN

EyT2Y JREACI(ACC ,NIUT 1,I0UT2,I0UT3,NNUT4, JOLCNMY

TF (JOLCNM JNF, 5) DNYT3 = 1,9

IT (JILCOM JNF, 6) INYTL = 3,1

1€ (JOLEOM ,FQ. 2) RFTJRY

TR (JOLCOM BN, 3) GO TO SO

TF (JOLAOM EQ. &) 6N TN 8n

IF (AFC .GT. 9.0) 50 TN 49

SPESTEY NOUTL (BRAKELINE PRECQURF) RY [NTERPOLATION

FRNM BRAKE TABLE

TR = 3PKCOM * ACC

"nou

nno2y1 =2, 10
1= (TQR . LE., RRKTAB(2,7)) GO 7O 39
2) COINTINJF

1 =11
2N FRAC = (BRKTAB(2,I) - TA8) / (RRKTAR(?2,I) - ARKTAB(2,
1T -1
DNUTY = BRKTAR(1,I) - FRAC * (BRKTAR({1,I) - RRKTAB(1,
11 - 1))
nouUT2 = N, 0
RETURN
CNMOYTE NNJT2 FOR CLOSFEN=LDI2 MINFS
an J0yYT1 = N, 0
NNYT 2 = DRVENN * ACC
RF TIRN
CAIMIYTE JIQUT?2 WHEN JOUTL TS CPEN-LONP CAMTROLLED
5) N8y T = 2, 1)
1€ (D0UT! .LE. BRKTAB(1,IV) AC TO 70
& FINT INJFE

T =1 ’
77 FRAC = (RRKTAB(I,I) = DOTL) / (8RKTAR(1,1) - 2RKTAB(
1., -t )
TNR = A0KTAB(?,1) - FRAT * (RRKTAR(2,I) - RRKTABI2,T -
tin
ALCOR = TOR / RRKCON
ACCMNND = AMC - Anrpo
DNUT2 = NRVCON * ACCYND
TE (DOUT? o LT. 0.0) NOUT? = 0.0
RETIJON
COMPUTE NOUTL WHEN NNUT?2 IS CPEN-LCCP CONTRNLLED
2% AFCPR = DOUT2 / JRVCON
ACCMON = ACC - ACCPR
IF (ACIMOD LT, 0.0) 6N TO 99
mITy = N0
RETURN
on TNR = RAKLON * ACCMOD
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nn1oo t = 2, 19

TF (TOR

10O €ONT INUE

1 =11
110 FRAC =
11 - 1%)
YT =
11 - 1N
RETHRN

END

(BRKTAR(2,T) = TNR) /

RRKTAB(1,1) - FPAC ¥

JLE, RRIKTAZ(2,1)) 5N TO 110

{RRKTAR(2, 7)) = RICTAR( 2,

(8eXTAB(1,I) - BR¥TABI(1,
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SURQQUTINE DRVEH
NRVEH JRTAINS NEFESSARY VEHTCLE PARAMETERS FNR THE DRIVER MANJLE
DRVFH IS SPECIFIC FOR THF TR ANS35 3-D3F VEHICLE MO)EL

SJRRNJT INF PRVEH

[MPLICIT REAL(A-H,0-2)

TNTEGER ORMQONE, TMYONE

REAL KD

LOGICAL FIRST

CoMuNN /NCRVEH/ CRA, CR], CRSR, CRKN

CNMMCN /NDRINT3/ ACC), NELSW?Y, GR2, TSTART

COMMON /NDROPMN/ DRMODE

COvYMAN /NRPARI/ ACCSW, ACFRAC(2?)

COMMCN /DRTNAT/ DRTR(24)

COMMON /DRVEHL/ NRV1(3)

COMMNN /DRVEH2/ ACCMAX, ACCVIN, DELMAX

CNMMCN /DRVEH3/ STDACC

CIMMAN /ORVEHAL/ RRKCON, DRVCON, GR, RRKTAR(2,11)

COMMNN /DRVEHS5/ ABM, Al, AM, Cy DRG, TNZ(2), XAL4),
1 Xwia)

‘CNMION /VPP’ DSHHAX,TOD“AX.PFLMAX.KD.DSHO'T090v°°L9

COMMON /V3IND/ CI(T27) o ALAMT (4), ECIS) XT(4),YT(4),DTIF(2), TAXL(2),
1 AXLRGVC Gy ALAMRS JVM VIZ7 74 VIYZyVI7X XPL,YPLy7PL,PLM,PLI7Z,PLIYZ,
2 PLIZ?XyCST14CST2,CST3,SR,XC(2),RRK(4),CN,PFA,RHNA,TACKER

COMMCN /T3INATA/ FRO(%4,41).2)y AO(4), Al(4), A2(&), BL(&)}, B3(4),
1 R4l 4Y, 3T &), DOOC4), PL(4GY, P2(4), SN(4), S1(4), S2({%),
2 °2(4), RL1(4), KL({&4), K?2(4), RC(4), SN(4&), FRR{4)

DIMENSION FR(4) ,FCMM(4),FSMX(4)

A = XT(1)

R = =XT(3)

AT = VIZ?7 + OLIZ7 + PLM*(XP!L &2 4 YDPL*%2)
AM = WM4+DLM

ARM = AM/(A+R) '

C = (VCR/M 4 PLU=(JC = IPL ))/AM

ITLMAX = NDSWMAX /SR

DELSWO = DSWO

NRG =G

ASSIGN TIRE PROPERTIES FNR 3DOF MONFL PREDICTNF
nn 9 I=1,4

NDRTR(I) = AO(1])

NDRTYR(T+4) = AL(D)

NRTR(T+R) = A2(])

DRTR(T1+12) = R1(])

NRTO {1414} = R3(])

Qn IRTR(T+20) = R4(T)
FOMOYT F MAX TUYM CIRCUMFFRENTIAL AND SINF FNRCES

FCMNT = 0,0

FSMXT = 0,0
FR (1) = A%ARM
FR(?) = B%xABM

DN70 1 =1, 4
J=(1 +1)y /2
FAUN(T) = =FR(J) % (PNA(T) + FREJIX(PLIT) -+ FR{J)*
1 02(1))) * SN(D)
FTMNT = FCMNT & FCMN(T)
FSUX(T) = FROJ) % (B2(T) & FO(J)*(3L({]) + €0(J)%04(
L) = SN(D)

TY FSMXT = ESUXT + FSMX(T)
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2712 s CIMPUTE MAXTMUM ALLNWABLE ARAKING ACCEL ERATICN AND _ATERAL AZZSLEATINON
2713 ACCMIN = ACFRAC(?) * FTMNT / AM

274 SINACC = FSMXT / AM

2715 p COMPYUTE MAXTMUM ALLOWARLE ACCELERATION DUE TO DRIVE TORIJJF
2716 MRVEON = AM/AXLR/(ALAMT( L) /RT(1) + ALAMT(2) /RT(2)

N7 1 + ALAMT (3)/RT{3) + ALAMT(4)/3T{ 4))

2718 ACCMAX = ACFRAC(1)%xTONMAX#DRVCCM

270 DRV1(1) = A

277N NRV1(2) = 8B

2721 MRVI(2) = KD

2722 TSTART = 3,0

2723 SR = 1,0/SR

2724 fR? = GR

2725 nn 19" 1=1,4

2724 XA(T) = XT(I)

2727 NN YWw(l) = YT(I)

2778 f.

27170 r CIMOUYTFE ENTRIES FOR DJRIVER-MOIEL RRAKE TABLE

2729 BRKPN = AMX(RT (1) 4 RTI2)+RT (3 )4RT (&) ) %N, 25

2721 ReKTAR(1,1) = N.N

2732 RRKTAB(2,1) = 0.0

2733 BRKTAR(1,2) = PFLMAX + 1.3

2724 BRKTAB( 24 2) = RRKTAR(1,2)%{3RK(1)+BRK(2)+RRK(3)+RRK(%)1%0,25
2735 r

2735 ACCH = TADO/DRVCON = PFLO/ (PFLMAX41 .0 )*%BRKTAB(2,2)/BRKCIN
2737 TOR( 1) = NTOEL 1)

2728 TNR({?2) = NTOE(2)

27120 cRA = A

2740 fRR = R

2741 CRG? = GR

2742 CRKND = KN

2742 RETYRN

2744 END
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List Of Symbols For Chapter 4

Symbol Definition

GR Steering gear box ratio

K' Driver trim integrator gain
KY- Factor converting position

error to heading angle error

Kw Driver gain on heading angle
error

KD Understeer factor for steady
turning

L Vehicle wheelbase

NRDPT Number of road points

T Equivalent yaw rate time

eq

constant

u Velocity component along the
x-axis

Yerr Distance from vehicle position
to desired path

XRPi'YRPi Cogrdlgates of the road
point 1

dsw Steering wheel angle

Uarbgr¥e Intermediate variables defined

by eqs. (4.5), (4.6), (4.7)
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Symbol Definition
wdes Tangent angle to the desired

path at the closest point
on the road path

Difference between current .

err and desired heading angle
wi’wj Average path angles
K Curvature of the desired path

T Driver time delay
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