Disclaimer of All Warranties & Liabiiities

Engineering Dynamics Corporation (EDC) makes no warranties,
either express or implied, with respect to this manual, or with
respect to the software described in this manual, its quality, perfor-
mance, merchantability, or fitness for any particular purpose.
EDC software is sold or licensed "AS IS". The entire risk as to its
quality and performance is with the buyer. Should the programs
prove defective following their purchase, the buyer (and not EDC)
assumes the entire cost of all necessary servicing, repair, or correc-
tion and any incidental or consequential damages. In no event will
EDC be liable for direct, indirect, incidental, or consequential
damages resulting from any defect in the software, even if EDC
has been advised of the possibility of such damages. Some states
do not allow the exclusion or limitation of implied warranties or
liability for incidental or consequential damages, so the limitation
or exclusion may not apply to you.

Proper use of the accident reconstruction software described here-
in requires a thorough understanding of vehicle dynamics. There-
fore, you must agree to assume full responsibility for any decisions
which are based, in whole or in part, upon information obtained by
using this software. EDC does not warrant that the functions con-
tained in the program will meet your requirements or that the
operation of the program will be uninterrupted or error free.

BY USING THIS PROGRAM, YOU ACKNOWLEDGE THAT
YOU HAVE READ THIS AGREEMENT, UNDERSTAND IT
AND AGREE TO BE BOUND BY ITS TERMS AND CONDI-
TIONS.

Trademarks

EDVAP™ EDSVS™ EDVTS™, EDSMAC™, EDCAD™, and
RTG™ are trademarks of Engineering Dynamics Corporation.
IBM® is a registered trademark of International Business
Machines Corp.
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History of Simulations INTRODUCTION

INTRODUCTION

EDC simulation programs are used for the computer simulation of
motor vehicle accidents. This manual describes the calculation pro-
cedures used by three simulation programs

- EDSVS (Single Vehicle Simulator)
« EDVTS (Vehicle-Trailer Simulator)
« EDSMAC (Two Vehicle Accident Simulator)

The purpose of this publication is to provide the user of these
EDC simulation programs with an explanation of how they work.
The technical portion is divided into five major chapters:

Anatomy of a Simulation describes the basic program elements
common to all EDC simulation programs. An overview of each
program, including flow charts, is presented.

Vehicle Models describes the mathematical/physical model used
by each program. A complete free-body analysis is presented.

Tire Forces begins with a general overview of basic tire
mechanics. This section also describes how tire forces are com-
puted for each program model.

Collision Forces provides an analysis of the collision mode] used
by EDSMAC.

Numerical Integration provides an overview of the numerical in-
tegration routines used by EDSVS, EDVTS and EDSMAC.

Before addressing these technical issues, it is insightful to review
the historical development of simulations.

History of Simulations

'The development of simulation programs parallels the develop-
ment of the computer. Although analog computers were first
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developed during the early 1900s, the first practical computers saw
use during World War II. The aerospace industry was the first com-
mercial user of digital computers in the 1950s [1]. These

computers were used to used to simulate an aircraft before build-
ing it, thus reducing development costs.

In the late 1950s, the US Weather Bureau began developing
weather simulation programs for weather forecasting [2]. These
programs were remarkably similar to today’s simulation programs:
They used initial conditions (wind velocities and pressures) sup-
plied by weather ballons and fluid dynamics to simulate the flow in
the upper atmosphere. The integration time step was several
minutes!

Use in Accident Investigation

The literature suggests the first to develop motor vehicle simula-
tions useful in the study of highway safety was McHenry in 1968 [3]
at Cornell Aeronautical Lab. This research evolved into the
Highway-Vehicle-Object Simulation Model (HVOSM), a sophisti-
cated 3-dimensional computer simulation, in 1976 [4]. During the
same era, McHenry also produced the Simulation Model of
Automobile Collisions (SMAC), a 2-dimensional motor vehicle
crash simulation [5]. McHenry and others at Cornell Aeronautical
Lab were also developing crash victim simulation programs, the
first of which was produced in 1966 [6]. The primary funding for
these programs came from the National Highway Traffic Safety
Administration, a federal agency within the U.S. Department of
Transportation.

A parallel effort at the University of Michigan produced several
commercial vehicle simulations. The first was by Moncarz et al [7],
followed by more sophisticated simulations by MacAdam et al [8].
Michigan also produced occupant simulations [9]. The primary
funding for these programs came from the Motor Vehicle
Manufacturer’s Association.

All the above simulations were developed for use on IBM Model
360 (or similar) mainframe computers. When the IBM Personal
Computer was introduced in 1981, it became possible to modify
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these programs and make them available for use by private acci-
dent investigators.

EDSVS and EDVTS [10,11] were produced from Moncarz’ TBST
and TBSTT programs, respectively. EDSMAC [12] was produced
from the SMAC program. In each case, the program was
developed by stripping away the mainframe-oriented input and
output routines, while saving the main calculation portion of the
program. The input and output routines were then replaced with
routines which take advantage of the personal computer’s friendly
environment. Validation studies were performed to insure the PC
versions produced the same results as their mainframe counter-
parts.

Scope of this Publication

This publication describes the calculations performed during the
main calculation phase of the EDSVS, EDVTS and EDSMAC
computer simulation programs. The theoretical developments are
presented for a thorough understanding of the analysis. For details
on the user interface, the reader is referred to their respective Pro-
gram Manuals [10,11,12}. For details on how the theoretical
models have been programmed, the interested reader is referred
to the specific source code listings [13,14,15].
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ANATOMY OF A SIMULATION

In this chapter, we will discuss the design of simulation programs.
We will begin by describing in general terms the features common
to all simulation programs. Then, we will describe the specific
design of EDSVS, EDVTS and EDSMAC.

Simulation programs are used as mathematical models to predict
the outcome of a dynamic event. Examples of such events include
weather forecasting, traffic flow predictions, aerodynamic model-
ing of experimental aircraft and the dynamic modeling of motor
vehicle accidents. Simulations use a mathematical or physical
model to estimate the conditions at a discrete point in time; then, a
numerical integration routine is used to calculate the first and
second integrals relating to the physical conditions. In the case of
accident simulations, these physical conditions are the accelera-
tions experienced at the given point in time; the first and second
integrals are the velocities and positions, respectively. The numeri-
cal integration routine then increments the simulation time by a
discrete, user-specified time step and the calculations are
repeated. Obviously, simulation programs perform repetitive,
math-intensive calculations which can result in significant computa-
tion time,

Program Elements

All simulation programs have a similar structure which includes
the following program elements:

L

Controlling Program

* Numerical Integration

« Force Computations

« Derivative Computations

The relationship between these elements is shown in figure 1. The
purpose of each of these elements is described below.
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FromINPUT
CONTROLLING |
PROGRAM NUMERICAL ]
INTEGRATION FORCE
CALCULATIONS
DERIVATIVE
CALCULATIONS
|
OTHER SPECIAL
ROUTINES
ToOQUTPUT

Figure 1 - Simulation Program Elements

Page 14




Program Elements ANATOMY OF A SIMULATION

Controlling Program

The controlling program does just what its name suggests: It con-
trols the entire sequence of calculations. The following tasks are
typically performed by the controlling program:

s initializes all variables

+ calls the numerical integration routine
+ calls the output routine

+ terminates execution

For programs such as EDSVS and ED VTS, most of this control is
actually performed by the numerical integration program; thus the
control program is quite small. On the other hand, EDSMAC has a
sophisticated and rather complicated control program which, in ad-
dition to the above events, must also determine when vehicle
interaction occurs and which accident phase (pre-impact, impact,
or post-impact) is currently being simulated.

Numerical Integration

The numerical integration routine is used to integrate the equa-
tions of motion, It starts with the accelerations supplied by the
derivative calculations routine (below). The simulation time is in-
creased by some small fraction of the user-specified time step. The
velocities (first integral of the acceleration during the time incre-
ment) and positions (second integral of the acceleration durmg the
time increment) are then computed.

The numerical integration routine then returns to the control pro-
gram and the entire sequence of calculations is repeated.

Force Computations

The force computation routine performs a free body analysis of
the vehicle at the current time step. Therefore, a physical/mathe-
matical model is included in this routine. This model must be

Page 15



EDC Simulations Program Elements

general enough to describe the forces acting on the object under
all anticipated conditions.

The complexity of the physical model is determined by its number
of degrees of freedom. In general, the number of degrees of
freedom is determined by the number of masses being simulated
and the allowable motion for each mass. For example, a vehicle
modeled as a single mass on a 2-dimensional flat surface has 3
degrees of freedom. These are linear motion in the earth-fixed X
and Y directions and rotation about the Z axis (see figure 2), If the
vehicle model is extended to 3 dimensions, the number of degrees
of freedom increases to 6. The additional degrees of freedom in-
clude linear motion of the vehicie mass in the Z direction and
rotation about the X and Y axes, as shown in figure 2. If suspen-
sion motion (jounce/rebound) and wheel spins are included, the
number of degrees of freedom increases to 14 (vertical and an-
gular motion at each of four wheels; see figure 2).

The number of degrees of freedom also determines the number of
input parameters required to describe the vehicular motion. Most
simulation programs are a compromise between the number of
degrees of freedom required for satisfactory accuracy and the num-
ber of available input variables.

EDSVS and EDSMAC analyze 3 degrees of freedom per vehicle.
EDVTS analyzes an additional degree of freedom, the articulation
angle of the trailer.

The final output of the force computations routine is the summa-
tion of external forces and moments acting on each mass.

Derivative Calculations

The derivative calculation routine uses the summation of forces
and moments produced in the Force Caclulation routine and
applies Newton’s 2™ Law (ZF =ma and =M =1g) to calculate the
resulting linear and angular accelerations.
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Program Flow Charts
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Figure 2 - Degrees of Freedom
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SPECIFIC FLOW CHARTS

Program flow charts for EDSVS, EDVTS and EDSMAC are
described below.

EDSVS Flow Chart

The EDSVS flow chart is shown on the following page. It contains
six major routines:

« INITIALIZE

- HPCG

« FCT

« TIRE

« WRITE.OUTPUT
« SHUT.DOWN

The INITIALIZE routine loads the input data file and initializes
all variables, converting from user units to program units (i.e., in-
ches to feet and degrees to radians). The initial wheel loads and
combined (vehicle plus payload) weight, yaw moment of inertia
and CG height are also computed here.

The HPCG routine is the numerical integration routine used by
EDSVS. In addition to its normal duties of calling the force-com-
puting algorithm (in this case, FCT) and updating the time step, it
also determines when an output record is written, a job usually ac-
complished by the controlling program.

The flow chart reveals a feature contained in HPCG not contained
in most numerical integration routines: it monitors the difference
between the predicted derivative vector and the actual derivative
vector (hence it is called a "predictor-corrector’ method).

The FCT routine contains the equations of motion for the 3 de-
gree-of-freedom (forward, lateral and angular plane motion)
model used by EDSVS. It includes the driver input tables to deter-
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ANATOMY OF A SIMULATION
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Figure 3 - EDSVS Flow Chart
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mine the current level of accelerating, braking and/or steering at
each wheel, It uses analytic geometry to determine the current slip
angles at each wheel. It uses the weight dictribution to compute
the current tire loads. Then it calls the TIRE routine (see below).
Finally, with the new tire forces and vehicle inertia (total vehicle
mass and yaw moment), it computes the new levels of linear and
angular acceleration.

The TIRE routine is called by FCT (see above). It uses the coeffi-
cients of friction, tire cornering stiffnesses and current vertical tire
loads and slip angles to compute the forward and lateral forces at
each tire.

The WRITE.QUTPUT routine checks the status of the run (i.e,, has
the vehicle stopped? Has the user pressed ESCape? Has a wheel
lifted off the ground?) and sets appropriate flags. It then writes an
output record containing the position, velocity and acceleration
variables, as well as other variables, on the output file.

The SHUT.DOWN routine writes any warning messages to the out-
put file and closes it. Control is then transfered to the Output
Session where the user views the results.

EDVTS Flow Chart

The EDVTS flow chart is nearly identical to the EDSVS flow
chart. As shown on the following page, it contains the same six
major routines. However, because EDVTS has an additional de-
gree of freedom, (the articulation angle of the trailer), an
additional seventh routine, called SIMSOL, is used for upating the
linear and angular accelerations.

EDSMAC Flow Chart

The EDSMAC program calculations occur in two major steps:

«  Main Simulation Loop
«  Vehicle Damage Summary
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Figure 4 - EDVTS Flow Chart
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INPUT

Main Simulation
Loop

Did
a collision
occur?

Damage \
Summary ;

OUTPUT

Figure 5 - EDSMAC Flow Chart

An overall calculation phase flow chart is shown on above.
Because each step is rather complex, and because they occur
separately, each step will be described separately.

Main Simulation Loop

Most of the calculations are performed here. Inspection of the
Main Simulation Loop flow chart (see figure 6) reveals there are
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ANATOMY OF A SIMULATION

ENTER

Controf Loop

Initiafize and Load Input

R

RNGKT1

SAVEMAX

l

CUTPUT {

t=tmax
or
Both Cars

Stopped?

EXIT

Figure 6 - EDSMAC Main Simulation Loop Flow Chart

actually four major procedures within this loop. These procedures

are:

Control Loop

TRAJ
COLL
DAUX

The control loop loads the input data file and initializes all vari-
ables. It then calls RNGKT], the numerical integration procedure,
which returns with the updated vehicle positions and velocities

based on the current accelerations.

The control loop calls a routine named SAVEMAX, which com-
pares the current accelerations with previous accelerations and
stores the magnitude and direction of any new maxima which have

occurred.
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When the output print time is reached, the control loop writes an
output record containing the vehicle positions, velocities and ac-
celerations for the current simulation time. Wheel positions and
skid flags are also written. These are used during the Graphics Ses-
sion to draw skidmarks.

The TRAJ (trajectory) routine computes the forward and lateral
tire forces at each wheel for the current timestep. The individual
forces are then resolved as a single force and moment acting at the
vehicle CGs.

The COLL (collision) routine computes the forward and lateral
collision forces at the CG of each vehicle for the current timestep.

The DAUX routine calculates the total force and moment (the sum
of the tire and collision forces and moments) acting on the vehicle
for the current timestep. It then applies Newton’s 27 jaw to deter-
mine the total linear and angular accelerations for each vehicle,

The Main Simulation Loop continues until the vehicles come to
rest or the maximum simulation time is reached.

Vehicle Damage Summary

The Vehicle Damage Summary is a routine called SMACDAM. Tt
is called at the conclusion of the Main Simulation Loop. The
Vehicle Damage Summary flow chart (see figure 7) reveals it con-
tains only two major routines:

+ RANGDAM
+ DAMAGE

The RANGDAM routine analyzes and organizes the table of col-
lision vectors computed during the Main Simulation Loop. The
final result is a series of individual damage ranges, each having its
own Collision Deformation Classification (CDC) and delta-V.
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ENTER

RANGDAM

DAMAGE

EXIT

Figure 7 - EDSMAC Vehicle Damage Summary Flow Chart

The DAMAGE routine analyzes the collision vectors to assign a
CDC to each damage range.

For further information about the major calculation procedures,

refer to the specific chapters regarding tire and collision force
calculations.
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VEHICLE MODELS

Perhaps the most important part of a simulation program is the
physical model itself. The physical model is a general, free-body
analysis of the simulated object. This analysis must define the loca-
tions of all external forces (typically tire and collision forces) to be
considered. It then accesses the routines necessary to compute
these forces. Finally, the vehicle model computes the resultant mo-
ments and forces acting at the object’s center of gravity.

This chapter describes the models used by the EDSVS, EDVTS
and EDSMAC programs.

EDSVS

EDSVS is a 3 degree-of-freedom model which simulates the mo-
tion of a unit (single mass) vehicle in the X-Y plane. Thus, the
vehicle moves only in the X and Y directions and rotates only
about the Z (yaw) axis. Any motion in the X-Z and Y-Z planes, or
rotation about the x (roll) ory (pitch) axes is ignored.

‘The routine in EDSVS which computes the exterior forces applied
to the vehicle is called FCT. This routine involves the following
procedures each time it is called:

 compute the slip angle at each tire

+ compute the vertical wheel loads from the static load
and the current longitudinal and lateral load transfers

« call the tire routine

+ sum the external moments and forces

+ compute the resulting acceleration

Each of these tasks is described below.
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Computing Slip Angles

‘The relationship used for computing the slip angle at each tire is
shown in figure 8. This relationship is based on vehicle geometry
and kinematics, as well as the front axle steer angle, 0 (which is ob-
tained from the user-entered steer table). Slip angles for left side
and right side tires are assumed to be equal - a good assumption as
long as the track width is small compared to the turn radius. The
slip angle for each tire is computed as follows:

Front tires - _
ay, = ATANZ2((v + ap)/u) - &

Rear or front tandem axle tires -
tza = ATAN2({v - (b - (At/2))y)/u)

Trailing tandem axle tires (skip if tandems not present) -
ags = ATANZ((v - (b + (At/2))y)/u)

NOTE:  The ATAN2 function is a special arctangent func-
tion having the entire unit circle as its range and
domain. Thus, it is capable of returning correct
results for angles in all four quadrants.

Computing Vertical Wheel Loads

The vertical wheel loads are computed as the sum of the static load
and the longitudinal and lateral load transfers at each wheel. The
static load is computed once at the beginning of execution. The
load transfers are computed at each time step. This section
describes the calculation of these forces.

Static Load
The static load is simply a function of the weight distribution and

the lateral offset of any payload. Taking the sum of moments and
forces in the Z direction, the static load at each wheel is computed.
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Center of Curvature

Figure & - Kinematic Relationship for Computing Slip Angles
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The free-body diagram shown in figure 9 illustrates the vehicle con-
figuration and the applied forces.

To calculate the static wheel loads, first calculate the lateral weight
shift at the front and rear axles due to the lateral payload offset, Ay,

AWy front = Y1AYW/T1
AWy rear = (1-y1)AyW/T2

The vertical load at each wheel is then computed as follows
Fizstatic = bW/(2(a + b)) - AWy front
F2z static = Flzstatic + 2AWy front
F3z static = aW/(2(a -+ b)) -AWy rear
Fdz static = F3zstatic + 2AWy, rear

If the rear has tandem axles, the loads at wheels 3 and 5 are split
equally, as are the loads at wheels 4 and 6.

i ateral Load Transfer

Lateral load transfer at the front axle is the fraction, y1, of the total
lateral load transfer:

AFz = (WZM/T HAjat,

where
y1 = lateral load transfer coefficient (fraction of lateral load
transferred to the front axle)
Z = elevation of CG
Tr = front track width

Agt = v+ Uip

Thus, for the front axle, the vertical load on the outside and inside
tires will be increased and decreased, respectively by the amount
AFz,
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Figure 9 - Free-body Diagram of EDSV'S Vehicle Model
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The lateral load transfer on the rear tires is

AFz = {(1-y1)ZM/T DAiat,

Again, the vertical tire load on the outside tires increases and the
load on the inside tires descreases by AF.

Longitudinal Load Transfers

Longitudinal load transfers are computed by summing the mo-
ments and forces in the vehicle-fixed x direction. The longitudinal
load transfer to the front axle is

AFziront =-(1/2{(a+b))(ZmAlong + v3{F3x + Fdx + F5x + FEx)A+)

where

Along = L! - V?])

The longitudinal load transfer to the rear axle is equal to the load
added to or removed from the front. Thus,

AFz rear = -AFz front

If the vehicle has tandem rear axles, the rear axle load transfers
are modified, first by splitting the vertical load between the axles
then by accounting for the inter-axle load transfer as follows:

AFzfront tandem = AFzrear/2 - p3(F3x + Fdx + Fbx + F6x)
AFzrear tandem = AFzrear/2 + y3(F3x + Fdx + Fbx + F6x)

The total vertical load on each wheel is the sum of the static load
and the longitudinal and lateral load transfers,

Fz = Fzstatic + AFztateral + AFz longitudinal
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These vertical tire forces are passed to the TIRE routine (see Tire
Forces), which calculates the forward and lateral forces, Fx and Fy
at each tire. The last step is to sum these forces and moments to
compute the resulting vehicle motion.

Sum of the External Forces and Moments

All external forces act at the tire-road shear interface. These for-
ces have been computed by the TIRE routine. Summing these
forces in the vehicle-fixed x and y directions and about the z axis,
we have

ZFx = Fixcosd + F2xcosé - Flysind - F2ysind
+ F3x + Fdyx + F5x + Fby

ZFy = Fixsind + F2xsind +Flycosd +F2ycosd
+ F3y + F4y + F5y + Féy

and

IMz = a[(Fix + F2)sind + (Fly + F2y)cosd]
+ [(TH2)(Fix- F2x) + Ay(Fix + F2x)]coss
- [(TH2)(Fly-F2y) + Ay(F1ly + F2y)]sind
- [(0-AV2)(F3y + F4y) + (b + AY2)(F5y + Féy)]
+ Tr/2(F3x + FBy - Fdy - Fﬁx)
-+ Ay(FSx + F5¢ + Féy + FSx)

Computing the Acceleration

The acceleration of the vehicle is computed from Newton’s 2nd
law. These accelerations are derived with respect to the earth-fixed
coordinate system. However, all the forces are with respect to the
vehicle-fixed coordinate system. Thus, a transformation is required.
In the earth-fixed X direction, £Fx = max = m(U-vip). Thus
by rearranging, we obtain the acceleration in the X direction,

U = ZR”d/m + vy
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Similarly, in the Y direction we have SFy = may = m(V + up).
Thus,

v o= ZFy/m - Lﬂ})

And about the Z axis, ZMz = la (note that the angular accelera-
tion is identical in both the earth-fixed and vehicle-fixed
coordinate systems). Solving for angular accelerations yields

a = ZMz/l

These linear and angular accelerations are passed to the numerical
integration routine for further processing to determine the
velocities and positions at the next time step.
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EDVTS

EDVTS is a four degree-of-freedom model which models the mo-
tion of a tow vehicle and trailer in the X-Y plane. The combination
may be a passenger car towing a small trailer or a tractor pulling a
semi-trailer; the eugations of motion are the same. The tow
vehicle moves only in the X and Y directions and rotates only
about the Z (yaw) axis). The trailer is free only to articulate about
its connection to the tow vehicle. Any motion by either mass in the
X-Z or Y-Z plane, or rotation about the vehicles’ x (roll) ory
(pitch) axes is ignored.

The routine in EDVTS which computes the exterior forces applied
to the vehicle is called FCT. The resulting accelerations are com-
puted here also. This routine is very similar to EDSVS’s FCT
routine except that an additional procedure is used to handle the
accelerations. The FCT routine used by EDVTS involves the fol-
lowing procedures each time it is called:

+ compute the sideslip angles at each tire

» compute the vertical wheel loads from the static load
and the current longitudinal and lateral load transfers

+ call the TIRE routine

+ sum the external moments and forces

+ compute the resulting acceleration

Each of these tasks is described below.

Computing the Slip Angles

The relationship used for computing the slip angle at each tire is
shown in figure 10. This relationship is based on vehicle geometry
and kinematics, as well as the front axle steer angle, 0 (which is ob-
tained from the user-entered steer table). Slip angles for left side
and right side tires are assumed to be equal - a good assumption as

Page 35



EDC Simutations EDVTS

long as the track width is small compared to the turn radius. The
slip angle for each tire is computed as follows:

Tow vehicle front tires -
@i, = ATAN2((v + ay)/u) - &
Tow vehicle rear or front tandem axle tires -
asa = ATAN2((v - (b - (AV2)))/u)
Tow vehicle trailing tandem axle tires (skip if tandems not
present) -
ass = ATAN2((v - (b + (Ay2))y)/u)
Trailer front tandem axle tires -
t;5 = ATANZ(((v - hy)cosy - ({3 + (d-A2)(y + )
- vsiny)/(ucosy + v - hysiny)
Trailer frailing tandem axle tires (skip if tandems not present) -

tgqo = ATAN2(((v - hypcosy - (C + (d +Aw/2){(y + 7)
- vsiny)/(ucosy + v - hysiny)

Computing Vertical Wheel Loads

The vertical wheel loads are computed as the sum of the static load
and the longitudinal and lateral load transfers at each wheel. The
static load is computed once at the beginning of execution. The
load transfers are computed at each time step. This section
describes the calculation of these forces.

Static Load
The static load is simply a function of the weight distribution and

the lateral offset of any payload. Taking the sum of moments and
forces in the Z direction, the static load at each wheel is computed.
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Center of Curvature

Figure 10 - Computing Slip Angles for Vehicle-Trailer
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The free-body diagram shown in figure 11 illustrates the vehicle
configuration and the applied forces,

The vertical load at each wheel of the tow vehicle is computed as
follows:

Flz.static = bW1/(2(@ + b)) + dWa(b-h)/2(a+b)(c +d)
F2z static = Flz static

F3zstatic = aW1/(2(a + b)) + dWa(a +h)/2(a+b)({c +d)

Faz static = F3z static

If the rear has tandem axles, the loads at wheels 3 and 5 are split
equally, as are the loads at wheels 4 and 6.

To calculate the static wheel loads on the trailer, first calculate the
lateral weight shift at due to payload offset, Ay,

AWy = AyWo/T3

The vertical load at each wheel is then computed as follows:

F7zstatic = CW2/(2(c + d)) - AWy
FB8zstatic = F7z,static + 2AWy

If the trailer has tandem axles, the loads at wheels 7 and 9 are split
equally, as are the loads at wheels 8 and 10.

inertial Mass Forces

Before computing longitudinal and lateral load transfers, the hitch
force in the vehicle-fixed x and y directions must be computed. To
simplify calculations, these forces are added together with the iner-
tial forces. The tow vehicle inertial forces in the earth-fixed X and
Y directions are:

A1 = -m2{Along + hp?)cosy - Ma(Alat - hep)siny - Cmaz(y + 7)2
A2 = m2(Along + h1/}2)siny- ma(Alat - hpicosy + Cma(y + )
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Figure 11 - Free-body Diagram of EDVTS Vehicle Model
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F9,10,

F9,10,

- At "“'”';

Figure 11 - EDVTS Free-body Diagram (cont)

The trailer inertial forces in the earth-fixed X and Y directions are:
A3 = -mz(Aiong + hip? - Cma(ii + ))siny - Cma(y + 7)2cosy

Ad -m2{Alat - ) + Emz(ip' + y)cosy - Cma(y + }‘r)zsiny
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Forces and Moments at the King Pin or Bali

Forces applied to the tow vehicle at the trailer connection are
computed from the trailer tire forces and inertial forces. These
longitudinal and lateral connection forces are:

FHx = Az + Fix + F8x + F9y% + F10x
FHy = A4 + F?y + F8y + ng + F'lOy

The torque, T, acting about the connection axis is
T = 2ZucdW2Rc/3(c+d) fory > 1.72 deg/sec
= V/333(2ucdW2Rc/3(c+d))  fory < 1.72 deg/sec

where

ic = friction at connection
Re¢ = radius of connection

Lateral Load Transfer
Now all the exterior forces are known and the load transfers can

be computed. The load transfer at the front axle of the tow vehicle
is the fraction, Y1, of the total lateral load transfer:

AFz = (1Z1mi/Tr)Atat - V1ZoFH /Ty

where
Y1 = lateral load transfer coefficient (fraction of lateral
load transfered to the front axle)
Zy = elevation of trailer connection
Zi1 = elevation of tow vehicle CG
FHy = lateral component of force at trailer connection
Tt = tow vehicle front track width

Alat = v+ UT;I)
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Thus, for the front axle, the vertical load on the outside and inside
tires will be increased and decreased, respectively by the amount
AFz.

The lateral load transfer on the rear tires is

AFz = ((1-y1)Z1m1/To)Ajat - (1-y1)ZoFH y/Tr

where
Tr = towvehicle rear track width

Again, the vertical tire load on the outside tires increases and the
load on the inside tires decreases by AFz. If the tow vehicle has tan-
dem rear axles, the load transfer is split between the leading and
trailing axles.

The lateral load transfers at the trailer tires are;
AFz = -(Z2-Z0)(1-A1)/Tt +Zo(F7y +F8y +F9y +F10y)/Tt
where

T = trailer track width

If the trailer has tandem axles, the lateral load transfer is split
between the leading and trailing axtes.

Longitudinal Load Transfers

Longitudinal load transfers are computed by summing the mo-
ments and forces in the vehicle-fixed X direction. First, the vertical
load transfer at the trailer connection, AFHz, is computed:

AFHz = [(£2C08§ - Zo)At - (F7x + F8x + FSx + F10x)Zo +
AaZzsinE + (F7x + F8x + F9x + F10x)YaAA t]/(c + d)

where

& = arctan(Ay/c)
va = user-entered inter-tandem load transfer coefficient
for trailer
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Now, the longitudinal load transfer to the front axle of the tow
vehicle is

AFz’front = (1 /2(8 + b)) (AFHz(b-H)Z 1M{A long
+ FHxY3(F3x + Fdx + F5x + FBx))A
where
A]ong = (- V‘i})
Y3 user-entered inter-tandem load transfer
coefficient for tow vehicle

I

The longitudinal load transfer to the rear axle is equal to the verti-
cal load transfer from the trailer plus the load added to or
removed from the front. Thus,

AFzrear = AFHz -AFzfront

If the tow vehicle has tandem rear axles, the rear axle load trans-
fers are modified, first by splitting the vertical load between the
axles then by accounting for any inter-axle load transfer according
to the user-entered longitudinal load transfer coefficient, ¥3:

AFztront tandem = AFzrear/2 - V3(F3x + Fdx + Fbx + F6y)
AFzreartandem = AFzrear/2 + Y3(F3x + Fdx + F5x + FBy)

Finally, the longitudinal load transfers at the rear trailer axle are
computed. Note this load transfer is generally the opposite of the
vertical load transfered to the trailer connection,

AFztrater = ~AFH:z

If there is a payload offset (i.e., Ay # 0), there is an additional load
transfer,

AFztraller = AFztrailer + ({(A2c0SE& -11sin £){Zo-Z 1)
+ (F7y + F8y + FOy + F10y)Z0)/Tt
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Just as for the tow vehicle, if the trailer has tandem axles, the lon-
gitudinal load transfer is distributed between them according to
the user-entered longitudinal load transfer coefficient, ya:

AFztrailer front = AFztrailer/2 - Va(F7x + F8x + FOx + F10yx)
AFzrailer rear = AFztrailer/2 + Va(F7x + F8x + F8x + F10x)

Total Vertical Load

The total vertical load on each wheel is the sum of the static load
and the longitudinal and lateral load transfers,

Fz = Fzstatic + AFzlateral + AFzlongitudinal

These vertical forces are passed to the TIRE routine (see Tire
Forces), which calculates the forward and lateral forces, Fx and Fy
at each tire, The last step is to sum these forces and resulting mo-
ments to compute the resulting vehicle motion.

Sum of the External Forces and Momenis

All external forces act at the tire-road shear interface. These for-
ces have been calculated by the TIRE routine. As was mentioned
previously, the vertical tire loads are calculated only once per time
step. However, the tire forces are updated for each iteration
through the numerical integration routine (see Numerical Integra-
tion). As a result the derivatives and associated inertial forces, A2-4,
must also be updated (A1 is not required for the remaining calcula-
tions). The required forces are vehicle-fixed, not earth-fixed as
calculated previously. Therefore, the updated inertial forces have
the unnecessary terms stripped. The resulting inertial forces are

J2 = ma((hi®vij )sin(y-&) - upcos(y-£))
3 = -ma((hp®vip + C@ + 7)°cos-£))
4 = -m((h® +up + CE + 7)Psing-£)
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Matrix Solution of Equations of Motion

The equations of motion for the 4 degree-of-freedom system are
solved by applying Newton’s 2nd law. The equations are:

SFx = (mi+ma)u + (Cmazsin&)j + (Cmasinéy
ZFy = (M1 +mov - (mah +6003§))¢ - ((_Z_mzoosé:)if'
IMz = -(hma)v + (I +ma(h?+Chcost))y + (ChmacosE)y

ZMe = (Emzsin .f;‘)t} - (f)wmgcos&)\} + (o +5m2(6+ hcos&))i,!)
+ (I2 + C2ma)y

The above equations can be expressed in matrix form Ax = b. In
this form, X is the derivative vector (earth-fixed accelerations), b is
the summation of external forces and moments and A is a 4X4
matrix containing the inertial properties. Using this format,

m, +m, 0 6m2sin§ Emasing
0 m, +m, -m,{h +Eoos§) -Emgcosig
Al =
0 -hm, Lam(h®+ Ehcos&) hEmacosg

Emzsﬁng »Emacosg L+ Ema(a +hcosé) L+ Ezm_a

Similarly, the earth-fixed acceleration vector, x, is

U (Tow vehicle, X-dir)
Y (Tow vehicle, Y-dir)
X =
¥ (Tow vehicle, Angular)
¥ (Trailer, Angular)
L. e
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The external forces are the sum of all tire forces plus hitch forces.
These form the right-hand side of the vector equation, b, where

b = EFX SFy SMg EME]

From the free-body diagram (see figure 11),

SFx= miviy + i3 + (Fix+F2x)coss - (Fly+F2y)sin é
+ F3x+ Fadyx+ F5x+ FBx
+ (F7x+F8x+ F9x + F10x}cosy
- (F7y+F8y+F3y+F10y)siny

TFy= -miuy + A4 + (FIx+F23)sind + (F1y+F2y)cosd
+ F3y + F4y + FSy + Fey
+ (F7x+ F8x+ F9x+ F10x)(siny +sin&cosy)
+ (F?y + F8y + ng +F1 Oy)COS}/

EMz=-hig +a({(Fix+F2x)sind + (Fly+ F2y)cosd)
+ TH/2(F1x-F2x)cosd + Tr/2(F3x + F5x-F4x-F6x)
-N(F7x+ F8x + F9x + F10x)siny
-Ti/2(Fiy-F2y)sin &

-(b-A2)(F3y+F4y) + (b +Ay2)(FSy+Féy)
-h (F?y + F8y + ng +F1 Oy)COS}/ +T

ZMc=-CAz + TY2(F7x+ FOx-F8x-F10x)
+ (F7x+ F8x+ F9x + F10x){Ay-csin &)
-(C+ d-An/2)(F7y + F8y)
-lc+d+A/2)(FOy+F10y) - T

Computing the Acceleration

The accelerations in the x vector are computed using simultaneous
solutions (four vector equations and four unknown accelerations).
This solution is performed in a subroutine called SIMSOL. '
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EDSMAC

EDSMAC is a 3 degree-of-freedom model which simulates the mo-
tion of two unit (single mass) vehicles in the X-Y plane. Thus, the
vehicles move only in the X and Y directions and rotate only about
their Z (yaw) axis. Any motion in the X-Z and Y-Z planes, or rota-
tion about the x (roll) or y (pitch) axes is ignored.

Three routines are used for the basic vehicle model in EDSMAC.
The first routine is called DAUX. It calls the TRAJ routine which
computes tire forces and the COLL routine which computes col-
lision forces. DAUX then uses these forces to calculate the linear
and angular acceleration. The following steps summarize the pro-
cedures which occur at each time step (the name of the routine
responsible for the calculations is shown in parentheses):

« compute the vertical wheel loads (INITIALIZE)

NOTE: Since there are no load transfers
in EDSMAC, this is done only once.

+ assign the coefficient of friction according to the wheel
location relative to the terrain boundary (TRAJT)

+ compute the slip angle at each tire (TRAJ)

+ compute the forward and lateral tire force at each
wheel (TRAJ)

* sum the tire forces and moments (TRAJ)

« compute the forward and lateral collision force (COLL)

+ sum the collision forces and moments (COLL)

* sum the total external forces and moments acting
on the vehicle (DAUX) '

 compute the resulting acceleration (DAUX)

Each of these tasks is described below.
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Computing Vertical Wheel Loads

The free-body diagram shown in figure 12 illustrates the vehicle
configuration and applied forces. The collision force and moment
will be described shortly. For now, our concern lies with the tire
force.

The vertical load at each wheel is simply the static load (load trans-
fers are not included in EDSMAC). These static vertical loads are

Figure 12 - Free-body Diagram of EDSMAC Vehicle Model
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simply computed from the weight distribution by taking the sum of
moments and forces in the Z direction:

Fiz = bW/(2(a + b))

F22 = F'fz
F3; = aW/{2(a + b))
F4 = F3;z

These same calculations are performed for a second vehicle, if
inchuded in the analysis.

Assign the Coefficient of Friction

EDSMAC allows the user to specify a straight line, called a terrain
boundary, which separates two zones having different coefficients
of friction (see figure 13).

EDSMAC determines location of each wheel indix}i.dualiy, and
then assigns the appropriate coefficient of friction. The earth-fixed
X,Y coordinates for each wheel are computed as follows:
Right Front Wheel:
X = Xcg + acosy - TW/2simy
Y = Yeg + asiny + TW/2cosy
Left Front Wheel:
X = Xeg + acosy - TW/2siny
Y = Yeg + asiny + TW/2cosy
Right Rear Wheel:
X = Xcg-bcosy - TW/2simy
Y = Yeg-bsiny + TW/2cosy
Left Rear Wheel:
X = Xeg-bcosy - TW/2simy
Y = Yc¢g-bsiny + TW/2cosy
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Figure 13 - Terrain Boundary

Now that the earth-fixed X, Y coordinates of each wheel are
known, the next step is to determine on which side of the terrain
boundary the wheel lies. The coefficient of friction is then assigned
accordingly. The procedure uses the slope of the terrain boundary
relative to the X axis, XSLOPE, and the Y intercept, YINT. The
logic is performed as follows:

If XSLOPE = 0 degrees, the terrain boundary is parallel to the X
axis. Under this condition, if the sign of (Yooundary - Ywheel) is the
same as the sign of Ywheel, then the wheel lies on the non-origin
side of the terrain boundary. Otherwise, the the wheel lies on the
origin side.
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If XSLOPE = 90 degrees, the terrain boundary is paraliel to the X
axis. Under this condition, if the sign of (Xboundary ~ Xwheel) is the
same as the sign of Xwheel, then the wheel lies on the non-origin
side of the terrain boundary. Otherwise, the the wheel lies on the
origin side.

Otherwise the terrain boundary is angled. If the sign of YINT is
the same as the sign of (Ywheel - XSLOPE*Xwheel - YINT), then
the wheel lies on the non-origin side of the terrain boundary.
Otherwise, the wheel lies on the origin side.

Computing Slip Angles

The relationship used for computing the slip angle at each tire is
shown in figure 14. This relationship is based on vehicle geometry
and kinematics, as well as the front axle steer angle, & (which is ob-
tained from the user-entered steer table). Slip angles for left side
and right side tires are assumed to be equal - a good assumption as
long as the track width is small compared to the turn radius. The
slip angle for each tire is computed as follows:

Front tires -

Uqs ATAN2((v + ay)/u) - 6,

Rear tires -

g4 = ATAN2({v - by)/u) - Oy,

These tire slip angles and vertical loads are used to compute the
forward and lateral tire forces, Fx and Fy. Unlike EDSVS and
EDVTS, where the tire forces are computed in a separate routine,
EDSMAC computes these tire forces in TRAJ, along with the tire
slip angles and vertical loads (see Tire Forces).
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Figure 14 - Kinematic Relationship for Computing Slip Angles
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Sum of the Tire Forces and Moments

The final step in the TRAJ routine is to sum the total tire forces
and moments acting at the vehicle CG. This is performed as fol-
lows:

ZFx = Flixcosdi-Flysindy + F2xcosdz-F2ysind2
+ F3xc08d3-F3ysind3 + F4xcosda-F4ysinds

ZFy = Flixsindy + Flycosdt + F2xsindz + F2ycosd 2
+F3xsinds + F3ycosda + F4xsinds + F4ycosdq

EMz= TW/2{-F1xcosd1+F1ysindt) +a(Fixsind1 + Fiycosd)
+ TW/2(F2xcosdz - F2ysin d2) +a(F2xsin b2 + F2ycosd?)

+ TW/2(-F3xcosd3 + F3ysin da)- b(F3xsin d3 + F3ycosda)
+ TW/2({F4xCc0osda - Faysin d4)-bD{F4xsin &4 + F4ycosda)

Computing the Collision Forces and Moments

We have returned to the DAUX routine. Next, DAUX calls
COLL to calculate the collision forces and resulting moments. The
procedures are described in a later section (see Collision Forces)
and associated references [15,16,17].

Sum of the External Forces and Moments

At a given timestep, the total forces and moments acting on the
vehicle(s) are simply the sum of the tire and collision forces.
DAUX performs these calculations. The total forces and moments

acting at the vehicle CG are computed as follows:

ZFxtotal = ZFxtires + ZFx collision
ZFytotal = XFytires + ZFy collision

EMztotal = ZMztires + Mz cotiision

These calculations are performed for each vehicle.
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Computing the Acceleration

The final step is to compute the accelerations (linear and angular)
using Newton’s 2nd law. These accelerations are derived with
respect o the earth-fixed coordinate system. However, all the
forces are with respect to the vehicle-fixed coordinate system.
Thus, a transformation is required.

In the earth-fixed X direction, £Fx = mac = m{u-vy). Thus
by rearranging, we obtain the acceleration in the X direction,

u = IF/m + vy

Similarly, in the Y direction we have SFy = may = m{V + wy).
Thus,

v = ZFy/m-uy

And about the Z axis, ZMz = la (note that angular acceleration is
identical in both the earth-fixed and vehicle-fixed coordinate sys-
tems). Solving for angular acceleration yields

a = ZMz/l

These linear and angular accelerations are returned to the numeri-
cal integration routine for further processing to determine the
velocities and positions at the next time step.
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TIRE FORCES

Tire force calculations provide all the external forces acting on the
vehicle in EDSVS and EDVTS (and EDSMAC during the non-col-
lision phases). Since these forces are used to compute the resulting
vehicle acceleration (which in turn, are used to calculate the
velocities and positions), one can appreciate just how important
the tire force calculations are.

This chapter begins by describing in general terms how these tire
forces are computed for simulation programs. Then the specific
tire models used by EDSVS, EDVTS and EDSMAC will be
presented.

Basic Tire Mechanics

Tire mechanics is the study of how tires produce forces which act
on a vehicle. As with the mechanics of any object, we will first
define the coordinate system. To be consistent with the Society of
Automotive Engineers (and all EDVAP programs), we will use
SAE Recommended Practice SAE-J670e [18] (included in your
EDVAP Appendix). The tire coordinate system is shown on the
following page.

The coordinate system shows forces produced in the X°, Y’, and 77
directions and moments produced about the X, Y’ and Z” axes.
However, for a yaw plane analysis, all forces are assumed to be
produced at the ground plane (X’-Y’). We can further choose to
ignore any aligning torque and the moments produced about the
Z axis. This greatly simplifies the scope of our study. We now

need only consider only forces produced in the X’ (forward) and
Y’ (lateral} directions.

NOTE:  The X’-Y’ axes are defined relative to the tire, not
the vehicle!
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Figure 15 - Tire Coordinate Axis System (from Ref [18]}

The portion of the tire tread in contact with the ground is deter-
mined by the inflation pressure and tire load. This area is equal to
the vertical load divided by inflation pressure.

This area is called the tire contact patch. In general, this area is ap-
proximately defined by the product of the tread width and the
tread length in contact with the ground. Since the width of the
tread surface is fixed, the length of the contact patch is load
divided by the product of pressure and tread width)

The contact patch is also called the tire-road shear interface. This
term is descriptive of the actual process by which tire forces are
produced. As shown in figure 16, the forces produced between the
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Figure 10 - Forces at the Tire Contact Patch

tire and road are shear forces which are the result of the tire pres-
sure distribution and the coefficient of friction. Clearly, the shape
of the pressure distribution determines the location of the net ef-
fective tire force. This factor is important when analyzing tire
aligning torque and overturning moments. However, these factors
are beyond our needs. The interested reader is referred to the
literature [19].

Our concern is how to estimate the overall longitudinal and lateral
shear forces, Fx and Fy, produced by the tire. This process is
described next.
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Longitudinal Tire Force

A tire produces a longitudinal {orce at the contact patch caused by
braking and accelerating torques applied to the axle. These forces
are normally much greater than the small externat rolling resis-
tance force applied at the contact patch as shown in figure 15.

Longitudinal tire force is rather easy to estimate; it is equal to the
summation of the applied forces (rolling resistance plus tractive or
braking force), and is limited by the available friction.

Longitudinal tire force is accompanied by tire slip. As the force
increases, the slip increases. This continues in a rather linear
fashion until the friction limit is reached. This friction limit is
called the peak friction coefficient, up. Any additional attempted
force causes the wheel to lock (100 percent slip) and the available
friction drops to the locked wheel (or slide) friction coefficient, us.

A typical graph of longitudinal force vs slip is shown in figure 17.

Lateral Tire Force

A free~rolling (i.e., no longitudinal tire force) tire produces lateral
force when the rolling direction of the tire is not in the tire plane.
The angle between the rolling direction and the tire plane is a key
parameter called the tire slip angle, . Measurements have shown
that for small slip angles,

Fy = CQCK

where

Fy = lateral tire force
C, = Cornering stiffness
a = slip angle
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Figure 17 - Typical Longitudinal Force vs Slip Curve

However, as the slip angle increases the force vs slip angle relation-
ship becomes non-linear (see figure 18). For this reason, a tire
model is used to calculate lateral force. The Fiala tire model [20] is
one such model which has been used successfully by several

vehicle simulations, including those developed at Calspan [3,5] and
The University of Michigan [7]. The Fiala tire model is also used
by EDSVS, EDVTS and EDSMAC.

The Fiala model is based on the non-dimensional parameter, a,

a = Cutana
pFy
where
# = Coefficient of friction

Fz = Vertical tire load
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By Fiala’s analysis, the lateral force is equal to

Fy = uF-a + a3 + a°/27) for la| < 3
and

Fy = uFsina for |g| =3

Figure 18 compares Fiala’s relationship for typical car and truck
tires. As is evident from the comparison, Fiala’s theoretical predic-
tions match measured values quite well.

Passenger Cars:
a - Steel-Beited Radial
b - Bias Ply
I ¢ - Fiala (Calfa = 121 Ib/deg)
10 I Size 165-13,5.90-13 -
press = 25.3 psi [ s
F, = 7401b e -
et . I
{fromreference [19]) T P
0.75 | — e [ e
T
FY
F,
0.50 |—
Trucks:
d - Bias Ply
Size 10.00-20 F
0.25 press = 90 psi
/ F, = 55261b
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Figure 18 - Comparison Between Predicted and Measured Values
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Combined Longitudinal and Lateral Force

Under the conditions of combined braking and steering, a tire
produces longitudinal and lateral forces simultaneously. Experi-
ments have shown that conditions of lateral slip reduce the
longitudinal force and vice versa.

Several methods have been employed in various vehicle simulation
programs which model this phenomenon. Two popular methods
are

« friction circle
» slip vs rolloff table

Each of these methods is descibed below.

The Friction Circle

In the ground plane, tire forces are produced in the X and Y direc-
tions. These forces are limited by the available friction force, uF,
where g is the coefficient of friction between the tire and roadway,
and Fz is the vertical tire force. This observation has lead to the fol-
lowing general relationship between forward and lateral forces and
the total available force:

\/Fx2.+ Fy < uFy

This is simply the equation of a circle which has its origin at (0,0).
This relationship between forward, lateral and total available tire
force is called the friction circle. As shown on the following page
(see figure 19), the friction circle is a powerful way of visualizing
the possible range of lateral (steering) force given that a certain
amount of braking exists.
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Forempea = DriverInput .
{steering & braking) X

Fattem
ot
Favauable = nu'Fz
Fbrake = Favailab!ecos €&
Fsteer = FavakiableSiN a / /7,
- Fbrakﬁi
S

\/ th:ake + Fzsteer = \

Figure 19 - Friction Circle

EDSMAC uses the friction circle to determine how much lateral
tire force can be developed, given the current level of braking and
the available friction. Referring to figure 19, the available force is
the radius of the circle, uFz Let Fattemp be the attempted braking
force. Note that Fattempt must be equal to or less than uFz. The
braking and steering tire forces are Feosa and Fsing, respectively.

The Fiala tire model is then applied to determine if the computed
lateral force is further modified (see Fiala, above).

Slip vs Rolloff
Another way of computing the loss of available lateral tire force

at a given level of braking is the use of a slip vs rolloff table. This
approach uses test data rather than an assumed friction circle
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1.0

0.75 |

Rolloff

0.50

0.25 —

0.0

Tire1,F,=4001b
Tire 1, F.=8001b

N

‘\ \
Tire 2, Fy=d00lb — > AN
Tire 2, F,=800 b T

Longitudinal Slip, %

Figure 20 - Slip vs Rolloff

relationship. This data is produced by placing a tire in a test
machine which subjects the tire to a measureable amount of lon-
gitudinal tire slip. The loss in maximum lateral force generation is
noted. The result is a slip vs rolloff table for the test tire. Typical
examples of slip vs rolloff curves are shown in figure 20 [21]. The
slip vs rolloff relationship is rather insensitive to speed, load and
tire construction (radial vs bias).

EDSVS and EDVTS use a slip vs rolloff table to determine how
much lateral tire force can be developed, given the current level of
tire slip. This is accomplished as follows:

First, compute the maximum lateral tire force based on the Fiala

model:

Zf = Caa'/ﬂsz
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ifa < 3 then
Fy = -upFA-a + a3 -a/27)

otherwise

Fy = -upFz

If the tire is sideslipping (& = (), reduce the peak longitudinal
friction coefficient, up, according to the following empirical
formula

pp = pp(1-1.72a)
tep 1s not allowed to exceed the slide coefficient of friction,
Hp < UsCOS O

If the attempted longitudinal force is less than the available force
then perform the following steps:

+ Compute the percent tire slip. Letting s equal the percent
of wheel lockup associated with gp, the tire slip is

stip = ((Faw/Fz)/up)*s

+ Use the slip vs rolloff curve to determine the rolloff at the
specified slip

f(s) = function of slip vs rolloff table (figure 20)

« Compute the reduced lateral force, Fy

Fy = Fy*f(s)
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Otherwise, the attempted longitudinal force is greater than the
available force, so assign the forward and lateral components
limited by the slide coefficient of friction, #s

Fx = ﬂsF'zCOS o
Fy = psFusina

Note that the above condition is analogous to the friction circle
since

VES+F2=1
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COLLISION FORCES

The COLL routine computes the inter-vehicle force at discrete
time intervals specified by the numerical integration process. The
resulting change in velocity for each successive time increment are
later summed (in the SAVEMAX routine) to provide the delta-V
for each vehicle during the collision phase. This chapter describes
the inner workings of the COLL routine.

Computing the Inter-vehicle Force

'The flow chart in figure 21 describes the procedure used by the
COLL routine. The process takes many steps. The majority of the
task is spent simply in keeping track of various angles and collision
vectors. Each of these steps is described below.

Setting up the Relative Coordinates w/ Veh #1 as Base

Vehicle positions (X and Y center of gravity (CG) coordinates and
heading angle) are entered by the user and continuously updated
by numerical integration as the vehicles move in the earth-fixed
coordinate system. At each time increment, a vehicle-fixed coor-
dinate system is established, first using vehicle no. 1 as the point of
reference (see figure 22). At this point in time, a set of indices, /
and J, are used to describe the point of reference. The index, I,
identifies the base vehicle (i.e., vehicle 1) and the index, J, iden-
tifies the other vehicle (i.e., vehicle 2).

As shown in figure 22, vehicle no. 2 can be precisely located from
vehicle no. I’s reference frame by using vehicle no. 2’s current
earth-fixed X, Y coordinates and heading angle. Because vehicle
no. 2's exterior dimensions are also known, two angles, PSIBPB
and PSIBPF can be established. Logically, any damage to the sur-
face of the base vehicle (in this case, vehicle 1) must occur
between these two angles.
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Computing the Inter-vehicle Force
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Figure 21 - EDSMAC Collision Force Routine, COLL
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J
X _vehicle
PSIBPF
|
vehicle

Veh #1
K
N y

Figure 22 - Viewing vehicle no. 2 from vehicle no. 1’s reference
Jrame. Note azimuth angles, PSIBPB and PSIBPF, which define
the maximum possible range of damage.

Calculating the Radial Vectors

A set of equally spaced radial vectors is next established (see fig-
ure 23). Each vector, RHO, originates at the CG of the base
vehicle and extends towards the other vehicle within the range be-
tween PSIBPB and PSIBPF. Each RHO vector represents a
potential force against the vehicle. The angle between each vector
on the base vehicle is established by the value of DELPSI, an input
variable (usually about 2 degrees). The angle on the other vehicle
is almost always different than the base vehicle because, while the
vector endpoints are the same for both vehicles, the distances to
the CGs are usually not the same.

Seeking Interaction

Interaction (i.e., a collision) between the vehicles is confirmed
when a point on the exterior of the base vehicle lies within the
perimeter of the other vehicle. With assistance from figure 24, it
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PSIBPF

Figure 23 - RHO vectors from base vehicle within damage range
defined by PSIBPB and PSIBPF. Vectors are equally spaced DELPSI
degrees.

Range of
Potential Veh #2

1nf’iﬁi/’
P—

/ PSIBPF
N y

Figure 24 - A collision is confirmed by seeking interaction along a
particular RHO vector, i.e., a point on the vector lies within the
perimeter of both vehicles.
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can be seen that interaction along a particular RHO vector exists if
a point on that vector lies within the perimeter of both vehicles.
This test is performed for each vector within the potential interac-
tion range from PSIBPB to PSIBPF. Points which satisfy this test
are called interaction points and provide the basis for what will be-
come the damage profile.The perimeter of each vehicle changes as
it is damaged. Therefore, the perimeter is saved at the end of each
collision time step. This prevents sensing a "false interaction” at
areas which no longer exist because of prior damage.

Computing the Displacement Vector

Once interaction for a particular RHO vector is confirmed, two ad-
ditional vectors are established (see figure 25). RHOBI is a vector
from the base vehicle CG to the interaction point and RHOBJ is a
vector from the other vehicle CG to the interaction point. Note

the use of I and J for the base vehicle and other vehicle, respective-
ly. This naming convention is used consistently when identifying
vectors and angles on the base and other vehicle. The distance
from the previous vehicle perimeter to a new interaction point
specifies a change in the length of the RHOBI and RHOBJ vec-
tors.This interaction point represents a location on the vehicle
where the inter-vehicle force is computed. The force at each inter-
action point is equal to

PRESI = AKVI*DELTAI (base vehicle)
and

PRESJ = AKVJ*DELTAJ (other vehicle)

where DELTAI and DELTAJ are the distances from the original
vehicle perimeters to the end of the RHOBI and RHOBJ vectors,
respectively. Likewise, AKVI and AKVT are the crush stiffness
coefficients for vehicles 1 and 2, respectively, AKVI and AKV]J are
input quantities, usually in the range of 40 to 100 Ib/in per inch of
damage width {(or Ib/in ) As shown in ﬁgure 25, PRESI and
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PRESIJ are not necessarily in the directions of the RHOBI and
RHOBJ vectors; PRESI and PRESJ must be mutually opposing to
correctly satisfy Newton’s 3rd law.

The next step is to compute the difference between PRESI and
PRESIJ. Again by Newton’s 3rd law, PRESI and PRESJ should be
equal; thus their difference should be zero. However, since the two
forces are computed from separate information, there is little
chance the computed forces will be equal. Instead, the force dif-
ference is compared to an allowable force difference, ALAMB, an
input quantity (usually about 20 1b.). If the difference is less than
ALAMB, then PRESI is set equal to PRESJ.

If the difference in PRESI and PRES] is more than ALAMB, the
interaction point is moved along the RHO vector by an increment
of DELRHO (an input quantity, usually about 0.2 inches). From
the new interaction point, DELTAI and DELTAJ are recomputed.
A new set of PRESI and PRESJ values are then computed and
compared with ALAMB. The interaction point for each RHO
vector can be moved up to 200 times in an effort to equalize
PRESI and PRES]. If more than 200 adjustments occur, a fatal
error is issued and calculations stop.

PRE

R
Veh/’ﬁﬂz 77?7 IPRESI-PRESJI > ALAMB 7?77
[ I

Figure 25 - Computing the displacement vectors. The displacement
from the original surface is used to compute the collision force at
each interaction point for both vehicles.
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After PRESI and PRES]J are equalized, the next RHO vector is
analyzed using the above process.

Up to 100 RHO vectors are allowed, resulting in a table for the
base vehicle which includes the following results: the vehicle-fixed
X,Y coordinates of the interaction point, the angle, PSIB, of the
RHO vector, and the contact force, PRESI, at the interaction
point. This table represents a damage profile shared between the
vehicles.

It is possible for an interaction point for the base vehicle to be
computed from the other vehicle’s CG. These points on the
damage profile are called J-points because they are associated with
vehicle index J. These RHO vectors are flagged by double
asterisks in the EDSMAC output (refer to the Vehicle Damage
Ranges).

PSIBPF

Foa

vehicle

J
vehicle

Veh #1
PSIBPB

Figure 26 - After calculating from vehicle no. s reference frame, the
vehicle indices, I and J, are swapped and calculations are repeated
from vehicle no. 2’s reference frame.
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Restitution

Elastic restitution is modeled by allowing the length of the RHO
vector to increase slightly from its equilibrium length. The method
uses a second order polynomial. A program variable, C, is conm-
puted as follows:

C = Cu-Cid + CH° for0 = d < G4/2G;
= 0 foré > C,/2C;
where

C = Program variable associated with restitution ¢,
by the formula, C =\/1 - &2
Co, C1, C2, = Polynomial coefficients (user-input)

6 = Maximum deflection of a RHO vector

Swap and Repeat

The above calculations use vehicle no. 1 as the base vehicie, The

next step is to swap reference frames and repeat the calculations,
i.e., vehicle no. 2 is used as the base vehicle, I, and vehicle no. 1is
the other vehicle, J, as shown in figure 26 (preceding page).

Computing the Coilision Force

The damage table provides up to 100 individual force vectors
applied to each vehicle mass at a known location on the damage
profile during the current time step. The final procedure is to use
this information to compute the force normal (perpendicular) to
the surface of the damage profile. The inter-vehicle friction factor,
AMU, (an input quantity, usually about 0.30 to 0.75), is used to
determine the maximum force acting tangentially on the damage
surface. Finally, the sum of these forces is used to compute the
total collision force and moment acting on the vehicle CG (see
figure 27) during a given integration time step. These forces and
moments are:

SFXC - sum of Fx from collision
SFYC - sum of Fy from collision
SFNC - sum of moments about z-axis
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X Collision Force
Vectors

Figure 27 - Sum of forces and moments resulting from collision forces

Computing the Delta-V

From basic physics, it is known that dV = adt. Graphically, this
is simply the area under the acceleration vs. time curve. This in-
cremental area is the delta-V for the current time step. During the
collision phase, the incremental areas for each time step are
summed by using the average acceleration for the current time in-
crement (see figure 28).
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if accel > 1 G, then

40 ™ av,, = dv,, + (8, +a, )dt2
T
Qour
T
aprev
Accel,
Gs dt
30
[ I .
50 100
Time, msec

Figure 28 - The delta-V is computed from the total area under the
acceleration vs. time curve. This process occurs during the
SAVEMAX routine at each integration timestep.

At the conclusion of each integration time step, control is returned
to the Main Loop. A subroutine named SAVEMAX in the main
loop stores and accumulates the delta-V for display during output.

PDOF

The vehicle-fixed forward and lateral components of the accelera-
tion vs. time history are also saved in subroutine SAVEMAX,
These components define the direction of the delta-V. By defini-
tion, the direction of the delta-V vector is the Principal Direction
of Force (PDOF). This direction is converted into an hour angle
(12-0’clock through 11-0’clock) and used for assigning the first two
characters of the CDC.

If the collision results in more than one CDC, each CDC will be
reported in the EDSMAC output and graphics separately (see
Vehicle Damage Ranges and Damage Profiles, respectively. Each
individual CDC may also have a different delta-Vs. However, this
only occurs if the individual CDCs have different PDOF clock
directions.
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NUMERICAL INTEGRATION

Numerical integration is the process of obtaining an approximate
numerical solution of a system of ordinary differential equations.
In our case, the differential equations are the equations of motion,
dv/dt = a = f(t,v(t))
ds/dt = v = f(t,5(t))

with the known initial values (velocity and position),

V(to) = Vo
S(to) = Sp

Given this situation, we seek the values

v(to + At)
s(to + At)

where At is a small increment of time, t.

Runge-Kutta Method

The Runge-Kutta method of numerical integration was first
proposed by C. Runge, a German mathematician and physist, in
1895 [22], and later modified by M. Kutta in 1901 [23]. The algo-
rithm approximates the Taylor series,

y(Xo + AX) = y(xo) + Axy'(x0) + AXY2Y"(x0) + ..
+ Ax"/nly"(xo)

As shown above the Taylor series requires up to the 0™ derivative
to be calculated. Only the first derivative is required by the Runge-
Kutta method. However, this derivative must be evaluated four
times to insure sufficient accuracy.
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Flow Chart

A complete mathematical development of the Runge-Kutta
method is presented in the literature [24,25,26] and is beyond our
scope. However, a review of the calculation steps is useful. A flow
chart illustrating these steps is shown below.

START

Set f=1

Calcutate k;

Set j=j+1 Seti=0

Calculate y;
6 Calculate g;;

Set /=j+1

]\ is [=n? '5
is j=47? )7

END

|

L

:

Figure 29- Runge-Kutta Numerical Integration Flow Chart [24]

In the above flow chart,

n = the number of 1% order differential equations
i = index for the i equation

j = indexfor jth iteration

k = derivative vector (computed externally)

y solution vector

q

auxilliary storage vector of coefficients (internal use only)
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Each step is described as follows:

Step 1 - Initialize the interation index, j

Step 2 - Calculate the derivative vector for up to » equations

Step3 - Initialize the equation index, I

Step4 - Calculate the i solution vector, kij, for the jth iteration

Step 8 - Decide whether all equations in the solution vector
have been calculated

Step 6 - If necessary, increment theequation index,

Step7 - Decide if the calculation is complete (i.e., j=4). If so,
return control to the calling program.

Step 8 - If necessary, increment fhe iteration index, j, and return

to step 2.

Notice that the derivative vector is computed four times (i.e., step
2isrepeated for j=1,2,..,4). This increases the calculation time sig-
nificantly since step 2 is where all the equations of motion are
programmed, This is required for sufficient accuracy.

Application to EDSMAC

EDSMAC uses a 4th order Runge-Kutta method called RNGKT1.
[27]. This routine was developed in-house at Cornell Aeronautical
Lab. The code for RNGKT1 follows:

* -~ Perform the first-order approximation of the solution vector, Y

FOR1=1TON o
K(l) = DT*DER() g
Y(I) = Y() + .5*K()) -

VAR(®) = Y(I) =
Q) = K() -
NEXT |

For each equation

Estimate the next derivative
Estimate the solution

Store the solution

Store the first-order derivative

* -- Perform the second-order approximation

T =X+ 5*DT

>

Increment the simulation time
by 1/2 of the time step
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CALL DAUX " -- Update the derivatives by
performing the physics at the
new simulation time, T, and
position and velocity, VAR().

FORI=1TON

K(l) = DT*DER())
Y{I) = Y1) + .5*K({) - Q)

VAR(l) = Y(})
Q) = Q)6
NEXT |

" -- Perform the third-order approximation

CALL DAUX " -- Update the derivatives at the
new position and velocity, VAR().
FORI=1TON
K(l) = DT*DER(l) - .5*K())
Y{) = Y() + K()

VAR(} = Y{)
Q) = Q) - K
NEXT |
* -- Perform the fourth-order approximation
T=X+ DT " -~ Increment the simulation time
by 1 full time step
CALL DAUX " -- Update the derivatives at the

new time, T, and new
position and velocity, VAR().
FORI=1TON
K} = DT*DER() - .5*K(i)
Y = Y({) + K(I)

VAR(l} = Y(I)
Q{l) = Q) - K({)
NEXT |
CALL DAUX *-- Update the derivatives a final
time at the new position and
velocity, VAR().
END
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At the conclusion of RNGKT1, EDSMAC returns to the control-
ling program which decides, among other things, if it is time to
print, change the time step or end the simulation.

Predictor-Corrector Method

The Runge-Kutta method has two disadvantages. First, there is no
evaluation of the error produced at each time step. Although this
error tends to be quite small {on the order of At5), it can become
significant for some dynamic systems. Second, the step size is cons-
tant and the derivatives are re-evaluated four times, even if only
one or two evaluations meet the required accuracy.

The predictor-corrector method of numerical integration over-
comes both of these limitations. This method is similar to the
Runge-Kutta method in thatitis a 4" order method based on the
Taylor’s series expansion. The predictor-corrector method es-
timates the error at each time step by comparing the current
solution with the solution which was predicted during the evalua-
tions at previous time steps. Usually, the results from the previous
four time steps are saved for this purpose. When the difference
between the predicted value and the current solution exceeds a
predetermined amount, the time step is halved, a correction factor
is applied, and a new solution is obtained. When the error is small
for successive time steps, the time step is doubled. Thus, the
predictor-corrector method can be more accurate while saving cal-
culation time as well.

The disadvantage of the predictor-corrector method is that it is not
self-starting. That is, the method cannot be used for the first four
time steps because the predictors are not known. For this reason, a
starting method is required. HPCG uses the 4% order Runge-
Kutta method for the first four time steps.

If all this seems fairly complicated, you are correct. While the
Runge-Kutta method can be programed in approximately 25 lines
of code, a predictor-corrector method requires well over 300 lines.
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Application to EDSVS and EDVTS

EDSVS and EDVTS use a method of numerical integration called
Hamming’s Modified Predictor-Corrector Method, or HPCG [28].

For more information on the HPCG numerical integration
routine, the interested reader is referred to Hamming’s theoretical
development [28] or the source code itself [13,14].
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Aligning torque, 57
Angular acceleration, 34
Articulation, 16, 35
ATAN?2, 28

C

CDC, 24,76

COLL, 24, 47,67
Collision, 9

Collision force, 24, 67, 74
Collision vector, 67
Combined braking and steer-
ing, 61

Computation time, 13
Contact patch, 56
Controlling program, 15
Coordinate system, 53, 67
Cornell, 10, 59

Cornering stiffness, 58
Crush stiffness, 71

D

Damage profile, 71, 76
DAUX, 47

Degree of freedom, 27, 35
Degrees of freedom, 16
DELPS], 69

Delta-V, 24, 67,75

Derivative, 15, 79
Differential equation, 77

E

EDSMAC, 11, 15, 16, 20, 47-54,
62,79

EDSVS, 11, 15, 16, 18, 27-34,
63,82

EDVTS, 11, 15, 16, 20, 35-46,
63, 82

F

FCT, 35

Fiala, 59, 62

First integral, 13, 15

Flow charts, 18

Force, 15,27, 33, 44, 53, 71
Free-body diagram, 9
Friction, 58

Friction circle, 61

H

Hamming, 82
History, 9
HPCG, 18, 81, 82
HVOSM, 10

I

Inflation pressure, 56
Inter-vehicle friction, 74
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J
J-point, 73
L

Lateral tire force, 58

Load transfer, 30, 36, 41, 47
Load transfer coefficient, 30
Locked wheel, 58
Longitudinal tire force, 58

M

MacAdam, 10
Matrix form, 45
McHenry, 10
Model, 13, 15, 27
Moncarz, 10
MVMA, 10

N

Newton, 16, 72 -

NHTSA, 10

Numerical integration, 9, 13,
15, 23, 44, 77

P

Payload, 28, 43
PDOF, 76

Peak friction, 58
Personal computer, 10
Physical model, 9
Pitch, 27

Position, 15,77
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Program design, 13
Program elements, 9, 13

R

Restitution, 74
RHQO vector, 69
RNGKT1, 23,79
Roll, 27
Runge-Kutta, 77-80

S

Second integral, 13, 15
SIMSOL, 20, 46
Simulation, 10

Slip angle, 20, 28, 51, 58
Slip-rolloff, 61, 62

Slip angle, 35

SMAC, 10

Source Code, 11

Steer angle, 51

Steer table, 28, 35, 51

T

Taylor series, 77
Terrain boundary, 49
Time step, 13,79
Tire, 9

Tire Force, 55

Tire mechanics, 55
Tire model, 59
Trailer connection, 41
Trailer connection force, 38
TRAJ, 24,47
Transformation, 33



INDEX

U

Univ. of Michigan, 10, 59
V

Validation, 11

Vehicle interaction, 69
Velocity, 15, 77

W

Wheel coordinate, 49
Wheel Force, 28, 36, 49

Y

Yaw, 27
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