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ABSTRACT

A new all-digital simulation of automobile handling
allows severe maneuvers involving braking or accel-
eration and cornering. A novel feature is the in-

corporation of closed-loop control based on a
mathematical model of the human driver. The program
is modular and well-documented. The model includes

provisions for nonlinear tire and suspension forces
and moments; it also allows the user to switch off
the nonlinearities and to include an antilock brake
system.

INTRODUCTION

In another worklo we have described a five-degree-
of-freedom digital simulation of straight-line auto-
mobile maneuvers. Here we report on the recent
development of a general all-digital simulation of
open- and closed- loop automobile maneuvers includeng
severe turning and braking. Bohnl reviewed early work
in this area thorouihly in 1973. Of particulare note is
McHenry and DeLeys’ development in 1968 of a mathemati-
cal model for open-loop dynamics. This model operated
on a hybrid computer at the Bendix Research Laboratories;
it later evolved into the National Highway Traffic
Safety Administration’s Hybrid Computer Vehicle
Handling Program (HVHP).3 11 Bohn and Keenan have
described the HVHP model, which is now set up in an
updated form at the Johns Hopkins University. Jindra7
describes the original HVHP model.

The basic goals and achievements of our simulation
were:

(1) Including models of the human driver to allow
study of closed-loop maneuvers

(2) An all-digital form that does not require a
hybrid facility and is therefore readily available
to more potential users

(3) Extensive modularization of the program to
facilitate future extensions (for example, the

program is structured so that changes in the
tire-force module do not require extensive changes
in the suspension module)

LIST OF SYMBOLS

u,v Velocity components of the sprung mass in the
x and y directions, respectively, where x, ~/,
and z are the fixed axes of the body

x,y Inertial coordinates

6all) Angular displacement of the steering wheel* Currently at the Vehicle Research and Test Center,
East Liberty, Ohio 43319
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(4) Capability of handling the nonlinearities of
severe maneuvers

(5) Provision for an antilock system (which can be
switched off) in which front and rear brakeline

pressures are apportioned to avoid lock-up of the
wheels

(6) Extensive documentation to facilitate use and
alteration of the model

(7) An interactive mode for hands-on experimentation.
Items 1 and 2, in particular, represent a consi-
derable advance over previous models.

The simulation consists of two main parts: a vehicle

model called IDSFC and a general-purpose driver
module called DRIVER. Four subroutines handle the

interfacing between the driver module and the vehicle
model. These subroutines can be readily altered to
allow the driver module to be used with different
vehicle models.

The vehicle model IDSFC has the following degrees of
freedom:

. Sprung mass: three translational and three
rotational

Front unsprung masses: two wheel hops, two wheel

spins, two wheel rotations about the king-pins,
and one steering connecting-rod displacement (ro
reduce costs, the steering system is handled
statically)

Rear unsprung masses: in the case of a solid rear

axle, one deflection of the rear suspension, one
rear-axle roll, and two wheel spins; in the case of

independent rear suspensions, two rear-suspension
deflections and two wheel spins.

The mathematical representation of the vehicle in-
volves 30 first-order nonlinear differential equa-
tions and approximately 250 algebraic equations.
The program contains 30 subroutines; both single-
precision and double-precision versions are available.

The simulation has the following capabilities:

(1) It allows straight-line braking and acceleration,
cornering without braking or acceleration, and

cornering with braking or acceleration.

(2) It retains nonlinear kinematic terms, allowing
the user to study severe maneuvers. Switches

(i.e., the specification of certain program
parameters) activate the nonlinearities allowing
them to be excluded easily from the simulation
of maneuvers in which they are not significant,
thereby decreasing running costs. The user can
also employ these switches to study the effects
of various nonlinearities. The models of tire
and suspension forces and moments include the
principal nonlinearities.

(3) It provides two methods for computing tire side-
forces : the APL-CALSPAN model, which is based
on curves fitted to the measured data, and a
Partial Data Deck model which uses the measured
data directly.

(4) It provides an antilock feature activated by a
model level switch.

(5) It allows both solid rear axle and independent
rear suspensions.

(6) It provides for front-wheel drive, rear-wheel
drive, and four-wheel drive. The wheel-spin
differential equations are treated algebraically
to reduce costs.l0

(7) It permits separate braking at each wheel.

(8) It includes an interactive capability, which is

activated by a model-level switch.

The general-purposes driver module DRIVER provides
the control input to the vehicle model. DIRVER’s
main characteristics are as follows:

(1) The driver controls steering, braking, and
drive torque inputs to the vehicle model.

(2) It includes five preprogrammed open-loop
maneuvers:

(a) Sinusoidal steer with trapezoidal braking

(b) Trapezoidal steer with trapezoidal braking

(c) Double trapezoidal steer (input consisting
of two sequential trapezoidal steers of
opposite signs) with trapezoidal braking;
this simulates a lane change

(d) Trapezoidal steering with a sinusoidal per-
turbation combined with trapezoidal braking

(e) Sinusoidal steering, with no braking, in

which the frequency increases linearly with
time; this maneuver is designed to produce
frequency response information and has no
physical interpretation.

(3) It accepts any open-loop maneuver supplied by
the user in the tabular form or specified by a
user-supplied subroutine.

(4) It can operate in a closed-loop mode to follow
a desired path. In this mode four control

strategies are available:

(a) A crossover model for a straight-line path
(a crossover model includes both feedback
and feedforward loops)

(b) A crossover model for an arbitrary path

(c) A preview-predictor model which uses a

geometric predictor (preview-predictor models
assume that the driver mentally calculates a

predicted path and a desired path and then
generates control commands based on differ-
ences between the two)

(d) A preview-predictor model which uses a

three-degree-of-freedom vehicle model as a

predictor.

(5) It permits a mixed-mode operation combining
open- and closed-loop control.

(6) It permits an obstacle avoidance strategy using
either of the preview-predictor models.

SIMULATION VALIDATION ,

1Ve validated the current simulation model (IDSFC)
for open-loop maneuvers by extensive comparisons of
its outputs with corresponding outputs from the APL
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hybrid simulation, which was validated by comparisons
with earlier field tests done in connection with the
work of McHenry and DeLeys.9 Further corroboration
was provided by Chiang and Star,4 who developed for
the Ford Motor Company an all-digital simulation for
open-loop maneuvers using essentially the APL mathe-
matical model. Ford Motor Company performed exten-
sive field tests to validate this simulation and
obtained good agreement with experimental data.

In validating the IDSFC model, we made a comprehen-
sive set of comparison runs involving many variables,
only a few of which are given here. The first set
involves a straight-line braking maneuver. The
vehicle parameters, supplied by APL, correspond to
a 1971 Ford Mustang. The initial speed was taken to
be 50 mph (22.35 m/s), and a ramp brakeline pressure
was applied. The rise time of the ramp was taken to
be 0.1 second, and three different values of the peak
pressure were used. We ran the simulation in the

fully nonlinear double-precision mode with the APL-
CALSPAN tire model.

Figures 1, 2, and 3 give results for a peak brakeline
pressure of 475 psi (3.275 MPa). Figure 1 gives the
forward velocity u as a function of time; it shows
excellent agreement between the two simulations, with
a maximum difference of approximately 0.34 mph
(0.15 m/s). (Note that the APL simulation shuts off
at a higher speed than does IDSFC). Figure 2 shows
the lateral velocity v versus time, while Figure 3

gives the vehicle trajectory in inertial coordiates,
i.e., Y versus X. Since the maneuver is a straight
line, v and y should be zero. IDSFC makes them zero,
whereas the APL results show small deviations from
the ideal values.

Figures 4 through 6 show results for peak brakeline
pressure of 550 psi (3.792 MPa). The maximum differ-

ence between the two predictions of the forward
velocity is about 1.16 mph (0.51 m/s). The APL re-

sults again show minor differences in v and y from
their ideal zero values, but IDSFC does not.

The second set of comparison maneuvers involved
steering without braking. The vehicle is initially
traveling at 50 mph (22.35 m/s) along a straight
line; then, a trapezoidal steering pulse is applied
without braking. In such a pulse the steering wheel
angle is increased linearly, held constant for a
while, and then decreased to zero, causing the vehi-
cle to change direction. The rise time, dwell time,
and fall time of the pulse are one second, and the
peak value of the change in steering-wheel angle is

60.

Figure 7 shows the vehicle trajectory Y versus X.
Here again, we see excellent agreement between the
simulations. Figures 8 and 9 present forward veloc-
ity u and transverse velocity v of the sprung mass
versus time, respectively. The IDSFC output in
Figure 8 is physically more reasonable since it pre-
dicts a slowing down of the vehicle. The differences
between the two simulations in absolute terms,

though, are quite small. Figure 9 shows good agree-
ment for the v-versus-time results.

Figures 10 through 12 again describe a trapezoidal
steer with the rise time, dwell time, and fall time

each increased to two seconds. The same overall
trends are apparent, and the agreement between the
two simulations is very good on the whole.

Validation of the driver models must await field
tests.

SIMULATION SIZE AND RUNNING COSTS

The single-precision version of IDSFC plus DRIVER
occupies approximately 500K bytes of memory. The

program is written in FORTRAN. We made some rela-
tive cost studies using the Amdahl 470 system at
the University of Michigan.

Table 1, for a moderate cornering and braking
maneuver, gives computing costs and selected import-
ant outputs for four modes of running IDSFC. The

following assumptions (mentioned in the table) lead
to linearization of some of the underlying equations:

(1) The distance between the center of gravity of
the rear axle and the roll center is taken to
be zero.

(2) Angular velocities are so small that their pro-
ducts and squares can be neglected.

(3) The roll and pitch angles are small.

(4) The suspension’s vertical deflections are negli-
gible compared to the height of the center of
gravity. In our experience with the simulation,
this assumption is a poor one and should never
be made.

(5) The suspension deflections and their time deri-
vatives are so small that their products, and

products of them with angular velocities, can

be neglected.

(6) The roll angle ~R is so small that the following
products can be neglected:

(7) Some minor terms not present in the APL simula-
tion can be neglected.

Tables 2 and 3 give similar information for a severe
steering maneuver without braking and a severe
steering maneuver with braking.

All the tables show that removing the nonlinear
terms from the mathematical model results in a cost

saving of about 20%, with only minor losses in
accuracy (a maximum of about 5%). These results
are important since one of our goals was to assess
the effects of nonlinearities in the severe regimes.
The tables also show that operating in the single-
precision mode cuts costs by 40%, with an accuracy
loss of less than 1%. Based on these observations,
we recommend the use of the single-precision versions
of the programs. The double-precision versions would
be preferable if the user has an exceptionally severe
maneuver requiring extra accuracy in the computations.

SAMPLE OUTPUT

Figures 1 through 12 (discussed above) are a good
sample of simulated output for open-loop maneuvers.
Here, we present some limited results on closed-loop
maneuvers. Reference 6 will provide much more ex-
tensive results and discussions.

The maneuver in question involves the effect of a
wind gust on a vehicle traveling at a constant speed
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Figure 1 - Forward velocity u (m/s) as a function
of time T (seconds) for a straight-line braking
maneuver with a peak brakeline pressure of
475 psi (3.275 MPa)

Figure 3 - Vehicle trajectory Y versus X for a
straight-line braking maneuver with a peak
brakeline pressure of 475 psi (3.275 MPa)

Figure 5 - Lateral velocity v as a function of time
T for a straight-line braking maneuver with a
peak brakeline pressure of 550 psi (3.79s MPa)

Figure 2 - Lateral velocity v as a function of time
T for a straight-line braking maneuver with a
peak brakeline pressure of 475 psi (3.275 MPa)

Figure 4 - Forward velocity u as a function of time
T for a straight-line braking maneuver with a
peak brakeline pressure of 550 psi (3.792 MPa)

Figure 6 - Vehicle trajectory Y versus X for a
straight-line braking maneuver with a peak
brakeline pressure of 550 psi (3.792 MFa)
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Figure 7 - Vehicle trajectory Y versus X for a
trapezoidal steering maneuver

Figure 9 - Lateral velocity v as a function of time
T for a trapezoidal steering maneuver

Figure 11 - Forward velocity u as a function of time
T for a trapezoidal steering maneuver

Figure 8 - Forward velocity u as a function of time
T for a trapezoidal steering maneuver

B. J....¿¿J

Figure 10 - Vehicle trajectory Y versus X for a
trapezoidal steering maneuver

Figure 12 - Lateral velocity v versus time T for a
trapezoidal steering maneuver
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Table 1

Moderate cornering with braking maneuver

(1) The initial speed of the vehicle is 50 mph (22.35 m/s).

(2) Ramp braking is applied with a rise time of 0.1 second and a peak hydraulic pressure
of 400 psi (2.758 MPa).

(3) Ramp steering is applied with a rise time of 1 second and a peak value of 43 degrees
of the turning angle of the steering wheel.

~J

~ h &dquo;<’’’ .».......x« . :.. &dquo;&dquo; ~ h ~ ~ -&dquo;..;: h

along a straight line (Y = 0). The wind gust is
simulated by moving the vehicle instantaneously side-
ways a distance of one foot (0.3 m). The driver’s
task is to return the vehicle to the straight-line
course (Y = 0) while maintaining a constant speed.
The initial speed was taken to be 40 mph (17.88 m/s)
and, as before, the vehicle involved is a 1971 Ford

Mustang.

Figure 13 gives the vehicle trajectory Y versus X,
obtained using the preview-predictor model and the
general crossover model. In the predictor process,
two methods were employed. In one, a simple stepwise
integration technique led to an essentially geome-
trical method of determining the predicted path.
In the second, the predicted path and velocity are
generated by solving numerically the differential
equations of motion of a separate, three-degree-of-
freedom vehicle model. This is, of course, a much
more accurate procedure, but it is also much more
expensive.

A general crossover model is a control theory scheme
that allows departures from a straight path. The
driver parameters in preview-predicting are those

--

given by Droll.8 In the absence of field data for
such modeling, the driver’s neuromuscular time lag
has been set to zero. For the general crossover
model, we obtained the driver parameters by re-
quiring the overall steering-control gain to have a

slope of 20 dB per decade at the crossover fre-
quencies.* For all three driver models, the closed-

loop system was stable in that it approached the
desired state rapidly. Note, though, that the pre-
dictor models produce oscillatory behavior, whereas
the crossover model has a monotonic behavior, as in
an overdamped system.

Figure 14 gives the steering wheel angle 63W as a

function of time T for the wind gust. In all cases
we get a rapid return to the desired zero values.
The jerky motion of the steering wheel in the geome-
tric predictor model stems from the nature of the
command process. The three-degree-of-freedom pre-
dictor produces smoother motion, which is not too
surprising in view of its more sophisticated nature.

* The authors are indebted to Calvin Matle of
Ford Motor Company for this procedure and for the
values obtained using it.
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_ _ _ 

Table 2 
_ _~ - _ _ _

Severe steering maneuver without braking
(1) The initial speed of the vehicle is 55 mph (24.59 m/s).

(2) A sinusoidal steer with amplitude of 2 radians at the steering wheel and a period
of 1 second is applied.

(3) There is no braking.

(4) The running time is 5 seconds.

.. ,,I.’

Figure 13 - Vehicle trajectory Y versus X for the
wind gust

Figure 14 - Steering wheel angle 6 versus time T
for the wind gust 

&dquo;
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Table 3

Severe steering with braking maneuver

(1) The initial vehicle speed is 55 mph (24.59 m/s).

(2) Ramp braking is applied with a maximum brake-line pressure of 480 psi (3.310 MPa) and
a rise time of 0.1 second.

(3) A sinusoidal steer is applied with an amplitude of 1~ radian at the steering wheel
and a period of 1 second.

The result from the crossover model is still

smoother, except in the first half-second where the
effects of a driver time lag and of limits set on
the steering-wheel velocity rate are clearly evident.

Figure 15 shows lateral velocity as a function of

time T for the wind gust. All three models predict
a rapid response to the zero state, but again the
general crossover model leads to a smoother driving
process. However, the question of which model most
closely reproduces human driving behavior awaits
definitive field tests.
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Figure 15 - Lateral velocity v versus time T
for the wind gust

The programs for all the simulations discussed in

this paper are available through the National .

Highway Traffic Safety Administration. Magnetic
tape copies can also be obtained at cost from the
last author.

Finally, we should note that development of these
simulation models is still under way. We are cur-

rently modifying IDSFC to include vehicle assymme-
tries, such as offset payload. The role of these

assymmetries will then be assessed in various right-
turn and left-turn maneuvers.
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