
ABSTRACT

The paper describes a ‘virtual motorsports’ event devel-
oped by the University of Windsor Vehicle Dynamics and
Control Research Group. The event was a competitive
project-based component of a Vehicle Dynamics course
offered by the University’s Department of Mechanical, Au-
tomotive, & Materials Engineering. The simulated race
was developed to provide fourth year automotive engi-
neering students with design and race experience, similar
to that found in Formula SAE R©or SAE Baja R©, but within
the confines of a single academic semester. The project,
named ‘Formula463’, was conducted entirely within a vir-
tual environment, and encompassed design, testing, and
racing of hi-fidelity virtual vehicle models. The efficacy of
the Formula463 program to provide students with a de-
sign experience using model based simulation tools and
methods has been shown over the past two years. All
of the software has been released under a General Pub-
lic License and is freely available on the authors web-
site. While the software has been developed primarily as
a teaching tool, it is expected that future applications in-
clude general motor vehicle design, analysis, and perfor-
mance evaluation.

INTRODUCTION

Studies have shown that many typical undergraduate
engineering curricula emphasize mathematics and engi-
neering science, while the underlying need to acquaint
mechanical or automotive engineering students with de-
sign experience is in many cases being ignored [1]. In
an effort to combat this trend, the Mechanical, Automo-
tive & Materials Engineering program at the University of
Windsor offers several courses that emphasize the design
aspect of engineering through project-based learning.

At the outset of this project, there were already existing
examples of project-based course elements in the under-
graduate curriculum. For the past several years, the sec-
ond year dynamics class has challenged students with
a group project requiring the design, analysis, construc-
tion, testing, and demonstration of a small scale ’Popsi-
cle Stick Trebuchet’. Construction materials have typically
been very limited, and various design constraints are en-
forced to challenge the student design teams and inspire
innovation. One important feature of the project is that the
scoring is based on objective, measurable results, using
a relative scale based on demonstration performance [2].
With the success of this project, the project-based format
has recently been incorporated into the senior level Defor-
mation and Fracture class within the Engineering Materi-
als curriculum.

At a higher level of complexity, the Society of Engineers
offers an excellent series of annual competitive collegiate
events, namely the Formula SAE R©, SAE Baja R©, SAE
Supermileage R©, and others. In the current curriculum
these projects typically form a part of a two semester fi-
nal year Capstone Design course, where the objective
is to provide students with a real-world engineering de-
sign experience. The Capstone course completes the
undergraduate curriculum, where students should use all
their previous experience to develop a solution to a de-
sign problem within a team environment. Project-based
courses have been shown to reinforce the direct link be-
tween course knowledge and application, while providing
an opportunity for immediate response and objective eval-
uation, and relative comparisons to the results of peers.

The project described in this paper is associated with a
required senior level Vehicle Dynamics course within the
Automotive Option in Mechanical Engineering at the uni-
versity. Topics covered in the course include tire behaviour
and modeling, longitudinal dynamics, lateral dynamics,
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effects of trailers, suspension analysis and ride dynam-
ics, with an emphasis on vehicle modeling and analysis
using numerical techniques. Various required and sug-
gested texts have been utilized for this course including
the works of Dixon [4], Gillespie [5], and Reimpell and
Stoll [6], Genta [7] and Milliken [8]. The project, termed
‘Formula463’, has been developed to provide students in
this course with a semester-long virtual design experience
using model based simulation tools and methods, to rein-
force the topics discussed within the course syllabus. This
project has also afforded graduate level students with an
opportunity to research and develop advanced simulation
techniques and analysis tools. This paper details the de-
velopment of the necessary computer based tools, and
evaluates the efficacy of the Formula463 virtual grand prix
project to aid in student learning within an undergraduate
course environment.

METHODOLOGY

The initial goal of the Formula463 project was to econom-
ically provide the students with a competitive and itera-
tive design project, allowing senior students to apply the-
oretical knowledge. Within this project, race teams of two
students were to design, evaluate and race virtual vehi-
cles against their peers. The students were provided with
some advanced analysis tools developed by the Vehicle
Dynamics and Control Research Group (VDCRG), and
were expected to develop additional model based simu-
lation and evaluation tools throughout the term using Mat-
lab, Simulink, MathCAD or similar software. The races
were to be conducted within a high-fidelity simulation envi-
ronment and provide students with opportunities for prac-
tice and testing. After each event, students were given
performance data as feedback to allow design improve-
ments over the duration of the project.

To ensure that all student teams were competing on an
equal level, a number of the basic vehicle dimensions
were pre-determined and not allowed to be modified by
the design team. These included mass, center of mass
height, choice of drive axle, tire choice, wheelbase, and
track width. The fixed specifications from the 2008 cal-
endar year are shown in Table 2. However, a number
of the vehicle parameters were adjustable, including the
front/rear weight distribution, choice of engine, transmis-
sion and final drive ratios, suspension kinematics, spring
rates, roll stiffness, and damping rates.

The teams were required to choose between two engines
with approximately equivalent performance, but slightly
different characteristics as shown in Figure 11. The teams
were restricted to a five speed transmission, but with an
unlimited choice of drive ratios in all five ranges, and a
choice of three final ratios. The teams were free to define
spring rates, but were limited in the selection of damping
rates. The corner weight of the vehicle was determined
by the location of the center of mass and the static com-
pression of the spring was determined by the spring rate
as the ride height was fixed. It was the responsibility of

the design teams to ensure the the available travel of the
spring was appropriate to accommodate the static spring
compression, while leaving sufficient allowance for sus-
pension compression and rebound. All teams were also
required to design a double A-arm type suspension for the
front and rear of the vehicle by defining the locations of
the upper and lower ball joints, the inner and outer tie rod
ends, and two points defining the chassis mounting points
of each of the upper and lower A-arms. As a design con-
straint the suspension was to accommodate a minimum
suspension travel of ten centimeters in each of compres-
sion and rebound, measured at the tire.

In the past offerings of the course, the students were re-
quired to submit four reports, based on the material cov-
ered in class. Each report entailed preparing a numerical
simulation using Matlab or some similar software, detail-
ing the findings of the simulation, and answering a set of
posted questions regarding the model. The Formula463
project was designed to encompass these reports, while
providing a deeper understanding of the interconnected-
ness of vehicle system design. However, the subject mat-
ter for the final report was expanded to include the design
process conducted over the entire semester. Additional
preliminary ‘data sets’ associated with elements of each
of the first three reports were assigned to allow evalua-
tion of individual sub-systems. The following is the list of
deliverables, with some description of each item.

Report #1: Drag Strip Simulation: Model based simulation
and analysis using a one degree of freedom longitudinal
dynamics model in the time domain, as given in Equa-
tion 1 [7]. The powertrain model included a no slip clutch,
wide open throttle, and simple stick-slip tire model. Stu-
dents are free to choose parameters to model a vehicle
of their choice, as well as increase the complexity of the
simulation if they desired.
Data set #1: Students were required to provide an engine
choice from a predefined list, and transmission ratios for
evaluation in a simulated drag strip test run of the bench-
mark race vehicle.

∑
Fd +

∑
Fr = max (1)

Report #2: Handling Dynamics Simulation: Model based
simulation and analysis using a yaw-plane ‘bicycle’ model
with two degrees of freedom as shown in Equation 2 and
3 [7, 9]. This model incorporated a linear tire model and
was to be utilized for analysis in both the frequency and
time domains. Students were free to choose parameters
to model a vehicle of their choice, as well as increase
the complexity of the simulation if they desired. This re-
port explored understeer/oversteer characteristics, as well
as, steady-state and transient vehicle response including
eigen analysis to determine characteristic speeds.
Data set #2: Students were required to provide refined en-
gine and transmission data, as well as a center of gravity
location and roll-stiffnesses for a simulated skid-pad type

          SAE Int. J. Passeng. Cars - Mech. Syst.  |  Volume 1  |  Issue 11326
Full document details: SAE 2008-01-2967

http://www.avadocuments.com/doc/sae-2008-01-2967
http://www.avadocuments.com/doc/sae-2008-01-2967


test run of the prototype race vehicle, with both longitudi-
nal and lateral acceleration tested.
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Report #3: Ride Dynamics Analysis: Model based analy-
sis of vehicle ride behaviour using a four degree of free-
dom bounce-pitch model described using Equations 4
and 5, in the frequency domain [7]. Students were free
to choose parameters to model a vehicle of their choice,
as well as increase the complexity of the simulation if they
desired.
Data Set #3: Expanded the previous requirements to in-
clude engine and driveline data, center of mass data, and
full suspension spring and damping data. This was used
in a simulation of the prototype race vehicle with fixed
suspension kinematics where the ride performance was
stressed, combining lateral and longitudinal acceleration
on a track with a sinusoidal elevation profile.
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Report #4: Suspension Kinematics and Formula463
Event: Primarily focused on the design and analysis of
suspension kinematics, and selection of spring and damp-
ing rates for a double A-arm suspension configuration
(i.e., the Cartesian coordinates of the ball joints, tie rods,
spring endpoints, etc.). Students were free to model sus-
pension designs on their own or use a provided suspen-
sion kinematics solver. The defined race vehicle was
tested in this configuration over a single time-trial lap of
a full racecourse. The report emphasized the design
choices made in the suspension, but included the over-
all design of the vehicle. It was submitted after the final
series of simulations, in order to allow the students to dis-
cuss the feedback from the race event.
Data Set #4: Submitted on two separate occasions, once
for an optional ’practice’ event, and again for the ’race’
event. Only the race results were graded, but results data
was made available after the practice event for evaluation
and design changes prior to the race event.

In the first three reports, the students were expected to
generate their own simulation code, typically using Mat-

Figure 1: KINS Suspension Diagram

lab. The final report involved selection of suspension ge-
ometry, and required simulations that have been shown
to generally be outside the capability of undergraduate
students to reliably prepare on their own. In order to ac-
commodate this, a suspension analysis package (KINS),
has been developed and made available to the students.
Within this code, the suspension kinematics problem was
defined using a series of points and parameter values as
shown in Figure 1 and solved by casting the problem as a
set of differential equations as in Equation 6.

�̇q = [A(�q)]�g(w, p) (6)

�q = [xG, yG, zG, ψ, θ, φ]T

In this form, the linear and angular speed of the suspen-
sion components (�̇q) depends on their location and orien-
tation (�q), given a fixed vehicle bounce or roll speed (w, p).
The advantage of using this rate based approach was that
the equations were linear when expressed in this form, as
opposed to the nonlinear algebraic equations that result
when forming the equations in terms of positions. The
differential equations were then solved to an acceptable
level of accuracy in a very short time using the 4th/5th or-
der ‘ode45’ integrator in Matlab. The output from the sim-
ulation includes not only the typical suspension curves,
e.g., camber vs. jounce, toe change vs. roll, etc., but also
includes data regarding the suspension loads. The tire
normal force, spring force, and motion ratio are found as
part of the simulation. Animation of the motions are pro-
duced using the ISO standard graphics format X3D [10].
Because the code was entirely open source, the students
were encouraged to investigate the numerical methods
used, and experiment with the solver as they wished.

Both the provided and student developed analysis soft-
ware was complimented with a user interface (F463pre),
which is a plug-in based simulation and evaluation pack-
age. The students were encouraged to convert their simu-
lation code into the defined plug-in format, allowing for the
quick modification of vehicle parameters over several de-
sign iterations. This package also checked for errors and
prepared the data sets for submission, to minimize the
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