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Abstract

This paper presents the arrangement of a minimum set of components to track the vehicular dynamical behavior of a truck or an
articulated vehicle, by using interpolated-GPS signals, vehicle CAN network, and MEMS inclinometers and accelerometers attached
to a single on-board computer to evaluate vehicle maneuverability and performance.
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Resumen

Se presenta un arreglo con un minimo de componentes para registro del comportamiento dindmico de un camién o semirremolque
utilizando un interpolador de registros de GPS, la informacién del la Red CAN del vehiculo e inclinémetros y acelerémetros MEMS
conectados a una laptop con el propdsito de evaluar la maniobrabilidad y confort del vehiculo

Palabras clave.

Introduction

Any moving object produces a force, as stated by newton’s
law, a force vector (f) results of combining an acceleration
vector (a) and the body’s mass (m).

F=ma (1)

This is a simple principle that can reach an important level of
complexity when a mechanism is analyzed. Several masses,
different accelerations, friction, inertia, mass interaction or
even temperature variation results in a complex dynamical-
forces system.

We can use these principles to model any motorized vehicle
applying additional considerations, such as the effects of the
interaction between the vehicle and the road, the ability of
the vehicle to operate under different load conditions, the
number of passengers or cargo. Several studies have been
conducted for every part and every system of any commer-
cial vehicle.

Dynamical studies on full vehicles are usually conducted to
analyze safety, comfort or handling performance. Each ob-
jective requires specific instrument distribution.

Analisis Objective

Handling performance - it is the result of a vehicle’s stee-
ring inputs determined by the vehicle’s weight, dimensions,
tire’s mechanical properties, suspension, vehicle’s frames, and
weight distribution among the axles, Bortoni (2008).

Consequently, a number of performance measurements can
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be compiled to assess the maneuverability performance of
vehicles. The most widely used performance measurements
related to geometrical requirements are:

Off-tracking - Whenever a vehicle with more than one axle
turns, rear wheels fail to follow the exact path of front whe-
els. Off tracking measures the maximum distance between the
paths of the steering axle and the axle of the most rearward
wheels, Jujnovich (2002).

Swept path width — Jujnovich (2002) also describes the “swept
path width” as the maximum width of the swept trajectory
radius turn. Figure 1 shows both, the off-tracking and swept
path width measurements during circular constant radius turns,
also called a stationary turn.

Swept path width

Figure 1. Off-tracking and swept path width during a stationary turn, Bortoni (2008)
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VEHICLE CONFIGURATION

The physical characteristics of the vehicle determine its dyna-
mical behavior. The most widely recognized key factors are:
Balancing the sprung mass

Strain caused by the lateral force

Strain caused by longitudinal forces

Strain caused by the auto-alignment pairs

Strain caused by the dynamic vertical loads

Wheel alignment and convergence

Par-balance and its distribution per axle

Longitudinal efforts

Self-alienating pairs

Distribution in the axes of the sprung mass

Distribution in the axes of the not suspended mass

Position the center of gravity

Distance between axles

Center of balance

Distribution of the balance pairs

Steering stiffness

Drift stiffness

Structural rigidity

Properties of the self-alignment pair

Aerodynamic Characteristics

5th wheel location

Also equally relevant are the payload and the state of the
transported material because their dynamic response affects
the vehicle and consequently the number of trailers towed.
There are a number of important special vehicles, but most
long articulated cargo vehicles can be classified as:

Rocky Mountain Double m
Turnpike Double gl Lyl b
Triple  gly—ally—dle—v
Tractor Semi m
Multi Trailer m

Figure 2. Long articulated cargo vehicles, NRTC (2002).

All of this vehicles share a number of important similarities,
but they have specific characteristics that are reflected in its
dynamics.

Regarding comfort, the main difference between a passen-
ger car and a heavy duty truck is that the driver's seat of the
heavy duty truck is usually supported by a passive suspension
assembly, responsible for isolating vibrations from the cabin
floor. While a passenger cars are designed to provide full
cabin comfort.

To identify the influence of a specific component in the overall
vehicle’s dynamical response, is a complex task that requires
special sensor configurations in order to measure its interac-
fions.

Because this paper focuses on maneuverability, the results are
limited to full body effects on handling performance.

VEHICLE MODEL

Modeling a vehicle is not simple, there is an enormous amount
of considerations to review, but basically the purpose of the
model is the primary factor.

Vehicle dynamical behavior - In the area of dynamical analy-
sis, an useful tool is the BOND-GRAPHS technique. Bond gra-
phs are a domain-independent graphical description of the
dynamical behavior of a physical system.

It is a tool for modeling engineering systems, it is especia-
lly useful when different physical domains are involved and
is based on energy and energy exchange among elements
of the system. There exist six different elementary concepts:
storage of energy, dissipation, transduction to other domains,
distribution, transport and input or output of energy, Broenink

(1999).

To generate a bond—graph model, the first concern is the do-
mains and elements identification, afterwards the connection
structure description, and finally the interconnection of ports
among elements.

The procedure for assigning causality on a bond graph be-
gins with those elements that have the strongest causality
constraint, namely fixed causality. Via the bonds in the graph,
one causality assignment can cause other causalities to be
assigned. This effect is called causality propagation.

A causal bond graph contains all information relevant to de-
riving the set of state equations. The mixed differential and
algebraic equations are the constitutive relations of all ele-
ments in causal form, Broenink (1999).

Figure 3. A representation of a simplified articulated vehicle model.

The resulting set of equations of a bond—graph model is ca-
lled the simulation model. It consists of first—order ordinary
differential equations (ODEs), possibly extended with alge-
braic constraint equations (DAEs), and is simulated by using
integration methods.

Steering model — Lateral dynamics are defined by the res-
ponse of the steering system to the operator’s actions and the
effects of external forces acting on the vehicle as result of the
wind or road conditions, Bosch (1991).
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At lower speeds, the trajectory is defined by the wheels orien-
tation as function of the position of the steering wheel.

The steering system geometry should allow a minimum slip
during the turn between the tire and the floor so that the tires
rotate around a common instantaneous center of rotation. A
curved trajectory transitory deviation of rolling is presented
until the vehicle reaches its stationary state where all the axes
of the vehicle align to their rotation centers.
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Figure 4. Angular parameters of an articulated vehicular combination.
Bortoni (2008).

VEHICLE INSTRUMENTATION

The instrumentation is the knowledge of the correct appli-
cation of sensors aimed to support the user in the measure-
ment, regulation, observation, and transformation of a set of
variables used in a productive process. A great variety of
instruments exists for these processes and can be classified as:
mechanical, electronic, optical or chemical.

An Integrated Circuit for Specific Applications (ASIC) is the
electronic circuits applied in monitoring and controlling the
information that comes from a physical variable. There is a
wide range of ASIC devices, including the Micro-Electro-Me-
chanical Systems (MEMS) that solve most of dynamic sensor
problems, with less signal noise, and are of a smaller size.

The advantage of MEMS, is that it can be designed for spe-
cific applications, or for real-time analysis, using a USB inter-
face which simplify setting up. They also have very low power
requirements, thus permitting their use in mobile devices.

Along the ASIC-MEMS are tilt/inclination and acceleration
sensors. These devices have internal microscopic masses which
are accelerated. This movement produces voltage.

A 3d tilt sensor combined with 3d acceleration can substitute
a gyroscope, providing a Cartesian or spherical coordina-
ted system within the ranges of 0-360° with a resolution of
0.043° (0-21 rad with 0.00075 rad resolution) and at acce-
lerations of between 0 to 177 m/s2 at a resolution of 0.0074
m/s2, Toradex (2008).

Global positioning system - Originally designed for military
purposes, Global Positioning System (GPS) technology is a
navigation system based on two dozen satellites that orbit
the earth twice a day at an altitude of 19,000 statute kilo-
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meters. The GPS unit receives a combination of three or more
satellite-transmitted waves to triangulate a position on earth
consisting of latitude, longitude and altitude on a geocentric
coordinate system, such as the world geodetic system 1984

or WGS84, Nima(2000).

Once the user's position has been determined, the GPS unit
can calculate other information such as speed, bearing, track
and trip distance, facilitating the record the specific vehicle’s
trajectory.

Commercial GPS receivers usually work at sample ratios of
two track point per second. This is enough information for a
wide set of applications, but for tracking a high speed vehicle
it is necessary to employ a higher rate of data input.

To overcome this limitation it was necessary to develop an
interpolation program. In this case the interpolation algorithm
of LaGrange was selected, achieving a sample rate of 10
Hz.

The method consists of passing the N latitude and longitude
values to a N-1 order polynomial. The general form of the
equation in the x axis is:

F(x) = YL, () f(x,) (2)

Where

A similar equation is used to calculate the corresponding y
values.

Additionally it is necessary to calculate the proportional time
stamp for each generated point in order to not lose synchro-
nization. By using this method it is possible to rise the readings
per second to 10. Figure 5 illustrate an example of 6 original
values used to generate four new track points.

® Real point
(O Generated point

Figure 5. Generated track points between each recorded value, Bortoni (2008).
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Video guide — An easy way to ensure repeatability of the ma-
neuver is tracing it on the road and following it using a video
camera installed on the front of the vehicle. Figure 6 shows a
webcam located on a pickup truck and the camera vision.

Figure 6. Video camera and marks at the front of the truck, Bortoni (2008).

CAN Network - In automotive electronics, engine control units,
sensors, anti-skid-systems, are connected using CAN bit rates
of up to 1 Mbit/s. It is a durable and economic network that
allows several devices to communicate and allows the ECUs to
have a single interface CAN instead of different analogical
and digital entrances for each device in the system, Etschber-
ger (2001).

Depending on the car model and manufacturer, the CAN Net-
work could be useful for data acquisition for the parameters
of braking systems, including anti-lock braking systems (ABS),
gear equipment, systems for steering, suspension and tires.
This data combined can be used to take advantage of the
vehicle sensors to incorporate more complete information re-
garding the vehicle dynamics in relation with vehicle opera-
tion events.

Without CAN With CAN

Figure 7. Applications of CAN, Etschberger (2001).

SIGNAL PROCESSING

The use of frequency and time analysis techniques can assist
obtaining a wider vision of a vehicle design and performance.

Frequency analysis for example, is often used to characterize
several components responses to a relevant frequency spec-
trum, for example road conditions for a suspension system,
motor vibration, etc. Depending on component response, it is
possible to adjust its behavior. These adjustments are made in
order to enhance a desired characteristic or to coordinate the
single component to a network of interrelated components.

There is a serious problem when quantity and interaction is being
studied. Automotive systems are characterized by a huge quantity
of smalll systems that interact and affect the vehicle's performance.

All of the sub-systems interact in a semi-independent manner, the-
refore, a proper coupling should be found that does not impede its
operation or affect the operation of other sub-systems.

How can one be assured that all of the systems act in a com-
mon way?

A good design should take into account all of the possible
operative states among components, and adjust them in order
to facilitate the complete system's performance.

Frequency analysis is generally applied to mechanical syste-
ms although it is not the only system that can be studied in this
manner. A classical example is the suspension system where
different frequencies may be experienced by the passenger
and/or structure. Consequently obtaining information that
can be used to achieve an optimal design between mechani-
cal performance and passenger comfort is a must.

On the other hand, time analysis techniques can be applied
to gather information that frequency analysis are unable to
obtain. Time analysis techniques can offer an insight view of
the system.

The main difference between time and frequency analysis
is the way the systems are viewed. In frequency analysis the
response of the system to a well known input can be studied
with the system remaining as a “black box”.

In modern time-analysis methods, otherwise known as state-
space analysis, the system is modeled as a whole, i.e. all of
its parts are considered when creating a mathematical repre-
sentation of the system or sub-system, so, instead of working
with a “black box” researchers would be working with ticking
parts possessing a more defined individual behavior.

In this way, it can be ascertained what happens inside the sys-
tem to the extent of and by utilizing innovative mathematical
calculations, knowing the state to understand variables that
would otherwise be impossible to comprehend, all of which
can affect and be affected by the system's inputs from ope-
rators and the current surroundings.

All of this information can be used to design, analyze and
control the whole system's performance.

The last topic is quite interesting and useful, it is possible to
design controllers that use the information given by the sys-
tem, in a way that, as in the example of the suspension sys-
tem, we can first design the whole structure and main desired
behavior of the system, and then design a subsystem that
rejects the vibrations to the passenger, to improve comfort.

It can be said that time and frequency analysis techniques
are complementary, and that by using them together it is pos-
sible to obtain more robust and secure automotive systems.

SIMULATION

There is an important number of truck simulators for specific
tasks. These simulators represent excellent means to reduce
development costs and time. Several institutions worldwide
have been working to characterize vehicle dynamics for de-
cades.
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The Yaw/Roll Model was developed at the University of Mi-
chigan Transportation Research Institute (UMTRI) with the pur-
pose of predicting the directional and roll response of single
and multiple articulated vehicles engaged in steering maneu-
vers of rigid, heavy vehicles with up to 11 axles.

UMTRI Phase 4 model has 71 degrees of freedom time-domain
mathematical simulation for straight trucks, tractor-semitrailers,
doubles, and triples. It is a computer model for simulating the
braking and steering dynamics of commercial vehicles.

Trucksim — is a software tool for simulating and analyzing the
dynamic behavior of medium to heavy trucks, buses and arti-
culated vehicles. Trucksim uses detailed nonlinear tire models,
nonlinear spring models, and includes the major kinematics
and compliance effects in the suspension and steering systems
of trucks, buses, and other large highway vehicles with solid-
axle suspensions and asymmetric steering system.

SIMTRA. Path Planner R4 —Is as CAD based program to help
assess layout and space requirements for intersections, roun-
dabouts, bus terminals, parking facilities and loading bays.

Figure 8. Screen prints of the Simtra and Trucksim simulators.

The importance of simulation results are invaluable, but it is
also important to consider live maneuvers, basically because
in a physical sense the driver can find difficult to follow a
precise path as a simulator does. It is also important to keep
in mind that the vehicle maneuvers made by the simulator can
be different from the necessary in a real life situation.

Figure 9. A corner 90° turn in a simulator (a) and a more real-type
maneuver (b), NRTC (2000).
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Because of the obstacles presented in real life situations are
difficult to represent in mathematical simulation software,
they are sometimes not exactly the same as the problems en-
countered by operators. Still, the information gathered from
such tests could prove very useful even when comparing the
relevant skills of various drivers.

Figure 9 presents a hypothetical situation were driver skills
are the primary issue determining the maneuver performance
which may be different from simulator results.

A station wagon was instrumented, with the sensors located
as near as possible to the center of balance of the vehicle,
next to the driver seat, recording sensors activity log on a mini
notebook computer during an up-hill route. The instrumented
vehicle is shown in figure 10.

Figure 11 is the graphical representation of different radius
turns, braking, and the road altitude over the sea level, as the
up-hill route is perceived from the GPS System.

3-axis inclinometer
3-axis accelerometer CAN port

Web-cam

Figure 10. Instrumented vehicle.
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Figure 11. Up-hill route tracked by the GPS receiver

Depending on specific needs, a more detailed area map could
be constructed from the GPS system, or even perform a pre-
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test road scanning, permitting a better understanding of the
specific vibrations resulting from the road-vehicle interaction.
This test, has been obtained from the CAN network the
engine’s RPMs and the speed on the left front wheel, displa-
yed as vehicular speed in figure 12. Also in the same figure
are the readings on yaw angle, pitch angle and vertical an
lateral acceleration. Readings are from the MEM-USB sensors
installed inside the cabin of the vehicle.

Referencing the dynamic results to the vehicle driving events is
helpful in order to understand their relation, for research, edu-
cational purposes or to develop new active safety systems.
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Figure 12. Vehicular information during an up-hill route. Engine and speed
information comes from CAN network, and angles and acceleration rates

from MEMS sensors.

As was mention before, the driver has problems to follow an
exact path or to maintain an specific vehicular speed, some of
the pitch angles are result of the driving style, more than from
road-vehicle interaction. Also regarding yaw angle, the dri-
ver evaluate the curve visually and adjust the steering wheel
to deal with it, but usually because of the speed, inertia or
centrifuge forces, the driver perception change and adjust-
ments has to being made.

DISCUSSION.

Prestigious institutions have created a legacy of knowledge;
build on results from decades of research, experience, and

expertise. However, vehicular engineering will continue to be
a work-in-progress field, as long as new materials are deve-
loped, new design challenges arise, eco-friendly solutions or
changes in the market’s interests.

These are reflected in the emergence of better, more inte-
lligent, or even new technologies. Consequently, the models
and simulators discussed herein will have to be continuously
updated in order to meet new usage needs and regulation
requirements.

There is already published results on vehicular maneuverabi-
lity from computer simulators, and recently a few on real ve-
hicle maneuvers, but by mixing maneuverability with dynamic
studies and GPS and CAN systems could result a better un-
derstand of the vehicle behavior, discriminate human factors
or provide more accurate results on vehicle’s comfort.

At this time, some experiments are conducted to propose fu-
ture measure parameters combination, and to develop a full
vertical + lateral dynamic model.
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