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Comparison between vertical acceleration data
from acquired signals and multibody model for an
off-road vehicle
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Abstract

SAE Mini Baja competitions require efforts in developing a reliable vehicle project that enables their teams to manage time and resources
wisely. Vehicle simulations are one the best ways to deal with these conditions and prevent failure during a test. This work outlines the
methodology that was carried out for validating the multibody dynamics model of a Mini Baja vehicle through vertical acceleration data
acquisition. The data was acquired with the vehicle in different sets of obstacles, based on those seen in previously held competitions.
Simulation was done through ADAMS/Car, with the vehicle’s multibody model being simulated in different three-dimensional roads,
counterpart to those where data acquisition took place. Simulation data, when compared to acquired acceleration signals for most of the
obstacles, exhibited equivalence. Additional data computation revealed that the spectra in the frequency domain presented most severe
loads concentrated between 0 and 20 Hz, incoming mostly from road unevenness. Gathering such data, by the presented approach can
assist future analyses and guide the Baja Team in defining an improved project by predicting its dynamic behavior.
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I. INTRODUCTION Consistency in the project in this case is one of the most
important factors, to prevent failure during competition and
within the deadlines.

A difficulty seen in previous studies is the use of such
tools, signal filtering and multibody approach, for off-road
vehicles. Taking all of this into account, the objective of this
work is to compare acceleration data of experimental nature
with acceleration data resulting from multibody dynamics
simulation of the wvehicle-road interaction, so that the
multibody model can validate data acquisition and vice-
versa, with a similar methodology adopted by [9-13].

To reach the main goal, which is validating the
multibody approach, the following actions were taken:

Road profile characterization is an important analytical
tool that engineering has been using in recent decades,
especially with the advent and consolidation of software
capable of performing simulations with high degrees of
reliability. Profile measurement is a common method for
evaluation of roads and highways and is often done to obtain
the International Roughness Index (IRI) [1], which is
defined as the mathematical property of a two-dimensional
lane profile; the profile represents a longitudinal slice of the
lane showing how the elevations vary along the longitudinal
distance along a path travelled [2]. The influence of the road
surface is reflected in costs to society and the environment,
such as fuel consumption, wear and tear on vehicle
components, and the safety and comfort of occupants of a
vehicle [3-5]. Measurements of such profiles, though, have
also a high cost and are often a time-consuming approach, as
suggested by [6]. A computational model helps linking the
surface roughness profile of a track with the various impacts
on a vehicle.

The knowledge of the irregularities imposed by the
pavement on the vehicle has been applied directly in the
automotive industry, especially with dynamics simulation as
such method is allied with agility in the execution of projects Il. MATERIALS AND METHODS
[7]. The use of simulations is a prevailing method for the
assessment of vehicle projects; however, prediction of
loading and reliable structural analysis can only be achieved
if there is a faithful model of the vehicle and accurate road

o Definition of the obstacles to be characterized; as
seen in previous competitions;

Instrumentation of the vehicle;

Collection of experimental acceleration data;
Filtering of the obtained data;

Simulation of the vehicle in multibody dynamics
software and comparison of postprocessing data
with experimental signals.

A — Model description

So that the multibody model can be faithful to the real

. ] vehicle, the latter’s information must be well known. The car
data, which fully represent the disturbance absorbed by the had its sprung and unsprung masses weighed, the tire and

car [8] _As for Mini Baja C(_)mp_etitions, t_hese are led by springs tested, and a study on the vehicle’s center of gravity
engineering students and require time and financial support. (hereafter referred as CG) was undertaken. A simplified

* Universidade de Caxias do Sul, Caxias do Sul, RS
E-mails: cpfontoura@ucs.br, aapassos@ucs.br, drbareta@ucs.br, ejzanol@ucs.br

Data de envio: 02/01/2018
Data de aceite: 09/02/2018

http://dx.doi.org/10.18226/23185279.v6iss1p29



model was chosen, to make this an easily assessed analysis
that can be undertaken by students involved in the project.
The model comprises of both suspensions and a concentrated
mass body where the CG is.

An important variable in automotive studies is the
characterization of tires. The behavior of an impact-
absorbing tire directly influences how the results can be
interpreted. The tire vertical damping coefficient was
neglected, as this is a suitable consideration [14]. In order to
obtain the stiffness of the tires, a compression load vertically
applied to the tires was performed on a EMIC DL200000
testing machine, with reading made through a Tesc software.
The stiffness values were obtained from the inclination of
force-deformation curves and based on mass distribution at
each tire [15-17]. Measurements were made with the two
types of tire that are used by the Mini Baja team. Figure 1
shows a photograph of the equipment. The test was also
done in different tire inflation pressures. The shock absorber
springs were characterized in a similar fashion.

Figure 1 — Compression test for (a) rear tyre and (b) front tyre

The tire inflation pressure used during the data
acquisition was 12 psi. The CG was studied through
SolidWorks, with a full vehicle CAD model, as seen in
Figure 2.

872,34

1525

Figure 2 — Study of the car’s CG, through CAD model (lateral
view)

Table 1 brings the most essential specifications needed to
create the vehicle multibody model (MBM), such as both tire
stiffnesses, geometrical properties and masses involved.
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Table 1 — Specification of the vehicle

Description Value
Total mass of vehicle, with pilot 254 kg
Sprung mass 180 kg
Mass distribution (front axle) 43%
Basewheel 1.25m
CG’s height 0.518 m
Distance CG — front axle 0.872m
Distance CG — rear axle 0.653m
Front tire stiffness 69 KN/m
Rear tire stiffness 117 KN/m

MSC ADAMS/Car is a multibody dynamics software
well used in performing different types of studies applied to
automotive engineering. In the ADAMS/Car environment,
specific tools for automotive components and subsystems
are available. The suspension models were based on models
from the software’s library. These models comprise all the
joints and links in the suspension, as well as springs,
dampers and tires. The mass distribution between the axles,
the tire stiffness, the distance between the axles and the
masses involved are some of the specifications that are also
input into the model. For this vehicle, the front suspension
has a double wishbone configuration, while the rear
suspension has a multi-link configuration.

The information on the obstacles studied was added in
the ADAMS virtual environment through the Road-Profile
Builder tool. By importing vectors containing horizontal
position values and vertical displacements, it is possible to
obtain a three-dimensional profile of the track in question.
The coefficient of friction of the tracks was considered 0.7
for the asphalt obstacles and 0.6 for the gravel and earth road
obstacles. Figure 3 shows the modelled slope, with the Baja
model inserted in it, ready to start running the simulation.

(b)

Figure 3 — Full-vehicle model (a) in a built profile (b)

With the modelling of the tracks and the vehicle in
question, the Smart Driver tool, within Full-Vehicle
Analysis, can be used to run the vehicle simulation on the
chosen tracks. The speed of the vehicle is configured, as well
as the simulation time and the number of iterations desired.
Another method used for the simulation of the suspensions
alone is the Test Rig, which is composed of vertical
actuators that impose movement to the subsystem of the



suspension. Figure 4 shows the suspensions supported on the
actuators for this type of simulation.

Figure 4 — Test Rig on front suspension (a) and rear suspension (b)
B — Experimental setup
The experimental setup and data filtering methodology

adopted has been used in the industry and in research and
was adapted onto the needs of this study.

To obtain reliable and useful data, uniaxial
accelerometers (608A11, IMC Sensors) were coupled at
three points in the vehicle. As a form of simplification, only
one side of the vehicle was instrumented. One of the
accelerometers was coupled near the vehicle’s CG, which
collected the sprung mass accelerations. As the CG is in the
vicinities the pilot’s body, the accelerometer was attached to
a side bar, disregarding the transversal position and
considering its vertical and longitudinal position. Two other
accelerometers were installed in the knuckles at the center of
the wheel, one in the front axle and the other in the rear axle,
for the accelerations imposed on the unsprung masses of
each suspension. Several related works have made or
suggested the use of this type of experimental configuration,
such as [18, 19]. Figure 5 shows the location of
accelerometers fitted on the vehicle wheels and the CG. The
accelerometers were calibrated with a 394C06 PCB
Piezotronics handheld shaker of 1g of acceleration and
working frequency of 159.2 Hz.

(b)

1V - acquisiton system,
with (a) data recorder and
(b) signal amplifier

| — accelerometer
mounted on a rear
suspension knuckle

Il —accelerometer
mounted on the car’s

CG

111 — accelerometer
mounted on a front
suspension knuckle

Figure 5 — Fitting of the accelerometer in the vehicle

C — Data filtering

The acceleration data were collected by mobile signal
amplifiers and saved directly to the recorder for further
filtering, being both HBM equipment. The data recorder was
a QuantumX CX22B-W model and the amplifier was a
QuantumX MX440B. As each channel represents a point on
the vehicle, the data was separated and underwent a
smoothing process to remove noise and anomalies through a
Savitzky-Golay filter. However, to obtain data as a function
of displacements of the unsprung mass, the double

integration was performed with raw discrete data, since that
data passed through MATLAB’s Butterworth filter.

For the double integration, the motion equation of
acceleration for unsprung mass of a quarter-car model (Eqg.
1) was considered.

muxu = [_ks (xs - xu) + Cs(ics - xu) - ku (xu - Y)] (1)
In which:
m,  unsprung mass
X, unsprung mass acceleration
ks sprung mass stiffness
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X sprung mass displacement

Cs sprung mass damping coefficient
X sprung mass velocity

X, unsprung mass velocity

k, tire stiffness

x unsprung mass

y random signal input

<

As the acceleration x,, is the second derivative of the
displacement and has a direct relation with a given random
signal y (the road, in this case), a double integration returns
displacement values.

The data acquisition was performed separately in each
obstacle, all with triplicate measurements, to ensure the
consistency of the results, with the vehicle passing over them
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at different speeds. The acquisition rate was 600 Hz. The
recording equipment was coupled to the rear of the vehicle,
near the tank, with a bracket specially made for supporting
it.

Discrete Fourier Transform (DFT), as seen in Equation
2, was used to convert data into the frequency domain:

-1 —ZLjni
F,.=) % N (2
i=0

The route obstacles, in which the data was collected,
were partially chosen based on Mini Baja competitions of
previous years. They are seen in Figure 6.
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Speed bump with a maximum height
of 11 cm

Flat portion of gravel road

Equally distanced raised pavement
markers

Hillside with 12 degrees of inclination

Figure 6 — Obstacles chosen for data acquisition

I1l. RESULTS AND DISCUSSION

A — Comparison of Acceleration Data

given in function of g. For isolated suspensions, results are in

m/s2,

Al — Crossing a speed bump

With the data obtained from the accelerometer coupled
near the vehicle’s CG, actual acceleration data can be
compared with the CG’S virtual response data for the full
vehicle multibody analysis. The data of the accelerometers in
each of the suspension’s wheel knuckle was used to compare
the simulation data in the Test Rig mode, where simulation
isolates the suspension. For full vehicle analyses, results are

The vehicle’s CG acceleration signals collected during
speed bump crossing are seen in Figure 7a, with a maximum
peak of approximately 0.225 g. There are also two negative
peaks of approximately -0.15 g. The results of the
simulation, shown in Figure 7b, returned maximum peak
values of approximately 0.25 g at the highest positive peak
and for negative peaks, values are close to -0.15 g. The



analysis of speed bump crossing showed it to be one that
demands most of the dampers as seen similarly in [20]. This
was clear to notice when unsprung mass accelerations are
also compared with the CG’s signals, showing a great
difference in absolute values.
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Figure 7 — Acceleration signal acquired on a speed bump (a) and
MBM result (b)

A2 — Transition from flat to slope

In the transition from flat road to slope, the experimental
values, seen in Figure 8a, showed peaks of 0.1 g and 0.15 g
of acceleration, coming from mean values of the flat road of
0.05 g. The simulation did not return mean values close to
0.05 g, as shown in Figure 8b, since the roughness on the
virtual flat road is not considered. Peaks, however, of 0.1 g
and 0.11 g were also observed.
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Figure 8 — Acceleration signal acquired during transition at a slope
(a) and MBM result (b)

A3 — Flat gravel road

For the flat gravel road, simulations were performed with
a load case input into the wheels, using the Test Rig. The
load case was generated with mean elevations of the road in
a vertical motion quasi-static state for 25 seconds.

Figure 9a shows that the imposed accelerations were
quite random, even with the application of filters, the signal
presents a noisy characteristic, consistent with the condition
of the track. The highest peaks seen for the acquired signals
were of 3.0 m/s2. The simulation results in Figure 9b,
agreeing with this, showed a similar result, with highest
peaks of 2.5 m/s2.

Acceleration (m/s?)
o
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Figure 9 — Acceleration signal acquired during gravel road (a) and
MBM (b), front suspension

As for the rear suspension, average values were higher,
as expected. In general, the loads had greater magnitude in
the rear suspension. One of the main reasons is that most of
the vehicle's weight is concentrated on the rear part. In all
tests, this result could be observed. This pattern was repeated
for the gravel road and the highest peaks were between 2 and
4 m/s2. Figures 10a and 10b show, respectively, the results of
accelerations collected and those of the simulation. The latter
showed higher peaks, of approximately 5 m/s?, though.
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Figure 10 — Acceleration signal acquired during gravel road (a) and
MBM (b), rear suspension
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The results could have been better converging in case
real road displacement mapping was used. As the creation of
three-dimensional roads with high roughness is complex and
time-consuming method, especially when data is acquired at
high rates, meaning that for an acquisition rate of 600 Hz
each second of road would correspond to 600 points per
second. A way to better deal with this would be collecting
data at a lower rate, as the mapping of the lane won’t be
much affected. Then, with a double integration and the use of
a proper transference function, carry out a lane
reconstruction.

B — Double integration of a signal

The track with raised pavement markers, due to the
repetition of obstacles of same known elevation, was double
integrated, in order to obtain displacement data. This method
is suggested by [19]. After the double integration performed
through MATLAB, the acceleration signal exhibited the
behavior seen in the graph of Figure 11. The displacements
computed in the rear wheel were all in a range of 40 to 50
mm for each marker, with a behavior showing the periodicity
expected, as the markers have a height of approximately 45
mm.
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Figure 11 — Displacement during route with raised pavement
markers

The double integration of an acceleration signal is an
interesting mathematical tool that reproduces integrally the
displacements suffered in the track by a certain part of the
vehicle and its validation with well-defined displacements
was obtained successfully. These results can be further used
to carry out a road reconstruction [21]. This again proves that
the double integration is another interesting method to obtain
the displacement mapping of a lane. Likewise, the
displacements in the CG of a vehicle are of a great deal of
importance, to qualify issues such as perceived comfort and
car handling.

C - Frequency domain

For further evaluation of the data, a frequency domain
approach was also considered, as it helps validate data [22].



With the application of the FFT to the acceleration signal, it
was possible to obtain data in the frequency domain. The
analysis was in the range of 0 to 100 Hz. The obstacle that
resulted in higher amplitudes in the unsprung mass was the
bump track. In all the obstacles, it was noticed that the
sprung mass presents peaks in the region near 60 Hz. One of
the hypotheses is that this is due to the vibration caused by
the engine, because it is supported directly on the structure of
the vehicle. Figure 12a shows the amplitudes of acceleration
in the frequency domain for both suspensions and the car’s
CG passing over the markers on the track. Figure 12b shows
the detail for frequencies between 0 and 20 Hz. Figure 13
shows the frequency domain data for the engine support bar
during idling at high revving. A noticeable peak at around 60
Hz could sustain the hypothesis of the engine provoking the
peaks at the structure. Moreover, revolutions per minute at
the engine measured with a tachometer, revealed a high
revving of 3800 RPM, or angular velocity of 63.33 Hz.
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Figure 12 — Frequency domain response during bumpy track (a)
and an inset from 0-20 Hz

As seen, the engine support bar has a peak near 63.33 Hz.
The car body shows a peak at approximately 57 Hz. This is
because the engine, while performing the bumpy maneuver,
is not at its peak rotation.

Another interesting point is that the frequency of the
highest accelerations of all signals is in the 0 to 20 Hz range,
or ride range for road unevenness (0.5 < v <20 Hz),
something discerned in other studies [23-27]. Apart from
that, human discomfort, when traveling in vehicles, has been

proved to be more sensitive in low frequencies (from 3 to 10
Hz), above the wvehicle’s eigenfrequency, and higher
acceleration, such as the data presented by [28] in a
subjective discomfort assessment and in multibody
approaches [7, 29, 30]. In this case, the accelerations in low
frequencies perceived in the CG were relatively high,
implying some level of discomfort to the pilot. These signals,
though, show that there is a great dissipation of the imposed
loads, comparing the accelerations measured in the unsprung
masses with the sprung mass.

Amplitude (m/s?)

A,

0 20 40 60 80 100

Frequency (Hz)

Figure 13 — Frequency domain response at the engine support,
during vehicle idling

IV. CONCLUSIONS

As a final statement, the simulations had a very coherent
result, proving that the virtual model has a high degree of
reliability. Off-road virtual tracks, however, showed some
difference between real road condition signals, as the former
aren’t as well detailed as the latter. The acceleration values
captured in the obstacles were high for the unsprung masses,
which makes these types of obstacle some of the most
demanding of the Mini Baja’s suspensions during dynamic
tests.

The adopted accelerometer-based technique proved to be
satisfactory for obtaining data and, in addition, the
comparison of data shows that signals of virtual origin from
the MBM are very similar to those of experimental origin,
proving that the creation of suspension models and its
simulation with virtual roads in ADAMS Car result in
coherent results. The triumph of this modelling is in its
adjustability and versatility, being able to generate a wide
range of analyses, such as structural analysis in transient
state, modal analysis of several components that make up the
vehicle suspension, as well as a thorough analysis of vehicle
dynamics.

Despite all the imposed simplifications, the MBM used
also allows the modification of parameters such as structural
bar lengths, CG coordinates, masses involved, tire stiffness,
among others, thus helping the team with improved time
management of its project. A closer approximation of the
model can still be achieved by using the cage structure, pilot
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representation, as well as the inclusion of flexible elements
that are part of the Mini Baja vehicle, to make it as close to
reality as possible. As aforementioned, the procedures
adopted for these tests can be used for other types of studies,
whether it is deepening concepts of wvertical vehicle
dynamics, comparison  between  different  vehicle
configuration, modal and structural analyses, and comfort
study with an improved methodology, with severer obstacles,
variation of parameters, such as tire inflation and spring
stiffness and the use of triaxial accelerometers.
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