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Abstract. The article presents results of the research on identification of structure and directional
distribution of vibration transferred to car-body from road roughness. It is the case study of
multiple sources of vibration interacting on vehicle and vibration transfer into driver and
passengers. During the research the passenger car was driven on special test track. It were recorded
the vibration signals in 3 orthogonal axes. The sensors were mounted at the floor panel in locations
where the vibration are transferred into the human organism. For the purpose of analysis of
vibration transfer in term of human perception it is necessary to correlate the vibration energy,
frequency and time of exposition. It allows to evaluate exposure on vibration in frequency bands
close to natural frequency of chosen human organs. The analysis of time-frequency distribution
of the vibration allow to separate the main components of the signal. The paper presents the results
of comparison of RMS value of vibration for different axes in measurement points on floor panel.
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1. Introduction

Vibration is the mechanical phenomena caused by machines in operation. Generally the
vibration is undesirable, wasting energy and creating unwanted effects. The vehicle vibration are
one of the most important unwanted effects. It causes decrease of safety and comfort factors and
increase of fuel consumption. The vibration problems are very important for vehicle dynamics. It
has to be taken into consideration, starting from modeling, designing through production to service
and diagnostics of car vehicles [1-7]. The main areas of the author’s interest under the past studies
undertaken include an assessment of vibration damping from the perspective of safety and comfort.
Furthermore, the author conducted a series of studies pertaining to identification of other vibration
sources occurring in vehicles, such as the engine and the power transmission systems [8, 9]. The
range of impacts vibrations exposure on a vehicle driver is very broad, starting from the feeling
of discomfort to safety hazards caused by vibrations at resonant frequencies of specific organs,
thus affecting the driver’s responses. Therefore, it is important to study the paths of vibration
propagation from their sources into the human organism and to assess the vibration exposure for
different input function conditions [10-12]. The studies discussed in papers [8, 13] illustrate the
outcomes of the influence of input parameters on the distribution of the vibrations being generated
as well as their propagation.

The paper presents some results of identification of structure and directional distribution of
vibration transferred to car-body from road roughness. It is the case of multiple sources of
vibration interacting on vehicle and transfer into driver and passengers. In order to examine
vibration related phenomena occurring in a moving vehicle or a stationary one with its engine in
operation, one should start with identification of vibration sources. The sources of vibration in a
vehicle are dynamic forces but also free vibrations as well as forced, self-induced, parametrical,
non-parametrical, random and stationary ones, all generated by the driving unit, the power
transmission system and the road. The large scope of the vehicle vibration determinants include
materials, services and construction (frame) production and repairs [14-17].
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2. Biodynamical effects of drivers modeling — state of the art

The scientific problems of vehicle’s vibration in many aspects, especially in term of
biodynamic response of the human body to the whole-body vibration, are main goal of many years
investigation of Professor Michael Griffin from Southampton. Number of biodynamical models,
vibration transmissibility concepts, and human biodynamic responses are considered in [18]. His
research show the goal and way of investigation for many researchers [19-23].

The dynamics model of vehicle should permit for analysis of response function of the vehicle
or human (occupant) on chosen excitation. The state of the art shows many publications on
different approach to vehicle dynamics modeling. The paper [21] presents the three degrees of
freedom (3-DOF) Human—Vehicle-Road (HVR) model, comprising a quarter-car and a
biomechanical representation of the driver. The model used the Kelvin element as viscoelastic
representation for modeling vehicle suspension systems and human muscular—skeletal structures.
Differential equations are provided to describe the motions of various masses under the influence
of a harmonic road excitation. The paper [21] formulates the optimization problem in terms of the
requirements stipulated by ISO 2631 standards and utilizes a quarter-car model coupled with the
biodynamical model of the driver. The model has been depicted in Table 1 in which M5 denotes
the driver’s mass, M, stands for the mass of the vehicle body, and M, signifies the unsprung
masses of the suspension. The model has been excited by a ground vertical motion, u(t) = Ae/“t,
with an amplitude A and a frequency w. The z; represents time-depending deflection. The C; are
the viscous damping coefficients and K; are spring rates.

Table 1. 3-DOF HVR model and equations of the motion [21]
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The differential equations of the motion for the 3-DOF are given by:

M7, + C121 + K1z + Cy24 + Kyzq — CyZy + Kyzy = Cyu(t) + Kyu(t),

MyZy + CyZ2y + Kyzy — Cy21 — Kyzq — C323 + C32y — K323 + K32, = 0,

M3Z3 + C3Z3 + K3Z3 - 6322 - K3Zz.

The equations can be expressed in a matrix form (detailed solution has been presented in [21]) it allows to
obtain the expressions for the motions and accelerations of the masses M;, M, and M5 as equations as
follows:
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A generalized nonlinear two-degrees-of-freedom (2-DOF) model has been formulated in [22]
for the dynamic analysis of suspension seats with passive, semi-active and active dampers
(Table 2). The model incorporates Coulomb friction Fy due to suspension linkages and bushings,
forces arising from interactions with the elastic limit stops, a linear suspension spring and
nonlinear damping force for passive, semi-active and active dampers, while the contribution due
to biodynamics of the human operator is considered to be negligible. The model masses m, and
mg, represent the masses due to occupant upon neglecting its biodynamic interactions and the seat,
respectively. The cushion is characterized by linear stiffness K, and viscous damping coefficient
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C.. The suspension is represented by its linear stiffness K, a clearance spring K, dry friction
force (Columb) F; and a viscous damping coefficient Cg; in the case of a passive suspension seat.
The z, and z,, represent the vertical movement of the occupant mass m. and the suspension seat
mass, respectively. The suspension force F; may be either F, for the active. The forces due to the
passive components of the suspension are derived from the algorithm where z, represents the
displacement excitation at the base of the seat.

Table 2. Analytical 2-DOF model of the seat suspension and equations of the motion [22]

me = The equations of the motion for the
2-DOF suspension seat are given by:
K¢ Cc meZ, = —F, mgZgs = F, — Fsp'
Zs F, = K (2, — zs5) + Cc(Zc — Zss),
Mss Fsp =F+ Ff + Fge + Fy,
Fss = ss(Zss - Zsp) + Css(Zss - Zsp)'
% ||(Zss - Zsp)”
Fr=F—/—F—,F, = gZ,
Kes f f (Zss — Zsp) a 9Zss
Kt Css Fe d
Zyp Fst = Kst (Zss - Zsp) - E .

New approach to system modeling based on possibilities of Finite Element or Neural Network
methods allows to develop models dedicated to realize specific functions [24, 25].

3. Research method

The validity of the analytical models have to be examined as comparison to the results obtained
on real object. The research studies discussed in the article was conducted on an real object. The
passenger car was driven on special test track, without any turns. The profile of the test track, as
the road roughness, was set as concrete slab connected every next 5 meters. It was prepared as
simulation of driving shock impulse.

Vibration signals were measured on the floor panel at 4 points of location. In order to refer the
obtained results to the analysis of the passenger exposure to vibrations, the measuring points were
arranged at locations where the vibration are transferred into the human organism, i.e. where feet
rested.
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Fig. 1. Research and testing diagram and location of the vibration sensors

The measurement chain is consisted of the ADXL piezoelectric sensors, a measuring unit, the
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pDAQ USB-30A16 data acquisition card and a computer featuring the software. The testing
diagram has been depicted in Fig. 1.

4. Research results

For the purpose of proper identification of vibration transferred to car-body from road
roughness it is necessary to provide measurement in multiple points located on vehicle
construction. Human vibration perception depends on area and place of contact of human
organism and vibrating machine. It depends also on dynamics of the vibration and exposure time.
The identification of vibration transfer from road roughness to car-body in driving car was
performed as the analysis of transformation of signals in time and frequency domains. This method
of vibration signal processing allows to observe changes of the energy in selected frequency bands
and correlate it with time.

The Figure 2 shows example of identification of vibration increase caused by impulse of road
set off. The analysis of time-frequency distribution of the vibration allow to exactly separate the
related component of the signal. The speed of the vehicle was set as constant, during the research,
so the vibration generated from the engine and powertrain was assumed as constant.

Vibration of floor panel “road roughness", speed = 80 kmh

Front left floor panel, Z axis
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Fig. 2. Identification of structure of vibration on front left floor panel (under the driver feet)
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Vibration of floor panel “road roughness®, speed = 80 kmh
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Fig. 3. Vibration of front left floor panel (under the driver feet) in 3 orthogonal axes
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Fig. 4. Vibration of front right floor panel (under the front passenger feet) in 3 orthogonal axes
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Fig. 5. Vibration of rear left floor panel (under the left rear passenger feet) in 3 orthogonal axes
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Fig. 6. Vibration of rear right floor panel (under the right rear passenger feet) in 3 orthogonal axes
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Human perception of vibration also depends on the direction of the exposition. The exposure
to vibration has to be consider in 3 orthogonal axes: X — horizontally along the vehicle axis,
Y — horizontally crosswise the vehicle axis, and Z — vertically and perpendicularly towards plane
XY. To analyse the dynamics of the vibration the Fast Fourier Transformation has been proceed
on the signals. It allows to evaluate the main frequency components of the vibration. Time and
frequency realization of the vibration registered under the passengers feet in 3 axes have been
illustrated in Figures 3-6.

During the propagation of vibration waves in solid structure in theory the dispersion of the
energy can be observe. For structures with combined shapes and profiles sometimes some increase
of vibration can be observe because of multi natural frequencies for different parts of the structure.
One of the most popular global estimators of energy of the vibration is RMS (Root Mean Square).
The comparison of RMS value of vibration for different axes in measurement points on floor panel
have been depicted in Fig. 7.
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Fig. 7. Comparison of RMS vibration of floor panel under the feet of passengers:
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For the purpose of analysis of vibration transfer in term of human perception it is necessary to
correlate the vibration energy, frequency and time of exposition. It allows to evaluate exposure on
vibration in frequency bands close to natural frequency of chosen human organs. There are many
methods for multidimensional transformation of the signal. The paper presents the results of the
time-frequency distribution of the acceleration of vibration obtained by the Short Time Fourier
Transformation. It shows the main components of the energy of the vibration and frequency bands
of exposure [26-28].

The Figures 8-10 show time-frequency structure of the vibration transferred to passengers via
the feet in 3 orthogonal axes. This presentation of the vibration enables identification of the
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propagation of the vibration of driving car and calculation of energy changing for chosen
frequency bands.

5. Conclusions

The proper validate analytical model of vehicle dynamics allows simulations many driving
conditions and response functions. One of the most popular application of the model is analysis
of different control system for isolation from vibration of road roughness by spring and damping
system of the suspension. For the comfort of the passangers the perception of vibration is very
important. The goal of prevencion from vibration in passanger cabin is very difficult to reach. The
isolation of chosen frequency bands of the vibration can be much easier. It is fundamental to
properly identyfy the vibration transfer to car-body. All kind of vibration sources have to be
consider as generators during car driving. The results of the research show that structures of the
vibration are different for the directions and localization in the vehicle structure. It has to be take
into consideration the various kinds and production technologies of means of transport [29, 30].
To complete the research on vibration transfer to car-body by driving car there have to be
conducted many more research on different vibration generators or driving speed.

The simultaneous analysis of distribution of RMS and time, frequency functions of vibration
for different axes in measurement points on floor panel allow to compare propagation of the
vibration. It have been observed that most of the energy of the vibration under the passengers feet
are transferred in Z axis direction (vertical). The highest vibration were registered under the feet
of rear right passenger.

The time-frequency structure of vibration of the floor panel allow identification of the main
components of the vibration in terms of dynamics (frequency) and time of exposition. It can be
observed that local maximum values of vibration for some frequencies are excited in limited time
periods.

The results show how many conditions have to be taken into consideration for vehicle
dynamics model. The diffrences in vibration signals on floor panel in different location and
direction (3 orthogonal axes) requires more complicated multibody model.
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