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Vibrational properties of road vehicile are ussually evaluated according to two criterions, i. e. in terms of comfort
for passengers and in terms of drive safety and roadway load. The topic of this article is focused on evaluation of
passenger’s ride comfort of a three-wheeled road vehicle. From the ride comfort point of view vertical vibration is
decisive. Vertical vibration is given by obtained accelerations in given position on an assessed vehicle when it is
driving on a road with various surface qualities within required time intervals. In the vehicle’s design phase its
vibrational properties are detected and evaluated by means of simulation computations on a virtual model. In our
research we have assessed ride comfort of the three-wheeled vehicle, which were designed in our workplace. For
purposes of dynamic analyses we have used multibody approach using Simpack software. The objective of this
work is verification of the relevance of the current mounted suspension system for the greater driving speeds range

of the three-wheeled vehicle and for different road qualities.
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1 Introduction

The comfort for passengers is one of the most im-
portant aspects, which has to be evaluated for every newly
designed vehicle and it is assessed on the basis of stand-
ards [16]. Pssengers in transport means are exposed to vi-
brations and shaking, which can influence, mainly deteri-
orate, in different ways oganic functions and also cause
health troubles. These adverse effects lead to driver’s
tiredness, which affects his performance and driver-per-
ception abilities. It increases the danger of road accident
occurence. For vibration of vehicles total vibration is im-
portnat, i. . vibrations, transmitted from a seat, which an
exposed person sits on, to a whole body.

Acting vibrations cause forced vibrations of some hu-
man body’s parts or the whole body. Then, physical prop-
erties (such as intensity and frequency) and mode of
transmition are decisive factors. If the exciter frequency
is close to the eigenfrequency of same important appa-
ratus, some part of human body or even the whole human
body, it comes to serious resonant effects [26]. In our
work we focus on the evaluation of ride properties of a
three-wheeled vehicle in terms of ride comfort for pas-
sengers.

Since electrification of public transport represents
quite effective way for reducing of the environmental
burden, an analysed vehicle uses electric power-train [2,
30]. The electric vehicle was developed in our workplace
as the results of scientists’s and researchers’s effort to de-
signed utility urban vehicle with modern, very effective
and environmental accteptable power-train, which does
not produce any exhaust gases during its operation. Dur-
ing designing of the vehicle there was necessary take into
account maintenance and repairs costs [5, 6, 13].

Analyses of ride comfort were carried out on the com-
putational model of a vehicle.

2 MBS model of a vehicle

The examined vehicle composes of several construc-
tion units. Some from them, such as suspension system,

rear axle, powertrain are adopted from the comercial pro-
duced tricycle were not developed completely new, but
they were adopted from existing three-wheeled vehicle,
which is produced commercially. But, the frame of the
vehicle and the steering system are designed completely
newly so that they meet requirements for modern and ef-
fective transport mean.

For evalaluation of passenger’s comfort level of a ve-
hicle Simpack software was used. This simulation soft-
ware represents on of the most widely used MBS soft-
ware, which serves for many researchers and engineers as
a tool for creating MBS models of differend kind of
transport means, such a road vehicle, rail vehicle etc. 3,
9,14, 29].

In terms of mechanics, the vehicle model represents a
complex mechanical system includes several different el-
ements, such as rigid bodies (vehicle body — frame, parts
of steering system and others), force elements (suspen-
sion — springs, dampers) and special elements (wheels).
In addition there is necessary to define excitation of me-
chanical system (vehicle model). When we discuss about
passenger’s ride comfort, we consider mainly vibrations
of vehicle, which are caused by road surface irregulari-
ties. Generally, road irregularities represent undesirable
effects, which come to a human body through tyres, a sus-
pension system, a seat cushion etc. Then, they influence
vibration properties of a vehicle mechanical system [12,
18, 20, 25].

As we know, the multibody model of a three-
wheeled vehicle is from the mathematical point of view
system of second order differential equations called equa-
tions of motion. Their standard matrix form is:

M-Gg+B-g+C-q=0,, )]

where M is the mass matrix,
B is the damping matrix
C is the stiffness matrix,
{qis the vector of generalized coordinates and
q, qare time derivations of the ¢ vector, i. e. ve-

locities and accelerations, respectively.
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Virtual multibody model of the analysed tricycle cre-
ated in Simpack software is shown in Fig. 1.

Fig. 1 Virtual model of an analysed three-wheeled vehi-
cle

As it was mentioned above, the basis of the powertrain
system and individual elements of the suspension system
is adopted from the original tricycle, which is produced
and sold commercially. Therefore, in the current state, the
suspension system of the tricycle consists of elements
with linear characteristics. The front suspension includes
a coil spring and a fork. The front wheel suspension sys-
tem does not use any damper. Other parts of the front
wheel suspension are completely newly designed and

constitute the innovative steering system ensuring better
overturning stability.

The rear axle uses independent suspension of wheels.
It is constructed by means of two swinging arms, on
which the wheel hub is mounted. On each side coil
springs and hydraulic dampers are installed.

3 Vehicle and road interface

Generally, for the setting up an entire vehicle model
several steps is necessary to perform. As is was menti-
oned above, the complex multibody system represents the
interface of a vehicle and a road. For this purposes par-
ticular modelling elements serve. They are defined in the
contact of a wheel and road.

Since the Simpack software is a universal MBS soft-
ware intended for modelling road as well as rail vehicles,
in the database several contact models are available. Va-
rious contact models provide information about calcula-
ted quantities, which are distributed in a contact patch
[21, 28]. Despite the fact that the problem of the contact
of a wheel on a road or rail seems to be similar, many
different models are developed [22, 23, 31] regarding to
calculation of the contact problem. Especially calcuation
of normal and tangential stress in contact patch for
wheel/rail contact, calculation of dynamic effects and
some other important physical quantities [7, 10, 11, 24] is
quite different in comparison to wheel/road contact mo-
dels.
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Fig. 2 Image of the lateral characteristics of used tyre model

The used computational software provides several
tyre models for road vehicles from the simplest to the
most complex models. These modelling elements repre-
sents direct interface between a vehicle model and a road
model. In our research we have used Pacejka Similarity
model, which is often and widely used for standard pro-
blems about road vehicles dynamics. This approach is in
the used software supposed as multi-force element and
allows to apply a number of different forces and torques
to specified elements (bodies). Using this complex force

element we obtain many output values, e. g. rotational
velocity, longitudinal velocity, elastic vertical force, vis-
cous vertical force, effective rolling radius, slips in all di-
rections, rolling resistance torque etc. Figure 2 shows the
lateral characteristics of the used tyre model.

As in the reality, the road model requires including the
road irregularities, which simulate excitation of vehicle
mechanical system. We have input stochastic irregulari-
ties into a road model in the form of power spectral den-
sity (PSD). This functionality allows creating a pseudo

198

indexed on: http://www.scopus.com



April 2019, Vol. 19, No. 2

MANUFACTURING TECHNOLOGY

ISSN 1213-2489

stochastic road excitation signal in distance domain in the
basis of PSD function.

From the terms of statistics a roadway is considered
as a random signal. The particular roadway type we can
interpreted by means of the integrated white noise, which
intensity equals to the PSD of the considered roadway.
Individual types of roadways can be characterised by
functions with corresponding parameters. In the princi-
ple, the PSD is a tool for classification of a roadway.

The PSD of a roadway is determined by experiments.
In standard [17] various types of roadways are classified
according to their characteristics into several categories.
The PSD is in logarithmic scale approximated by a linear
function. Figure 3 shows example waveforms of PSDs of
various roadways types considering a frequency of the
signal, where roadway quality “A” represents the very
good cement concrete and roadway quality “E” charac-
terised the bad pavement.
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Fig. 3 Example of waveforms of the PSD for various roadsurface qualities.

For the statistic description of the PSD there is most
often used following formulation:

S,(2)=5,(2) (g] [(mrd'], @

where Q [rad-m'] is the current found angular frequency,
o [rad-m'] is the reference track angular fre-
quency,
n [-] is the roadway undulation parameter and
Si(£0) [m3-rad'] is the value of PSD in the refer-
ence point.

The mentioned standard characterises several quali-
ties of roadways from the vertical irregularities point of
view.

In Simpack modelling library we can find defined
PSD of various roadway qualities. We have chosen seven
types of predefined PSD in distance domain, which we
have marked as following:

e A -very good cement concrete,

e B -good cement concrete,

e C - good asphalt concrete,

e D - good macadam,

e E - medium asphalt concrete,
e F - medium pavement,

e G -bad pavement.

4 Numerical analyses and results

Analyses of the tricycle were conducted on a straight
road model including surface irregularities in accordance
with the section 3.

We have interested to evaluate dynamic properties of
the tricycle in terms of passenger comfort under different

operational conditions. The installed original power-train
allows to drive at the speed of 15 km-h™!, but by modifi-
cation of the control unit we can increase the maximum
speed up to 30 km-h'. As the main use of the three-
wheeled vehicle is considered in the urban transport, we
have chosen the range of tested speed from 10 km-h! to
30 km-h''. All analyses were recoreded at such a sam-
pling rate, which corresponds to the set speed of driving.
Simulations were performed for vehicle driving on seven
roadways from very good cement concrete to bad pave-
ment, which qualities were defined using the PSD in com-
pliance with the section 3.

At present, the analysed three-wheeled vehicle, which
is the object of our research, is designed as a single-seat
vehicle. According to the standard, for evaluation of the
passenger ride comfort there is necessary to found out
values of accelerations at proper position. In this case, the
seat of a driver is such a position.

Defined simulation conditions results to large number
of simulations of tricycle driving. As the basic outputs
from simulation computations are accelerations on the
driver seat in unprocessed form. As the example of the
accelerations outputs, waveforms of such signals are
shown in Fig. 4. It contains several accelerations outputs
depending on different driving speed of the vehicle (ar-
ranged in columns), i. e. 10km'h!, 20 km'h! and
30 km-h'! as well as depending on different roadway sur-
face qualities (arranged in lines), namely for very good
cement concrete, good cement concrete and bad pave-
ment. Results are displayed in time domain. From this fig-
ure we can see, that the worse quality of a road causes
significant accelerations on the driver seat and thus also
vibrations. We can see, as we would assume, that values
of accelerations increase proportionally with the greater
driving speed and with worsening roadway quality.
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Fig. 4 Waveforms of unprocessed accelerations signals on the driver seat for various driving conditions.

With vibration the ride comfort for passenger is very
close related. In the case of the tricycle driving on the road
of best quality and at the lowest speed we can see, that
also accelerations are smallest. If the road quality is
worse, but the speed is the same, values of accelerations
for speed of 10 km-h! and 20 km-h"! do not arise such
significantly expect of driving at the speed of 30 km-h™',
when the accelerations arise much significantly.

The similar situation we can observe, when we assess
waveform of accelerations depending on roadway qual-
ity. Thus, with the worse road quality and greater speed
also accelerations are increasing. When the vehicle drive
at the greatest analysed speed and on the worst quality
road, vibrations measured on the driver seat are also
greatest.

In the field of road vehicles, we can consider vertical
oscillation as the ultimate criterion. Eigenfrequencies of
the human body are for this direction of oscillation in the
range of 4 - 6 Hz. In this frequency range the top part of
a human body is resonance excited as well as vertebras
and a stomach. For the horizontal direction of total vibra-
tions the resonance oscillation occur about 1 - 3 Hz. Eval-
uation of dynamic effects of vibration demands pro-
cessing of acceleration signals. Depending on used meth-
ods, one can apply a chosen process for calculation of re-
sulting accelerations effects on a human body or also on
a vehicle structure [1, 4]

The effect of oscillation on the human body is usually
evaluated according to the effective values of accelera-
tions a.s, which is defined as:

a, = ’}R%-Eaz(t)dt [m~s_2], (3)

where T [s] is the maximum value of time interval and
a [m-s?] is the value of acceleration.

For the estimation of human body reaction on me-
chanical oscillation the intensity of the oscillation, fre-
quency, direction and time of oscillation is important.

The evaluation of the road vehicles oscillation effect
is performed in accordance with the ISO 2631 standard.
This standard determines limits of effective accelerations
values depend on the time and frequency of oscillation for
vertical and horizontal direction of oscillations. In the
standard there are defined so called the reduced perfor-
mance limit, which are the criterion of road vehicles os-
cillation and further the reduced comfort limit and health
hazard limit. The comparative diagram for the process of
ride comfort evaluation is shown in Fig. 5. In this graph
several curves charatrising sensitivity of a human body to
vertical veibration (i. e. vertical accelerations) are plotted.
In the lower right part of the graph introduces, how to use
this graph.

We have performed several simulations for various
quality of road and also for various driving speeds. In or-
der to estimate the limit of the right comfort propertly, we
have used a particular functionality of the used software
available in postprocessor. Results of simulation compu-
tations of the three-wheeled vehicle driving on various
road surfaces quality and their effects on human body
sensitivity due to vertical oscillations are listed in Tables
1to6.

There are displayed results gradually for 10 km-h™,
15 km-h!, 20 km-h"!, 25 km-h"! and 30 km-h! and for
seven road quality. From these tables we can identified,
that increased driving speed as well as worse quality of a
road has negative effect on the passenger ride comfort.
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Sensitivity of a human body to vertical vibration
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Fig. 5 Various human sensitivities depending on vertical vibrations

Tab. 1 Evaluation of vertical oscillation influence on a human body for driving speed of 10 km-h’'

10 km-h!
Road quality A B C D E F G
Effective acceleration value 0.75 1.12 0.92 0.98 231 3.33 3.88
aerm-s)
Limit of OSC]lla.tIOIl influence 150 105 138 108 29 3 12
t [min]

Tab. 2 Evaluation of vertical oscillation influence on a human body for driving speed of 15 km-h’!

15 km-h!
Road quality A B C D E F G
Effective acceleration value 0.93 112 1.02 1.14 1.78 2.45 3.88
aerm-s™)
Limit of OSC]lla.tIOIl influence 135 105 100 102 75 25 12
t [min]

Tab. 3 Evaluation of vertical oscillation influence on a human body for driving speed of 20 km-h!

20 km-h-!
Road quality A B C D E F G
Effective acceleration value 1.55 1.67 1.65 1.86 2.62 3.08 3.40
aerm-s™)
Limit of 0sc11|a.t10n influence 90 33 %7 54 14 3 5
t [min]

Tab. 4 Evaluation of vertical oscillation influence on a human body for driving speed of 25 km-h!

25 km-h!
Road quality A B C D E F G
Effective acceleration value 2.87 2.94 2.99 3.33 4.55 4.65 474
aerm-s™)
Limit of 0sc11|a.t10n influence 12 105 9 3 0.92 0.82 0.75
t [min]

Tab. 5 Evaluation of vertical oscillation influence on a human body for driving speed of 30 km-h!

30 km-h!
Road quality A B C D E F G
Effective acceleration value 6.68 6.61 6.65 6.50 5.88 5.64 5.42
aerm-s)
Limit of "s:'[l:zit:l‘;“ influence 0.15 0.18 0.17 0.20 0.45 0.35 0.30

Using the Simpack simulation package we have found
out, that our simplified model of the analysed vehicle has
seven eigenfrequencies, which there is necessary to take
into account for the passenger ride comfort evaluation.
For the vertical direction of the oscillation, we take the

eigenfrequency of 3.8 Hz for assessment of the passenger
ride comfort. Then, we can found out, how long the pas-
senger of the vehicle could drive it. We have focused on
evaluation it from the reduced performance limit point of
view.
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Compare now values of effective accelerations for
different road quality and different driving speed with the
graph in Fig. 5. We can identify, that the driving of the
vehicle on the road with ,,A“ quality at the speed of
10 km-h! and 15 km-h™' is comfortable. It corresponds
with the designed maximal driving speed. But, if we in-
vestigate comfort for greater speed, we can see, that driv-
ing on the good quality road is much less comfortable
with increasing driving speed. And also, driving of the
vehicle on the worse road quality, mainly on the “F” and
“G” is very uncomfortable, even dangerous for human
health. It shows important finding. The modification of
the power-train of the analysed vehicle is the future inten-
tion of its designers. The main addition of such changes
in power-train consist in increasing the driving speed of
the three-wheeled vehicle up to supposed speed of
30 km-h™!, or more eventually. Since there is the assump-
tion of reaching longer endurance distance as well, a
driver will spend more time in the vehicle.

As it was proven, the suspension system currently
used in the vehicle does not conform to comfort criterion,
mainly on roadways with bad quality surfaces. Nay, sim-
ulation analyses have shown, that current suspension sys-
tem is dangerous in terms of ride comfort for passengers.
Therefore, from the ride comfort the optimisation of the
suspension parameters is necessary to perform. Further
research in this field will be focused also on application
of advanced functionalities of computational softwares,
which means the flexible model of a frame will be applied
into the MBS model of the tricycle. One can expect, that
the considering the flexibility of a frame can cause greater
damping of vibration and after all the level of passenger
comfort can be more favourable in comparison to results
with a rigid frame. But, such a flexible multibody model
requires preparation of a frame model in a finite element
software [8, 19, 29, 32], such as, for example Ansys.
However, this approach increases time for preparation of
a model, increases the computational time and raises re-
quirements of used computational software as well.

Since the designed three-wheeled vehicle is consid-
ered as a vehicle, which could be eventually used for
common urban operation. Therefore, in addition to just
described technical changes modification of the current
design of a frame [15] will be necessary to perform in
such a way to meet requirements on one hand with regard
to passengers’ protection against weather conditions (di-
rect sunlight, wind, rain, etc.) and on other hand regarding
the improvement its aerodynamic properties [27].

5 Conclusion

Through the survey and evaluation method in
ISO 2631 international standard, considering the influ-
ence of the different road qualities as well as driving
speeds, we may reflect comprehensive and accurately
how comfortable the passenger feels riding our three-
wheeled vehicle. The evaluation of passenger ride com-
fort of the designed three-wheeled vehicle was per-
formed. Comfort was assessed driving of the vehicle on
various roadway surfaces and at various speeds as well.
Based on performed computations one can say, what time

margin is acceptable for a passenger driving in the ana-
lysed vehicle on same or other roadsurfaces as well as at
same or other speed. There was found out, that current
parameters of the used suspension system do not meet
strict comfort criterion, therefore further optimisation of
the suspension system will be necessary.
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