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Abstract

Summary: Vibration properties of road vehicles can be in principles evaluated using two ways, i. e. by
simulation computations using a virtual model of a vehicle and by measuring on a real vehicle prototype,
whereby, their dynamical properties are usually assessed in compliance with to two criterions, namely from
the ride comfort for passengers point of view and from the driving safety point of view. The topic of this
article is focused on evaluation of passenger’s ride comfort of a tricycle. In this regard, vertical movements of
a vehicle are most important. In respect of ride comfort for passengers, accelerations in vertical direction are
critical. Accelerations are usually detected on a seat. In regard of driving safety, value of the contact force
between a wheel and a road are decisive. In our research we present process of investigation of level of ride
comfort for passengers and level of driving safety of a tricycle based on simulation computations using the
tricycle multibody model.
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1. INTRODUCTION

Vibration of road vehicles comes into being
when a road vehicle is driving on an uneven road.
Any vehicle represents a mechanical system with
more or less number degrees of freedom [1, 2].
When a vehicle runs on a real roadway, it causes
vibration excitation. It is due to road surface bumps
presence on a real roadway. Therefore, vibration
movements of individual parts of a vehicle are
responses of these excitations and which influence
two main vibration criterions, namely driving safety
and passenger’s ride comfort [3, 4].

Passengers ride comfort together with driving
safety is the most important aspects, which has to be
evaluated for every newly designed vehicle and it is
assessed on the basis of standards [5]. Passengers in
transport means are exposed to vibrations and
shaking, which can influence, mainly deteriorate, in
different ways organic functions and also cause
health troubles. These adverse effects lead to
driver’s tiredness, which affects his performance
and driver-perception abilities. It increases the
danger of road accident occurrence. For vibration of
vehicles total vibration is important, i. e. vibrations,
transmitted from a seat, which an exposed person
sits on, to a whole body [6, 7].

Assessment  of ride properties includes
investigation of waveforms of forces in the contact
of a wheel and a road. Based on of these values one

can obtain information related to driving safety and
can evaluate, if an analysed vehicle is safe for
operation.

In our work, the main objective is focused on
analysing of a tricycle with an electric drivetrain.
There is the prototype of a tricycle. This vehicle
combines key factors demanded on state-of-art
urban vehicles, i. e. effective source of energy [8,
9], excellent maneuverability [10, 11] and
advantageous driving properties in terms of
overturning stability [12].

2. SIMULATION MODEL OF ATRICYCLE

The analysed tricycle is composed of several
construction units. Some from them, such as
suspension system, rear axle, powertrain are not
developed completely new, but they were adopted
from an existing tricycle. But, the frame of the
vehicle and the steering system are designed
completely newly so that they meet requirements
for modern and effective transport mean.

For evaluation of level of driving safety and
passenger’s comfort of a tricycle the Simpack
software was used. This simulation software
represents one of the most widely used MBS
software, which serves for many researchers and
engineers as a tool for creating MBS models of
different kind of transport means, such a road
vehicle, rail vehicle etc. [13, 14, 15, 16].
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In terms of mechanics, the tricycle model
represents a complex mechanical system includes
various mechanical elements, such as rigid bodies
(vehicle body — frame, parts of steering system and
others), force elements (suspension — springs,
dampers) and special elements (wheels). In addition
there is necessary to define excitation of
mechanical system (vehicle model). When we
suppose the driving safety, the wheel forces are
main outputs and when we discuss about
passenger’s ride comfort, we consider mainly
vibrations of vehicle, which are caused by road
surface irregularities. Generally, road irregularities
represent undesirable effects, which come to a
human body through tyres, a suspension system, a
seat cushion etc. Then, they influence vibration
properties of a vehicle mechanical system [17, 18,
19].

As we know, the multibody model of a tricycle
is from the mathematical point of view system of
second order differential equations called equations
of motion. Their standard matrix form is:

M- & D &K-u=F, (1)
where M, D and K are mass matrix, damping matrix
and stiffness matrix, respectively, &, & and u are
acceleration  vector, velocity vector and
displacement vector, respectively. Finally, F.
represents vector of external loads and in case of a
tricycle driving on a road it includes mainly
kinematic excitation of a system.

The total mass of the tested tricycle is of 314 kg.

A virtual model of a tricycle is shown in Fig. 1.

Fig. 1. A 3D model of an investigated tricycle

Parameters of suspension system mounted in the
analysed tricycle are listed in Table 1.

Table 1. Parameters of the suspension system

Front suspension

Stiffness Damping
ki [N/m] dt [N-s/m]
29,300 2,100
Rear suspension
Stiffness Damping
ki [N/m] dt [N-s/m]
58,000 3,500

3. SIMULATION MODEL OF A ROAD

Into a road model there is possible to include the
excitation, which are able to simulate excitation of
a mechanical system of a tricycle as in the reality.
The most often the user can define irregularities in
the form of harmonic function or stochastic from
power spectral density (PSD).

In our research, for a road model we have used
stochastic excitation in the form of PSD. This
functionality creates a pseudo stochastic road
excitation signal in distance domain in the basis of
PSD function [20, 21].

This takes the PSD definition as inputs to a road
model and creates on this basis a pseudo stochastic
signal in distance domain, which can be directly
applied to the road model. The modelling elements
that provide the contact of the wheel to the road
will convert the distance domain excitation into the
according time domain excitation according to their
current travel speed [21].

A graphical representation of PSD for various
road surfaces is shown in Fig. 2.
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Fig. 2. lllustration of PSD of road irregularities

From the mathematics point of view, PSD is
described by the known formulation as follows:

s@-s@){2] o

where Sh(Q) is PSD of irregularities, Sn(€o) are
average values of the PSD for the reference value
of the track angular frequency o, the superscript n
expresses the level of lines inclination (Fig. 2) and
Q is the measured track angular frequency. Details
about road irregularities are given in corresponding
standard [20].
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Seven types of road surfaces were defined in
simulation models, namely: very good cement
concrete (I), good cement concrete (I1), Good
asphalt concrete (111), good macadam (IV), medium
asphalt concrete (V), medium pavement (VI), bad
pavement (VI11).

For assessment of tricycle ride properties from
the driving safety point of view and from the
passenger comfort point of view, driving scenarios
were determined. They have lied, that the tested
tricycle was submitted to various simulations and
that the wvehicle was driven on the road with
irregularities described above (based on PSD
approach) and at several speed up to 30 km-h™. In
our basic tests, the straight track section has been
chosen in order to minimalize additional negative

effects, e. g. driving in curves, climbing, downhill
etc., which could affect the vibration properties of
the tricycle.

3. ASSESSMENT OF RIDE COMFORT FOR
PASSENGERS

As there was mentioned above, ride comfort for
passengers is assessed based on level of
accelerations measured on proper locations of a
vehicle. Our investigated tricycle is intended only
for one passenger, i. e. for a drive, therefore, we
have located an accelerometer on a seat.

Evaluation of ride comfort for passenger
complies with the 1SO 2631 standard [5], which is
most often used for evaluation of ride comfort for

ts|

10 km/h 20 km/h 30 km/h

Very good cement conerete Very good cement conerete Very good cement concrete
g wpr—mo— 5 15 5 20
g 1 g 1 B
s 2s 3 S 10
5 e P o - Py " 1 “
D 0.0- A e | " i S
e 28 & &
x50 ¥ s in
g 7.5 - &
= 100 B e e e e e b e | = 10

10 12 1 16 18 20 10 12 1 16 18 20| " 10 12 11 16 I 2

txl
Good cement conerete
£ g 15 £
5 5 =
& 5 5
& 7o 7
8 a 2 || &
& & | [&
oy - 10 12 14 16 1% 20| ®
t[s]
Good asphalt congrete Good asphalt congrete

5 ) g 20
g g 5
2 g 10 g 1 {
3 T s ", A
P = 0 =0
“ Y n
£ g g i
" ’ 0 12 14 16 8 200 = "0 12 14 16 1% 2%

Ciood mucadum

g H 5
5 3 5
N % [
@ =) I
E & E
- - -
1]x]
Medium asphalt concrete
e = 9 o
g % z 20
8 8 B 1S
g £ CRT
o o 4 RN
& 5 &
& o o0
& Jn A
£ ] g
. = 104 - ; {
0 12 14 16 18 2
t]s| t]s|
Medium pavement
210 g -
2 1.3 2 2
§ 3 g g
4 3 3 il
~ 0 ~ ~
a2 o) P
k) -5 - Ta
s = £
= 100 —_ E
= - =
tIs]
Bad pavement
£ E 15 E
2 T 2
[ % [
@ =) =)
E 8 % g
" o 7710 12 ! 16 18 20| "

Fig. 3. Unprocessed accelerations measured on a seat for various road qualities and various driving speed in
vertical direction
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passengers.
Defined simulation conditions result to large

number of simulations of a 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. 3. It
contains several accelerations outputs depending on
different driving speed of the tricycle (arranged in
columns), namely for 10 km-h?, 20km-h? and
30kmh? as well as depending on different
roadway surface qualities (arranged in lines),
namely for all investigated roadway surfaces, i. e.
very good cement concrete, good cement concrete,
good asphalt concrete, good macadam, medium
asphalt concrete, medium pavement and bad
pavement, respectively. Results are displayed in
time domain (Fig. 3). From this figure 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. However, there is interesting, that
the driving of the electric tricycle at the speed of

30 km/h on any from the tested roadway surfaces

causes great excitation of the driver sitting place. It

could lead to quite low comfort level, fatigue even
to health damage during a long journey.

Effect passenger ride comfort of a vehicle by
vibrations is obvious. If a tricycle drives on a road
with the best quality surface and at the lowest
analysed 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 10km-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 quality. 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.

For evaluation of the ride comfort for passenger
we have to process accelerations signal in
compliance with the standard [5].

This process includes several steps:

- set of accelerations measured on the track
section long enough, recording of accelerations
in all three directions,

- application of a modified weight method, which
consists in calculation of arwsw Vvalues as
a synthetic ride comfort index:

sy =S (1) (1)] (1 =3.2)

- calculation of weighted averaging values of
accelerations based on following formulation:

2 2 2
Armsw = \/ A, rvisw Ay rmsw T &, Rvsw (4)

Calculated weighted averaging values of
accelerations are compared with a scale shown in
Table 1.

Table 1. Scale for evaluation of ride comfort for

passenger
armsw [m's?] Perception
<0.315 not uncomfortable
0.315to 0.630 a little uncomfortable
0.500 fairly uncomfortable
0.800 — 1.600 uncomfortable
1.250 — 2.500 very uncomfortable
>2.00| extremely uncomfortable

Table 2. Results for driving speed of 10 km-h™!

Road quality armsw [m's?]

Very good cement concrete 0.649
Good cement concrete 1.058
Good asphalt concrete 0.995
Good macadam 0.863

Medium asphalt 1.536

Medium pavement 2.005

Bad pavement 3.786

Table 3. Results for driving speed of 20 km-h-?

Road quality armsw [m's?]

Very good cement concrete 1.583
Good cement concrete 1.622
Good asphalt concrete 1.861
Good macadam 1.885

Medium asphalt 2.259

Medium pavement 3.103

Bad pavement 3.056

Table 4. Results for driving speed of 30 km-h!

Road quality armsw [m-s?]

Very good cement concrete 7.680
Good cement concrete 7.655
Good asphalt concrete 7.661
Good macadam 7.286

Medium asphalt 7.386

Medium pavement 7.590

Bad pavement 7.291

Based on findings we observe that the ride
comfort for passengers of the assessed tricycle is
affected by various driving conditions. With
increased driving speed values of total accelerations
are higher and thus, driving at such conditions
negatively affects crew in the tricycle. Depending
on spent time in the tricycle there can be negatively
influenced internal apparatus of a human body,
which can lead to worse comfort, tiredness, even to
damage to health.

In compliance with the scale listed in Table 1
we can evaluate level of comfort. Whereas driving
on very good cement concrete at relatively low
speed does not cause significant deterioration of
ride comfort, increasing driving speed in
combination with lower quality of a road leads to
very uncomfortableness even to extremely
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uncomfortableness and longer driving at such
conditions is unacceptable.

From Table 1 there is interesting the fact, that
driving on good cement concrete results to higher
accelerations, it means, driving comfort is lower in
comparison with other two worse road qualities
(good asphalt concrete, good macadam). Similar
finding are identified for driving speed of 30 km-h"
1, when driving is extremely uncomfortable.

4. ASSESSMENT OF DRIVING SAFETY

In term of driving safety, i. e. vehicle handling
and roadway loading the vertical force between a
tire and roadway is the important evaluative
quantity [3].

When a vehicle drives on a roadway with
stochastic irregularities, the time response of the
vertical loading of a wheel Qw(t) is stochastic as
well (Fig. 4.). The force Qw varies about the certain
average value Q, , which equals to the static load
of a wheel Qws:

Qu (1) =Qus » (5)

Then, the total vertical loading of a wheel is
given by the sum of static vertical load of a wheel
Qws and the dynamic vertical loading of a wheel

Qwp:
Qu (1) =Qus +Quo (1), (5)
From the roadway loading point of view,
maximal values of a wheel load are critical, i. e. its
positive values and from the driving safety point of
view the reducing a wheel loading regarding to its
static load is important [3, 22]. Smaller values of
the vertical loading of a wheel lead to decreasing of
transmittable tangential forces, i. e. a driving force
and much more important a braking force and radial
forces, which are very important for steering of a
vehicle. In extreme cases, a wheel can jump off a
roadway, whereby the vertical loading of the wheel
equals zero (Qw=0) (Fig. 4.). If this case will
happen on the steering axle, in this moment the
vehicle is uncontrolled.

4

0]

Ow

Loss of the wheel/road contact

Fig. 4. Response of the vertical wheel force [3]

Table 5 contains the total overview of results of
simulation analyses in shorter manner because of
the necessity of quite large space for graphical
outputs.

Table 5. Results of simulation analyses for driving

safety

10 km-h?

Front| Rightrear| Leftrear

wheel wheel wheel

Very good cement YES YES YES
concrete

Good cement YES YES YES
concrete

Good asphalt YES YES YES
concrete

Good YES YES YES
macadam

Medium YES YES YES
asphalt

Medium YES YES YES
pavement

Bad YES YES YES
pavement

20 km-h'!

Front| Rightrear| Leftrear

wheel wheel wheel

Very good cement YES YES YES
concrete

Good cement YES YES YES
concrete

Good asphalt YES YES YES
concrete

Good YES YES YES
macadam

Medium YES YES YES
asphalt

Medium YES YES YES
pavement

Bad YES YES YES
pavement

30 km-h?

Front| Rightrear| Leftrear

wheel wheel wheel

Very good cement YES NO NO
concrete

Good cement YES NO NO
concrete

Good asphalt YES NO NO
concrete

Good YES NO NO
macadam

Medium YES NO NO
asphalt

Medium YES NO NO
pavement

Bad NO NO NO
pavement

There are listed all tested roadway surface
qualities and selected speeds, which the tricycle
were driving. Other columns indicate, whether
individual wheels are still in contact with the
roadway (“YES”) or they lose contact (“NO”).
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It should be noted, the word “NO” indicated, that
the wheel jump up from the road at least for a short
moment. However, we suppose in our research, if
any wheel loses the contact with a road for any
short moment, such a situation is evaluated as
dangerous and it is marked in Table 6 by the word
“NO”.

When one reviews carefully results for every
tested speed and various roadways surface qualities,
it can be observed interesting findings. As it was
already mentioned above (section 2), the designed
tricycle uses suspension system adopted from an
existing electric tricycle. As it can be recognized,
when this vehicle drives at the maximum speed on
various roadway surfaces quality, i. e. on very good
cement concrete or bad pavement, the driving is still
safety.

But, from the user’s aspect the main advantages
of the designed vehicle are obvious, when it drives
at greater speed [12]. Therefore, there is necessary
to assess ride properties for other driving
conditions.

For this time, the used powertrain within
software’s modification enables driving at
maximum speed of 30 km-h™. Results show, the
vehicle drive is still safety for speed of 20 km-h..
All wheels are still in contact with the roadway and
it does not depend, if the vehicle drives on very
good quality road, road with medium quality
surface or even on a roadway with relatively rough
surface with such irregularities, which corresponds
to the “bad pavement” PSD defined for calculation
(middle part of Table 1).

However, drive of the vehicle at even greater
speed than 20 km-h! causes certain problems with
wheels contact.

The maximum supposed speed for the designed
tricycle vehicle with the original powertrain was
30 km-ht. From results indicated in Table 5 it is
obvious, that parameters of the used suspension
system are not designed for such a high speed. Rear
wheels bounce off the road even the vehicle runs on
the very good roadway surface quality. The
suspension system is not able to absorb excitation of
wheels in such a manner, that all wheels would be
in constant contact with a roadway. It is noteworthy,
that the front wheel of the vehicle retains the contact
with a roadway expect of the driving on the bad
pavement roadway surface quality at the highest
chosen speed of 30 km-h™.

From attained results of simulation computations
for defined driving conditions important findings
can be supposed. The designed electric tricycle is
equipped with the innovative steering system, which
improves the overturning stability of the vehicle and
allows driving in curves at higher speed in
comparison with the standard steering system.
Results of virtual analyses of the vehicle driving on
worse roadway surface quality show, however,
current suspension system does not allow to use
fully such a advantage of the modified steering
system. There is mainly vehicle driving on

roadways with worse surface quality, which exist in
Slovakia’s towns relatively often. But, there is not
only thought the unreconstructed roads, but also
such roads, those power spectral density of
irregularities is a matter of course greater, i. e.
mainly various kind of pavement. Results of
simulation computations for the same operational
conditions were also used for evaluation of
passenger ride comfort. They have shown, that also
from this point of view, driving at higher speeds on
the worse roadway surface quality is not
comfortable.

Therefore, the authors’ future research in this
field will be focused on modification of the
suspension system. There will be found such
parameters of the suspension system, which will
ensure sufficient contact of all wheels with a
roadway no matter how quality a road will have and
which speed the vehicle will drive on a road. The
effect of suspension parameters change on the
passenger ride comfort will be also assessed.

Moreover, computational model of the tricycle
can be improved by importing a flexible model to
the multibody system. This requires creation of FE
model of a body in appropriate software, e. g.
Ansys software [23, 24]. This procedure brings
more realistic simulations. Other research will yield
modification of the recent design to optimize the
vehicle aerodynamics properties, in which state-of-
art techniques will be used [25, 26].
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