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SIMULATION OF A MOTOR VEHICLE BRAKING
ON A RANDOMLY UNEVEN ROAD
Symulacja ruchu samochodu hamujacego
na losowo nierownej drodze

Abstract: In this paper a simulation of a vehicle’s braking maneuver in various adopted
road conditions has been presented. The aim of this paper was to answer the question
whether the random irregularities of a road surface could limit the distance covered by the
braking vehicle. At the same time it seems necessary to consider the damaging effect of the
road irregularities along with the lack of comfort for both the driver and the passengers.
The adopted maneuver of braking started at the initial speed of 100 km/h each time and
lasted 10 s. The irregularities adopted for the simulation had three different amplitudes
which enabled analysis of vehicle’s deceleration on variously uneven road. Almost different
profiles were assumed for the left and the right wheels of the vehicle’s model as well as both
the dry and the icy surface on the road.
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Streszczenie: W artykule przedstawiono symulacje manewru hamowania pojazdu
W roznych przyjetych warunkach drogowych. Celem artykutu byta odpowiedz na pytanie,
czy losowe nieréwnosci nawierzchni drogi mogq skroci¢ droge proces hamowania pojazdu.
Jednoczesnie konieczne wydaje si¢ uwzglednienie szkodliwego wplywu nierownosci
drogowych oraz braku komfortu zarowno dla kierowcy, jak i pasazerow. Przyjety manewr
hamowania rozpoczynat si¢ kazdorazowo przy predkosci poczqtkowej 100 km/h i trwat
10 s. Przyjete do symulacji nierownosci drogi mialy trzy rézne amplitudy, co pozwolito na
analize wytracania predkosci pojazdu na drogach o réznym stopniu nierownosci. Zatozono
prawie rozne profile dla lewego i prawego kota modelu pojazdu oraz zarowno suchgq, jak
i oblodzong nawierzchnie jezdni.

Stowa kluczowe: hamowanie samochodu, losowe nieréwnos$ci drogi, symulacja kompu-
terowa
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1. Introduction

One of the most important maneuvers necessary to maintain safety in the road traffic
is braking which enables collision prevention and adoption of the appropriate speed. The
ability to brake efficiently is as essential as accelerating but at the same time it can cause
some unpredicted effects, such as a drift or wheels lock, depending on the road conditions.
The braking process should be properly controlled in order to avoid the unpredicted and
often dangerous events which may occur in road traffic. If road conditions are difficult the
braking vehicle can e.g. lose its stability or move in an uncontrolled way. Especially when
there are random irregularities on the road the vehicles’ safety in traffic may be affected as
well as the ride comfort and the ease of maneuvering during braking. Multiple research on
the road traffic safety connected to braking has so far been conducted, e.g. [1, 6, 13].

The aim of this paper is to present the certain considerations on the response of the
presented vehicle’s model to the disturbances originating from the road while braking from
the initial speed of 100km/h. Three various amplitudes of the road irregularities have been
adopted for the simulations. Also some secondary aspects of the effect of braking on the
uneven road will be considered.

Research related to braking as one of the aspects of vehicles’ dynamics has so far been
discussed in many works, e.g. [8]. Especially the emergency braking has been outlined, e.g.
[4, 14, 18] as well as the use of an anti-lock systems, as in [20]. One of the main problems
in motor vehicles motion along any road are the phenomena occurring between the tires and
the road surface. This has been discussed, e.g. in [2, 3, 5]. Braking efficiency has also been
widely considered as a part of, e.g. [11, 12] and as an effect of warming up of the selected
parts of a vehicle [16].

Of course, this paper requires also the look into a problem of the random irregularities
on a road, which has also been analyzed from various points of view, e.g. [7, 9, 10, 15] as
a factor having the greatest influence, e.g. on a vehicle’s vibrations.

Research on other means of transport, regarding, for example, the ride comfort can be
exemplified by, e.g. [17] where the rail vehicles have been taken into account. On the other
hand research on various means of transport can be related to safety, economy and ecology
at the same time.

2. Assumptions for the simulations

For the presented analyzes a double seater vehicle’s model was used (fig. 1) as in some
previous works by the author, e.g. [19]. Location of the loading masses was adopted in
accordance with [19] as well as the resulting increase of the mass of the vehicle’s body
which, along with the resulting mass-inertia parameters has been presented in table 1. Also
following [19] the center of mass of the vehicle before and after the loading has been
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determined versus the so-called ‘origo’ point (fig. 1) as well as the moments of inertia and
deviation (in relation to the axes intersecting the ‘origo’).

Fig. 1. Location of the ‘origo” point and the basic dimensions of the vehicle [19]

From the previous experiences it seems more convenient to determine the location of
the center of mass and the moments of inertia of a vehicle’s model in relation to the axis
system located outside the vehicle but moving with it rather than any other systems which
could cause difficulties and uncertainty of the calculations. Here the coordinates presented
in table 1 were obtained with the use of the ‘origo’ point which is the origin of a coordinate
system located on a road surface and moving with the vehicle at the same time (fig. 1).
However the main assumptions related to the mass — inertia parameters did not change when
comparing with [19], because the adopted maneuver was aimed to be simulated for the same
vehicle loading.

Table 1

Mass — inertia parameters of the unladen and laden vehicle’s model used in the
simulations [19]

unladen vehicle laden vehicle
Ve;];fjlj > whole vehicle vebh(lzl; > whole vehicle

mass 995 kg 1528 kg 1153 kg 1686 kg
center of mass location xc=1.5m, xc=1.75m, xc=1.508 m, xc=1.73 m, yc=-
relative to the ‘origo’ yc=0, yc=-0.0014 m, | yc=0.012 m, 0.007 m,
point zc=0.45m zc=0.43 m z¢=0.452 m z2¢=0.435m
moment of inertia (Ix) 401 kg-m? 583 kg-m? 436 kg-m? 618 kg:m?
moment of inertia (ly) 2940 kg-m? 6129 kg-m? 3361 kg:m? 6550 kg-m?
moment of inertia (1z) 2838 kg-m? 6022 kg-m? 3225 kg-m? 6409 kg-m?
moment of deviation (Ixy) 0 -1.9 kg:m? 2.15 kg-m? 1.95 kg-m?
moment of deviation (Izx) 671 kg-m? 1160 kg-m? 787 kg-m? 1276 kg-m?
moment of deviation (lyz) 0 -1.3 kg:m? 0.64 kg-m?2 0.51 kg:m?

The vehicle’s model used here was equipped with the FTIRE tire models as in [19] in
order to enable motion on a randomly uneven road surface. Other assumptions regarded
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a partial nonlinearity of the vehicle’s suspension, specifically the dampers as, e.g. in [6].
The remaining assumptions agreed with those form [19] as this paper is a continuity of a
wider scope research.

The simulations have been performed with the use of MSC Adams/Car for some
specified road conditions presented in table 2 with the initial speed at the beginning of the
braking adopted at 100 km/h regardless the road conditions (dry or icy surface), the
amplitudes of the random irregularities (intensity) and the almost different road profiles for
the left and the right wheels (cor, = 0.2). The letter ‘i’ in the name of a specific configuration
means the motion of a vehicle on an icy road as in [19].

Table 2
Configurations adopted for the vehicle’s braking maneuver [based on 19]
road intensity corrl initial V [km/h]
configuration 1 flat dry - - 100
configuration 1i flat icy - - 100
configuration 2 uneven dry 0.5 0.2 100
configuration 2i uneven icy 0.5 0.2 100
configuration 3 uneven dry 1.0 0.2 100
configuration 3i uneven icy 1.0 0.2 100
configuration 4 uneven dry 1.5 0.2 100
configuration 4i uneven icy 1.5 0.2 100

From table 2 it is obvious that there were 8 simulations of the same vehicle for different
conditions of motion. Duration of each simulation was adopted at 10 s which did not
guarantee a full stop but only a significant speed reduction which is essential, e.g. in
collision avoidance.

As in [19] two parameters (intensity and cory) played a decisive role in establishing
the conditions of motion from the point of view of a road. To remind what was said in [19]
the intensity specifies the amplitudes of the irregularities in a random profile of a road
whereas the cory specifies the whether the profiles of the right and the left wheels are almost
similar or almost different.

In the given case three values of the intensity have been adopted: 0.5, 1 and 1.5.
Assuming that the wheels remained in contact with the road during each simulation the
amplitudes reflecting the adopted values of intensity were presented in [19]. Also for the
presented case the cory has been set to 0.2 which means the profiles for the left and the right
wheels were almost different making the maneuver more realistic. The cory coefficient in
Adams/Car means a correlation (similarity) of the road profile for the left and the right
wheels, i.e. if it is close to 1 the shape of the irregularities on both sides is the same and if
it is O then this shape differs completely. The value of this correlation coefficient varies
between 0 and 1. Almost different means that only some minor parts of a shape of the road
may be the same for both sides of the wheels but in case of the irregularities they should
vary noticeably. This has been analyzed, e.g. in [6].
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In fig. 2 the initial setting for each simulation have been presented. Except for the
initial velocity and duration both the 6th gear and the straight line steering was adopted as
well as the final brake set at 20 which corresponds to the pressure applied to the braking
pedal, so it is not the direct force applied to the brakes, because the pedals in various models
can have different areas.

Fig. 2. Adoption of the straight line driver control [own research based on MSC Adams/Car]

3. Discussion on the selected results of the simulations

Since it was adopted that for the simulated maneuver the steering input was set for a
straight line motion it seems fair to mention that one of the aims of this paper was to examine
whether braking on an uneven road could cause the vehicle deviate in the lateral direction
and if the irregularities can have an additional braking effect on the vehicle.

Fig. 3. Lateral displacement for the configurations 1, 1i, 2 and 2i
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Fig. 4. Lateral displacement for the configurations 3, 3i, 4 and 4i

In figs. 3 and 4 the lateral displacement has been presented for all of the configurations
presented in table 2.

As it could be expected the icy road caused the greater braking distance by about 70 —
80 m versus the dry road for the configurations 1, 1i, 2 and 2i and by about 55 m for the
configurations 3, 3i, 4 and 4i. The lateral displacement was insignificant reaching as much
as 0.2 m for the icy road (configurations 1, 1i, 2 and 2i) and 0.12 m for the configurations
3, 3i 4 and 4i for the icy road as well. This is undoubtedly due to the adopted straight line
steering. The braking nature of road irregularities is not directly clear, especially in case of
the dry road (configurations 1, 2, 3 and 4) because the higher amplitudes of the irregularities
the longer the braking distance. This can be explained by the lack of full contact between
the wheels and the road which is necessary for such an important maneuver as braking.

Fig. 5. Longitudinal velocity loss due to braking for the configurations 1, 1i, 2 and 2i
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Fig. 6. Longitudinal velocity loss due to braking for the configurations 3, 3i, 4 and 4i

In figs. 5 and 6 the loss of the longitudinal velocity has been presented. This is also
a proof that the icy road can lengthen the braking distance because the vehicle reached the
same velocity after about 70 m greater distance for the configurations 1i and 2i (fig. 5) and
about 50 m for the configurations 3i and 4i.

Moreover, the higher amplitudes of the irregularities made the braking distance even
longer when comparing the configurations 1 and 2 (dry road, fig. 5) and shorter for the icy
road (configurations 1i and 2i). This can be explained by the fact that the ires did not adhere
to the road surface properly. As for fig. 6 the dependencies are the same as in fig. 5, except
for the comparison of an uneven road with different amplitudes of the irregularities.

Further analysis is related to the potential lateral motion of the vehicle as an effect of
a randomly irregular road as well as the vertical vibrations caused by these irregularities. In
figs. 7 and 8 the changes in the lateral velocity along the covered distance have been
presented.

Fig. 7. Lateral velocity changes due to braking for the configurations 1, 1i, 2 and 2i
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Fig. 8. Lateral velocity changes due to braking for the configurations 3 and 3i

It is clear that the velocity did not have great values each time but its changes were
rapid, especially in case of the random irregularities on the road. It indicates that, despite
the straightforward steering the random irregularities may have caused the vehicle to drift
laterally due to both the uneven spread of mass and the poor quality of road conditions.

One of the problems of the vehicle’s response to the external disturbances coming from
the road is the vertical motion, particularly acceleration, which is especially important when
considering both safety and ride comfort. In figs. 9 to 12 the vertical acceleration on each
of the adopted road conditions has been presented. In case of a dry road, i.e. configurations
1 and 1i (fig. 9) the maximum value of this acceleration was up to about 16 m/s?and 19
m/s? respectively, but only at the beginning of the maneuver. Then, after about 10 or 20 m
of the distance it decreased close to 0. On the more uneven road (configurations 2 and 2i,
fig. 9) the initial value of the vertical acceleration was only a little higher than in case of a
dry road but it did not decrease to almost 0. The changes of this parameter was more
turbulent and reached up to +5 m/s?along the whole distance covered by the braking vehicle.
amounted up to 10 — 11 m/s?.

Fig. 9. Vertical acceleration due to braking for the configurations 1 and 1i
The same situation occurred in case of configurations 3 and 3i (fig. 10) as well as 4

and 4i (fig. 10, right part) with the main difference in the value of the acceleration reached
after the first 10 — 20 m of the road. In case of configurations 3 and 3i the acceleration
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oscillated around 0 as in the previous case but changed between +5 m/s? and £7 m/s?, once
reaching up to £10 m/s?,

In case of configurations 4 and 4i the peak value of the acceleration, after the first 20
m was even £12 m/s? and one can observe that it changed from +7 m/s? to £10 m/s?. The
higher the irregularities of the road the more turbulent the were the changes in the vertical
acceleration which seems natural.

Moreover, the presented results also prove that the braking distance was shorter for
a dry road than an icy one. Plus they show that the differences between the braking distance
were smaller for the more difficult road conditions (higher amplitudes of the irregularities).

Fig. 10. Vertical acceleration due to braking for the configurations 3 and 3i

The values presented in figs. 9 to 12 also show that the braking maneuver may involve
the increase of the vertical acceleration due to the fact, that the front axle is usually weighed
down while the rear axle is relieved at the same time and the center of mass of the vehicle
is usually moving up and down, especially when braking on a poor quality road.

4. Conclusions

From the presented results it can be observed that the random road irregularities may
in some cases increase the vehicle’s braking distance and cause the lateral motion at the
same time. Moreover, braking from the initial speed of 100 km/h may affect the technical
condition of the vehicle’s suspension as the occurring vertical acceleration may amount
above between 10 m/s?,

Further research may be upgraded with the lack of straight line steering which, taking
into account the random nature of the road unevenness may cause even greater deviations
from the assumed direction of motion. However, such research seem reasonable as the non
— destructive alternative to the field tests.
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