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PRIEBEH KINEMATICKYCH PARAMETROV PRI BRZDENI
AUTOMOBILU A POSOBENIE DYNAMICKYCH VPLYVOV

COURSE OF KINEMATIC PARAMETERS DURING THE COURSE OF BRAKING

AND ACTION OF DYNAMIC EFFECTS

Cldnok popisuje priebeh kinematickych velicin pri odvalovani
kolies automobilu pri procese brzdenia so zameranim na experimen-
tdlne zistovanie ich casovych zavislosti, vplyve brzdného skizu pred-
nych kolies na priebeh brzdenia spolu s pésobenim gradientu rastu
brzdného spomalenia na okamih blokovania kolies, z pohladu bez-
pecného smerového ovlddania automobilu.

1. Uvod

Rozvoj automobilovej dopravy prinasa so sebou popri pozi-
tivnych efektoch pre chod hospodarskeho Zivota, ale aj Zivota
spolocnosti v§eobecne, tieZ aj negativne javy vo forme rastu eko-
logického zatazZenia prostredia, materialnyh §kod pri dopravnych
nehodach a v nie poslednom rade aj nasledkami na Zivotoch
a zdravi ucastnikov cestnej premavky pri nehodach. Preto riesenie
vlastnosti automobilu ovplyviujucich ich bezpeény pohyb po ceste
patri k prvoradym smerom ich technického vyvoja.

Z tohto pohladu je zakladom bezpe¢ného pohybu automobilu
trvalé silové spojenie s povrchom vozovky, ktoré sa realizuje pros-
trednictvom kolies automobilu. Toto spojenie ma pritom z kine-
matického hladiska zvlastny charakter, lebo pneumatiky kolies
zabezpecujuce silovi vazbu pohybujiceho sa vozidla s vonkajsim
prostredim sa pri odvalovani po vozovke deformuju v radidlnom,
axialnom aj tangencialnom smere.

2. Interakcia pneumatiky s vozovkou

Na bezpecné silové spojenie automobilu s vonkajSim prostre-
dim je rozhodujuca schopnost kolies prenasat pri roznych stavoch
povrchu vozovky tangencidlnu silu F,, pre ktoru plati v§eobecne
na kazdom kolese vztah vyjadreny pomocou trecej kruznice, a to

Eithii"'Fz,zvi’ (D
kde F,_je pozdizna hnacia alebo brzdna sila posobiaca na koleso

a F,, bocna sila vyvolana jazdnymi parametrami automobilu a poso-
biacimi vonkaj§imi (pripadne vnutornymi) rusiacimi silami.
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The article deals with a course of kinematic values at rolling of
car wheels during the course of braking focusing on experimental
measurement of their time-base relations and effect of a braking slip
of front wheels on a course of braking along with an effect of
a gradient of braking deceleration build-up on a moment of wheel
blocking from a view of safe car handling in direction.

1. Introduction

Besides positive effects on economy and society life in general,
development of automobile transport brings some negatives in
a form of increasing impact on the environment, material damages
in car crashes, and traffic fatalities and sustained health damages
on people in traffic. Technical development of car characteristics
should be directed at those that effect their safe movement on
a road.

From that point the essentials of safe car movement is a per-
manent power contact with a road surface, which is ensured by
car wheels. That contact has special character from a kinematic
point of view since tires, securing a power relation between a moving
car and the surroundings represented by a road, are deformed in
radial, axial and tangential direction when rolling on a road.

2. Interaction between tire and the ground

Ability of wheels to transmit, at various road surface condi-
tions, a tangential force is essential for safe power contact between
a car and its surroundings. There is a relation for tangential force
generally valid for each wheel and expressed by a Kamm circle of
frictional forces as follows:

Fti:Ftii—i—Eii’ (@Y
whereas F,. is a longitudinal drive or braking force acting on

a wheel and F is a side force caused by driving parameters of
a car and external (or internal) interfering forces.
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Nevyhnutnym predpokladom prenosu tangencialnej sily
kolesom vozidla je prilnavost medzi pneumatikou a vozovkou,
ktora je podmienena existenciou dostatocne velkej zvislej reakcie
F, posobiacej na prislusnom kolese. Z teodrie prilnavosti kolesa,
ktoré sa vali po vozovke a je vybavené pneumatikou je zname, ze
prenos sily sa uskuto¢iiuje prostrednictvom troch elementarnych
zloziek pril'navosti - adhéznej, hysteréznej a abrazivne;j,

F, =3 (3F, + 8F, + oF,,), 5

ktorych vplyv a podiel je determinovany druhom povrchu vozovky
a jej okamzitého stavu, konStrukciou pneumatiky, materialom
behuna a konfiguraciou jeho dezénu.

Ak sa v dalSich uvahach obmedzime na silové spojenie kolesa
s vozovkou pri priamej jazde automobilu, bude najvyssia kolesom
prenesitelna pozdiZna tangencidlna sila limitovana vztahom

Exi:/‘LX-in’ (3)

kde je F., zvislé zataZenie prislusného kolesa a u, hodnota suci-
nitela prilnavosti, ktora je pritom premenliva a zavisla nielen od
trecich vlastnosti dvojice pneumatika - vozovka, ale aj od spdsobu
odvalovania kolesa po vozovke.

The pre-condition of a tangential force transmission by a car
wheel is adhesion between a tire and the ground, conditioned by
an existence of a sufficient vertical reaction F, acting on a parti-
cular wheel. It is known from a theory of adhesion of a wheel
rolling on the ground and equipped with a tire, that a transmission
of force is made through three elementary adhesion components
- adhesion, hysteresis and abrasion, which impact and portion is
determined by a type of a road surface and its momentary condi-
tion, tire design, material of tread and its design configuration.

F,= 3 (8F, + OF, + 0F,;), 2)

When concentrating on our next thoughts only on a power
contact between a wheel and a ground at rectilinear drive of a car,
the following relation limits the highest transmittable-by-wheel
tangential force:

thi:I‘Lx.in’ (3)

whereas £, is a vertical load of a particular wheel and u is a value
of a coefficient of adhesion, which is changeable and dependent
not only on frictional properties of the couple tire-ground but also
on a way a wheel is rolling on the ground.

G, - zataZenie kolesa,
My, - brzdny moment na kolese,

F. - brzdna sila na kolese,
r, - ucinny polomer volne sa valiaceho kolesa,
r, - fiktivny valivy polomer kolesa vypocitany z uhlovej rychlosti rotdcie

kolesa so sklzom,
wy - uhlovd rychlost rotdcie kolesa,
v, - rychlost pohybu vozidla,
v, - rvchlost kolesa v dotykovej stope

G, - wheel load,

My, - braking torque on a wheel,

F. - braking force on a wheel,

r, - effective radius of a freely rolling wheel,
r, - fictitious tire rolling radius,

w;, - wheel angular velocity,

=

. - speed of vehicle,

v - wheel velocity in a contact trail

12}

Obr. 1. Kinematické pomery na brzdenom kolese
Fig. 1. Kinematic relations on a braked wheel

Pre pohyb automobilu po pevnych komunikaciach je charakte-
risticky nepoddajny povrch vozovky, preto v styku kolies s vozovkou
dochadza k deformacii ucinkom posobiacich sil len na kolesach.
Z troch vSeobecnych stavov valiaceho sa kolesa - tzv. Cistého
valenia, valenia s preklzom (pri posobeni hnacieho momentu)
a valenia so sklzom (ak posobi brzdny moment), sa zameriame na

A rigid road surface is typical for movement of a car on a solid
ground; therefore, at wheels-ground contact, deformation is caused
by forces acting only on wheels. Having three general states of
a rolling wheel: so-called pure rolling, rolling with a wheel spin
(when drive torque is acting) and rolling with a wheel slip (when
braking torque is acting) we will focuse on the latter; the most
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posledny stav, ktory je z hladiska bezpecnosti jazdy najdolezitejsi.
Silové a kinematické pomery pri valeni brzdeného kolesa charak-
terizuje obr. 1.

Na Casovy priebeh brzdenia automobilu maju vyznamny vplyv
vlastnosti pneumatik pri zataZeni brzdnym momentom My, vyvo-
lavajucim brzdné spomalenie. Pritom plati

SF, a,

My = G P 4)
kde je G - tiaZ automobilu, 3F,; - sucet brzdnych sil, a, - brzdné
spomalenie, g - tiaZové zrychlenie. Z uvedeného vztahu vyplyva
podla okamzitého stavu vozovky maximalne dosiahnutelné brzdné
spomalenie. Podmienku dosiahnutia maxima sucinitela prilna-
vosti je dosiahnutie optimalneho brzdného sklzu, ktory v stope
kolesa vznika nasledkom posobenia brzdnej sily. Pre brzdny sklz
plati vztah

va) - vV vV
5= -100-(1——)-
VLU VLO

Na obr. 2 je vSeobecny stacionarny priebeh stcinitela prilna-
vosti na suchej asfaltovej vozovke v zavislosti od brzdného sklzu.
Z neho vidiet, Ze maximalny suci-

[T P

nitel’ prilnavosti u,, a teda aj naj- x :

vécSia prenesitelna brzdna sila sa g ozsd.. .0 N
dosahuje pri urCitom, relativne E C
nizkom brzdnom sklze a v krat- g .| [ ... L.
kom rozsahu, v ktorom je koleso S .
schopné udrzat iba systém ABS, é 0254 ______
pokial bude senzorom vybavené & .

kazdé koleso vozidla. RN ;
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important from a safety point of view. Fig. 1 shows force and kine-
matic relations at rolling of a braked wheel.

Time-base course of car braking is significantly influenced by
properties of tires when loaded by braking torque Mj, causing
braking deceleration. Generally the following is valid:

EFXi ay
py= o= @

G g
whereas G is gravity of a car, 2F,; is a summation of braking
forces, a, is braking deceleration, g is acceleration due to gravity.
A maximum achievable braking deceleration, dependent on the
momentary state of a ground, is apparent from the above relation.
Achievement of a maximum coefficient of adhesion is condi-
tioned by achievement of an optimal braking slip, which occurs in
a wheel trace as a result of application of braking force. Braking
slip is expressed by the following:
(%)
100=|1——]-100 (%), (5)
r,

Fig. 2 shows a general stationary course of a coefficient of
adhesion on a dry asphalt road depending upon a braking slip. It
is obvious from the figure that
a maximum coefficient of adhe-
sion u,,, which means the highest
transmittable braking force, is
achieved at a particular, relatively
low-braking slip, and in a short
range, when a wheel could be held
by ABS, in the case each wheel of
a car is equipped with sensors.

Realne deje pri brzdeni maju
nestacionarny priebeh a st ovplyv-
nené dalSimi faktormi, ktoré prie-
beh pohybovych velicin ovplyv-
nuju. Na overenie tychto vplyvov je potrebné ich experimentalne
skumanie priamo na kolesach vozidla.

Jednu z mozZnosti experimentalneho skimania brzdného
procesu a jeho kinematickych vlastnosti v tomto smere predsta-
vuje meracia sustava znazornena na obr. 3, ktora je zloZena na
baze meracich zariadeni CORREVIT a DATRON s digitalnym
zdznamom a spracovanim meranych veli¢in.

Posobenie vysokych pozdiznych sil pri brzdeni podstatne
zniZuje moznost prenosu zatazenia v bo¢nom smere, je preto
mimoriadne vaznou otazkou smerovej stability brzdenia a bezpec-
nej jazdy automobilom, zvlast ak sa pohybuje vysokou rychlostou.
Ak ma byt z pohladu bezpec¢ného brzdenia splnena zakladna pod-
mienka - zabezpeCenie asponl minimalnej schopnosti prenosu
bocnej sily kolesom a tym dosiahnutie smerového ovladania aj
v priebehu brzdného procesu, musi byt tento riadeny tak, aby
nedochadzalo k blokovaniu kolies vozidla, t. j. 100 %-nému brzd-
nému sklzu. Pri automobiloch vybavenych protiblokovacim systé-
mom ABS je tato podmienka splnena, bez ohladu na to akym,
hoci aj extrémnym spdsobom brzdi vodi¢ vzhladom na okamzité
podmienky na vozovke.

slip & [%]
Obr. 2. Skizovd charakteristika pozdZneho sicinitela prilnavosti My
Fig. 2. Slip characteristics of a longitudinal coefficient of adhesion

50 75 100

Real braking has, however,
a non-stationary course and is
influenced by other factors, which
have an effect on the course of
motion values. An experimental examination directly on car wheels
is necessary to check.

One of the options of an experimental examination of the
braking process and its kinematic characteristics is a measuring
system based on measuring devices CORREVIT and DATRON
with a digital recording and processing of the measured values.
The system is shown in the Fig. 3.

Action of high longitudinal forces when braking substantially
decreases a possibility of a load transfer in a side direction; there-
fore, it is a significant matter in respect of directional braking sta-
bility and safe car driving, particularly moving at high speed. If,
from a safe braking point of view, a fundamental condition is to
be met, i.e. making at least minimal ability of side-force transfer by
a wheel sure and by achievement of directional control even when
braking, the braking process has to be controlled in a way so that
car wheels blocking i.e. 100 % braking slip does not happen. This
condition is met in the cars equipped with ABS anti-block system,
irrespective of the way, even an extreme one, a driver is braking
considering momentary conditions on a road.
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Obr. 3. Blokovd schéma meracieho zariadenia
Fig. 3. Block scheme of the measuring device

Zlozitejsia situacia nastava pri automobiloch bez takejto sus-
tavy, kedy je jedinym regulatorom intenzity brzdenia vodic vozidla.
Nasledujuce experimentalne merania, prave takéhoto pripadu, boli
vykonané na automobile nizSej strednej triedy s meracou hmot-
nostou 1150 kg a vybavenym konvenc¢nou brzdovou ststavou.

Na obr. 4 je ¢asovy zaznam pohybovych velicin na prednom
kolese automobilu pri intenzivnhom, ale nie kritickom brzdeni
z rychlosti 80 km.h ™! brzdnym spomalenim priblizne a,=>35 ms %
Z nameranej rychlosti vozidla v, a obvodovej rychlosti kolesa v, je
vypocitany priebeh sklzu kolesa 8. Brzdna sila vyvolava v tomto
pripade iba maly sklz na kolese a rezerva schopnosti prenosu

bocne;j sily zaruCuje bezpecny pohyb.
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g o speed of wheel v,
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& 3
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20 1 wheel slip'
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More complicated situations arise using cars without the anti-
block system, when a driver is the only regulator of braking inten-
sity. Following experimental measurements focused on such a case
were carried out on a car of lower middle class with a weight 1150
kilogram and equipped with a standard braking system.

Fig. 4 shows a time-base record of motion values on a front
wheel of a car at intensive but not critical braking from a speed of
80 kmph by braking deceleration a, circa 5 m.s~ 2 From the record-
ed speed of a car v, and peripheral wheel speed v, a course of
a wheel slip 6 is calculated. Braking force causes only a small
wheel slip in this case, and a reserve of side-force transfer ability
ensures safe motion.

1.5 2 2.5

T T T T i

3 3.5 4
time [s]

4.5 5 5.5 6

Obr. 4. Namerany priebeh kinematickych velicin na brzdenom prednom kolese spomalenim a,. = 5 ms™’
Fig. 4. Recorded course of kinematic values on a front braked wheel by a deceleration a,. = 5 ms~!
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Pri extrémnom brzdeni so strednym brzdnym spomalenim
a, =7 m.s~? a ovladani intenzity brzdenia vozidla iba vodiGom
dojde k stavu, ktory je zaznamenany na obr. 5. Z Casového
zaznamu vidiet linearny pokles rychlosti vozidla az do uplného
zastavenia. Pritom, zobrazeny priebeh brzdného sklzu kolesa
ukazuje, ze k uplnému zablokovaniu prednych riadenych kolies
automobilu, t. j. k ich 100 %-nému sklzu, doslo uz za 0,5 s od
zaciatku nabehu brzdného spomalenia. Automobil sa dostava do
smerovo nestabilného stavu bez mozZnosti korekcie riadenim este
pri relativne vysokej rychlosti automobilu na hranici 70 km.h ™",
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A situation recorded at extreme braking at mean braking
deceleration a, = 7 m.s~ 2 and control of intensity of car braking
performed only by a driver is shown on Fig. 5. From a time-base
record a linear decrease of car speed up to a total stop of a car is
seen. Whereas, the course of a braking slip of a wheel indicates
that a total blocking of front driven wheels of a car, i.e. 100 % slip
already happened in 0.5 s from a braking deceleration build-up
start. A car enters a non-stabile state in direction without possibi-
lity of a correction through steering even at relatively high speed
of a car, 70 kmph.

100 + e
r N/
90 4 : : !
/ wheelslip
80 1 x
70 4
— speed of wheel v, .
= & 60 4 : -
£ g‘ \'
= % 50 ; .’ d
T o v, .
speed: of vehicle v,
3 £ 401 1 A P !
(2] "‘
30 A : I
20 - . L.
I
10 4 = B
e '
0 T T T = T T Ll T T T T T T
0 0.5 1 1.5 2.5 3 3.5 4 4.5 5 5.5 6
time [s]
Obr. 5. Namerany priebeh kinematickych parametrov na prednom kolese automobilu pri brzdeni spomalenim a,, = 7 ms~?
Fig. 5. Recorded course of kinematic parameters on a front car wheel at braking deceleration a, = 7 ms~!
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Obr. 6. Priebeh brzdenia na kolesdch automobilu pri réznych hodnotdch ndabehu brzdného spomalenia
Fig. 6. Course of braking on front car wheels at different values of braking deceleration buid-up
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Obr. 7. Posunutie hranice blokovania prednych kolies zmensenim gradientu brzdného spomalenia pri jeho vyssich hodnotdch
Fig. 7. Shifting of a blocking point of front wheels by means of decreasing a gradient of braking deceleration at increased values of deceleration

Ako ukazuju experimentalne merania, okamih pociatku blo-
kovania kolesa je zavisly od gradientu nabehu brzdného spomale-
nie a,, ktory charakterizuje narast tangencialnej brzdnej sily na
kolese automobilu. Tento vplyv znazornuje obr. 6, kde je nabeh
brzdného spomalenia na priblizne rovnaku strednti hodnotu reali-
zovany tromi rozdielnymi gradientmi zrychlenia. V prvom pripade,
s gradientom nabehu brzdného spomalenia 0,60. g/s, dojde na
prednom kolese k 100 %-nému brzdnému sklzu az za 3,61 s, pri uz
takmer nulovej rychlosti automobilu. V druhom pripade, pri gra-
diente nabehu brzdného spomalenia 0,88. g/s, 100 %-ny sklz
nastane uz za 1,9 s, pri rychlosti automobilu okolo 40 km.h ™! Ako
vidiet z tretieho priebehu brzdenia, pri gradiente nabehu brzd-
ného spomalenia 1,67.g/s dojde k 100 %-nému brzdnému sklzu
kolies uz za 1,1 s od pociatku nabehu brzdného spomalenia uz pri
rychlosti vyssej ako 50 km.h ™ !. Pritom extrémny nabeh brzdného
spomalenia nema na dobu zastavenia vozidla takmer Ziadny vplyv.

PriaznivejSim je z pohladu zlepSenia ovladatelnosti vozidla
v priebehu brzdenia narast brzdného spomalenia podla obr. 7, kde
po prakticky zhodnom pociatonom nabehu dochadza k jeho
pozvolnému narastu pri vysokych hodnotach spomalenia. Aj
napriek vy$sim Spickovym hodnotam brzdného spomalenia dojde
k 100 %-nému sklzu kolies neskor, pri rychlosti jazdy na hranici 30
km.h~!. Ovladanie bizd subjektom vodica je v takomto pripade
vel'mi naro¢né a vyZaduje zdokonalovanie schopnosti §pecializo-
vanym vycvikom.
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As demonstrated by experimental measurement, the starting
moment of wheel blocking is dependent on the gradient of braking
deceleration (a, ) build-up, as a result of a tangential braking force
growth on a car wheel. That effect is shown in Fig. 6, where
a build-up of braking deceleration to approximately the same
mean value is made by three different gradients of deceleration. In
the first case, with a gradient of braking deceleration build-up
equal to 0.60 g.s~ !, 100 % braking slip on a front wheel occurs in
3.61 s at almost zero speed of the car. In the second case, when
gradient of braking deceleration build-up is 0.88 g.s~ ", 100 % slip
occurs in 1.9 s at a car speed of 40 kmph. It is apparent from the
third course of braking, at a gradient of braking deceleration build-
up of 1.67 g.s~ 1, 100 % braking wheel slip occurs even in 1.1 s from
a braking deceleration build-up start at a speed higher than 50
kmph. An extreme braking deceleration build-up does not have
any particular effect on a time of a car stopping.

More preferable from improved car steering ability during
a course of braking point of view is a braking deceleration build-
up shown in Fig. 7, where after a starting build-up of the same
value there is a gradual increase in its value at high values of
deceleration. Despite higher peak values of braking deceleration,
100 % wheel slip will occur later, at a speed of 30 kmph. Handling
of a braking process by a driver is very difficult in such a case and
requires improved capabilities by taking a special training.
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