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ABSTRACT

Braking performance is an important criteria for the vehicle safety and for the
conditions of brake system elements. Many factors such as the wheel-road
interaction and elements of brake system condition affect the brake performance.
However these factors can be measured by brake test equipment, brake forces for a
vehicle can also be analyzed by using mathematical models.

In this experimental study, brake force analysis has been done by measuring the
changes of brake forces and by using a mathematical model based on the obtained
experimental data. For this purpose, hydraulic brake test equipment has been
developed by using electronic equipment and a data acquisition system. By using
the developed equipment, a mathematical formulation is obtained by considering
the effective factors of brake force i.e, the tire thread depth, the variation of road
conditions, tire air pressure etc. There is a good agreement between the
experimental data and the developed mathematical model. The change of braking
force with respect to the ratio of sliding was calculated; when one parameter was
changing, the others was kept constant in this calculation and this was done using
3 kN vertical force. The statistical coefficient of multiple determinations (R
value) varied between 0.967 and 1.0.
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TASITLARDA FRENLEME KUVVETI ANALIZi iCIN MATEMATIK MODELLEME VE
DENEYSEL BiR CALISMA

OZET

Tasitlarda frenleme performansi, fren sisteminin durumunu ortaya koymast
bakimindan oldukg¢a énemlidir. Frenleme performansini, fren sistem elemanlar1 ve
tekerlek—yol sartlar1 gibi faktorler dogrudan etkilemektedir. Bu faktorlerin fren
kuvvetleri iizerindeki etkileri, deneysel yontemlerle tespit edilebilecegi gibi
matematiksel modeller yoluyla kestirilmesi miimkiindiir.

Bu calismada; fren kuvvet analizi deneysel ve matematiksel model ile
yapilmistir. Bu amagla hidrolik fren test cihazi elektronik hale doniistiiriilmiistiir.
Gelistirilen model ile degisik tekerlek-yol sartlarindaki fren kuvvetlerinin dogru
bir sekilde hesaplanmasi saglanmaktadir. Bu model ile frenleme kuvvetini
dogrudan etkileyen, lastik tirnak derinligi, zemin sartlarinin degisimi, lastik hava
basinci, vb etkenlerin formiile edilmesi saglanmigtir. Frenleme kuvvetinin kayma
oranmma gore degisimi; bir parametre degisirken diger parametreler sabit almarak
hesaplanmus ve 3 kN diisey yiik icin yapilnustir. Matematiksel modelde R? degeri
0.967 ile 1.0 arasinda degismektedir.

Anahtar Kelimeler: Matematiksel model, Fren kuvveti, Fren
1. GiRiS

Hareket halindeki bir motorlu tasit, kiitlesi ve hizinin

1. INTRODUCTION

Moving motor vehicles have kinetic energy which is

karesiyle orantili kinetik enerjiye ve bazi durumlarda
konumu itibariyle potansiyel enerjiye sahiptir. Frenleme
siiresince bu enerji fren siirtinme elamanlari ve
tekerleklerde 1s1 enerjisine doniisiir. Frenleme esnasinda

proportional to its mass and square of velocity. In
addition, there is sometimes a potential energy due to
location of the vehicle. In the braking process, the energy
converts to heat through brakinging friction components
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tagitin kararhiligini muhafaza etmesi, frenleme ve pedal
kuvveti degisimleri, durma mesafesi, tekerlek yol
etkilesimi, fren elemanlarinda asmma gibi faktorler,

tasarimcilarin~ dikkate  almasit  gereken  Onemli
hususlardir[1].
Fren kuvvetlerinin = 6lglimiinde, degisik cihazlar

kullanilmaktadir. Cesitli arastirmalar gostermektedir ki
laboratuarlarda  kullanilan  makinalarin  siirtiinmenin
gergeklestigi yiizeylerindeki zemin durumu birbirlerine
gore  farklilk  gostermektedir.  Tamburlar  farkli
malzemelerden (beton, sac vb) yapilabildiginden zamanla
zemin  durumlarinda  degisiklikler  olabilmektedir.
Degisiklikler 6l¢iim sonuglarini etkiledigi gibi ger¢ek yol
sartlarinda yapilan 6lgiimlerle aralarinda fark olmaktadir.
Bu nedenle de laboratuar deneyleri gergek yol kosullarina
olabildigince yakin olmali, matematiksel modeller de
laboratuar deneylerini (ve dolayisiyla yol kosullarini)
hassas olarak kestirebilmelidir. Giiniimiizde genel olarak
tekerlek kuvvet ve momentlerinin hesaplanmasinda sihirli
formiil olarak bilinen Pacejka’nin gelistirdigi formiil
kullanilmaktadir[2,3].

Holmes ve Stone [4], fren kuvvetlerini inceleyerek,
kuru zemin sartlarinda yol ylizeyinin durumu, lastik tirnak
genisligi, ve hiz degisimin fren performansina etkileri

tizerinde deneysel ve teorik caligmalar yaparak,
matematiksel bir model gelistirmislerdir. Gelistirilen
modeli yol deneyleri ile kiyaslamasin1 yaparak

giivenilirligini ispatlamiglardir.

Liu ve Peng [5], fren kuvvetlerinin tespit edilebilmesini
matematiksel olarak ifade etmislerdir. Lastik yol
arasindaki siirtlinme katsayisim1 ifade edebilecek bir
matematiksel model 6nermislerdir.

Gindy ve Ilosvai [6], frenleme sirasinda arag
kararliliginin degisimi konusunda calismislar, diisey ve
yatay kuvvetler ile lastikteki esneme iizerinde incelemeler
yapmiglardir.  Yaptiklar calisma ile aracin on
tekerleklerinin arka tekerleklerden daha fazla fren
kuvvetine maruz kaldigim1 tespit etmisler, arka
tekerleklerin once kilitlenmesinin aracin yol kararliligini
olumsuz yonde ¢ok fazla etkiledigini ortaya ¢ikarmiglardir

2. FRENLEME KUVVETI

Frenleme ile arag tekerleklerinin hareketine zit bir
kuvvet olusturulur. Araci durdurmak yada hizin1 azaltmak
icin uygulanan dirence frenleme kuvveti denilmektedir.

Cekis veya frenleme ic¢in kullanilan tekerleklerin
cevresel hizlarn ile aracin hizi arasinda bir fark vardir.
Genel olarak yol ve tekerlek g¢evresel hizi arasindaki
oranina kayma denilmektedir. Fren yapan tekerlegin
cevresel hizi aracin hizindan diisiik, tahrik i¢in kullanilan
tekerlegin ise biyliktir. Frenlemedeki kayma negatif,
patinajdaki kayma pozitif kayma olarak adlandirilabilir.

and wheels. The brake system designer must consider
several factors such as the stability during the process of
brakinging, variation of brakinging and pedal force,
stopping distance, interaction of wheel and road and
friction of brakinging components[1].

Various apparatus are used for the measurement of
brake forces. Many researches have shown that the
friction situation of surface of the used apparatus used in
the laboratory tests indicate difference to each other. The
ground conditions of the rollers may vary with time as
they are made of wearing materials such as concrete and
timbers. Because the variations affect measurement
results, there may be differences with real road conditions.
Therefore, laboratory experiments must be as close as the
real road conditions. Moreover, mathematical models
must estimate laboratory experiments sensitively.
Recently, the mathematical formulation developed by
Pacejka (also called as magic formulation) gain a
widespread use for the calculation of wheel forces and
torques[2,3].

Holmes and Stone [4], studied on the brake forces and
developed a mathematical equation. They considered the
effects of road surface in the dry ground conditions, tire
thread width and variation of velocity. They proved the
validation of the proposed model with real road
experiments.

Liu and Peng [5] explained the determination of brake
force mathematically. They proposed a model for the
relation between tire and ground.

Gindy and Ilosvai [6] conucted studies on the satability
of vehicle during braking. They analyzed the vertical and
horizontal forces and straining of the tires. They have
ascertained that the front wheels of the vehicle are
exposed to higher brake forces than the back wheels. They
also showed that, if the back wheels locked first, the
stability of the vehicle is influenced a negative way.

2. BRAKING FORCE

A force contrary to the movement of wheels of vehicle
is created with braking. Brake force is the resistance
applied to stop or decrease the speed of the vehicle.

There is a difference between peripheral speed of
wheels used for speeding up or down and the speed of the
vehicle. Generally, the proportion between peripheral
speed of wheel and road is called slipping. The peripheral
speed of braking wheel is lower than the speed of the
vehicle. However, peripheral speed of the wheel used for
speeding up the vehicle higher than the speed of the
vehicle. Slipping during braking is called negative
slipping, whereas slipping during spinning is called
positive slipping.
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Figure 1. Variation of friction coefficient depending on slipping [7].
Sekil 1. Kaymaya bagl tutunma katsayis1 degisimi[7]

Dogrusal tekerlek kuvvetleri hem tahrik hem de
frenleme igin, baslica donen tekerlegin dogrusal kayma
miktarina baglidir. Dogrusal kayma, serbest donen
tekerleklerin hiz1 ile frenlenmis tekerlegin hizi arasindaki
farkin tekerlek hizina oramidir, diger bir degisle, tasitin
hiz1 ile tekerlek cevresel hizi ¢arpiminin tasit hizina
oranidir [8].

L 0
vV

Degisik yol sartlarinda tutunma katsayisi-kayma
arasindaki iligki Sekil 1’de goriilmektedir. Kuru zeminde
frenleme kuvveti en yiiksek degerini almakta, yol-lastik
arasindaki tutunmanin azalmasi ile frenleme kuvveti hem
azalmakta hem de maksimum frenleme kuvvetinden
sonraki kuvvet degisimi fazla olmamaktadir.

Arastirma ve gelistirme ¢aligmalarinda, similasyon
calismalarinin =~ Oneminin  artmast  ile,  tekerlek
davraniglarinin -~ matematiksel ~ olarak  tanimlanma
zorunlulugu ortaya c¢ikmaktadir[9]. Tekerlek ve yol
arasindaki temas noktasindaki iligki, yanal ve/veya
dogrusal kuvvetler ortaya ¢ikartirlar. Tasit dizayninda
aktif kontrol igin, arag Ozellikleri ile tekerlek arasindaki
iliskinin dogru bir sekilde ortaya konulmasi ve bu iliskinin
matematiksel olarak kurulmasi gereklidir[10]. Tekerlek
sistemi olduk¢a kompleks bir yapiya sahip olup ya yogun
hesaplama yada bazi kabuller yapilarak problem
basitlestirilerek ¢Oziime ulagilir[11]. Matematik
modellerin dogrulugu lastik-yol arasindaki tutunmaya ve
tekerlek sistemindeki bir takim kabullere baglidir.
Tekerlek iizerine etki eden kuvvetler ve bu kuvvetlerin
davraniglari olduk¢a komplekstir. Bu kompleks durum

60 70 80 90 100

Linear wheel forces depend on the amount of linear
slipping of main turning wheel for both speeding up and
braking. Linear slipping is the proportion of the difference
between the speed of free turning wheel and the speed of
braked wheel to the speed of the wheel; in other words, it
is the proportion of the multiplication of the speed of the
vehicle and peripheral speed of the wheel to the speed of
the vehicle [8].

@ 0
vV

The relation between grabbing coefficient to slipping in
different road conditions can be seen in fig. 1. Brake force
has the maximum value on the dry ground and decreases
with the decrease of grabbing between the road and the
tire.

In research and developing studies, it is necessary to
define the wheel actions mathematically because of the
increase in the importance of simulation studies [9].
Relation on the contact point between the wheel and the
road creates lateral and/or linear forces. For the active
control in vehicle design, it is necessary to bring up the
relation between the features of the vehicle and wheel and
to establish this relation mathematically [10]. Wheel
system is very complicated; as a result, the problems are
solved by doing intense calculations or by simplifying the
problem with some assumptions [11]. The accuracy of the
mathematical models depends on the grabbing between
the tire and the road and some assumptions in the wheel
system. Forces affecting the wheel and the actions of these
forces are very complicated. This complicated situation
creates symmetrical and anti-symmetrical conditions.
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simetrik ve anti-simetrik durumlar ortaya g¢ikartir. Diisey
yiik, dogrusal frenleme kuvveti, kamber agist v.b. aracin
kontrolunu etkileyen unsurlardir[8].

Vertical load, linear brake force, camber angle etc. are the
elements affecting the control of the vehicle [8].

Aligning torque
Diizeltme torku

Spin velocity Wheel torque

Dénme hiz1 v\ Tekerlek torku

Rolling resistance moment
Yuvarlanma direnci momenti

My)

Overturning moment
Sapma momenti (Mx)

Figure 2. The axis system of a wheel according to SAE
Sekil 2. SAE tekerlek koordinat eksen takimi

Frenleme sirasinda, frenleme kuvvetlerini etkileyen
parametre sayist olduk¢a fazladir (Yol durumu, viraj
sartlar;, lastik tirnak genisligi vb). Fren sisteminin
durumunu ortaya koymak icin fren testleri yapilabildigi
gibi matematiksel modeller yolu ile de fren kuvvetlerinin
degeri ortaya konulabilir. Frenleme sirasinda tasit
iizerindeki ylk dagilimi, tutunma katsayist  gibi
performanst  6nemli  Olgiide  etkileyen degisimler
olmaktadir. Bu  degisimler matematiksel model
olusturmay1 gliclestirmektedir. Matematiksel ~model
geligtirirken modeli basitlestirmek ve smirlamak igin
dogrusal (uzunlamasina), diisey ve yanal kuvvetler ile
diizeltme, yuvarlanma direnci ve sapma momentleri
dikkate alinmakta (Sekil 2), Tekerlek devri, genisligi,
kamber ve kaster acilart v.b. dikkate alinmamaktadir.
Matematik modeller temelde analitik ve empirik model
olmak iizere iki ana gruba ayrilmaktadir. Her iki grup i¢in
de degisik ¢aligmalar yapilmig ve gelistirilen her modelin
kendine 6zgii avantajlart bulunmaktadir [3,10,11]. Analitik
model, teorik olarak ve gerekli hallerde bazi kabuller
yapilarak matematiksel model olusturulmasidir. Empirik
model, test esnasinda alinan verilerin istatistiksel analizine
dayanir. Degisik Ol¢lim araglar1 kullanilabilmektedir.
Matematik modellerde, modelin dogrulugu, modelde
bulunan sabitlerin uygunlugu, modelin ¢dziilme hiz1 ve
bilgisayardaki islem zamani 6nem kazanmaktadir[8]
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There are a lot of parameters affecting the brake forces
during brakinging (road condition, bend conditions, tire
thread width etc.). Both brake tests may be carried out to
determine the situation of the brake system and also the
value of brake forces may be found out through
mathematical models. There are changes (such as load
distribution, grabbing coefficient etc.) affecting the
performance during braking. These changes create
difficulties in creating a mathematical model. To simplify
and limit the model when developing a mathematical
model, linear, perpendicular and lateral forces, correction
and rolling resistance and overturning moments are taken
into consideration (Fig. 2), however wheel turn, width,
camber and caster angles are not. Mathematical models
are divided into two main categories; analytical and
empirical. Different studies have been carried out for each
group and each model has its own advantages [3,10,11].
Analytical model means the forming of a mathematical
model by doing some theoretical studies, in the necessary
conditions, some assumptions may be considered.
Empirical model is, on the other hand, based on statistical
analysis of data acquired during the experimental studies.
Several measurement tools may be wused for the
measurement of the forces. In mathematical models, the
accuracy, appropriateness of constants, solution speed and
computer processing time are important subjects [8].
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Table 1. Preferred models for the determination of longitudinal brake forces [8,12,13]
Cizelge 1. Dogrusal yondeki frenleme kuvveti i¢in giiniimiizde tercih edilen modeller [8,12,13]

Model name Force model
Model ad1 Kuvvet modeli
R
F_ I /u‘Fz(xp_xm)
- Cl Vv 2 Vx _1 k
Lacombe 7 I——= 1, + 1 —k, F.
[0) R 2\3
Qi
Tan*a + x,
V. -1
Anisotropik 2 3
k o 1(C,o 1 (C,o
brush Fe=- 2x X - 3C00_37( ;7) +72( ;'2)
\/(kxax) + (kyo-y) H z H z
_ 2 2 P tan o
o= (0‘() +(Gy) >0, =~ o, =
1+x 1+«
Polynomial Fe= F,
(},I.X= ml.k A< )\.p, W= mz.)\, + Ho > )\.p),
(A=1-Rw/V), V=V,Cosa. +V,.Sina
Pacejka Fy =D sin [C arctan {B.A — E (B.A —arctan (B. 1))}]
Giiniimiizde tercih edilen dogrusal frenleme kuvveti Some mathematical expressions recently gain

matematiksel modelleri Cizelge 1’de goriilmektedir.
Lacombe modelinde; Ci;dogrusal yon i¢in kullanilan
katsay1, V; tekerlek merkezinin hizi, w;agisal hiz, R:
tekerlek yuvarlanma yarigapi, X,,; tekerlek genisliginin
yarisi, p; siirtlinme katsayisi, o; kayma agisi, F,; diisey
yiik, X,,; tekerlek temas yiizeyi genisligi, k,; diisey yiike
bagli yuvarlanma direnci katsayisi. Anizotropik brush
modelinde; ky, ky; tekerlek yatay direngenligi, «; tekerlek
kayma orani, p; max c¢ekis katsayisi, o, Oy @ X Ve y
yonlerindeki gerilim degerleri, Coy; diizeltme katsayisi.
Polinom modelinde; R:tekerlek yuvarlanma yaricapi,
w;agisal hiz, A; kayma, p,; siirtiinme katsayisi, A,; kayma
sirasinda siirtiinme katsayisinin en yiiksek degeri, o
kayma agis1, m;,m, ;siirtiinme katsayisi-kayma grafiginden
elde edilen katsayilardir.

widespread use in the determination of brke forces are
given in table 1. In the Lacombe’s model; C; is the
coefficient used for the longitudinal direction, V, is the
velocity of the wheel center, ® is the wheel angular
velocity, R is the the tire rolling radius, X, is the half of
the tire width, p is the friction coefficient, o is the slip
angle, F, is the vertical load, X, is the tyre contact surface
width and k. is the vertical load depended rolling
resistance coefficient. For the anistropic brush model the
variables are: k,, ky; tire horizontal stiffness, i; tire slip
ratio, u; maximum traction coefficient, o, o,: stress
components in the x and y directions and Cy; correction
stiffness. In the polinomial model the variables are given
as; R : rolling radius of the tyre, o ; angular velocity, A;
longitudinal slip, p; coefficient of friction, A,; pick value
of the friction coefficient during siding, a; slip angle,
m;,my; coefficient obtained from friction—slip graph.

Table 2. Coefficients for stiffnes, shape, pick and curve of the Magic formula
Cizelge 2. Sihirli formiilde katilik, sekil, tepe ve egri faktorleri i¢in kullanilan katsayilar

Value Coefficient Unit Value Coefficient Unit

Deger Katsay1 Birim Deger Katsayi Birim

by 1.65 Birimsiz/dimensionless be 0 1/(kiloNewton)®

b, 0 1/megaNewton b, 0 1/kiloNewton

b, 1688 1/kilo bg -10 Birimsiz/dimensionless
bs 0 1/megaNewton by 0 1/kiloNewton

b, 229 1/kilo bio 0 Birimsiz/dimensionless
bs 0 1/kiloNewton

Son yillarda Pacejka’nin 1987 yilinda gelistirdigi
tekerlek modeli kullanilmakta olup, (2) bu model sihirli
formiil olarak adlandirilmaktadir. Bu formiilde, Cizelge
2‘de goriilen katsayilar kullanilmaktadir. Bu formiilde
katsayilar kullanilmakta ve  kaymaya bagli olarak

frenleme kuvveti hesaplanabilmekte, degisik
parametrelere bagli olarak hesaplama yapilamamaktadir.
Sihirli formiilde A degeri hesaplamalarda

degistirilebilmekte, C diisey yiike bagh bir katsay1 (1.65
gibi), B, D ve E degerleri i¢ i¢e bir takim formiillerden
olusmakta, bu alt formiillerde Cizelge 2’den

In recent years, a wheel model developed by Pacejka in
1987 is used (eq. 2). This model is also called as magic
formula. In this formula, the coefficients given in Table 2
are used. The brake force can be calculated by this
equation depending on the slip rate. The coefficients of the
equation are obtained by utilising several equations which
also have several coefficients. The coefficients of these
latter equations are given in Table 2. In the magic formula,
A value can be changed in calculations. C a constant which
determine the vertical loads characteristics (such as 1.65).
B, D and E values are formed by some complicated
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yararlanilmaktadir..

F, =D sin [C arctan {B.A — E (B.A — arctan (B. 1))}]

@

Sistematik deneylerin yapildigi Tofag-Sahin markali
(11130 N) tasita ait dogrusal frenleme kuvveti sihirli
formiile gore hesaplanmis ve Sekil 3°de goriilen grafik
elde edilmistir. Sekil 6n akstaki tek tekerlege ait olarak
clde edilmistir.

formulas.
F, =D sin [C arctan {B.A — E (B.A —arctan (B. 1))}]
2

Linear brake force of Tofas-Sahin vehicle (11130 N)
has been calculated according to this magic formula and
the diagram in fig. 3 has been acquired. The figure
belongs to only wheel at the front of the axle

3500
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g Z 2500 ~—,
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Figure 4. Brake force-slip graphics according to Magic formula

Sekil 4. Sihirli formiilden hesaplama ile elde edilen fren kuvveti — kayma grafigi

Bu fren kuvveti-kayma degerleri ayni tasit igin
deneysel olarak da kontrol edilmis ve % 1.1°lik bir fark
ortaya ¢ikmistir. Kayma degeri yaklasik % 10 oluncaya
kadar fren kuvveti artisi dogrusal olmakta, kaymanin
yaklasik %15 oldugu bdlgede frenleme kuvveti maksimum
degerine ulasirken, daha biiyiik kayma degerlerinde fren
kuvvetinde azalma olmakta, bu diislis 6nce hizli daha
sonrada yavas bir sekilde gergeklesmektedir.

Frenleme kuvveti ve kaymanin eksi oldugu bolgeler
¢ekis igin kullanilmigtir. Tekerlek tizerine gelen diisey
yiiklerin artmasi ile frenleme kuvvetinde de artig olurken,
bu artis kaymanmn daha yiiksek oldugu bolgede
gerceklesmektedir. Frenleme kuvveti kaymanmn yaklasik
% 10-20 arasinda oldugu boélgede maksimum degerine
ulagsmakta, kaymanin artisina bagli olarak frenleme
kuvveti azalmaktadir[14].

These brake force-slipping values has been checked
experimentally for the same vehicle and a difference of
1.1 % has been observed. The increase in the brake force
is linear until slipping value reaches to 10%. Brake force
is at its maximum value on the area where slipping is
about 15%. Brake force decreases in greater slipping
values; and this decrease happens rapidly at the beginning.

Areas where the brake force and slipping are negative
have been used for pulling. Brake force increases when
perpendicular loads on the wheel increase. This increase
takes place on the area where slipping is greater. Brake
force reaches its maximum value on the area where
slipping is between 10-20 %. Brake force decreases
depending on the increase in slipping [14].
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Figure. 4. A graphical representation of brake force-slip rate in the Magic Formula [11,15]

Sekil 4. Sihirli formiilde fren kuvveti — kayma grafigi [11,15]
3. GELISTIRILEN MATEMATIKSEL MODEL

Deneyler, Gazi Universitesi, Teknik Egitim Fakiiltesi,
Otomotiv Ana Bilim Dali servis atelyesinde gelistirilen
fren test cihazinda yapilmistir. Sistematik deneyler 1993
model, kiitlesi 945 kg, lastik hava basinct 2.02 bar (30
Psi), toe degeri 2 mm, lastik tirnak derinligi 9 mm, olan
Tofas- Sahin markali arag lizerinde yapilmistir. Deneyler
sirasinda  sadece  siirlici  mahallinde  bir  kisi
bulundurulmustur (ISO 6597-1991). Deney cihazinin
sematik resmi Sekil 5° de goriilmektedir. Hidrolik olarak
calisan fren test cihazi  elektro-mekanik  hale
doniistiiriilerek saniyede 50 verinin alinmasi saglanmistir.
Geligtirilen cihazda kullanilan I/O karti 12 bitliktir ve
110.8 g, 3016 adam’mn ¢ikis gerilimi £ 5 volt oldugundan
221,6 g, yik algilayicisindan 908 g, elektrik tesisatindan
320 g hata olabilecegi tespit edilerek maksimum hata
miktarnin ~ % 0.2 olabilecegi belirlenmistir. Ayni tasit
farkli sistemlerle calisan (diiz zeminli, hidrolik v.b.) fren
test cihazlar1 ile denenmis ve cihazin dl¢imlerinin dogru
oldugu belirlenmistir. Fren test cihazin 6zelliginden dolay1
kaymanin yaklasik % 40 oldugu bdlgeye kadar 6lglimler
yapilabilmistir. Olgiimler tasitin tek dingili iizerinde
yapilmistir. Deneylerde zemin sartlari, tekerlek doniis
acist, toe degeri, lastik tirnak derinligi ve lastik tirnak
genisliklerinin ~ frenlemedeki  etkileri  arastirilmustir.
Yapilan deneylerde 6l¢iim yapilan parametre degistirilmis
diger parametreler sabit tutulmustur.

3. MATHEMATICAL MODEL OF THE
BRAKE FORCE VARIATION

Experiments have been carried out in the brake test
equipment at the service workshop of Gazi University,
Technical Education Faculty, Automotive Department
(Ankara, Turkey). Systematical experiments have been
carried out on a Tofag-Sahin vehicle (production year
1993). Mass of the car was 945 kg, and other standart
varues are: 2.02 bar (30 psi) tire inflation pressure, 2 mm
toe in the wheel aligning, 9 mm tire thread depth. There
was one person in the car as a driver during the
experiments (ISO 6597-1991). Schematic picture of the
experiment apparatus is given in Figure 5. 50 data per
second has been acquired by the electro mechanical test
equipment. The maximum measurement error may be up
to 2 % as the I/O card is 12 bite, output voltage can
change in + 5 volt, 908 g error may come from the load
transduser and 320 g from the electric circuit. The same
vehicle has been tested with brake test equipment working
with different systems (with plain ground, hydraulic, etc.)
and it has been determined that the measurements of the
apparatus are accurate. Because of the quality of the brake
test equipment, measurements could be made upto the area
where slipping is about 40%. Measurements have been
carried out for one axle of the vehicle. In the experiments,
the effects of ground conditions, wheel turn angle, toe
value, tire thread depth and tire thread width on the
braking have been researched. In the experiments,
measured parameter has been changed, however other
parameters have been kept constant.
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Figure 5. Electro-mechanic brake test equipment data acquisition system (1-2: Braking tork, 3: Rollers, 4: AC motor with Gearbox, 5:
Tork lever, 6: Load cell, 7: Transformator, 8: Electrical cables, 9: Signal transducer, 10: Computer )

Sekil 5. Elektro — Mekanik fren test cihazinin goriiniisii ve parcalart (1. Fren momenti, 2. Dondiirme momenti, 3. Tambur ¢ifti,
4. Sanzumanl elektrik motoru, 5. Moment kolu, 6. Yiik algilayicisi, 7. Voltaj yiikseltici, 8. Elektrik kablolari, 9. Sinyal aktarici, 10.

Bilgisayar)

Fren kuvvetlerinin  degisik parametrelere  gore
degisimlerini incelemek igin, deneysel verilerden
yararlanarak matematiksel bir model gelistirilmistir

(Cizelge 3). Bu model ile degisik tekerlek — yol
sartlarindaki  fren kuvvetlerinin dogru bir sekilde
hesaplanmasi saglanmaktadir. Gelistirilen model deneysel
verilerin formiile edilmesi ile elde edilmistir. Deney
sonuglar1 fren kuvveti-kayma grafigine doniistiiriilmiis,
grafikteki egrilerden denklemler olusturulmus, bu
denklemler arasinda korelasyon yapilarak degisen
parametrelere bagli matematiksel modeller elde edilmistir.
Matematik modelde frenleme kuvvetinin sadece bir

parametreli  degisimleri  tanmimlanmis  olup  diger
parametrelerin  sabit oldugu durumlar g6z Oniinde
bulundurulmustur. Modelde tirnak derinligi 9 mm,

tekerlek doniis agis1 0°, zemin kuru, lastik tirnak yapisi z
kanalli, lastik hava basinci 2.02 bar (30 Psi), toe degeri 2
mm’dir.

Table 3 a. Constants of developed mathematical model
Cizelge 3 a. Gelistirilen matematiksel modelde kullanilan katsayilar

A mathematical model has been developed by using
experimental data to study the changes of brake forces
according to different parameters (Table 3). Brake forces
in different wheel-road conditions can be calculated
accurately with this model. Developed model has been
acquired by formulating experimental data. Results of the
experiments have been shown in brake force-slipping
diagram. Equations have been formed with the curves in
the diagram and mathematical models depending on the
changing parameters have been acquired by doing
correlation between these equations. In the mathematical
model, the variations of the brake force with only one
parameter have been defined. In the model, thread depth is
9 mm, wheel turn angle is 0, the ground is dry, tire thread
form is with z canal, tire inflation pressure is 2.02 bar (30
psi) and toe in the wheel aligning is 2 mm.

F=-AA*+BA’ - CA>+ DA -E

Degisken/ Variable A B C
Thread depth
dry ground 0,0097.t°'7 0,9806.>"%% 35,0837
Tirnak derinligi
kuru zemin

Tire turn angle

Tekerlek doniis ag1st 0,0172. Q—o.n%s 1,681. (p—0<0979 57,899. Q—O.I 025
Ground conditions | - 0,0033. (k/p) >+ 0,0101. (k/p) | - 0,2194. (k/p) >+ 0,5377. (k/w) | -3,3915. (k/w) > + 0,2665. (k/w)
Zemin durumu +0,0088 +1,1895 +54351
Thread type
Lastik tirnak genisligi 0,0156.1"1° 1,5078 1715 51.226701%

Tire inflation pressure

Lastik hava basinci 0,0222.p %4 2,089.p 446 68,49.p 4%
Toe value 0.00004.q* 0.0032.q'- 0.0905.q"-
Toe degeri 0.0003.q°+0.0001.q°+0.0019.q+ | 0.0252.9°+0.0076.q°+0.1681.q+ | 0.7271.9°>+0.1794.q>+5.0555.q
0,0132 1,2926 +44,767
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Table 3 b. Constants of developed mathematical model (continued)
Cizelge 3 b. Gelistirilen matematiksel modelde kullanilan katsayilar

F=-AA'+BA*-CA*+ DL -E
RZ
Degisken/ Variable D E En az En fazla
Min Max
Thread depth 512,95.7%1444 1,804.1 + 59,276 0.978 0.999
dry ground
Tirnak derinligi kuru
zemin
Tire turn angle -0,0418.(p2 +2,0227.¢ + 0.996 0.999
Tekerlek doniis agist 800,85.9"'°" 71,052
Ground conditions 20,395. (k/p) * —292,65. 96,377. (k/) * —449,47. | 0.996 0.998
Zemin durumu (k/n) +976,72 (k/p) +428,6
Thread type Lastik 0.979 0.996
tirnak genisligi 704,471 -0,407.1 + 75,919
Tire inflation pressure -148,06.p2 +689,3.p— 0.967 0.994
Lastik hava basinci 881 ,7.p'0’3156 716,31
Toe value 0.9638.q* 0.3174.q*
Toe degeri 0.7,8126.q°+1,5459.q>+55, | 2,8115.4°+2,6382.9°+17,904 | 0.969 1.0
933.9+633.,5 .q+46,561

Fy : Longitudinal brake force, A : Slip (%), q : Toe in the wheel aligning (-2, 0, 2, 4, 6 mm), 7 : Thread depth (9 - 2.5 mm), ¢ : Tire turn
angle (0—3 —6—9—12 - 15 degree (k/p): ground condition, T : Thread type (1-2), p : Tire inflation pressure (1,65 - 1,93 - 2,02 bar

F,: Dogrusal frenleme kuvveti, A: Kayma, q: Toe degeri (-2,0,2,4,6 mm), t: Lastik tirnak derinligi (9- 2.5 mm),
¢ : Tekerlek doniis agis1 (0-3-6-9-12-15 derece), (k/p): Zemin durumu, T : Lastik tirnak genisligi (1-2), p: lastik hava basmci (1,65- 1,93-

2,02.bar)

Sirtiinme  faktorii, zemin durumunu belirleyen en
onemli faktordiir. Zemin durumu parametresinde, 1slak
zemin i¢in tambur ve lastik ylizeyleri suyla 1slak hale
getirilmis, kaygan zemin i¢in de ayn1 yiizeyler greslenerek
kayganlastirilmistir. Matematiksel modelde zemin durumu
k/p (k sabit) siirtinme katsayisina bagli olara ifade
edilmistir. Zemin sartlarina gore kullanilan k sabitleri
Tablo 4’de verilmistir.

Lastik tirnak genisligi parametresinde 2 farkli lastik
kullanilmis ve lastik tunak genisligi olarak en genis
tirnaktaki genislik 10 mm, diger lastikte 20 mm olarak
Ol¢iilmils ve modele yansitilmigtir.

Table 4. Ground parameters constants
Cizelge 4. Zemin durumu parametresi i¢in sabit katsayilar

Friction factor is the most important factor which
determines the ground condition. In the parameter of
ground condition, roller and tire surfaces have been wetted
with water for wet ground; and the same surfaces have
been made slippery by greasing for slippery ground. The
ground condition has been expressed depending on k/p (k
is constant) friction coefficient in the mathematical model.
The constant values of the parameter k are given in table 4
depending on the ground condition.

Two different tires have been used in tire thread width
parameter. In one of the tires, tire thread width is 10mm
and in the other one it is 20mm. This has been reflected to
the model.

Parameter (k) for the ground condition
Zemin durumu i¢in sabit katsayilar (k)

Kayma (%) Kuru Islak Kaygan
Slip (%) Dry Wet Slippery
0 0 0 0

3,5 0,4839 0,9637 0,8779
5,6 0,8664 1,0550 0,9264

8 1,0207 1,1460 1,0400
13,8 1,0048 1,1312 1,0193
25,6 0,9861 1,1150 1,0115
33,7 0,9815 1,1062 1,0047
37,7 0,9713 1,1020 0,9968

Literatiirde bulunan modeller ideal (en iyi) frenleme Some of the models in literature can be utilised to

kuvvetini hesaplayabilmekte yada tek bir parametreye
bagli olarak model olusturulmus iken elde edilen model ile
frenleme performansini etkileyen parametrelere bagl

calculate the ideal brake force. Some other models, on the
other hand, can be used for the determination of the brake
forces considering only one variable.
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olarak frenleme kuvvetleri ayri olarak
hesaplanabilmektedir.

Gelistirilen modelde, 6rnegin; Lastik hava basincinin
degisimini incelemek i¢in, lastik hava basimcinin 1.93 bar,
Lastik tirnak genisligi 2 cm, lastik tirnak derinligi 9 mm,
tekerlek déniis agist 0°, toe degeri: 2 mm, kuru zemin ve
% 25 kayma sartlarinda frenleme kuvveti 2980.3 N
olmaktadir. Deneysel olarak ayni sartlarda 3043.7 N
Olglilmiistiir. Diger parametreler icin benzer sekilde
hesaplama yapilabilmesi miimkiindiir.

A=0,0222%p9%=0,0222%1.93%°%4=0.0159
B=2,089*p *4646=) 089*1.9304646=1 539
C=68,49%p040%=68 49%1.9304%3=52 329
D=881,7*p *196=881.8%1.93931%6=716.5
E=-148,06*p>+689,3*p—716,31=-148.06*1.93%+
689.3 ¥1.93-716.31=62.5
F=-AMHBA-CAHDA-E= -0.0159%25%+1.539*25°-
52.329%25%+716.5%25-62.5= 2980.3 N

Fren test cihazinda, frenleme performansii etkileyen
tirnak derinligi, zemin sartlari, tekerlek doniis agisi, lastik
tirnak genisligi, lastik hava basinci, toe degerine baglh
olarak deneyler yapilmis, elde edilen veriler ile gelistirilen
modelden hesaplama ile elde edilen frenleme kuvvetleri
arasindaki grafikler asagida sunulmustur. Grafiklerde
tekerlek tizerine gelen diisey yiik ~ 3000 N’dur.

Sekil 6’da tirnak derinlikleri 9 ve 2,5 mm olan farkl iki
lastigin, tamburlu tip fren test cihazinda 6l¢iim sonucu
elde edilen frenleme kuvvetleri ile gelistirilen matematik
modelden hesaplama ile elde edilen degerlerin
karsilastirilmasi goriilmektedir.

As an example for the use of the proposed model, to
examine the change of brake force due to the tire inflation
pressure, let us consider the pressure is 1.93 bar, tire
thread width is 2 cm, tire thread depth is 9 mm, wheel turn
angle is 0 and toe value is 2mm with dry ground and 25%
slip conditions, then the brake force is obtained 2980.3 N.
It has been measured as 3043.7 N under the same
conditions in the experiments. A similar calculation is
possible for the other parameters.

A= 0,0222%p*3%=0,0222*1.930°%4=0.0159
B=2,089*p*4646=) 089+%1.930464=] 539
C=68,49%p 00%=68.49*1 .93 04%=52 329
D=881,7*p *196=881.8%1.9303156=716.5
E=-148,06*p™+689,3*p-716,31=-148.06*1.93%+
689.3 *¥1.93-716.31=62.5
F=-AMHBAS-CA2+DA-E= -0.0159%25%+1.539*253-
52.329%25%+716.5%25-62.5=2980.3 N

In the brake test apparatus, experiments have been
carried out depending on the thread depth, ground
conditions, wheel turn angle, tire thread width, tire
inflation pressure and toe value all of which affect the
brake performance. Diagrams between the data acquired
and brake forces acquired from the calculation using the
developed model are shown below. Vertical load on the
wheel is approximately 3000 N on the diagrams.

A comparison of the measured and calculated brake
force values are given in Fig 6. The effect of tread depth is
considerd in this graph.
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Figure 6. Comparison of calculated and measured brake force values according to thread depth
Sekil 6. Tirnak derinligine gore dl¢iilen ve hesaplanan frenleme kuvvetlerinin karsilastirilmast

Olgiilen degerlerle hesaplanan degerler arasinda
maksimum % 6 fark bulunmaktadir. Tirnak derinliklerinin
farkli  olmasi  lastik-yol  arasindaki  tutunmay1
etkilediginden fren kuvvetlerinde farkliliklar olusmaktadir.

Lastik ve yol arasindaki kararlilik ve kontrol, lastik
tizerinde bulunan lastik tirnaklari ile saglanmaktadir.
Kuvvet aktariminda énemli olan bu durum {izerinde yogun
olarak ¢aligilmaktadir[16].

Tekerlek doniis agisina bagli olarak, test cihazindan
elde edilen frenleme kuvvetleri ile matematiksel modelden

The maximum difference is 6% between the measured
values and the calculated values. The thread depth affects
the grabbing between the tire and the road and, as a result,
the brake force changes.

Tire threads on the tire provide control and stability
between the tire and the road. Studies are carried out on
this situation which is very important for force transfer
[16].

In figure 7 gives the effect of tire turn angle and a
comparison between the measured and calculated values.
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elde edilen degerlerin karsilastirilmas:  Sekil 7°de
goriilmektedir. Direksiyon doniis acist ile tekerlek doniis
agist  birbirinden farklidir. Tekerlek doniis acist ile
kastedilen SAE koordinat sistemindeki kayma acisidir. iki
deger arasindaki maksimum hata % 8’dir. Cihazda yapilan
Ol¢iimde tekerlek doniis agisi cinsinden 0-15 dereceler
arasinda, 3’er derece araliklarla frenleme kuvvetleri
Olgiilmiistiir. Tekerlek doniis agisi 15 derece oldugunda
direksiyon bir tam tur dondiiriilmiistiir. Tekerlegin doniis
acisinin artmasina paralel olarak frenleme kuvvetlerinde
azalma olmaktadir.

Tekerlek doniis agisinin degigmesi frenleme kuvvetinin
azalmasina neden olurken, azalma miktar1 doniisg agisi ile
orantili olarak gergeklesmektedir. Maksimum frenleme
kuvvetleri, dogrusal kaymanin yiiksek oldugu bolgeye
dogru degisim gostermektedir[14,17,18].

Degisik zemin sartlarinin frenleme kuvveti tizerindeki
etkisi, fren test cihazimin tamburlarinin = siirtlinme
katsayilar1 degistirilerek 6l¢lim yapilmis ve elde edilen
degerler Sekil 8’da gosterilmistir. Olciimlerin tambur tip
fren test cihazinda yapilmasi nedeniyle, lastik ile tambur
arasina giren su/yag miktar1 yol sartlarina gore bir miktar
farkli olmaktadir. Ayni zamanda lastigin tambura temas
ettigi uzunluk g6z Oniine alindiginda, gergek yol
sartlarinda zemin diiz iken, tambur tip cihazda dairesel
oldugundan homojenlik tam saglanamamaktadir.

Steering wheel turn angle and wheel turn angle are
different. Wheel turn angle is the sliding angle in the SAE
coordinate system. Maximum error between the two
values is 8%. In the measurement in the equipment, brake
forces have been measured, with three degrees interval,
between 0-15 degrees in this series of experiments. The
steering wheel is turned one complete tour when the wheel
turn angle is 15 degrees. The brake forces decrease when
the wheel turn angle increases.

The change in wheel turn angle causes the decrease in
brake force and the amount of decrease depends on the
turn angle. Maximum brake forces moves to the higher the
linear slipping [14,17,18].

The measurement about the effect of different ground
conditions on the brake force has been carried out by
changing friction coefficiencies of the rollers of the brake
test equipment. The values are shown in Fig. 8. The
amount of water-oil between the tire and the roller is
depending on the road conditions because the
measurements are carried out in roller type brake test
equipment. Moreover, concerning the length of contact of
the tire to the roller, homogeneity cannot exactly be
provided because the ground is plain in real road
conditions whereas it is circular in roller type equipment.
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Figure 7. Comparison of calculated and measured brake force values according to tire turn angle.
Sekil 7. Tekerlek doniis agisina bagli olarak dlgiilen hesaplanan frenleme kuvvetlerinin karsilagtirilmasi

Olgiilen degerler ile hesaplanan degerler arasinda
maksimum % 5 fark bulunmaktadir. Kuru zemin
sartlarinda maksimum frenleme kuvveti, 1slak zemindeki
frenleme kuvvetinden % 43.3, kaygan zeminde ise % 65.8
fazla olmaktadir. Yapilan deneylerde, deney cihazin
tamburlarimin 1slatilmasi ayrica kaygan hale getirilmesi ile
deneyler yapilmigtir. Tamburlarin donmesi nedeniyle
homojen 1slak zemin yada buzlu yol sartt tam olarak
saglanamamustir.

Maximum difference is 5% between the measured
values and calculated values. Maximum brake force on the
dry ground conditions is 43.3% more than the brake force
on wet ground and 65.8% more than slippery ground.
Experiments have been carried out by wetting the rollers
of the equipment and making it slippery. However,
homogeneous wet ground or icy road condition couldn’t
be provided exactly because of the turning of rollers.
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Figure 8. Comparison of calculated and measured brake force values according to ground conditions
Sekil 8. Degisik zemin sartlarina gore 6l¢iilen ve hesaplanan frenleme kuvvetlerinin karsilastiriimasi

Yol-tekerlek arasinda, kuru beton asfalt, 1slak asfalt ve
buzlu zeminde yapilan degisik fren kuvveti 6l¢iimlerinde,
en yiiksek frenleme kuvveti her kayma durumunda kuru
beton asfaltta olurken, sirasiyla 1slak asfalt ve buzlu yolda
olusmaktadir[2,7,19].

Lastik tirnak genisliklerinin farkli olmasi, frenleme
sirasinda  ortaya  ¢ikan  frenleme  kuvvetlerini
etkilemektedir. Lastik tirnaklarinin, lastik-yol arasindaki
tutunmayr en iyi sekilde saglayacak Ozellikte olmasi
frenleme performansii da biiyiik 6l¢iide iyilestirmektedir.
Sekil 9 ‘da farkli tirnak genisligine sahip tasitlarin,
kaymaya bagli olarak sagladiklar1 frenleme kuvvetleri ile
matematiksel modelden elde edilen frenleme kuvvetlerinin
karsilastirilmast goriilmektedir. Olgiim yapilan lastiklerin
tirnak genislikleri, en genis tirnak ylizeyine sahip olan
(vaklasik lastik genisliginin ortalarinda) tirnak genisligi
Olglilerek modele yansitilmistir. Deneylerde kullanilan
lastik tirnaklarindaki en biiylik mesafe 1lmm (a), diger
tekerlekte ise 2 mm’dir. Olgiilen ve hesaplanan degerler
arasinda maksimum % 5 fark bulunmaktadir.

The maximum brake force is on dry concrete asphalt
and then in the order of wet asphalt and icy roads on every
slip rate conditions between the road and the wheel
[2,7,19].

The difference of tire thread widths affects the brake
force during braking. On condition that tire threads
provide the best grabbing between the tire and the road,
brake performance improves at a great extend. In Fig. 9 a
comparison between the brake forces for different thread
width is given. Thread widths of measured tires have been
reflected to the model by measuring the thread width with
the widest thread surface. The greatest distance on tire
threads used in the experiments is 1 cm and 2 cm. The
maximum difference is 5 % between the measured and
calculated values.
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Figure 9. Comparison of measured and calculated brake forces according to different tire thread widths.
Sekil 9. Degisik lastik tirnak genisliklerinde dl¢iilen ve hesaplanan frenleme kuvvetlerinin karsilastiriimast
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Lastik hava basinci degisiminin, frenleme kuvvetleri
tizerindeki etkisi Sekil 10°de goriilmektedir. Hesaplanan
ve Olciilen degerler arasinda maksimum % 6,6 fark
bulunmaktadir. Lastik hava basincinin azalmasi ile
frenleme kuvvetleri artarken, lastik hava basmcinin
artmasi ile frenleme kuvvetlerinde azalma olmaktadir.
Kuru zemin sartlarinda diisiik hava basingh lastik
tekerlegin tutunma katsayisini artirdigt anlagilmaktadir.

The effect of tire inflation pressure is given in Fig. 10.
The maximum difference is 6,6 % between the calculated
and measured values. On the condition that the tire
inflation pressure decreases, brake forces increase. On the
condition that tire inflation pressure increases, brake
forces decrease. It is understood that the tire wheel with
low inflation pressure increases grabbing coefficient in dry
ground conditions.
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Figure 10. Comparison of calculated and measured brake force values according to tire inflation pressure
Sekil 10. Lastik hava basincina gore olgiilen ve hesaplanan frenleme kuvvetlerinin karsilagtirilmast
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Figure 11. Comparison of calculated and measured brake force values according to toe value
Sekil 11. Toe degerine gore olgiilen ve hesaplanan frenleme kuvvetlerinin karsilagtiriimasi

Toe degerinin degismesi, lastik-yol arasindaki tutunma
degerini  dolayisiyla da  frenleme  kuvvetlerini
degistirmektedir. Toe degerinin artmasi da azalmas: da
frenleme kuvvetlerinde diisiise neden olmaktadir.
Cihazdan oOlgiim sonucu elde edilen ve matematiksel
denklem yoluyla elde edilen frenleme kuvvetlerinin
karsilastirilmas: Sekil 11°de goriilmektedir. Olgiilen ve
hesaplanan degerler arasinda maksimum % 4,7 fark
bulunmaktadr.

4. Sonuglar

Frenleme sirasinda tasitin frenleme performansin
etkileyen unsurlar ¢ok sayidadir. Matematiksel modellerde
bu unsurlar bagimsiz katsayilar olarak yer almaktadir.
Denklem igindeki her bir katsayi bir veya birkag degisken
parametrenin frenleme kuvveti tizerindeki degisimleri
gostermektedir.

Fren kuvvetlerinin tespit edilebilmesi i¢in matematiksel

The change in toe value changes grabbing value
between the tire and the road, and consequently, changes
brake forces. Increase or decrease in toe value causes
decrease in brake forces. Fig. 11 shows the comparison of
brake forces acquired by mathematical equation and
acquired as the result of measurement from the apparatus.
The maximum difference between the measured and
calculated values is 4.7%.

4. Conclusion

There are numerous elements which affect the
vehicle’s brake performance during braking. These
elements take place as independent coefficients in
mathematical models. Each coefficient in equation shows
the differences of one or a few variable parameters on
brake force.

A mathematical model has been developed to
determine the brake forces. Parameters affecting brake
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bir model gelistirilmistir. Bu model ile tirnak derinligi,
tekerlek doniis agis1, zemin durumu, lastik tirnak genisligi,
lastik hava basinci ve toe degeri gibi fren kuvvetlerine etki
eden parametrelerin incelenmistir. Gelistirilen model
deneysel verilerin modellenmesi ile elde edilmistir.

Fren kuvvetlerinin matematiksel modeller ile tespit
edilmesi, fren test cihazlar ile yapilan 6lgiim sonuglarmin
dogrulugunun bir gostergesi olmaktadir. Matematiksel
model ile fren kuvvetlerinin tespiti tasit tasariminda
6nemli bir almaktadir.

Yapilan deneylerde lastik tirnak derinligi, lastik tirnak
genisligi, toe degeri, lastik hava basinci, tekerlek doniis
acisy, zemin sartlarinin  etkisi gibi parametrelerin
degisimlerine karsilik frenleme kuvvetlerindeki degisimler
6l¢iilmiistiir. Bu 6l¢iim degerleri ile olusturulan matematik
modelin ¢6ziimiinden elde edilen degerler kiyaslandiginda,
hata miktarmm R> = 0.967 ile 1.0 arasinda degisim
gostermektedir. Buna gore, frenleme kuvvetini etkileyen
parametrelerdeki degisimin sonuglar1 yapilacak fren
analizi igin yeterli goriilebilir. Ancak; yapilan deneyler
cihaz tamburunun hizi olan 144 min™ (5.8 km/h) ile smurls
olmustur. Yiiksek hizlardaki atalet etkisi (yol sartlarinda)
tam olarak cihaza yansitilamamustir.

Daha 6nce yapilan modellerde sadece kaymanin etkisi
modelde dikkate alinirken bu c¢alismada fren kuvvetini
dogrudan etkileyen bircok parametrenin modele dahil
edilmesi saglanmmstir. Olcme ve buna bagh olarak
diizenlenen matematik modelden elde edilen sonugclar;
zemin sartlarinin (zeminin kayganligi v.b. vasitasiyla), toe
degerinin degismesi, lastik hava basincinin ve tekerlek
doniistiniin frenleme kuvvetini nemli dlgiide degistigini
gostermektedir.

Lastik ile yol arasindaki tutunmayi etkileyen faktorlere
bagli olarak frenleme kuvveti degismekte, lastik tirnak
derinliginin azalmasi, tekerlek doniis agisinin artmasi, toe
degerinin artmasi veya azalmasi, lastik hava basincinin
artmasi frenleme kuvvetini azaltmaktadir.
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Semboller Listesi / Symboll List Kisaltmalar / Abbreviation
B : Katilik faktorii / Stiffness factor Der : Derece / Degree
C : Sekil faktorii / Shape factor Olg: Olgiilen / Measurement
D : Zirve faktorii / Peak factor Hsp: Hesaplanan / Calculated
E : Egri faktorii / Curvature factor Isz : Islak zemin / Wet ground
Fx: Dogrusal frenleme kuvveti/Longitidual brake force (N) Krz: Kuru zemin / Dry ground
Fz : Diisey yiik/ Vertical load N) Kyz : Kaygan zemin / Slipperly ground
q: Toe degeri/ Toe value (mm) Ls : Lastik / Tire
p: lastik hava basinci/Tire air presssure (bar)
1 : Serbest donen tekerlek yarigap: /Effective tire radius (mm)
1:Lastik tirnak genisligi/Tire thread wide (mm)
t: Lastik tirnak derinligi /Thread depth (mm)

V: Tekerlek hiz1 / Vehicle longitudinal velocity (m/s)
® : Tekerlek agisal hizi/ Wheel angular velocity (rad/s)
p : Stirtiinme katsayist /Friction coefficient

A : Dogrusal kayma / Longituadional slip (%)

¢ : Tekerlek doniis agis1 Tire turn angle (der)
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