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Distance between vehicle C.G. and:front wheel center,

(Figs. 2.1 and 3.1), ft. '

v . X ’ . . R

Lkocation of the sprung mass €.G. in X"Y"Z"." Frame measureq
- ' :

from Foint 1'(Fig. 3.9) fti : o S

t

Wheel lﬂahd ground contact point, o;igin of X'Y'Z' frame.

Larggst'éar sectional area; £t2,

»

Empirical number A' = 12.5/1000{ ft/sec.‘

D1stance between vehicle C.G. and rear whge1 cenire

(Figs 2.1 and 3.1), ft.
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+

'Lo atlon ‘of..the sprurig mass C.G in X"Y"Z" - frame measqred

from point lx}Fig 3.9), ft. -

t
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\
Rolling moment .on the unsprung masses about the roll axes

of~tﬁe unsprung massg, front and rear, respectively, 1b, ft.
\\\\' ) / ~ . B
X-coordinate of C.G. of the unsprung mass (Fig. 3.1), ft.

. r ‘ . o
Location of the sprung’mass C.G. in'X"YfZ" - frame measdred

from point 1 (Fig. 3.9), ft.

;Tire cornering stiffness
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Shock absorber damping constant, 1bf-sec/ft.
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Product of inertia of the sprung gnass about the ns—axis.
5 . ] ' )

slug - ft?2

Maximum safe deceleration.

v
t

.Deistance” between the C.G. of the sprung mass and the main

' i
roll aﬁis (= h cos X + ¢ Sin 1) (Fig. 3.1), ft.

’

Location'qf the‘wind ioad below the centroid of the sprung

mass, ft. ’ ’ . .
1 ) _ ‘ A

.Tire road adhe;ion coafficient.

Horizontal side .force on tire (due to tire sljp and camber

)

4 P - fﬂé" . .
anglys) acting perpendicular to the“intersection of the road®

4
and the plane of syhmngy of the wheel (Fig. 3.2), 1b.

1}

Total vertical load (static and dynamic load), lbf.
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&3' - ‘(\5‘ 9
Acceleration due to gravity 3%,2,: fi/sec..

Height.of the C.G. of:the sprung mass above the Eg axis .
(Fig. 3.1), ft.
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» B T - Hei@%t of thé C.G. of the entire vehiclgeabove the road .
. o : ‘ "
- o | (Fig. 3.1), 'ft. \ : ‘ ’ ,
{ N T . . } . - 4 " . 9]
' b, - Equilibrium height of wheel when the car is at rest, ft. ' 1
H - Moment of momentum, 1bf-.-ft-sec. )
I - ’Morﬁent of ;inertial of the éprung mass, 'lbf-f'c-sec.2 Y L/
. , . . Y
) ly; - Product of inertia of the,vehicle about an axis parallel to - :
. | * the Y-axis but passing through the Z-axis at road height,
. . ox slug-ft.l . A K %\\L
ICS - Polar mome;ntl'o/f inertia of the sprung mass about the cs-axis; "
) . s]ug-ftz.
- ' a ) \ T T .
i < Ins - Polar moment of inertia of the sprung mass about the ns-axis. F-
' slug-ftz. . |
» N ) . . l
= , kl 2(¢:¢1 2) = Rolling moment on sprung mass about thg roll centres of
. ) ’ '
' the sprung mass, front and rear respectively, 1b-ft.
/ S ‘ « -
s : ks - * Steel spring constant, lbf/ft.
. . ' §
Ke - Tire spring constant (appropriate British units).
1 ¥
A - . Wheel base (distance between fr>ﬁt and rear vheel axl_es)n, ft. . ;
( /ls e Equ1’1+brium length of the steel spring wher the’car is at
rest; ft. | - ‘ ' . /
¢ ;} ) ’ ~ ‘ - * \ . .
L . - Llateral tire forces, 1b._§\! . -t ' Y

" M - - Total mass of vehicle, slugs.

9 i




-t

A
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* Unsprung mass, front and rear, respectively, slugs.
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»

Totzﬂ ‘aligning moment, 1b-ft.

4

»

* Total moment about the Z-axis, due to tiré force, 1b-ft.
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Aligning torque on a tire, about a vertical axis, 1b-ft.

MgHent about the sprung mass C.G. in X'-direction by the

Jateral forces on the 4 tires, Tb-ft. <

. Moment about the sprun~g‘,mass C.G. in Y'-directipn by the .

.

longitudinal forces on the 4 tires, 1b-ft.
4 2
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[ ° v

Laterai acceleration of the C.G, of the vehicle, away from

the‘ turn centr?,.f’t/secz. v “ “ . 8
' Origin of °'tr;e inertia frame, XYZ. SR '
.ToEa] drivirig t_hru?t, 1b. | j i
Driving thrust on an individual wheel, b, , .
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- Bréking force dn’ftglfrgnt and yeérxwhégl respectively,

¢

1bf. . . ' , . : ) <
- ' - ) ’ R . ' W
- Rerodynamic force; 1b.: L e L ' _
. t ! A . .,‘ - \
. ’ , ' " | o e
- Summation of horizental forces on a tire, Tb. ‘
v i v )
- » . . . [ . ’ - ]
- Inertia force, lb,. R , o ‘
\ - ) . |
Ty RS . . - Ce ’ ;
- Loéngitudinal force on each tire in.X'-direction, Tb,.
- Longitudinal force on the sbrung mass in X'-direction, !bf.
X ‘ q’ ) 4
- Front and rear axle treéd, respectively, ft. * T L
. ) ‘ v/ ;’)j o
- Driveshaft’torque, 1b-ft. . \? y
' - " . . .
¥ BN \ B ,
2 &> .
- Lateral velocity of vehicle along Y axis, ft/sec /“/7 .
- Resultant veiocity at ‘the centre of the contact region of
- each tire, ft/sec. . . v ® o ‘ !
. ; - ( - = < _
- Forward veﬂocity,of'véhic1e:‘?%¢sé%. !
- Total ;ggght.of vehicle, 1b. . . ¢ - ‘

L4 o

’

Lbngifudina] force on a tire, parallel tosthe wheel plane, 1b.

< Sprung weight;.lb.. ‘ - - L a’ o

“Total unsprung weight, 1b.

" Front and rear unsprung weight, respectively, 1b. ‘ s
o - « . ' '

‘Absolute velocity of the reference point 0 in the x-axis,

ft/sec. - oo N o
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"X, - Wind force, 1b. S , B ' 3
{ . .

i3 -"_"Total force in the X-axis, front and rear, regpectively, 'lbf. v , ‘
© & 1 i
X Yz - Inertjia frame origin at 0. . P o
) L / ' T ' T *
'»‘. X'Y'Z' | - Frame origin at A, ‘mov'ing with the car, X' axis. passing . B
o thmugh right front wh@\l‘, and Y' axis passing through left
—\ ‘ , . 1
£ rear wheel. . , ) , ro ,
’ . N " N |
h) S X’"Y."f',' '« Frame origin attl," fixed in the sprlng mass. . .
: ™ ) b Wﬂ ’/\, . -
" . v XY I - Frame oBriQin at C.G. (th‘:\e centroid of thg sprung gass) Xj'cX", |
3 Ty oyn [ 70 w ' AN ’ |
i‘; . v . Y CY ’. Z CZ . . . \‘ o A o + . - 1
B 4 ‘ " o . .
' X;»¥; - Location of the i™ wheel in inertial frame, ft, L
) l ‘ ' ' 3 s
. . . Tt e \ th 3\" X .- - ~ ‘.
= Xis» Yy- - Velocity of the i'" wheeT in inertia ffame, 1b/Sec. .. [~ .
. - ! .
" - o . - N R -~ . ). .
AY . e . e . th . ’ N 2
E ’ Xy Yi - Acceleration ofdthe i*" wheel in inertia frame, ft/sec”.
' . r ] N e )
47 Xy, ¥4 - Location of the 1M wheel in terms of i'i'k!, ft.
‘X';.,Y'i - Ve]dcigy of the i%h wheel in terms of-i'j'k', ft/sec.”.
hiad 3
’ a & . e ‘ . . ) - . . .
. XYY - Acceleration of the 1 wheel in terms of 1'5'k', ft/sec’.
e . y = Absolute velocity of the reference poi}lt 0 '1'n fhe Y direction,
' . \“% ‘ .'ff(sec. N , ‘ ’ % 4
. ‘(A.a'. ) \ 1 . ‘I\ . “ E 5 ' f
. Yy - _Force, in‘the Y direction on an individual "tire, 1b.
5 " Total tire force in the Y-direction, front and rear, respectively,
v, . ’ . . v, ’ *
b O ~ T
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t q, « - - ‘ ' * .
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- Negative Z-coordinate of the sprung-mass roll centres, front

12 B o X
’ and rear, respectively, {Fig. 3.1), ft._
.. . . . \ . ‘ , i O- i N ’ « 5 .
v ) L Z“i.j - Vertical load on an individual wheel, 1b.
o an - Tire deflections (functionof time) from their individual 7 T
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AR ’ equiltbrium positions, i.e. measured i"'tﬂf inertia frame,
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{7 © " o - - Slipangle at gn individual tire (Fig. 3.2).
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-7 ‘ Fig. 32, e o <
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8 ‘- lInput steer ang]e‘(equé] tpyzerq for the rear wheels),’
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- . p = a-li“ + blj‘" ,{_ Cl'k“

e

- Yawing véWocity of the vehicle, 1/sec\or deg/sec.

- %?11 angle of the sprung mass about the unsprung roll axis, rad.

- \
- Ro11 angte of "the unsprung mass about the unsprung roll axis,,
’ -, . '
froant and rear, respectively: \\
@ - Pitch angle, vector in theé Y'-direction, rad. \\\ ..
A - Angle between the x-axis and the roll axis of the unsprung
&“‘M mass (Fig. 3.1). ™y \ ]
£, ?s’-és - Axes fixed in the sprung mass; the origin Q, lies on the

sprung-mass roll axis, the E—-axis'is parallel to the sprung-
mass roll axis and lies in the piane of symmetry of the vehicle
when at rest, the C axis passes through the c.g. of the ent1re
vehicle and lies in th p]ane of symmetry and the n -axis is

| perpendicular to the ES, cs plane. . : -
L )

a

-  Gear ratio of/differentia] (final drive ratio).

- Wheel toe angle (Fig. 3.2).
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. ,CHAPTER‘l o -
| T . INTRODUCTION “w

. . X ’ ' Y
1.1 Genera. ¥ % , o %

. When a car is mo&ing it possesses kinetic energy that has to
- be lost before it can stop. }f the engine ceases to drivé the car, this
energy could be lost in overcoming air resiqtanqe,and'by'tufhing the én- > .
o - gine and transmissiqn againsf friction. This process of stopp%né a mgv</
-ing éar,'howevgf, would take some time to happen, S0 brakés are fitted
to decelerafe the car by converting thé kinetic energy into heat whichﬂ; A

could be lost to the surrounding air. As a consjderab]e quantity of heat . '

. < .
may be involved, the brakes must be ableto lose the generatéﬁ heat

easily and rapidly. Therefore? brakes must be designéd in such a way

/

that temperatures do not excegd the safe critical limit. Since the kine- . ¢

:t‘c energy of a moving car is dependent on the weight of\khe_gar and its

—_i__“AW“*_Tr;bee&VSqu&fed,‘heavy and fast cars should have better brakes, than those s
- which are essentially light and sy?w. Thus, the Erakes used on heavier .
cars are often designed to lose a/larger amount of heat more rqpid]y.
. / \ |
b - 1.2 Tvypes oF BRAKES IN VEHICLES , .

"Brakes commonly used on road vehicﬁes‘mﬁy be 1dgntif1ed as one

-~

of the following basic types: .

P, ORISR R AT W



the drum. The latter action i$ prevented hy the. pin B, and "the cam M.

/ ~1.2.1 Drum Brake Type [1]"

v . .

Drum brakes are still widely used and are invariably expanding
brakes in which the brake shoes are brought into contact with the inside

of thée brake drum by means of an expanding mechanism. -

é of thg internai expanding rigid-shoe brake_is shown

R}

The -principl
in Fig? 1.1.  The brake drum Aj;sfffxed to the hﬁb,@f ihe road wheel

(shown 1in thain dotted lines) by bolts which pass through its:flange.

A .
The inner side of the drum is open, and a pin B-grojects into it. This
pin is carried in an arm'g_whién is either intégﬁal with, or secured to,"

the ax1® casing. The brake shoes D and E are free to pivot dn the pin é} -

Théy aré roughly semicircular, and in between their lower ends is a cam

M. The latter is integral nith; or is fixed to, a spindie N, free to turn
in the arm Q of ‘the ?xie casing. A lever P is %ixed to the end of “the
Eam spindle, and when this. lever is puiled by a rod which is coupled to,
its end, the cam spindle and cam ane turned round s]1ght]y, thus mov1ng '

the ends of the brake shoes apar «ggﬁ e shoes are thu!'pressed aga1nst

the inside of the brake drum, and frictional forces act between them,
tend1ng to prevent any relative motion.” The frictional force thus tends
to slow down the drum'fbut it also tends to make the shoes revolve with

S

The pin B is therefore called the "anchorage" pin.
.. N\

_1.2.2 Disc _brake type [1] ' . e !

The s1mplest construction of;d1sc brake is the Fixed Calliper.
Double Piston Type, as shown in Flg 1.2. The disc A is.secured to the
wheel hub which rotates on beaﬁings on the axle casing or stub axle, - 7

*- depending on whethergg rear or a front brake is concerned. A calliper

. Jﬁy@;ﬁ\‘u_);‘: \




Pig. 1.1~ Shoe Brake T

-

] _
ype (Ref. 1)
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i, Shbaa a8 Sl A

” = v

member C is bolted to-the member B, which will be referred to as the

mounting. Two pistons D and E are positioned inside the-cylinder formed?®,

. ¢

in the calliper.: These house two pads eonsisting of a metal plate’to ’

-

which friction'material fabing are bonded. The metal plates fit in the
recesses.of the calliper so that they aye prevented.from rotatfng with
the disé. The callipers of such brakes/usua11y have to: be made 1n\tﬁo
papts to enable the cylinders to be mach1ned and also must have open1ngs

A
thrpugh’wh1ch the' friction pads can -be removed for replacement.
Al

¢t The advantages of the d1sc brakes are:

1. The area of the pads are sma]]er as compared with the area of 11n1ng

-

for drum type. Therefore, the temperature rise is smaller and:con-

sequentﬁy-%he pads are less subjecfed to.wear and henoce their iife

. ,é \
i%kcomparable with that of a drum brake.

o >

. >
2. The action of the disc brake is unaffected by the occurrence of wear,

. .

of trouble-in drum brake.
' \
* Both types of brakes may be operated mechanically or hydrauli-
cally, either Ey hand or foot. They may be operated by the daiver manu-

ally or wﬁthlpower dssistance. In general, all modern cars use a similar

Lﬁyout for the brakes. When ‘the brake is applied, torque has to be trans-

m1tted from the t1re to axle through the drum or disc which is fixed to
\ ¢ ¢ a
the wheel. It is also necessary to anchor the brake lTn1ngs so that they

cannot rotate, and for this reason some form of torque arm is' used.

™
N

or by expansion due to rise in temperatufe, both of which are sources

i
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1.3 VEHIcLE DECELERATION PHENOMENON . -

s

.

The max1mum decelerat1on wh1ch can be ach1eved on a road vehicle

is genera]]y assoc1ated with: the coefficient o£ frzct1on betwéEn the tire

and- the road surface The safe limit of decelerat1on dur1ng brakang can

-
m—— "~

- be said to occur when one wheel locks, since d1rect1ona1 contro] may then

1 1

be lost. While braking, the load d1str1but1on varies due to corner1ng and
deceleration-force and to changes in stat1c 1oad1ng If the brak1ng dis- -
tribution is, .identical -to the instlantaneous load distribution, tben the

. < - (N
maximum value of safe 1imit can be achieved. Hence, a variable bra *ﬁg\¢~

distribution is requiredsif this ideal performance is to be‘appro?&ﬁgd.

Emergency conditions involving heavy braking or accelerat{ng, or’ sudden e

manoeuvres are not well described by steady state solutior or linearized

i
N

system of forces. To deal comp]eté]y with vehicléHbehaviour undera such

conditions, transient type sqtution must be found.

£

_1.4 Drscussion oN EARLIER WORKS ON VEHICLE DYNAMICS DurinG
BRAKING :

R}

- Adhesion utilization defined as the'Yatio of the deceleration

l ‘« v /
obtainable without wheel locking to the deceleration with wheel Tocked

. . . to. ol A .\
has an important role on deceleration of a ‘car without loss of steering

o

i . . ‘
control due to wheel locking. This ratio has been calculated for variety
of-road ghrfaces Troost [2] and Strein [3] have developed the method of

*adhesion ut11nzat1on", wh1ch is ‘the ratio of d/f where d = maximum safe

" deceleration and f = tire-road adphesion coefficient, 'If d/f = 1.0, the

braking distribution is‘called to be ideal. Rduse:[4] has: calculated the

v

value of coefficient of adhesion and suggested a number of’ways'of alter-_

~—
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ing the braking ratlo S1m11ar1y, Dunlop [5] usedthe deceleration. of the

4

vehic]e in order to contro] the brak1ng rat1o d1rect1y. *He suggested that
, &
all c]asses of vahic]esCshould be~capab1e of using to the full the maximum

" tire- road adhgs1on which is ava11ab]e since poor road surfaces are bound
to ex1st\ if only- temporar1ly ‘ : °
v
Sk1dd1ng forms the subaect of a paper by Jones [6] which de—

T ‘scribes various phenomena exper1enced during sxdden brak1ng Radt and

Milliken [7] developed expressions for the performance of a tire when ad-

hesion is completely;lost. These expressions were then used to compute

’ .
the performance of a hypothetical vehicle which has a steady forward speed,

under the actjon of considerab]e'fore and aft forces®
-, The Clayton Dewandre control valve [8] for commercial vehicles

simiNarly controls the braking‘ratio by making the.deflection of axle

- 1 a [ - -
suspefision underL
the tylo'pistons. - » \.' .

r

The EQuation of motion of a car, usind.body centred axes, are

!

deveToped by Dhncan TQ] He also proVided & critical discussion on’the

1mportance of the stab111ty criteriof.: Many of the stab1]1ty‘and control
of a1rcrafts‘\d1scgssed by Duncan is aTso appl1cab1e to vehicle ana]ys1s
0ne~of the major contr1but1ons to the study of veh1c1e dynaggcs hs th\\\

series of paper by the staff of the Cornell Aerondutical Laboratory [107.

In these papers the equat1ons of mot1on are deve]oped us1ng a body centred

-axis system. Constant foywdrd speed. is assumed and the side s]1p angles

o

of the t1res are limited to some 50 so that a linear relation is obta1ned

between s1des]1p angle of the tirg and the 1atera1 force developed The

tire forces .are also coﬂs1dered and is assumed to be 1neffec§(:e to the

.t

load, shif?cthe fulcrum of the balance beam connecting oo

‘ |

‘ .

[9%
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y motion. In order to deal

. is essential.” The study of vehicle dynamics in the: references discussed

fThe_y have shown that !the magnitude of the braking force is much higher

5

demands of thrust for accelerating or braking. 'By_considerdng the com-
bined effect of load transfer and power transmission thrqngh the dri?en
wheels, Eil1is [11] suggests a method whereby the hdnd1ing responses may
take ;ccount of the inter-ax]e roll stif%ness distribution. -

n’ o Rocard'[]Z] descr1bes the motions of a non- ro111ng veh1c1e u51ng
earth reference axes. Since the equations pf motion are ]n the (x, Ys e)
axms, th1s analysis forms an excellent introducf,ion to the“snbject.of
veh1c1e control. | ) ; . N

) ~.:Saibje and Shang [13] investigated on(;Ee'dynamics of an auto-

mobile in braking and acceleration. They pr¥vided the trdnsiéht response

of an automobile involving sudden braking or acceleration in rectilinear

~

émergency conditions involving heavy brak-

ing, acceleration, or syddém manoeuvres, trankient type vehicle analysis

L

.

above do not cons1der the vertical motion of the car, unequal brake action
or the use of a four wneel model. In 1961, Saibel, Fox and Bergman [14]
proposed a model for vehicles in the cornering. manoeuver both on and off
the.h%ghway' Salbe] and Taso [15 16] in 1968 extended this model for
vehicles under sudden manoeuvers In 1969 T$ao [17}included emp1r1ca1 re1a-
qtinns to solve the apove mentioned problem. Empirical Equations, however,
limit the pract{ca1 application of this model. Saibel and Shang [13] did
extens1ve research_york on four-wheel automobiles-gs we]l as introducing
and expand1ng on the non- 11near tire characteristics. They also investiga-
ted the trans1ent response of an automob11e when the driver sudden]y has

1pcked wheels. The effect of road pattern, non-linear characteristics

. ~ .

of tires, springs, dampers, and braking characteristics are also studied.
' t
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than: the rolling !'Sjstance'and wind force, and hence the) will®have-a

minor effect on the anélyticai solution.

¢




CHAPTER 2

"VEHICLE BRAKING FORCE DISTRIBUTION ON ROADS

AN .o
» = N M ) m
. 2,1 GENERAL ' =~ - S

¢

It #s extreme]y 1mportant that all vehicles should be capable
of the greatest possible dece]eration without any loss of'steering con-‘
trol due .to wheels lock1ng To find out how much deceleration can be
ach1eved, the 'adhesion ut111zatidn', defined as- the ratio of the decel- "
erat1on obtainable without wheel 1ock1ng to the deceleration with wheels
locked has been. calcu]ated for a var1ety of roadVSUrfaces [2 3]

! The maximum dece]eratnon which can be achleved Qn a road vehicle

. is geheral]y assoc1ated y1th the coefficient of friction between the tire

S \Qnd the road surface. In general, the criterion of 'all wheels locked'
oR‘a good road surf;ce is avai]anf as a measure of stopping power, and
hence the effects of the'Qistribuyion of)braking between the wheels
might be ignored; The safe 1imit of deceleration during braking can be

said to bccur when one wheel 1ocks, since directional control may then be’

lost. Any measure wh1ch raises the level of d?telerat1on before sk1dding
s occurs w1l1 make an overall contribution to general saﬁs;y
In the past, a fixed braking ratio between the axles has been used,
R ‘ » oL e
. +since this is the simplest way of distributing the brake force. This
" practice has the advantage of simplicity and cheapness. With a fixed braking -

" ratio, the minimum size of brakeshgan becused in obtaining the required

~

\ t

» - ‘ /."10'
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brake torque and dissipation.of k1net1c energy wh11e g1ving uniformity & . ¥

4
' ‘ //
' . - 2 ' .

" , of brake ]1n1ng l1fe

One danger arising from the use of the SImple f1xed ratio brak-~
" ing systems is the variation of brake sensitivity which may be exper1enced
Passenger car drivers dare familiar with the changes of pedal éffort* that

are requ1red to combat either changes in the fr1ct1ona1 properties of the

P

brake or changes in 'vehicle weight due to the carry1ng of add1t1ona1 pas-

’ b sengers. S ‘ R
"Braking‘efficiency can be greatly impro@ed bylmore,rea1{stic.pro-\

portioniné of the braking’ effort between the front and rear wheels of a- Lol 4
. \ " )

[3 . “ny o ‘l
:”vehic]e. The proportioning should be set according to the load on- those \*} I B

wheels underlghe influence of oad transfer This chapter describes how N

the braking forces are d1str1buted on veh1c1e wheels.’ 4 . :
2.2 ExTerNAL Forces AcTING ON A CAR DURING BRAKING -
= ) .
* In Fig. 2.1 all the external forces on a saloon car during braks
&' - o

ing are shown. Paint E is the centre through which the air resistance acts;
- G is the centre of gravity, S]‘and 52 are the braking fohces on the front

and rear wheels respectively, Si is the inertia férce,;s is the aerodyna- .

a
mic force and FV]and Evzahe the vertical forces on the front and rear .

' wheels'respective1y. K indicates‘the‘weight of the vehiqle. .: ' ‘hg =
For a.state of equilnbfium, the following set of equations *.°~ -~ - ‘

for forces and moments can be Wr%tten as [18]:

4 \ ) b
I . ' "

» . : < :
¥Pedal effort is defined.as the force that must be exerted on ¢
. the brake pedal in order to|produce the maximum deceleration permitted ) i
by the state of the road ) ) _ . : N o

¥
)

i grnate .
O R B e
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Fig. 2.1 - Illustration of External Forces on
. ‘A Car During Braking

[




‘Fv]"'sz:w.: .............. (2.2) ’

Fyg(ath) + S h=Sh+Wb ... . .. .. (.2.3)‘

.

where a, b, m and h a#z distances referreq to in'Fig.‘é.l

L}

If ”A,a"& qu are the coefficients of adhesion assumed for the

front and rear wheel respectively, then

BETICR 1) e (2.4)

52 quFVZ . eT s, a o & & # 8 o @ o & s o (2.5)

LIf the total braking moments on the froﬁt and rear wheels are N; and N;

e

) respgciive]y, and since they are proportioha] to the pressure p ‘of the

- ~

_braking fluid. ’ -

&

ML T KiP e v v et e e e e ee e e e (2.6)

Y P O R - (2.7)

. ’ . |
- where k, and k, are the dimensional constants depending-upon the arrenge- o~
ments and dimension of the brake shoes and the diameters -of the brake -

drums or the equivalent characteristjcs in the case of disc brakes. Also

N /

L. R ;)
Lo
M E SaR (2.9)

where R is rolling radius of tires.

The above set of ?quation can be rearranged and .can be expressed

under the assumption Sa = 0 as follows: P

»

PTLE i, . | v
a+b+h(uA2“' pAl) . . o '-\

Fi

&t ——— p—————————————
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':‘a "quh

Foo o .
v2= W , £ R R 1)
a+b+,h(uA ‘UA l) . -
} b +%t1
klp I= W a+b+h(]JA - UA) R ¢ e e e 4 s e e (2-]2)
Gp = W ot TR L (23)
. a+b+h(up‘2 - uAl) .
If p is Wiminated from equations (2.12) and (2.13), then
"JA ‘ : 1
( ? uAl = kzb + uA h(kl + k2) lllll ) . " - O. . » L] ) (20]‘40)
Now the total braking moment and force on the wheels are given by
| b UA2 + all'AL »
Ntota] - (kl + kz)p - WR a+b+h(u ~ u ) ------ . (2-15)
TRy Ay .
where ’ . ,
: Niotar = Mo * N o ) “
r
and \ N by, + ap
- _total _ - Az T-TAy
Yotal T TR T et kPR =W gprn sy (2216)

Hence, using the expression for total braking force, the deceleration ob-

tained under the condition that the whee]éhdo not.lock, can be expressed -

by — - )
6% Sypgay = Logkale g < g ai:ﬁﬁ(l:u'-‘zw . (2Y1)
|
2,3 Roap - TiRE ADHESION . ,

" Adhesion properties of pneumatic tires on road has been studied
earlier [19]. The adhesion 1ike the friction between two"surfaces, can

be characterized by a coefficient called the coefficient of adhesion Mo '

¢ . A o I
. "}‘“"rf}k ,:‘ - " 'Y . . .
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v

which is the raﬁio'of'the'tangentié1 force transmitted by the wheel to
the normal Toad carried by the wheel. The term 'adhesion' is often
used 1eose1y when coeffieient of adhesion-is implied. The coeff1c1ent
of adhestion is, in effecty the coeff1c1ent of friction.

The coefficient of adhesion, Ha depends upon the material of

D
~the tire and its tread pattern”,the materia] and téxture of the road

e

surfaces and tee/nature’and “thickness of any f1ﬁm present (water, mud,
0il, etc.). For a typical rubber tire the coeff1c1ent of adhesion Hp
a1eo depends upon sliding velocity and operating temperature [20]. Figs.
2.2 and 2. 3 il]ustrate'%hese'factg From Fig. 2.2 1t can be seen that
My increases with the s11d1ng velocity until a cr1t1ca1 ve10c1ty Once
the sliding qe]ocxty is greater than that c9rrespond1ng to the peak (cri-
't\pa] velocity), any increase in s]1d1ng velocity, will decrease the
fr1ct1ona] torque at the road surface. In this arrangement the wheel :

- becomes unstable and locks. Fig. 2.3 indicates that a small amount of
slip, cailed "ereep" superimposed on .the rotational ve1oc{ty enables

more torque to be handled. Some drivers utilize the peak adhesion by

'pumping’ the brakes. The driver applies the brake severg] times a sec-

ond releasing it just beffre the w ee%yis ;bout to lock. [t has been
shown experimentally [}4] that thé.stopping distence with pumping is
- less thaﬁ with locked wheels on a wetsurface. The antiskid devices also
make use of the high adhesion available just before wheel locking occurs.
In general, A decreases with increasing tire temperature;
consequentT} once a tire 'skids, frictional heating ovér the small con- -
.

tact area on the tire causes the adhesion to fall still further. The

>temperature can be suff1c1ent to melt the rubber or the b1nder on the

AW road, forming the characteristic black skid marks. Tires of vehicles
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Fig. 2.3 - Typical Curve Showing How Deceleration Varies -
' with Percentage of Wheel Slip




Q ¥
travelling at high speed can reach a temperature sufficient to lower the
. . ' x,

adhesion,

2,4 DIRecTIoNAL STABILITY (211

When a wheel is locked the direction of t\we frictioriaﬂ force is

independent of the wheel orientation and hence the direction of the T

o

. vehicle cannot be controlled. Consider the situation that the rear wheels

are locked and‘that the vehicle is,moving in a straight line as shovfm in _
Fig. 2.4. The centre of gravity (C.G.) of the vehicle will continue to
move in the original ‘d%rection, but if for some reason a small couple /

operates aboutr a vertical ]Jine through the C.G., caused, for example,

by uneven braking on the two sides of the vehicle, or by the road camber,

" the vehicle acquires an angular velocity o =°-X— about an instantaneous

center 0 i(here V s its initial velocit}' and R is the distance bet-

ween the instantaneous centre. and the locked wheel. The centre 0 is at

"the intersection of the straight line through the front wheels and the

.. '’
straight line through the C.G. at right angles to the lgcus of the C.G.

If the adhesion between road and tires is too small to balance the couple,
the rear end of the vehicle wi'l'i begin to swihg around. But:as the 'lbng—'

» v

jtudinal axis of the vehicle deviates further from the locus of the C.G.,

s ?
the R decreases. Since the angular momentum has to be conserved, the

b}

. f » 13 . 0 3 :
_angular velomtf w increases (v is considered to remain constant during

: ~ S oo
wheels leading. The trajec’tory of the instdntaneous centre of rotation A

[ Sl

the small time sthe skid devé‘]ops") until the axis of the car is perpe}ndi-
cular to the direction of motion. Then w begins to diminish until even-

tually it becomes zero and the vehicﬁ(e' proceeds ité.b]y with the rear

\,

S

is approx‘mate!y a cusped tractrix. y f} ‘
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1

If all four wheels lock simu1t§neously, the vehicle will slide

-

down the camber out of control. If the rear wheels lock less than 0.5

e

sec. before the front whee]s the vehicle will continue to move ahead
in a strafight Tine. However, if one rear wheel locks before the other,
> N0 dev1at10n oceurs until both lock. ° o
“ To get out of a frgﬁi wheel skid the driver obviousTy has to
.raaease the brakes suff1c1ent4y to regain steering control and then
apply aga%no he brakes more gant]y. For a rear wheel skid, the driver
;aeérs in the direction th;’car is iending to point, theraby decreasing
the upsetting torque, releasing the brakés, and reapplying them more
gently For a vehicle w{}h front wheel drive the qfﬁver should in addi-
tion acde]erate The driver, of course, has to meet w(}h no interfer-

ence from other traff1c and has to have sufficient road to carry out
J

the required manoeuvre. '

4

2.5 AoHesion UTILIzaTiON

-

A vehicle yheel will .start o lock when the braZing.force ex=,

ceeds the product of the tire-road adhesion coeff1c1ent and the dynamlc
wheel 1oad The value of veh1c1e deceleration at/th1s 1nstant will be .
detenn1ned by the braking -force on a]l the.wheels, which in turn is deter-
mined by the brak1ng d1str1but1on The dynamic wheel load can be calcula-
ted.from the dece]erationgana the static wheel load. It follows, there-
fore, that if the -tire-road adhes1on coeff1c1ent the static wheel load

A}

* distribution, and the braking dlstr1but1on are all known, the safe limit

tained when the braking and dynamic load disthihution are equal, the de-
N
celeration expressed‘as a proportion of "g" is in this case numer1ca11y

of deceleration can be calculated. S1ncew$hi}i:ial performance iqxob-




T g

. equal tp the adhesion féOeffi‘ciénti. A s;tisfacfory method of examining

*

_ the safe braking perfermance is to calculate the value of.d/f,

’ ) d = maxmum safe deceleration . i
TN f = tire- road adhesion coefficient. -

o

ng distr1butiono1s ideal, i.e. equa] to the 'load distribu-

, the value of d/f has been caHed the’ "odhesmn util-

"« the brakmg performance of road vehicles, the foHowmg two cri ter1a have

t $ to’ be exam1ned
& .

N - 1) theémaxwﬁlum dece]erat'lon that can be ach1eved without any /

, Wheel ]ockmg under varing Toads, and road adhes1on condi-

-

B t1 ons and

. 7
o .

2) the variation in peda1 effort requ1red to produce a gtven
deceleratwn due to changes in veh1c1e 1oad1ng .
- . . b}

¢

cients under

.' . . migss 2.6 -'2.9 show gome ypical veh1c1es and§he1r adhesmn
uti'l'izatwn 'ﬂbtamed for vdarious tire-road adhesion coef*

a f1xed braking ratio [4‘] "The plots of d/f VS My have been drawn for X
) . i ) i - q A,
. ;dece]’eration up. to d = 0 6 for commerc1a1 \geh1c1es and d IO 87 for cars.

N These values; of 'd’ reo?‘esent the maximum deceleration which can be em2

@ A\
<

p]dyed without any,damage due. to load mdving or passengers being thrown
@ about‘.' ) - _ .

n 'In' motorcycles,’ the Jfront and rear brake; are operated inde-
pemntly by the rlder, who is,therefore ab]e, in theory at.least, to
: obta1p any brakmg ratio he wishes. .Fig. 2 10 shows\the enormous changes
in orakmg ratio of motorcyc]es.that is required at the various Qece]era-

’ . & . « o, - 1 »
- - tions if ?ne dynamic weight ratio were to be equalled and achieve maximum
. : : A ~ \ ;

.’ . “ n( ,
0. \ N
i o : JPy v
) " .

e
e
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| Car & load

‘Fig. 2.5a -/A %ypical 12 CWT Passenger Car

Case 1 -~ Drivez} only, 1487 1b., G.V.W. ¢

Case’ 2 - Driver, .1 front passenger & 150 1b.
luggage, 1787 1b., G.V.VW,

. K\ . Case 3 - Driver, 3 passengers & 150 1b.
. . luggage, 2087 1b., G.V.W,
. . ‘“\7
" ) Unladen Weight 1337 1b. . -

) O'BT ____Eront wheel locking

' / —_Rear wheel locking
o ,

| " \,\\ol.z 0 /4 06 08 10 \
4 R0 A A

b Fig. 2 5b - P i of d/f Vs. MA £or Deq,eleratlon a- 0.1 to
' . \87 for 12 CWT Passenger Car
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Flg. 2 6a - A Typical 25 CWT Passenger Car

Case 1 - ]Qriver only, 2964 1b. G.V.W.

 Case 2 - Driver, 2 front passengers & 150 1b.’
luggage, 3414 1b. G.V.W.

_ - Case 3 - Driver, 3 rear passengers & 150 1b.
: luggg.gé 35]6{flb. G.V.W. \
o Unladen Weight 2814 ° T !
—_ ’
1.0
>
d/f !
20,81
| 06} d\ —..Eront wheel locking
0l —__Rear wheel locking
0 YEY 06 0.8 10
h. » o

Fig. 2.6 = Ploss of d/f Vs. MK, for Deceleration 4=0.1 o

0.87 for 25 CWT-Passenger Car
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. Fig. 2.7a - A Typical 2 Ton Van - ‘ ~ S m—
Case 1 - _ Unladen, 4632 1b. G.V.W. - '
\ ‘ + Case 2,3%,4.~ Half laden, 6872 1b. G.V.W.
- ' , ., ' Case 5,6,7 - Fully laden, 9112 1b. G.V.W. ’
. - = , / -
<4
.ﬂ g ' “
) 10
. ¢
d/f
0.8}, -
pra
- '
1 0.61 5\( +._.Eront wheel locking ~ . 4206 . .
) Rear wheel lockin ‘ T oo 2
§ 0 02 04 06 08 ¢« 10 - -
Fig. 2,7b - Plots of d/f Vs.’r-lA for Deceleration d=0. 1 to ,
0.6-for 2 Ton Van . N~ ¥
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braking. Since many motorcyclists do not use"their brake for fear that
the front wheel will ]ogk; it can be seen how poor a deceleration will
be achieved in these circumstances. .

Deceleration is generally designed to be ﬁroportiona1 to the
pedal effort. The’pedal effort is one factor which éan be measured
and which “influences the gain that should be introduced into the braking
system77 Table 2.1 shows the variation in pedal effort: that is required

for a deceleration of 0.3g due to changes in load and illustrates the
] ‘ .

difference between cars and commercial vehicles in this respect.

°

2.5.1 Apportioning Valves — *
‘ e simplest method of modifying'the conventional fixed-ratio
braking distribution is_to add a pressure modulating valve in the rear

brake line. Three basic types of-such valves are available [4]-and
. ) .,
each can be manufactured with pressure-limiting or pressure-reducing char-

b - .’
acteristics.

- st G G Gmee et wowan gl e G — — i —

the inertia force of a suspended mass “to vary the braking ratio. The

3

D.C.V. has no effect on static weight changes and can therefore only be
used on those passenger cars where static axle weights do not substantially
i

S . .
change. Valves using this principle have been designed, but none are in

-

~ production use. >

/

imately proportional to the deceleration for a particular gross vehicle

weight, a pressure limiting valve which limits the pressure to the rear
»

brakes can be used to increase the braking ratio at higher deceleration.

\

f\gse valves are most useful in cars of short wheel base sinEe this type
of Valve are of the greatest benefit where weight transfer is greatest.

Ve
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A benefit of this type of valve is that the limiting valve has

~

enabled the incidence of rear wheel locking to be reduced without depend-'

ing on adhesion utilization. This valve, however, is unsuitable where

large change in lbading can occur over the rear axle. A further disadvan-
tage of pressure limiting valve is the high pedal efforts required when
' /7

the vehicle is laden. % /

)

(ii1) Load conscious_valves — The most direct way of achieving a high

adhesion utilization is to use a valve which will alter the braking dis-

’tributiqn according to the load_as measured by thé deflection of the sprina

or the pressure in an air suspension chamber. If such a valve has a fast

.enough response, it will allow the brakxng distribution to follow the load

d1str1but1on both on static we1ght changes and on load transfer.

It is highly unlikely that such a device has been developed.
which would yield such a perfect response. - The major application is for
commercial vehicles, on which the axle weights can vary by a factor of
five or six, but™if the response is adequate, it will be equally useful
for passenger cars., |

The. relevant advaptage between the apove types have to be bal--
anced betwegp the performance achievement level and the cost‘simplicity
of design and installation on any particular vehicle.

The load conscious pressure-reducer provides the best perform-
ance but is the most expensive and the linkage is vulnerable to damage
énd.maladjustment. In practice, 1ining friction coefficient may become
extreme]y cr1t1ca1, a car fitted with a variable-ratio system matched
to prevent rear-wheel locking through the adhes1on range could be very

adversely affected by a slight indreasg in rear brake 1ining effective-

ness. Thus the potentially safe system could then exhibit a greatér

¥




dj?reg of instability.

~ 2.5.2 The Effect of Apportioning on Adhestion UfiTizaK:on

Fig. 2.11 shpws the improved adhesion of utilization and

é

the absencgfof rear-@heel Tocking when an apportioning valve is added.
1

In fact, it is often possible to achieve in-excess of 80 per cent utiliza-
. \

tion over a very wide range of adhestion conditions from dry concrete
6 wet ice. Unfortuhately, thehgreat Timitation of all such pport:on-
ing devices is that the brake systemgitself cannot prevent the driver

ultimately exceeding the maximum safe deceleration and then lpcking kbe

{
wheels.

o —

2.6 Increase oF BRrAKING SizE

When apportioning valves afe fitted to each axle,|good ad-
hesion utilization and a satisfactory peda{ effort\wi]] be obtained.
However, they have some serious disadvantages. The proportion of energy’
dissipaied at eaéﬁ braf@ will no longer be fixed and so lérge br;$es will -
have to beqfitted to ensure that severe fade and excessive wear aﬁe not
encountered. If total apportioning is used, the brakiﬁg ratio c;n\vany
from 20/80 for low decelerations on a vehicle with a full load placed
over the rear'axle to'60/40 for 0.5g decelerations on an unladen vehicle

_or a vehicle whose Toad is well forward. The effect of this on tempera- |
ture variation will be‘extremely large. Fig. 2.12 shows the temperdtures

. which are likely to be encountered whéh brakes designed for a fixed brak-

.+ ing ratio of 50/50 are used at other ratios to dissipate at the sam

total energy rate. The effect of these changes of temperature on the lin-
. -
ing wear rate are also shown.

7/

/

* -
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The extreme braking ratios will only ogcur with badly loaded
vehicles, but it will be necessary to ensure that thg wear of either brake
w111 not bé too rapid in any unlformly laden vehicle. At present it is

- common practice to fix the braking ratio by the byraking that is required
to decelerate~a uniformly ldden vehicle at 0.69. ,S1nce most work is done _
. at decelerations of less than 6.29 it may be necessary to mqréjnally in-
crease the size of the rear braké tovaccognt‘féf the gﬁsyter proportjon
of braking on thé ladep vehicTe at this lower deceleration. It may be nec-
essary to increase the size of the front brake to allow for the extra
energy that will be dissipated at that brake on the lighﬁIy laden or un-

- ]
laden vehicle due to the higﬁi front-rear braking ratio.

; . ¢ . ) .
2.7 Loap COMPENSATION -

-~

[ 4

e ) , It has aﬂigady been pointed out that for a pafticu]ar vehicle
¢ “the pedal effort required to give a fixed Hecé]erati;n will be sdbstan-
tially proport1ona1 to the gross vehicle u@lght Since commercial vehicle
‘\ . common]y,have a 1ad§n weight which is between two and three times the un:
Tiﬁgﬁ/;e1ght the very light pedal effort required to brake an un1aden '
\ ‘ vehicle on a s]1pppry road will lead ?p considerable danger of loss of
control. To overcome this, the dev{ces already considered for)g]téring.
the braking distribution according to the  axle load can be made to alter N
the pedal effort brake torque re]atioﬁship without affecting the fixed
| Eraking ratio. This is achieved by using one valve or variable booster
‘a”r' \\the rear axle [4] The use gf the variable booster is part1cu1ar1y
appllcabln,to 51ght commeﬁiial vehicles, since many of those already
employfg;xppuUm b yoster po assist the hydraulic actuation. Fié. 2.13

N

.S
shows the..adfiésion utilization.for fully apportioned vehicle when two

. .
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variable output boosters are used. “Now in order to study the effects of

‘!fd compensation two catégorﬁes of vehicles need to be considered:

(1) vehicles whose braking system are direct hydraulic yjthodt assist-
-ance (generally 2 tons pay load weight and under); and

(2) vehicles which at present use a vacuum booster.

~

To obtain the maximum improvement in the control of braking, a
variable output booster should oﬁvious1y be fitted to each axle on both

classes of vehicles. However, if for other fBasons,only one such booster

\\{s used, the choice must be madl whethef to use it to operate the rear

“brake only, thereby giving partial apportioning, or to operate all the
brakes, i.é. as a 1oad“compensa;or. On a vehicle of the first cétego?y
it will -probably be preferabje to use’it to operate @ha rear brakes only,
since this will improve both the adhesion utilization and the pedal
effort as shown in Fig. 2.14 and 2.15. On veirteles of the second cate-
gory it must be used to operatetﬂ the brakgs, otherwise the system ~
cannot fully meet the requirements of b?hking a.fully laden .vehicle for
which the original booster was employed.\ In this case, the boost ratio

is being reduced and the pedal effort increased for the 1ight1y laden

vehicle.

2.8 SAFETY AND RELIABILITY | ’ )

With rodd giving adhesion coefficients varying from f = 0.2 in
wet and icy conditions to f = 1.0 in dry surface, there is a big scope
for the improvement in the deceleration obtained thhout wheel locking.

Any unreliability in the performance of the device cqu]d consequently

. lead directly to an increase in the\number of accidents. Brakes are
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designed with the maximum reliability in mind, using the least number of

1 .
complications.” However, high deceleration on a poor road surface is ol

| the ultimate test for the insufficiency in the.braking ratio; in which
‘ case the driver will probably be in serious trouble if I heets tock.

'+ Therefore, any'device whicﬁ Timits wheel locking and allows greater de-

celeration to be used, must be so simple that any possibility of unrelia-

-

bility can be discounted, or it must function every time when the brakes
s -

' are used so<that the driver will be aware if it ceases to work efficiently.

2.9.1 Prevention of VEhic]e Spin

Stark and Lister [22] sﬁowed that the incidence of vehicle
‘ // " spin during emergency braking of cars could be stopped by locking the

front wheels before the rear wheels. This should also hold true for

~

e ! commercial vehicles. The loaq$%onscious valves can easily be set to give
a little more braking at the front than would be .chosen for maximum adhe-

- “ sion utilization, so_ensuring that the front wheels lock first, prevent-

ing vehicle spin. The loss of adhesion utilization is small, probably

much less than the loss of utilization when E:g,pressure 1imiting valve

is used on passengercars.
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CHAPTER 3

"" DYNAMICS OF VEHICLES UNDER THE ACTION OF BRAKING

\

! -

~

3.1 OGENERAL

-
Buring the accelerating or braking phase of vehicle performance,
the handling char;cteristics may vary considerably from those obtained
from steady speed conditions. In certain cases, the dynamic change in
the vehicle can be utilized to enhgnce some pafticu]ar aspect of ha5d1ing.
For example, the application of an accelerating force through the rear

whéels of a rear drive vehicle is a means whereby lateral responses may

. be increased. The braking process can in extreme cases. result in either

complete loss of directional controf. with the result that the vehicle
moves in a manner wﬁich is solely dependent on its attitude immediately
prior to brake.application, or'a}terhatively in absolute stability in

which the vehicle cannot degjate from a straight Tine motion. Either

" condition is potentially dangerous, and certainly undesirable.

The description of g@krgency condiiioné involving heavy braking

or acceleration, or sudden ‘manoeuvers are not well described by steady

" state solution or linearized systems‘of forces. Therefore, we need to

find transient type solution to dea11comp1ete]y with vehicle behaviour
¥
yder. such conditions. Available literature on transient behaviour of

| .
vehicles during braking is limited. Often these works are based on a

Ve
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simple mathematical model of the vehicle and ignoring the vgical fotion

e ——g

of the car or unequal brake action or using a mathematical model with a ‘

simple two-wheel sys'tem.

o

3.2 A SimpLiF1eED MopeL oF VeHicLEs IN Dynamic Stupy

3.2.1 Mathematical Mo}M

Pacejka [23] has developed the dynamic equation of motion of
an automobile undengoing.unrestridted motion in six dégrees of freedom
by retaining only those terms that are invariant in time. He has also
made the following édditiona] assumptions in order to obtain the equations:
(1) ’(‘{p wind velocity is assumed to be zero relative to ground but -a
drag force due to air resistance, wind force is assumed to act \
at the origin of the axis-system, €¢s Lgang point, @, Fig. 3.1.
(2) The _effeéts of c;rive shaft torque, T, have been added.

(3) The angle, A, is assumed to be small so that

Z,
sin A= — and cos X =1

. £
. °(4) A11 products involving (Zz/“¢, \ have been considered negligible

»

and have, therefore, been omitted.

w

Based on the above assumptions, the dynan\lic equations of motion

of an automobile is given by:

.-
RCAZEE PR PR e (3.1)
'M)'(J;-Ms{eq;+§3.(a-c)}wz= i+ Y, ./ .. (3.2)
Ms { es +~%?~ (a-C)o}ip = aVy = bY, + N + X, . . (3.3)

2
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-

Tz Loz,
“Me ((xy - a oyt -?%wy Y oyy) - Moges - T

. +(I_ - In + ‘f‘ccg) v+ ki(p-¢1) + ka(p-¢2) = (.N'*'Nt ‘f‘ RN (3°4)~,.:’

» CS S

X | o

R : - ka(¢-¢1) +Ba(¢1) =0 . . . . . .. .. .a.\.\. v e . .. (3.5)

z . . B
M, - (% pla-c) - egyk - acey?} + M zax ¥ + T+ By {(92)

- {Ms( ) + My, 192292~ kz(¢ ¢2) - Msh 2 ¢2‘1‘.Y

oz z X
'(- CC512—¢2\1)2 S - (N + Xt) _lg' a o @ LI s o . Y . . 0 . » . Y (306)
where \ o
Yor = X110 * X4R Xip = X1+ ¥ap
_ Ve
v ' Y. = Yo 4 Y '
Yor =T+ R IR= Tt Yor

N =N]L+N'IR+N2L+N2R
_by Xq - X)) + oK =Xo0)
R xt -21-(1L 1R 2( 2L572RT L o e e (3.7)

Assuming that there is no loss between the engine and the rear t1re due
to gear inefficiency, fr'lct1on, etc., then the drive-shaft torque can

be written as: \ } c
‘ ~

where .

The wind force, X,» can be written as

X, = - ;c Ar\i)'cIT:I e . (3.9)
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The rolling stiffness about the roll axis of the sprung mass
is a function of the spring suspension system which exists between the
body sprung mass and the front and rear axle masses. The moments pro-
duced by thesé spring elements will therefore be a fun,ction of the rela-
tive angular displacemeﬁts of these masses about their respective roll
axes. These reldtive displacements are (¢ -¢,) and (¢ -mxperimen—
tal"curves of roll moment }/ersus relative roll displacement for a typical
American passenger automobile indicate.a central lineat portion, the upper
and lower !im‘ts being + ¢', 2 and - ¢‘1,2, respectively, and non-]_inear N

outer portions whose extreme upper and lower limits are + ¢"1 2and
. ' ' ,

-¢", , respectively. These characteristics can be approximated by the
’ A4

followi ng mathematical expressions:

k-0 ) =a (6-0,) . -0, <60, ) ¢,
- ‘ J 2 " ]
‘r k1!2(¢-¢1 2) al‘, ¢ 1,2 ¢ ;T- (¢ 152 - ¢ 1’2)
"xtan - 1,22 9,2) I | o' <o -0 )¢ ¢"
"%, 2 152’ 112 L2
k., (0 -0,,,) = @ 8" 1,2 <00 ) L (3000)

, ¢
where a, ,is the coefficent for rolling moments on the sprung mass, front

amg rear, respectively.

1

L]




o -

Xtan i%*-hl%ﬂml > S AN TR S M
) 152" "1s2 ‘ 1’.2

. " N v
K ,, (070 , ) =~ = (0=0,,,)< - ¢"

The rolling moments on the unsprung masses, about the front and rear roll

axes, respectively, Bl . are given by the expressions:

- t? ) 7

e (¢1sz) = A rks( 2 )¢x’z< Aa (RN
o .
. t2 /‘ ﬂ‘. t2 . ,

= ~}32 2
Blo,002) = K32 ¢ o k(R faels A ) L L (3010
Bx'z(¢1’2) N Alaz kS( 2 ) ¢1’2> Anz

. . . 8
where .
o A= HMgb + Mgy b+ 1, ) :
hoo= B (Mga-Mhey b+ T 00 oo . ... Ce e (3012)

-

and Bm'is the ro111ing roment of the unsprung masses‘about the front and

" rear roll axes respectively. . i

The slip angles of the tires are given by the expression:

%J.=Bij"yij ..o..-..o.---lon(3o]3)
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5 L Sy the input steer angles, are zero for the two rear.wheels
wy D C’ = ‘
" ,ang the expression for the two front wheels is given by: _
5 . ‘ » ! '- .‘ 3 “ ) I
— Cdtan 1L= COtag 61R+t‘/l LI TR T T : * s+ v » '0 (3-]5%
P . . s ' ‘.
" Assuming an Ackerman" eringj1ayout, the average input steer angle, , b
" is defined by the equation , ‘ "
' 6 = (61]J + 613,)/,2—\’ soe e ‘n : LY (‘! . e (3-]6) s - ~‘

Fiala [24] has derived the fo]]dwing expressions for the th!r-' ‘;

. éﬁdg force. The tire sidé force (Fij) is a function of the slip ang]é, E

tl .
camber angle, vertical load, friction coefficient and Tongitudinal force
and is expressed by the following equation: ' S (/ /
' -~ BRI ,
\ . ( Lt . °
r \ .
' e
3 . . )
i ' I . . )
‘,.',,"}\r‘ E5Eh




_ Yos* Yio
| . P 2 ¢2 . 2 RYE I A R |
{ , Fis = Cchj 945 + 3/2 (‘lzu W Coy By gy + )
D fors | " T S . -7 -
- ~ * !‘yi‘jl <2 and a_ijy_ij ->0' . .: . . a8 s+ s e o . : - . (3-]7)
and : ' , ‘ s ' .
.o = "‘ i‘ -2 2 - --2 e o » e s s e s 8 s 2 s o @ ‘o 3-]8
Fig ™o ) Az ;R - Wyt o (e
v\;‘ ' fOV‘ - ) , , ., - . ) . . '/
- lyijl >2- or Cf-.ijy.ij <0 o _‘ -
where ,
N o o i=1,2, and . j = left, right . S
and . g .
' oo = —dd can o4 : R < T8 )
1] . 222 2
B i ’
P In equation (3.17), (3.18) and (3.19), the negative signs are used for
aij<0‘ and the positive signs for %5 > 0.
> o~ < L) . -
) " . Each longitudinal tire force, wiJ.. is the sum of the rolling re-
- ' sistance and the traction force on the atir'e/These forces 'aroe expressed )
as follows: ~ ’ |
. ] ' _ . : ‘ .
" . ' N.- -‘-.Zij (A + B'vij) . ./\-\ 2 I A LA (3-20)

' 1]

‘where A'iB' _'aré the- coefficient of rolling resistance. &
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‘ . ' ‘ ' \ % /
1} for .. " C) |
I R LV S M A R A S I / .
. 4, N g e e e (3.21)
. ’
' X . and y _ ; ’ ) S
23 © 2] ; ~ -
e ~ For C 3 -
. P - ' ' )
e - ) ("th/2) sz(A \+ B véj) A ) . .
’ : where A _ —J !
. T =‘((y +ap?) + T (/20 L. L. Lo (3.22)
. . ‘
t ,/ . . L. )
% . — . - 2 s Sy 2 A
Co AR TRE G2 .. (3.23)
: . . .
1 =~ and the positive sign is used for j = 1eft the negative sign for j = right.
» “In der1v1ng the above'equatwons, it was assymed that the automobile is
{ ) T rear drive and has a conventional differential which divides the ‘torque
equally to the two rear whebls.
[ ° ‘! o The vertical Toad on each wheel is given by the eqqpt1on
[ . X .
‘ . fh7, . = _J__ + :
. o . | Z'iavt B/(¢ ....... Jeoe. (3.28)
\ 1N "/’ , . ' -
. .° ° where the negative sign 15 used for j= 1eft the positive s1gn is used
' ° for j = right, and'B K (6 )andA are giVen by equation (3.\1) and
- $ o > ‘ 152 192 1 2.
' (3.12), respectively. - = , , o r i
4 ) ) Fig. 3.2 shows the various .forces acting on the-tire and the
PRI " varlous angle that are 6ert1nent to creation of these forces and their
o ' . s e

’ further resolution to vehlcle axes. * Examination of' Fig 3. 2 shows that

~ the X“and Y forces prodcued by each wheel are:
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o ; . .
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3.2.¢ Solution Methodology of the Simb11fieﬂ Vehicle Model.

The preceding sets of non-linear equations cannot be solved
straightforward, because of the 1ntricac¥fof the simubtaneous non-linear
algebraictand transcendental equations that make up the mathematical model
of the vehicle and tire. The Newton-Raphson Method [24], was useq to :ofve

these non-1inear equations numerically. With this m@thod, one\assuhes

» ¢ '
~ initial or "starting" values of the six primary response variable (Xy ¥ X»

$1, and ¢5), performs a series of calculations using the equations’(a.l) to
& {

(3.25) (e.g. for the slip angles, camber angles, tire forces and moments),

and then checkst the accﬁracy of the initial v;%ues Qy'calculat{ng all of
the term; in tﬂ; equilibrium equations. The left-hand side apd right-hand
sides of these equations will then differ from zero by a set of numbers
which are called residuals. AN

\

Following the Newtoﬁ-Rapson method these residuals are used to

- arrive at improved approximations for the si§ primary response variables.

) The entire process is repeated using successively improved approximations

until finally, a point is reached where all of the response variables of
. . *
the automobile and types may be computed with sufficient accuracy.

N The drag force Xw, depends only on the magnitude of the longi-
" tudinal velocity of the vehiéle. and ité magnitude is negligible. The

longitudinal force on each tire is taken as the difference of the thrust

~

on the tire and the rolling resistance of the tire. Since the assumed

\1

automobile is driven at ‘the rear through a differentlal,)the ﬁhrust at

!

~




“to experimental datas for a typical automobile.

@ .

the‘front/wheels is zero while the thrust at each r@ar wheel is one-half

~of the total applied thrust, P,,.

c The vertical load ofach tire is determined by the weight dis- »
tribution of tpg standing automobile and by the magnitude of the load
transferred from side to side and from front to rear.
Rolling moments, about the ro]]iaxis, are applied to both the
sprung and unsprung masses. These moments are assumed to be non-]inggr
functions of the relative ro]] di§p1aceme;t betweeg the sprung and unsprung
masses. ' ‘ ’ \
The slip angle, a, at each wheel is the differeﬁce between the -
angle B8 (between the reference 1ongitud1na1 axis, X, of the veh1c1e and
the ve10c1ty of the ax]e relative to the grounnd) and theytotal steer
angle, V l This steer angle is the sum of the input steer angle and the )

toe chande, %. Toe changes, both frgﬂt and rear, are caused by roll steer

and were represented. by empirical equations derived b& fitting a curve -
o

Rrom the above discussion, it is apparent that mathematical model
is fes¥ricted in the sense, that the equationé represent characteristics
of one specific tire for one inflation prifsure The following specific
set of vehicle character1st1cs have been specified in order 4o simplify

calculations:

! 1

+

(a) 55 ber cent of the weight .of the car is carried Py the fr6h§
wheels . . : . ea )

(b) the driving wheels are at the rear of the car ‘ -
(c) the front roll stiffness has been 1ncreased by the use oﬁ an . “ —

anti-roll bar, to alva1ue that is approx1mate1y‘three times’

tﬁe rear roll stiffness.




- “dase of a 16-degree steer angle and a path curvature of 100 ft, equili-

y

h ‘%"’A"‘»/ . ¢
3.2.3 Results and Discussion .

s
Some of the results bbtained from the.analysis are presented

in this section. Further discussions on the relationship between path

.
a,

curvature responsée and vehicle handling characteristics are also presented. ~

>

. . P
The results for the vehicle responses and tire forces are obtained foc'

steer angle of 1, 2, 4, 8 qnd 16 degrees and for values of thrust from ' .
0 to 1100 1. | . .
| Figure/3.3 f1lustrates the non-linear path-curvature response

- LN
with respect to total velocity. Since the non-linear path -curvature res-

\

ponses decrease With 1ncreas1ng velocity, the automobile be understeered

(11, 24]. The path curvature becomes a doub]e-va]ved function because of
the increased path curvature and decreased veloeity_which accompany large
valuve of thrust. Hence, there can be two equilibrium conditions corres-
ponding to a given path curvature and steer angle. For example, in the
brium exists for velocities of approximately 46 and‘ST/ft/sec. The cor-
responding values of total thrust are 650 and 1010 1b, so that it {s clear
the;?darge thrusts must be app11ed to reach the upper branches of the
curves of‘path curvature response. r w

‘ Figure 3.4 illustrates the non-linear path curvature response
with respect to total input thrust. It can be seen that for 1arge\va1ues
of total thrust, the path curvatures reach a minimum and then increase. B

Main factors that affect the tire side force are load transfer,

driving thrust and slip angle. As the transferred load and driving thrust
at: the rear of the- automobile 1ncrease, there is a sharp decrease in side

force in the rear righﬂ’tife. Therefbre, to maintain a moment ehuilidyium

a corresponding increase in side force of the rear left tire must be gen-.

‘1:':( .. } . X
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erated. This increase of si&e force is produced by an 1ncrgased slip

angle at the rear relative to the front. Such an increase in the rear
s1ip angle can be produﬁed only by an increased yawing velocity.

Furthermore, the. vehicle sideslip angle increases rapidly be-
cause of the need for both front and rear large slip angles, in order to
maintain force equilibrium., As a result, the centrifugal force on the
vehicle has a component, (wny Sin 3),‘wh1ch’ opposes the rear-wr!eel thrust.
Hence, despite an increase of driving thrust, the velocity of the vehicle
decreases. , |

This combination of 1ﬁbreasing yawing velocity and decreasing
vehicle velocity resuits in rapidly increasing path curvature since path
curvature is equal to the ratio of yawing velocity to vehicle velocity. -

The variation of path curvature with thrust, shown in Fig. 3.4,
shows that as the driver gradua11y increases the throttle setting (thg
changes in throttle setting are assumed to be graduél so that equilibrium
will exist at each combination of steer angle and thrust), holding the
steer angle fixed; he will note a gradually decreasigg path_curyature and
will apthg to drift toward the outside of the curve. However, as he
increases the thrust further, he will eventually pass the pont of minimum

curvature and will then notice less of a ééad%?cy to drift to the outside

of the curve. Furthermore, when“he reaches lar§e values of thrust, he

will note an increased sensitivity of path curvature to changes in thrust,

as indicated by’the large positive slopes of the 8- and 16-deg;ee curves
of Fig. 3.4, for high thrust. This increased sgnsitivity to thrust is

an example of the phenomena of 'steering by throttle', familiar to racing
driverst_ |

»

© It should be recognizej/}ﬁht the abqy:;mentioned‘éhanges in

.
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path curvature with constant steer angle.or changes in steer angle with con-

stant steer angle or change$ in steer angle with constant' path-curvature
are predicated on the assumption that sufficiént torque is available
from the engine to approach spinning of the inside rear wheel.

‘ Figs. 3.5 and 3.6 illustrate the path curvature with steer angle
for both constant velocity and thrust, respectively. As is demonstrated,
thg change of path chrvature‘per unit change of steer angle decreases
proportional]y_with increasing steer angle for constant velocity (Fig. 3.5).
Inversely, there/ié an increase of the same, wiéh increasing steer angle
‘ for constant thrust (Fig. 3.6). ‘ \ *

Fié. 3.? illgstrate +the lateral acceleration. that is produced
in a steady turn as a function of thrust for various constant steer angles.
It is obvious that high 1atéraljaccelerat10ns are produced by the iarger
steer angles and for high values of thrust. ' Interestingly enough lateral
acceleration approaches an upper limif of approximately 0.75 at higher
thrust values, irrespective of steer angle. Since the assumed coefficient
. of fgiction is unity, one might expect the maximum lateral acceleration
to approach 1g. This high value of lateral acceleratioh is noﬁ‘achieved
because the total horizoqatal force produced by each of the rear tire is
shared between side forcé and-dfiy1ng thrust, and the rear right wheel g
spin Beforé all of the load is transferred from the inner (right).Wheelsll
to the outer (left) wheels. In practicg, the effectivé maximum friction
force between the tire and the road would most probably be less than the
vertical load since the effect of the bouncipg of the whée] affected by
the degree of road roughness therefore, it cannot be expected to obtain

}measured lateral accelerations as high as 0.75.

*

Fig. ‘3.8 illustrates the load and total horizontal forces on

\ ~4
:1"‘#’??""'7‘ L
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eath tire as a function of totat thrust for an average steer.angle of 8
degrees. It may be observed that the magnitude of t;e Toad transferred
frem one side of the automobile to' the other varies in a manner similar

to bthe curve for lateral acceleration versus thrust shown in Fig. 3.7.
This‘s‘imi larity is expected because the moment due to the centrifugal
farce muli'ipHed by the height of fhe &ntre of gravity above tr\é ground
is (approximately) balanced by the moment due to the différences in ;vheel

load from side to side. In addition, it is seen that more load is trans-

ferred at the front than at the rear as a result of the greater front

’ N
|

roll stiffness.

: -
3.3 AN IMpROVED MoDEL.FOR VEHICLE DYNAMICS

3.3.1 Derivation of Mathematical Model

3 The mathematical n@de'l descmbed t\\ere was developed by E. A
_Saibel and Shang Lichang [13]. The model assumes a sprung mass mounted to
the wheels by means of springs and dash pots. The springs and dash pots

of t:.he suspension system were assumed e be paraHe! and connected

wi.th the wheel in 'series.’ Another pair of para]le]~ non-1inear tire springs
and dashpoté‘as shown in Fig. 3.9 we;e assumed to represent the visco-eLasticl
t;\ehaviour‘m; tires. A schematic equivalent of the vehicle for the tranei\enit
analysis is shown in Fig. 3. 1ﬂ0 : ‘

It is c1ear)tha by having the deﬂecnons of the springs, the
motion of the sprung massfrelative to the ground can be found. These are
the Zijk where 1 = 1.2 and j =1L, R expresses rear right, ri\ght front,
left front, and rear left, respectively. Road elevation, tire defleg@ion,
and spring deflection, are expressed by k=1, 2, 3. It is assumed that

yaw 1s unimportant than-the roll angle ¢ and the motions of four wheel masses

.
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» at points i, 2, 3, 4 are vertical. Then %ne pitch angle © and the Yon1 -

angle ¢ can be expressed as:

(Zy 3) - (Zppg) . (Zy13) = (Z3ps)

> ¢ —g = — e e e e e ,(3.26)
. . ‘ t ) . ,
. o = (Zpg) - (Zgpg)  (Zyg) - (Zyyg) "
B N 1 i £ ] * L] L] L] - . LI ] .
In order to find the acceleratiq‘n of the centre of gravity, the‘ following
kinematic relationsnip can be written: e 7
) ’ I
s -> -> > , >t -> -> -> -+ Es T
Y= Ripr]+2mxpre1+mxp+mx(mxp) ..... -~ .. (3.28)

Since a three-coordinate system is“used the"adceleration of

the center of gravity relative Lynt O‘m Fig., 3. 9 wﬂ'l be obtained by

3

°f1rst finding the acceleratmn of the center of%r:athy relative to pomt

—

A. , Using equation (3 28), and Fig. 3.11,
TN

‘r;'-" 22R3k‘ + c(—) 1" - c$a“ + (b¢ - ae)k" + (b¢e -ap?) i“
& Q

° . ., - (b¢zf- a90) j" -l(ccinil + cé’)_l:'l, e s, . (3.29)

E ) : % f
" “ " This equation expresses the acceleration of the center of gr‘av1ty relative

s

to pointA. in order to find_the ,acde1e<at1on of the center of grayity
relative to the 1nert1a1 frame, apply equatwon (3. 28) dgain to the System

‘N

shown on Fig. (3.12). In this system,pm

acceleration of the center of gra;n'tgytive to A, which is equal to ’?A

has the physical meaning of the

shown on equation (3.29).

o
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P Also ¢ and © are small quant1t1es and hence ¢, o, and ¢0 , can
be neglected compared w1th $, 0, and 213 terms After finding ﬁre'l’
. ‘R and trans aming the doubee prime system to a sing]e prime system and
substituti g these quall/Ei/tJl)es ,jnto eqtiation (3.28): L \
i‘ =% v - ..I* “ . . ‘-’ . ¥ W T
T=coi' - cdj' + (ZZRB +bo - ao)k' + x,1 + y,J . (3.30)
Y ‘;; 3 - . ‘, . r
" |In the ;ﬁudﬂ of vehicles along a stnaigﬁt line, we fnow 1 = {',
d.=3 ecause th\\e vehicles are constrained to go along a straight Hne,
we will assume vehicles have no ro'l] angle. Hence equation (3.30) reduces
. o @
) . u; o -'. w7 e -"
= (x, + @OJit + (ZZR3 -a0)k' ... ... .. (?.31)
N The moment of the exterfial forces about the C.G. is given by
g - _* ) . ‘\‘ 4
. Boohg v o et C L (3.32)
where P '
P Pl
hG = hxcﬂ + hyc“ 3 P\hZC"k
° L
" ’ ’ ) ' “
L ‘ hXC‘ = Ixmxu - Ixywx" Ixzwzn ‘
~ \ "\§ {’ s .’ ' ‘./ <
) 3 hycl = Ixywin‘c"' I.yy»’n - Iyzmzn
. rxhzc" = ~Lig = Tygoge + L, . \ ‘
”, ‘ . . / /
YU Thelw, ", wl® and w," are the abso]ute angular veloc1t1es of
. | X y - 2
" ths do&le prime sysem, and h ", hy “and h, " are moment of momentum -
. k relative to grigin frame at C.G. ) ' 4 : s
N - . : ' : - .

£

by
LT T
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.For convenience, axes pas?ng through the center of gravity,
parallel to the double prime system, and fixed in the body, (i.e. Xc“,
\ . . - .

Yc"“1 Zc")' Because of symmetry, Ix_y = Iyz = 0. R

The absolute angular velocity of the doxge prime is: °

‘?u y ‘--*h
wabs'z " + A . : ‘ |
= wxn-{‘,' + wy..:]r" + mz,,k“ . .. Q.' ........ (3.33)
Substituting equation (3.33) into equation (3.32) gives — .
e '\
> '+u ATy ' ' 1 \
hG = Ix ¢i" + IyQ 63 - I‘xz¢k / 3
v\ :" _ .. :{‘" I ‘.,:p" I. .ﬁ. + I l#' + ‘IF..:;'" I ot.. . . ”
hg = 1,017+ y 8" - xz¢ x® ye‘] - Lt
. . ¢ »
By converting from the doublg‘"’prime to the single prime system and ignor-
ing higher order terms, the following equation is obtained: . 'Z
! . : 4.
¥ - -)l. ‘".r+l - ! Y "’l
hG = IXM + Iye:j, Ixz¢k )
For vehicle a1ko\ng a straight 1ine (no roll angle) —
' ‘ . ° *P‘ -
e > ‘ . ;
,*" hG = I OJ ---------- é oooooooooooo (3- 34) \

' ' . g > g >4

_ In order to write the equation of motion, EG = HG and F = ma Nas
been used. Let S;;( =1, 2 and j = L,R) express the effeciive’ tractive
effort. - Since Sij not only accelerate the \gtheel. but a];o transfers part -
of it to accelerate the sgrung mass, we can obtain the ?ollawing:

S " -
Ss: S W . ‘ .
iJ = 13 "—!. . -

(3 » g x.‘j s o 8 o @ "‘ e ¢ o ‘t ¢ o o e -» (3-35)o .,

1 -

I
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J “2(’5*9w+22R3)52R - 2(As+hy+Z; s )Sqp *-3'1)@_, e e e e e e k(3.39) C°
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moment couples will be introduced if forces are shifted from one location

to another. Therefore, the moment coup'}és in'y' directibn are: \

~

-

<, - ; * ) p@ ' ! B
N'iiy. = '('S + 2133 - Zijz)sijs ‘;:(hw + Z'ijZ)SiJ' o o o (3;36)

Now define a dynamic wheel load as the instantaneous value of vertical

. R 8 ’ R - .
reactipn(between the tire and the road surface and assume that the engine
power is equally divided in the wheels, or that brake forces .are equally
distributed. In addition for vehicles travellifg on a straight path, 'the
Tateral for.ces\,lare ‘ba.}anced out. Hence, S2R = SZL’ S]R = SIL’ ZZRZ = ZZLZ;

2223 = 22L3’ z]RZ =. 2“_2, and Zu_3 = z]R3' Therefore, the equations of

-

mofion can be written as follows:

i - . s x
) ww . " ve . ws
ZSZR + ZS]R - 4 .'—g_ X - W'ind fOT‘CE = (X + G@)—g . (.»H/ s e e ge e N (3. 37) '

-

. . ,"‘u ’ .\\ . ) s ‘ . .
Zbs(Zopy = g3 ) * Zks(Zipp = Lipg ) + 2s(Zppy = Lopg ) *+ 2s(Zypy = Zypy )

°

L
r.*‘_ w 1 1 k<

= (g alg e Ty e e (3.38)

2ksa(Zppy - Zppg ) + 2salZppy - gy ) e 2ks (1-2){Zypy - Zypg )
T , n .
] -ZCS-,(-l-a)‘(Z]R2 - ik )‘ + e. wind + (SZRS + ‘S,,'IRS Y(a e,-.C) .
W, wo ¥
~S1as10 *+ 25 (2 + Zypy + Lypg = Lygy = Zypy )X

. .

O = (Zppg - Lggd/h e v v e (340)
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6 7 7 =
g Zorz * K Zzaz * Celone® Ks(Zapg = Zors) * Cs (Zopp = Zopg) = O
¢ b 0 Cee e e e (3.4)

3 2y KeIgE + Colypp + Ks(Zypa = Z1pa) * Cs(Zypp = st) =0
) e e . (3.82)

where Eq. 337 and 342 are the equations of motion of the wheel, z!'7¢
expresses the non-linear tire characteristics., Radt and Pacejka [26] have .

armved at emp1r1ca1 formulas wh‘ich can be used 1n expressing such factors

‘j' as the ro'l‘hng resistance and wind forces o .

\ { Ro]Hng resistance = FV(A' \B v) i
3 | . Wind force % = 1/2 GyApvk) % | ° - :
. R ‘ -~ .
where : LY > ~ -
. Cw = 0.45, coefficient of ‘wind B
“ * ! @
A = the .area of automobile in -the largest section, ft2
\:" \ o \
Fy = the vertical load on each tire, Tb¢ -
- - : o g "'\\4’)‘ -
‘ X = the velocity of e car, ft/sec.
] -
t S ‘ _— .
The set of equation (3.37) to (3.42) conmpletély describe the dynamic be-
\ N . , R T -
haviour of vehicles during braking.
i P . . ;
S - & \7 ‘s‘ ,v‘ T . /
- 3 2.2 ksum -and Discussion“ C :*‘wfi‘ )
AR S X Sabﬂe and Shang [13}: have studied the dynamic behaviour of
~.\ P ‘vehicle during bn:aking based on ‘Qabove set of equations‘ ~ Fig. 3.13
\ ) ; ;hé’\vs the comparison between front, rear, four wheel and cross “wheel braking,

e na . o, B . R
X t gy " . L . v,

A - . -
A -
o chme i e
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" where S, = 600 1be on each rear wheel or front‘nheel brake, S]é = 300 b,
. on'each wheel brake and S = 600 lbf for either right\front. left rear,
or right rear, left front cross braking and initial velocity of the vehi-
cle before braking 1s taken to be 60 MPH are taken.

A11 the phys1ca1-thopert1es of the vehicle are shown in Table
3.1. Fig. 3.14 shows the ¢ anée in normal force when steel spring con-
stant (kg) are different F1g 3.13 is the comparison of the effect of
vertical forces exerted on the car by 1nd1v1dua11y test1ng the effects
- of four different types of brakes, i.e. 1. rear wheel brake 2. front
wheel brake 3. foJr wheel brake 4. cross brake. _

\ . It is obvious that in the aforementioned four cases, the motion
of the braking duration is damped oscillatory. However, the figure shows
that the four wheel brake-type is preferable since it reaches ‘the steady
state response ;ooner than the others, therefpre it reou{rescless yertical
force and minimizes the body. tremor. |

Fig. 3.14 indicates that under the same normal force,}ﬁigher
the kg, higher the frequency oﬁ-pﬁgjiiation. Conseqnently, iower the kg,
Tower the frequency. Therefore,.it is more advqntadeous to select the
spring with lTower kg. ‘ Y ‘

N — s

3.4 CALCULATION OF LATERAL TIRE FORCcES °

A
A number of t1re tests performed at slow speed on a plane dry -

concrete surface have been used to synthetlze a typ1ca1 general curve
which can be used in the vehicle response calculations. Referring to the

diagram, Fig. 3.15, the braking (tire) forces S are obtained by braking

or accelerating the wheel, L is the lateral force which is obtained when
N ) \
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Table 3.1 -- Pizrametez:s of Automobile and Type.

|

1 = 119/12 ft.
a = (5.5/9.9)1 ft.
b\ = (/21 ft. ° '
c = (1‘/2)1 ft.
t = (62/12) ft. _
K}. = 19,00 [F=K¢Z'*7¢]
C, = 48 3200 Tbg - gec. ft.

. ‘Ixc" = 540 1b-ft-sec .

N ch.. = 3,350 1b-ft-sec

I)“:..Z"c = 260 1b-ft-sec .

Eg = 0.4 ft.
Cvs = 150 'Ibf-sec/ft
Ks = 108 1bg¢/in
W = 4,50 1b ‘
Wy = 40 1b
S,r =. 600 lb.
Sip = 300 bg.
S - = 600 1b.. (e
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the tire is side slipping at an angle X while under the action of a
force S. . e
Fig. 3.16 shows that the increase in the lateral force with an

' 1ncrease‘ in the side slip angle and it can be séen that the lateral force,

i _ L, reaches a maximum value at 12° si deslip angle} "{fhen the tire has no
‘ fore and aft forces. When afore and aft force ‘S‘@/pplied, it reduces
the maximum lateral force which may be developed. Fig. 3.17 represents
‘. the max1mum g#ﬂﬁ:\d to tyre force which can occur before an "all sliding"
state is reaci}egl.‘ If braking force S ;s applied thé quimum Jateral force
is: . ) - R ~
L= 4(qu)‘- s? ‘ ~\

Sevé}a'l theories .of the lateral distortion of a tire during
steering are available. Temple and von Schlippe [26], considered tlhe tire
as a tensioned string on a continuous e]as‘tic suppﬂrf.' Filla [27] and °
Bergman [19.] based their analyses upon the beam on elastic. foundatioﬁ ‘
theory and presen‘ted’ semi-empirical ana]ys_és from which cornering. force

coefficients are calculated. Thorson [2}] considered the beam with ten-

- . sion on an elastic support. All these. theories rely to-some extent on
‘ measured tire data, and it is not possible to predict cornering force
coefficients from a purely theoretical basi_s.

« .

3.5 "PuLsep” BRAKING [289 t .

s

“Sensing units" sense angular acceleration at the wheels of a
vehicle. These units monitor the hydraulic supply line pressure which re-
N » sults in the application of braking force as ﬂa series of pulses. If the
‘ . N .

b braking force is thus applied, then the lateral forces will also appear
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Fig. 3.15 = Synibolsu and Forces Used in the Repregentation
of the Passenger Car ,
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Fig. 3.16 - The Positive Branch of the Tyre Lateral
Force ‘Vs. Side Slip Angle Curve
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Fig. 3.17 - The Assumed Effects of Braking on the
: Lateral Force Produced at Constant Side
Slip Angles .
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