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ABSTRACT

This paper is dedicated to investigate the static and dynamic behavior of a hydro
mechanical anti-skid braking system. The system consists of a pilot operated
pressure reducing valve and a hydro mechanical anti-skid control unit. The system is
designed to fulfill the essential requirements of the anti-skid braking system. The
steady state and transient performance of the system and its basic components were
investigated considering different operating conditions. Detailed nonlinear
mathematical models for the system and its components were deduced considering
the tire-ground interface. These mathematical models were used to develop Simulink
computer simulation programs. The simulation programs were used to investigate
the effect of the constructional and operational parameters on the dynamic behavior
of the pilot operated pressure reducing valve; mainly the variation of inlet pressure,
spring stiffness, damper radial clearance. The operating characteristics of the
braking system with the hydro mechanical anti-skid control unit was investigated and
analyzed for the cases of driving over dry and wet concrete pavement. The results
are presented and discussed.
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NOMENCLATURE

A

a2
ay

LA1

Nan

@)
P
Q
Ra

Circular area, restriction area and vehicle
front area, m°.

Length of the valve rocker lever, m.
Deceleration of the vehicle, m/s®.

Bulk modulus of oil, N/m?.

Distance between the return valve and
the articulation point of rocker, m.
Longitudinal stiffness of the wheel tire,
N/unit skid.

Distance between the intake valve and
the articulation point of rocker (4), m.
Diameters, m.

Diameters, m.

Forces, braking forces, reaction forces
and springs forces, N.

Equivalent damping and friction
coefficient, N.s/m.

Coefficient of the rolling resistance.

Distances and heights, m.
Heights, m.
Mass moment of inertia, N.m.s2.

Tire Longitudinal skid.
Stiffness of springsand equivalent
stiffness, N/m.

Interference length, m.

Reduced masses, Mass of the vehicle,
kg.

Number of opening areas (holes) on the
barrel sides.

Opening distances, m.

Pressure, Pa.

Flow rates, m%s.

Aerodynamic resistance, N.

Length of the push rod, m.

Slide valve (2) clearance, m.

Radial clearance of the damping device,
m.

Coefficient of the aerodynamic resistance.
Discharge coefficient.

Radius, m.

Sas  Stroke, under lap, overlap, opening and

closing distances, m.
Torque, N.m.

Displacement and initial pre-
compressions, m.

Initial volumes, m?°.

Velocity of the vehicle, m/s.

W,., Share of vehicle normal load on the

(Sl

Wg

vehicle wheel tire, N.

Displacement and spring initial pre-
compressions, m.

Displacement and spring initial pre-
compressions, m.

Displacement and spring initial pre-
compressions, m.

Angles, rad.

Dynamic viscosity, kg/m.s, Friction
coefficient and of road adhesion
coefficient.

Density, kg/m3.

Angular speed, rad/s.

Angular deceleration, rad/s®.

Instrument error of indicator calibration, %

NOMENCLATURE OF THE PRESSURE REDUCER MODEL

Apt
Art
Asp
Asr
Cai
Chz
Cq

Das

das

daz

Restriction area, m
Restriction area, m
Restriction area, m
Restriction area, m”.
Slide valve clearance, m.

Radial clearance of damping device, m.
Discharge coefficient.

Pilot operated control slide valve
diameter, m.

Control slide valve rod lower diameter,
m.

[ACTEN \CRENN \C I \V]

Control  pressure  chamber inner

diameter, m.

Dao Piston lower diameter, m.

das Barrel hole diameter, m.

Das Control  pressure  chamber  outer
diameter, m.

Das Sleeve inner diameter, m.

das Barrel outer diameter, m.

Das Basic pressure reducer slide valve inner
diameter, m.

das Damping spring holder diameter, m.

Das Damping device outer diameter, m.

das Damping device inner diameter, m.

Dap Intake cone diameter created by
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Faes
faes

Fast
fast

FASZ
I:ASE

fas

fAz

hA1
hA2

Haz

hA3
HA3

Kar
Kaz
Kas
Kaes
Kast

KASZ

KASE

intersection of throttling area and intake

cone side, m.

Relief valve reaction force applied on the

basic pressure reducer slide valve, N.

Equivalent damping of the relief valve

material, N.s/m.

Piston seat reaction force, N.

Piston seat equivalent material damping,

N.s/m.

Sleeve seat reaction force, N.

Basic pressure reducer slide valve

reaction force applied on the relief valve,

N.

Friction coefficient of the basic pressure

reducer slide valve moving parts, N.s/m.

Friction coefficient of the piston moving

parts, N.s/m.

Friction coefficient of the relief valve

moving parts, N.s/m.

Control pressure chamber height, m.

Basic pressure reducer slide valve edge

height, m.

Damping spring holder height, m.

Damping device inner height, m.
interference distance between the rest

of Damping device and basic pressure

reducer slide valve, m.

Spring (15) stiffness, N/m.

Spring (14) stiffness, N/m.

Spring (13) stiffness, N/m.

Equivalent stiffness of the relief valve

material, N/m.

Piston seat equivalent material stiffness,

N/m.

Equivalent stiffness of the

material, N/m.

Equivalent stiffness of the basic pressure

reducer slide valve material, N/m.

sleeve

Mat

ta

tas
tas2

Vero
Vbo
Veo
XA
Ya

YAt
Yast

Reduced masses of the basic pressure
reducer slide valve moving parts, kg.
Reduced masses of the piston moving
parts, kg.

Reduced masses of the
moving parts, kg.

Pressure in Damping device chamber,
Pa.

Pilot control pressure, Pa.

Reduced (Brake) pressure, Pa.

System inlet pressure, Pa.

Return tank gressure, Pa.

Flow rate, m®/s.

The reduced valve barrel (tappet) stroke,
m.

basic pressure reducer slide valve
displacement, m.

Spring (13) initial pre-compression, m.
Sleeve seat initial elastic pre-
deformation, m.

Initial volume of the reduced (Brake)
pluming, m®.

Initial volume of the damping device
chamber, m°.

Initial volume of the Control pressure
chamber, m°.
pilot operated
displacement, m.
piston displacement, m.

Spring (15) initial pre-compression, m.
Piston seat material initial elastic pre-
compression, m.

relief valve displacement, m.

Spring (14) initial pre-compression, m.
Oil density, kg/m°.

Oil dynamic viscosity, Pa.s.

Bulk modulus of oil, N/m?

relief valve

control slide valve
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INTRODUCTION

The hydraulic braking system is a
compact method of transmitting the
driver’s foot-pedal effort to the individual
road-wheel brakes by conveying
pressurized fluid from one position to
another and then converting the fluid
pressure into useful work at the wheels
to apply the brakes and so retard or stop
the rotation of the wheels, Heisler [1].
When a tire is locked, the tire is at 100%
skid. The coefficient of road adhesion
falls to its sliding value and its ability to
sustain side force is reduced to almost
null. As a result, the vehicle will lose Fig. 1 Effect of skid on cornering force
directional control and/or stability, and coefficient of a tire [2].

the stopping distance will be longer than

the minimum achievable.
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Figure 1 shows the general characteristics of the braking effort coefficient (i.e. the
ratio of the braking effort to the normal load of the tire) and the coefficient of
cornering force (i.e. the ratio of the cornering force to the normal load of the tire) at a
given slip angle as a function of skid for a pneumatic tire. This paper is dedicated to
investigate the dynamic performance of a hydraulic braking system equipped with an
antiskid arrangement.

DESCRIPTION OF THE STUDIED SYSTEM

The studied system, Fig. 2, is a hydro- mechanical anti-skid wheel braking system.
The system consists of a closed hydraulic circuit ensuring operating fluid supply to
the wheel brakes and a mechanical linkage (pedals) controls the hydraulic pilot
operated pressure reducing valve (1) through the braking system mechanisms. The
operating fluid under the system pressure is delivered to the pilot operated pressure
reducing valve (1). As the braking control pedal is pressed, the motion is transmitted
to the pilot operated pressure reducing valve (1) providing a pressure proportional to
the pedal displacement. The pilot operated pressure reducing valve is adjusted so
that with the pedals pressed to the stop, a pressure of within 100 bar is built in the
brakes. The operating fluid then flows through the hydro mechanical anti-skid control
unit (2) and is supplied to the braking actuator cylinder (3) with a resultant braking of
the wheels. During operation of the hydro mechanical anti-skid control unit (2), the
operating fluid is allowed to flow out of the brakes directly into the return line. The
main hydraulic power source of the system is a pressure compensated variable
delivery hydraulic pump. It works at a constant pressure of 150 bar; the maximum
delivery rate is 27 I/min. The system has a 2500 cm® accumulator capacity. The
variable delivery pump with its constant delivery pressure and high flow rate beside
the presence of the large capacity accumulator in the circuit, and according to
experience in such large systems, leads to consider the system is fed with a
constant pressure of 150 bar with insignificant variation. Scope of study is focused
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1. Pressure reducing valve piloted by a hydraulic éervo actuator, 2. Antiskid unit, 3. Brakes actuator
Fig. 2 The anti-skid braking system.

on the pilot operated (servo actuator) pressure reducing valve (1) and the hydro
mechanical anti-skid control unit (2) as they can be considered the main effective
components at the static and dynamic performance of the system.

ANALYSIS OF THE PRESSURE REDUCING VALVE

The static and dynamic performance of the built-in hydraulic pressure reducer was
studied and published by Draz et al [3]. The modeling and simulation of the of the
pressure reducer are summarized in the following.

Mathematical Model

A schematic of the hydraulic pressure reducer with built-in hydraulic servo-actuator
and relief valve is shown in Fig.3. The following equations were deduced
systematically to describe the valve dynamic behavior.

Continuity equation applied to the pilot chamber (A)

dy, (Vpo*‘(AADs—AAm] Ya

d
Qsp — Qpr —(Aaps—Aan1) dat B )a (Pe) (1)
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Anps = 5 Dis 2)
Anp1 = EDi1 (3)
Veo=§ (dro- das)has ()

Flow rates through the restriction areas of the slide valve (2) and the piston (3).

2(Ps-Pg)
Qsp =Cqy ASP\/% (5)
2(P=—P7)
Qpr =Cq APT\;% (6)
16 2 4 15 /l 8 10 12
// \[,1\ e ,/_ X/—\[ \r 3 Ps _©
=i s s
vt — = g N
© 000 g < < _B §r»:' = Braking system

l\\ \ \j\;m cal
A 3 \6 \5_ \i\1 \11 \_

1-Braking rod, 2- Control slide valve, 3. Piston, 4- Guide, 5- Support, 6- Casigng, 7- Holder, 8- Barrel,
8- Relief valve, 9- Sleeve, 10- Pressure reducing, valve, 11- Damper, 12- Spring, 13, 14& 15- Spring.

Fig. 3 Schematic diagram of the pilot operated pressure reducing valve.

Equation of motion of the piston (3)
Fasi+; (Das-Dar )Pp-7 (Das- Dz )Ps- 5 (Daz— Dt )Pr =
May (¥, )+fay(Va— 2a) +Ka1(ya — Za +ya1)

—Kas1(Ya—Yasi)—fas1y, for ya< yast

FAS1={ (8)

Zero for ya 2 yast
KAS1YAS1_E (Dis - Diz)Ps—E (Diz - D )Pt = KatYas (9)
Mathematical Model of Relief valve (9) and Pressure Reducing Slide Valve (11)
Continuity equation applied to reduced pressure chamber (B)
Vigo d -
Qsr+ Qp— Qrr= ( B ) i (Fr) (10)

Continuity equation applied to the damping pressure chamber (D)
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T2 dﬁ_q = VDO_GDﬁﬁ)tA E(p )

4 Mgy T 0 B dt- ° (11)
_m,o 2 2 2

VDO_Z(dAE- haz+DagHas +DA5hA2_dA5HA2) (12)

Flow rates through the pressure reducing slide valve (11) and the relief valve (9)

’2 Ps-P

Qsp =Cy A % (13)
2(Pr—P

Qg = Cqy Arr ‘% (14)

DA Cas
Qo= 22 _(Py-P
D 12H(|—m+tA)(D rR) (15)

Equation of motion of the relief valve (9)
m o .. . .
2 das (Pr=Pr)—Fase= MaZa+fa  (Za—V, ) +Kao (Za+Za2) +Ka1 (Za=Y 4= Yas) (16)

Kase(za—Sae—ta) + fase(za-1a) for (za—ta) >Sas
Fase= {

Zero for (za—ta) < Sas
Equation of motion of the basic pressure reducing slide valve (11)
. : o ™ ™
Mata+Hata+Kas(tattasz)= 2 (dAs+Dis—Die )P+ 1 (DAs—das )PT—Z (DAs—Dip )Ps

—g DAsPo+Facs +Fase

Kaes(za—Sae—ta) + faes(2a—ta) for (za—ta) >Sas

Faes ={ (19)
Zero for (za—ta) < Sas
— Kasa(ta — tas2) — fasota for ta< tasz

FA82={ (20)
Zero for ta = tase
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Simulation of the Pressure Reducer

The dynamic behavior of the pressure

reducing slide valve incorporating a o015 mm
hydraulic servo-actuator and relief valve 1ao} fgf'\f‘v” ' =
is described by Eqgs. 1 thru 20. These /
equations were applied to develop a Il
computer simulation program using the
SIMULINK software package. The
transient response of the pressure
reducing slide valve to a step input
displacement is calculated using the
simulation program. A sample of
calculations results are plotted in Fig.4. - —
This figure shows the effect of radial Tie (s)

swe {Pg), bar

Reduced pres::

clearance of the damping element on the Fig. 4 The dynamic response of the
transient response of the valve. The reduced pressure (PR) with different
study was extended to investigate the radial clearances CA2=0.015, 0.020
effect of different constructional and and 0.050 mm of the damping device
operational parameters on the system [12].

performance

ANALYSIS OF THE HYDRO-MECHANICAL ANTI-SKID UNIT
Description and Operation of the Hydro Mechanical Anti-Skid Control Unit

The hydro mechanical anti-skid control unit, Fig. 5, is designed for a vehicle braking
system to prevent skidding of the wheels during braking. This unit releases wheel
brakes when the rate of rotational deceleration of the skid detector shaft exceeds a
threshold value. It consists of a lever mechanism, Fig. 5.a, an inertia mechanism and
a distributor, Figs. 5.b and 6. During adjustment of the distributor, a clearance is
provided between the intake needle valve (5) and its seat (18) to provide flow of the
working fluid to the high-pressure space (22). The initial position of the intake (5) and
return (6) valves, Fig. 7.a, provides delivery of the working fluid from the pressure
reducing valve to the brake assembly as well as working fluid return from the brake
assembly to the pressure reducing valve (wheel braking and brake release action by
the pressure reducing valve). During braking, the wheel starts to decelerate together
with the drive shaft (16), hence the flywheel (9) becomes a driving element. The
flywheel transmits @ moment proportional to the rate of deceleration of the drive shaft
of the hydro mechanical anti-skid control unit to the friction clutch body (10). Under
the action of the applied moment, the friction clutch body (10) overruns the drive
shaft (16) of the mechanical anti-skid control unit.

This makes the push rod (14), which rests against the countersunk faces of the
friction clutch body (10), moves along the drive shaft (16) axis towards the pivot of
the push rod lever (8). At a certain angular deceleration of the drive shaft (16) which
corresponds to the preset response value of the mechanical anti-skid control unit,
the push rod (14) overcomes the force of spring (20) and pivots the push rod lever
(8). The push rod lever pivots the rocker (4) with the needles intake valve (5) and
return valve (6) through the pivot pin (2). As a result, the intake valve (5) cuts off the
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pressure line; the return valve (6) communicates the brakes line to the return line
and thence the wheel brakes are released, Fig. 7.b. The drive shaft (16) accelerates,
the flywheel (9) ceases to be the driving element of the friction clutch body and the
spring (20) returns the push rod (14) to the initial position. Concurrently, the needle
valves also return to the initial position, provide working fluid supply to the brakes
and pressure build-up in the braking system. The wheel braking acting and releasing
processes continue achieving maximum braking efficiency without wheels lock.

-

a.Schematic of the lever mechanism.

~Z \8

e

NN N
I
\10 \24 \14 \16

b. Section A-A, the distributor and the inertia

mechanism schematic drawing.
1. Distributor body, 2. Pivot pin, 3.Lever mechanism body, 7. Body, 8. Push rod, 9. Flywheel, 10.
Friction clutch body, 12. Plug, 14. Push rod, 16. Drive shaft, 17. Rocker lever, 20. Spring, 21. Spring,
22. High-pressure space, 23. Ball bearing, 24. Sleeve, 25. Gear, 26. Nut, 27. Shim, 28. Key.

Fig. 5 Lever-type mechanism, section A-A, the distributor and the inertia-type
mechanism schematic drawing.

Mathematical Model of the Mechanical Anti-Skid Control Unit

Mathematical model of the distributor

Figure 8 shows a schematic of the distributor. The following are the equations
describing this valve. The flow rate through the intake valve (5) is determined by

2(Pg—Pg)
Qg = Cy Ag; !—F‘p &
N

(21)
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4. Rocker, 5. Intake valve, 6. Return valve, 11. Rocker stop, 13. Spring, 15. Link, 18. Intake valve
seat, 19. Return valve seat.

Fig. 6 Section B-B, the distributor and the lever mechanism.
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a. Wheel brake application. b. Wheel brake release
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c. Functional diagram.

Fig. 7 Functional diagram of the hydro mechanical anti-skid control unit.
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The flow rate through the return valve (6) is determined by

2(Pg—P+)
QBT = Cd ABT ]’# (22)

\ P
The restriction area (Agj) connects the reduced pressure and the braking pressure
chambers. This area changes nonlinearly with the displacement (zg) of the
distributor intake valve (5). Figure 9 shows the conical poppet valve in closed and
open positions. A mathematical expression for this valve area is deduced in the
following.

ZBi _
™ r v la
wa».@(\ﬁ";" i Erj N\hﬁ%\k T
A b‘f\.\? ; e
OB > o dsi
N
,,/‘”f( : "ﬂ‘,/ 5]
Pg
Fig. 8 Flow rates through the distributor. Fig. 9 Geometric drawing of a poppet cone.
T N
As = 7 (dgi+ bc)(ab) (23)
ab = zg sin(xg/2) (24)
bc = dg; - 2(bf) (25)
bc = dg; — 2{zg; sin(g;/2) cos(xg/2)} (26)
mOg; sin (?) [dB,-—OB,- sin (?) cos (?)] for zg; < Zgio<Zaix
Agi =\ Zero for zg; = zgjo (27)
Ogi = Zgio — Z5; (28)
m .
Zgix= dg/2tan (75') (29)

The poppet cone area (Agp) of the intake valve (5) subjected to the reduced
pressure (Pg) also changes nonlinearly with the displacement (zg;) of the distributor
intake valve (5).

be=dgpe (30)
m o
Agip= ZdBiP (31)

{ dgi for zgi 2 zgjo
dgp = \“dg-2 [(ZB.D -zg) sin (?) cos (?)] for zero < zgi<Zgio (32)
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In addition, the restriction area (Agr) through the return pressure (Pt) and the braking
pressure (Pg) in the high-pressure space (22), changes nonlinearly with the
displacement (zgt) of the distributor return valve, as shown by the following
equations.

T Zg7 Sin (?) [dBT—zBT sin (?) cos (%)] for zero <zgr<zgTx
ABT—£ Zero for zgr = zero (33)
ZgTX~ %dBT tan (KBT) (34)

The poppet cone area (Agtp) of the return valve (6) subjected to the return pressure
(P1) is given by the following relations.

Agrp = gdéw (395)
dst ZgT = Z€ro
dBTP ='£ dBT_2 [ZBT sin ( )CUS (MET)] 0 <zpT<ZBTX (36)

The displacements of the lever mechanism and the rocker are related by the
following equations.

_ G
Zg = EYB (37)
b,
ZgT = ays (38)
ds
— x -X J—
Yg = (X-Xgo) b, (39)

The application of the continuity equation to the high-pressure chamber (22) yields:

Qa- Q= (V22) S (Po) (40)

Mathematical model of the inertia mechanism

Upon application of the braking action, the breaking torque is transmitted to the push
rod (14) through the drive shaft (16) and the gear (25), Fig. 5.In addition, the
pressure forces acting on both the intake valve (5) and the return valve (6) are
transmitted to the push rod (14) through the lever mechanism. The transmitted
braking torque (Tgp) results in an axial force component (Frgpsin ag), due to the
mesh teeth angle (ag) of the friction clutch body (10) and the push rod (14). This
axial force acts on the friction clutch body (10). Consequently, an equal axial force
(Ferosin ag) will react on the push rod (14) and causes it to move toward the push
rod lever (8), Fig. 10.

Tey = Isr Frap COS Xg (41)
Fero = Frep (42)
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While decelerating of the push rod (14) and the friction clutch body (10), the flywheel
(9) will tend to drive the friction clutch body (10) and originates a torque (Tgc) due to
friction. This torque is also transmitted to the push rod (14). With the mesh teeth
angle (ag), the transmitted torque (Tg;) adds an axial force component, Fggresin(ag),
acting on the push rod (14) and cause it to move toward the push rod lever (8).

Tae = rarFerc €OS g (43)
XBo
8 Frrr Tre 1 4
\ ;\L NJroo / )
\ i h;’ T ; 7 AN N LR
FRi i ><\t}.’a f [ S G sin{&p)
Fais J mBsr )
#{x:&u&m} i\:‘% — Y T
“rBi | X6

Fig. 10 Free body diagram of the push rod.

The total axial forces due to both transmitted braking torque (Tgp) and the torque
(Tec) due to the friction can be described as follows:

Far = (Ferp + Fare) Sinog (44)

The forces and the moments acting on the push rod (14) in the axial direction are
shown in Fig. 10 and described in equations 45 thru54.

MgxXg + faxXg = Fgo+Fsr-Fai-Fais-Frei-Ferr (45)
lgxWs + fa1g = T -Tay (46)

The motion of the flywheel (9) can be described by the following equation.

lecWac + facWae = -Tge (47)

The torque (Tgc), due to friction, is transmitted between the flywheel (9) and the
friction clutch body (10). It acts in the opposite direction of the angular deceleration
of the rotating parts (wg)and affects both the flywheel (9) and the friction clutch body
(10) until the angular speed (wgc) of the flywheel (9) matches the angular speed (wg)
of the rotating parts. Consequently, the magnitude of the torque (Tg;) decreases to
the value of (-fgcwge) in order to keep the angular speed (wgc) of the flywheel (9)
constant (for we=wg:Tec = -facwac). The torque (Tsc) Nnow can be described as follows

rec(MecFae) for wee>Wws
The ={ - fcBe for wee = we (48)
- Bc(MBcFBC) for wec.<wg

The variation of the reduced mass of the moving parts (mgyx) due to the contact of the
push rod (14) and the push rod lever (8) is described by the following equation.

{ MpR+MBL for Xg = Xgo
Mpx= * MpR for Xxg<Xgo (49)
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The reaction force of the drive shaft (16) applied to the push rod (14) exists only
when both are in touch, so;

KBSS XB + stsXB for XB< Zero
FSR_{ Zero for xg = Zero (50)

The force of the spring (20) acting on the push rod (14) appears only when it moves
a distance (xgo,) and contacts the push rod lever (8), thus

{ Kg1(XB-XBo+XB10)  fOr Xg>Xgo 51
Fgi=< Zero for Xg < Xgo (51)

When the intake valve (5) is completely closed, the intake valve seat (18) reaction
force acts on the push rod (14) through the lever-type mechanism and prevents
further movement of the push rod (14), thus:

a_z)[KBiS(ZBi_ZBio) + feisZg] for zgi>Zgio

52
FBiS_{ Zero for zgi < zgjo ( )
The pressure forces acting on the intake valve (5) and transmitted to the push rod
(14) through the lever-type mechanism are described as follow

{(c—‘ x o2 )y dae (Pa—Pe)] for Xg>Xeo
Frei=

u 53
Zero for Xg < Xao (53)
The pressure forces acting on the return valve (6) and transmitted to the push rod
(14) through lever-type mechanism are described as follow.

{( x 2)[3dgre (Pe—Pr)] for xe>Xs,
Ferr=

4
Zero for xg < Xao (54)

Mathematical mode of the vehicle

The braking force (Fy) created from the braking system and built-up on the tire-road

interface is the major decelerating force. When the braking force (Fp) is below the

tire-road adhesion, the braking force is given by

FD=TD Z |www (55)
rvw

Beside the braking force, the rolling resistance of tires, the aerodynamic resistance,

the transmission resistance and the grade resistance (when moving on a slope) also

influence vehicle motion during braking. The magnitude of transmission resistance is

small and can be neglected in braking performance calculations, [2]. Grade

resistance can be ignored assuming traveling on a plain road. Thus, the vehicle

equation of motion can be expressed by

Fp+frm g+R;=m,a, (56)

R,=Col, 2V2=C,eV; (57)
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When a braking torque is applied to the tire, a stretching of the tread elements
occurs prior to entering the contact area. The distance that the tire travels when a
braking torque is applied, therefore, will be greater than that in free rolling. The
severity of braking is often measured by the amount of longitudinal skid developed
by the tire; is.

i = (1 - r"‘"w“’) X 100% (58)

Vy

Figure 11 shows the change of braking effort (Fpw) and longitudinal skid of the tire
(is). This non-linear relationship is used for the calculations of the braking effort
developed by the wheel tire.

For a locked wheel, the angular speed (wy)of the tire is zero, whereas the linear
speed of the tire center (v,) is not zero. Under this condition, the skid is denoted
100%. [2].When no sliding takes place on the contact patch, the relationship
between the braking effort (Fpw) and the skid (i) is given by

_ Cslg
Fbw‘m (59)

The braking effort (Fpw)is acting in the
opposite direction of motion of the
wheel tire center, and (Cs) is the slope
of the braking effort-skid curve at the
origin. The relationship between
braking effort (Fpw) and skid (is) is

PEAK VALUE pp W

BRAKING EFFORT
%
(1]

nonlinear, even at low skids, where no SLIDING
- U W VALUE

sliding takes place between the tread P ug W

and the ground. The critical value of 2 Comtane

skid (isc) at which sliding between the " . . . I ,

tread and the ground occurs can be oic 20 40 80 80  100%

given by LONGITUDINAL SLIP

Fig. 11 Variation of braking effort with

longitudinal skid of a tire [2].

lsc= 205+ppWW (60)

The related critical value of braking effort (Fpwc) above which sliding between the
tread and the ground begins, is described by:

W
2
When sliding takes place in part of the contact patch (i.e., is>isc), the relationship
between the braking effort developed by a wheel tire (Fy,y) and the skid can be
described by

_ pswvw“ - isj
Fbw—ppWN [1 - TSIS (62)
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If the skid (is) < (isc) or, the braking force (Fow) < (Fowc) the relationship between the
braking force and skid is linear, as shown in Fig. 11. The upper limit for the linear
range of the braking force-skid
relationship is given by Eq. 61. A further
increase of skid or braking force past the
respective critical value results in the
enlarge of the skidding state from leading

edge towards the trailing edge of the
contact patch. With this condition, the

total braking force (Fnw) developed in both
adhesion and skidding regions is given by

Eq. 62. The maximum braking force of a ™=
pneumatic tire on hard surfaces is usually
reached somewhere between 10% and

15% of the skid [2]. Based on
experimental data, it reaches a peak Fig. 12 The wheel tire under the action
value between 15% and 20% skid [2]. of the braking torque.

Any further increase of skid beyond these values leads to unsteady situation where
the braking force (Fpw) diminishes rapidly from the peak value (u,W.w) to the pure
sliding value (usW,w).Finally, the braking force-skid relationship, given by Fig. 11, can
be utilized for braking force (Fpw) calculations.

It is obvious that, for a wheel tire, the braking torque applied (Tpw) is acting in the
opposite direction of the wheel angular speed (wy) and exists only when the linear
speed of the tire center is not zero; v, #0, see Fig. 12. Moreover, when the skid
becomes 100% (i.e., wy =0 and v, #0), the braking torque (Tpw) does not exceed the
magnitude of the torque generated due to the braking effort (Fpw) developed by the
wheel tire at this moment (i.e., Tpw < rwwps Wiw). For the wheel tire under the action of
braking torque (Tww), Shown in Fig 12, the equation of motion can be described as
follows

(Fbwrvw]' wa = |wmw (63)

Analysis of Dynamic Behavior for the Braking System with Anti-skid Unit

The dynamic behavior of the pressure reducer and the anti-skid control unit is
described by Egs. 1 to 54, while the braked vehicle is described by Eqgs. 55 to 63.
These equations were used to develop a computer simulation program using the
SIMULINK package. This computer simulation was used to calculate transient
response of the vehicle to step displacement of the braking lever of 33 mm
magnitude. The vehicle initial speed (v,) is 150 km/h, the system pressure (Pg) is
150 bar and the return tank pressure (Pr) is zero. The following assumptions are
considered during calculations:

The vehicle is traveling on a level road (no grade resistance).

The aerodynamic resistance (R,) is negligible.

The share of vehicle normal load on the vehicle wheel tire is constant.

Braking torque (Tp) is linearly proportional to braking pressure (Pg). The average
peak and sliding values of the coefficient of road adhesion (pp) and (us) used for
calculations are those of Truck Tires, bias-ply tire construction, tire type
Goodyear Super Hi Miler (Rib) as follow [2]

N~
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a. Fordry concrete pavement; p,=0.850, ps=0.596
b. For wet concrete pavement; pp=0.673, ps=0.458

Operating characteristics over dry concrete pavement

Figure 13 shows the vehicle speed (v,), the wheel tire skid (is) and the
circumferential speed of wheel tire(r,www)during hard braking simulation over dry
concrete pavement (without anti-skid action). The wheels lock during braking and
result in a skid value of 100% within 1 second of the initiation of braking. While the
wheels come to a stop in 0.20 second, the vehicle itself does not come to a stop,

only reduces in speed from 150 km/h to 45 km/h in 5 seconds, and completely stops
within 7.1 seconds.

Figure 14 shows the vehicle speed (v,), the wheel tire skid (is) and the
circumferential speed of wheel tire (rwwy) during hard braking simulation over dry
concrete pavement (with anti-skid action). The skid ratio is maintained between 2.4%
and 27%. The wheels do not lock allowing the vehicle to be steered. Further, the
speed of the vehicle is reduced from 150 km/h to 16 km/h in 5 seconds and the
vehicle completely stops in 5.6 seconds. Thus, a significantly reduction in vehicle
speed is obtained by limiting the torque.

0 T 18
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Fig. 13 The variation of vehicle speed, Fig. 14 The variation of vehicle speed,
cirumferential speed and wheel tire cirumferential speed and wheel tire skid
skid duringbraking action over dry during braking action over dry concrete

concrete pavement (Without anti-skid pavement (With anti-skid action).
action).

Figure 15 shows the operating characteristics simulation of the braking system with
the mechanical anti-skid control unit over dry concrete pavement. The variation of
braking pressure (Pg), angular speed (wg) of push rod (14) and angular speed (wgc)

of flywheel (9) with time during the simulated braking action over dry concrete
pavement are shown in Fig. 16.

It is noticed that, before braking action is applied, angular speed (wgc) of flywheel (9)
is increased until it matches angular speed (wg) of push rod (14). While decelerating
of push rod (14) as a result of the wheel tire deceleration at t = 0.0 s, angular speed
(wg) fluctuates and angular speed (wgc) of flywheel (9) is decreased. The braking
pressure (Pg) decreasing when flywheel (9) drives push rod (14) (i.e. wg:>wg) and
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Fig. 15 The operating characteristics of Fig. 16 The variation of braking
the braking system with the hydro pressure (PB) and the rotating parts
mechanical anti-skid control unit over angular speed of thehydro
dry concrete pavement. mechanical anti-skid control unit with

time during the simulated braking
action over dry concrete pavement.

this releasing the braking action. Att = 5.6 s, when (wg) and (ws.) approach zero,
braking pressure (Pg) is increasing to the higher value of reduced pressure (Pgr) and
finally reaches about 100 bars at t = 6 s. Figure 15 shows the variation of braking
pressure (Pg), wheel tire skid (is), vehicle speed (vy), circumferential speed of wheel
tire (rnwwyw) and vehicle deceleration (a,) with time during the simulated braking
action over dry concrete pavement. The braking action is applied att = 0.0 s.

As can be noticed, braking pressure (Pg) fluctuates during the operation of the
mechanical anti-skid control unit between the values of approximately 51 bar and 41
bar. The cycle of reducing and restoring the braking pressure is repeated several
times, approximately from 7 to 10, per second until the vehicle has slowed to a
speed of about 50 km/h and the vehicle deceleration is kept between 0.7g and 0.8g.
The wheel tire skid (is) also remains between 2.4% and 27%. Below vehicle speed of
50 km/h and until the vehicle has completely stopped, when the wheel tire is locked,
braking pressure (Pg) is reduced to a lower value of about 25 bars and when vehicle
speed is nearly zero, at t = 5.6 s, braking pressure (Pg) is increasing to the higher
value of reduced pressure (Pg).

The anti-lock action is achieved by this design over dry concrete pavement.

Operating characteristics over wet concrete pavement

Figure 17 shows the operating characteristics simulation of the braking system with
the mechanical anti-skid control unit over wet concrete pavement. The variation of
braking pressure (Pg), angular speed (wg) of push rod (14) and angular speed (wgc)
of flywheel (9) with time during the simulated braking action over wet concrete
pavement are shown in Fig. 18.

It can be shown that, for braking action over wet concrete pavement, the angular
speed (wg) of push rod (14) fluctuates and also falls rapidly to zero which indicates
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mechanical anti-skid control unit over the hydro mechanical anti-skid control
wet concrete pavement. unit with time during braking action

over wet concrete pavement.

occurrence of wheel tire skid earlier and more often than the case of dry pavement.
The angular speed (wgc) of flywheel (9) is also decreasing to follow angular speed
(wg) of push rod (14). The braking pressure (Pg) decreasing when flywheel (9) drives
push rod (14) (i.e. wg:>wg) and this releasing the braking action. Figure 17 shows
the variation of braking pressure (Pg), wheel tire skid (is), vehicle speed (vy),
circumferential speed of wheel tire (r.wwy) and vehicle deceleration (a,) with time
during the simulated braking action over wet concrete pavement. The braking action
is applied att = 0.0 s.

As can be noticed, the braking pressure (Pg) fluctuates during the operation of the
mechanical anti-skid control unit between the values of approximately 44 bars and
16 bars. The values of the braking pressure (Pg) are relatively smaller than those of
the dry pavement case. The cycle of reducing and restoring the braking pressure is
repeated several times, approximately from 4 to 5, per second until the vehicle has
completely stopped and the vehicle deceleration is kept between 0.2g and 0.669.
The vehicle deceleration is also smaller than that of dry pavement case. Therefore, it
takes longer time for the vehicle for stopping completely at t = 8.4 s and the braking
pressure (Pg) is increasing to the higher value of the reduced pressure (Pgr) and
reaches about 100 bars. The anti-lock action is achieved by this design over wet
concrete pavement.

CONCLUSION

The dynamic behavior of an anti-skid braking system is investigated. The study
included the deduction of the mathematical model describing the dynamic behavior
of the studied system and the development of a simulation program using the
MATLAB package. The investigation is carried out considering different road
adhesion coefficients. The following are the main conclusions of the study.
e The braking action is improved with the operation of the anti-skid control unit
as it limits the amount of braking torque applied to the wheels.
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e The vehicle speed reduction of 150 km/h within 5 seconds is recovered from
45 to 16 km/h (i.e. 64%) and the total time required for the vehicle to
completely stop is improved from 7.1 to 5.6 seconds (i.e. 21%).
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