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This study aims to building a mathematical model for pneumohydraulic
brake system. Creating a pneumohydraulic brake system with a variable
transfer attitudes or relation requires really a lot of complex works on
modeling transient of such systems. After building the mathematical model
it will be solved in order to investigate its final response and stability. It is
found that the output pressure values (P1, P2, andP3) are increasing with
time, displacements of pistons and may depend on pneumatic and
hydraulic properties of the using medium.
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NOMENCLATURE

area of the piston according toa P Pressure of the end of operation of

3 the relay [Pa]

area of working cavities of  the Pimax  maximal pressure of air [Pa]
main and executive cylinders [m’]

pneumatic cavity [m’]

rigidity of the brake mechanism Pymin  Pressure appropriate to the

[Pa] beginning of cavitations [Pa]
characteristic force of the brake v M/S dynamic viscosity N.S/ m*
mechanism [N]

approximation factor; Y; pliability

parameter exhibitors Vi units of a circuit;

pipes length [m]

coordinates of a rule

mass of a liquid [Kg] B relative initial volume of air in a liquid;
pressure of air in a pneumatic p density of the current liquid
cavity [Pa] [Kg/m3]
pressure of a liquid accordingly in v kinematic viscosity factor of a
working cavities [Pa] liquid[m2 /s]
Pressure appropriate to the & or factor of hydraulic resistance
beginning [Pa] (R)

Y spring constant [N/m]
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INTRODUCTION

Building a new brake system requires a full analysis in order to get a good efficiency
and good performance. There were little studies using mathematical modeling -as a
technique- concerned with such topic. These works were limited to some systems
developed by some automobiles companies.

Guner et al. [1] presented some technique to check the validation of analytical
model of vehicle brake system. In this work they presented a paper aimed to contribute
to dynamic and thermal analysis of the braking phenomenon. Using this model, the
equation of motion of a car has been phenomenon. Using this model, the equation of
motion of a car has been derived for straight line braking. In this study the pressure
variations in the brake hydraulic circuit versus pedal force had been determined.
Afterwards, the expressions for friction torques and associated braking forces induced
by hydraulic pressure had been taken into account, and substituted into the equation of
motion of vehicle. In its last form, this equation had been numerically solved by means
of the Newmark integration scheme; so, the distance traveled by car until stopping,
along with its speed and deceleration, had been computed. Finally, a thermal analysis
in the brake discs and drum had been carried out. An excellent agreement between
numerical and test results had been observed. In addition, optimal pressure values for
which the rear tires do not go to lockup had been obtained. Hedrick and Uchanski [2]
provided solutions to two common brake control problems: variable brake torque gain
and brake rotor-induced brake torque oscillations. The adaptive control solution for the
variable brake torque gain problem was shown to work experimentally, and the
algorithm to eliminate brake torque oscillations was demonstrated in simulation.

In addition, documentation was provided for deferential braking hardware,
wheel speed measurement hardware, and a strain-based brake torque sensor that were
constructed to test these algorithms. They built some relations between torque needed
and the time using both experimental and analytical models. They concluded that the
non-adaptive sliding mode brake controller performed well but showed a tracking error
when there were parameter mismatches. Although this could be remedied with a higher
surface gain, an integral term in the surface, or a switching term, it would likely be at
the expense of increased control effort. Both adaptive algorithms reduced velocity
tracking error and had their parameters converge to the correct value. The smooth
adaptation scheme converged as expected, and the nonsmooth adaptation algorithm
converged in a linear matter, chattering at a low frequency once it reached the correct
parameter value. For this application, the nonsmooth parameter adaptation law gave
better results because it had less of a tendency to over/undershoot the correct parameter
value when the initial parameter error was large [3].

Shankar et al. [4] Developed a fault-free model of the pneumatic subsystem of
the air brake system. Their model can be used in brake control and diagnostic
applications. Current enforcement inspections were done manually and hence were
time consuming and subjective. The long- term objective was to develop a model-
based, performance based diagnostic system that will automate enforcement
inspections and help in monitoring the condition of the air brake system.

Such a diagnostic system can update the driver on the performance of the
brake system during travel and with recent advancements in communication
technology.
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This information can be remotely transferred to the brake inspection teams.
The model of the pneumatic subsystem correlates the pressure transients in the brake
chamber with the brake pedal actuation force and the brake valve plunger
displacement. An experimental test bench was set up at Texas A&M University and the
experimental data is used to corroborate the results obtained from the model. Mainly
they found a relation between the pressure needed inside the brake system and time.
They concluded that the model was able to predict the beginning and the end of
each brake application accurately. The steady state values are also accurately predicted
by the model in all the cases. It can be observed that the model responded well to
various supply pressures. The model also predicted the start and the termination of the
exhaust phase accurately.

DERIVING GOVERNING EQUATIONS
(MATHEMATICAL MODEL)

The creation of a pneumohydraulic brake drive with the variable transfer attitude
requires realization of a complex of works on modeling transients in it, research of
influence of the basic design data of a contour on quality of its work. With this purpose
the dynamic circuit of a pneumohydraulic drive with the variable transfer attitude —
relation-(see figure ((1)) was developed in view of the concentrated parameters (mass
of a liquid my, pliability Yi, hydraulic resistance R;).

Ps,As

AnLi

z
-
R F(Z)
LY ;5 -
P,A,

Figure (1) the dynamic circuit pneumohydraulic with the variable transfer
attitude (relation)

On the dynamic circuit as shown: VY; - units of a circuit; Y, Z, X, Z; -
coordinate of a rule(situation) accordingly of pistons of the main and executive
cylinders, converter of pressure and moving of a liquid in a highway; ps, p1, P2, P3» P4
ps, - pressure of air in a pneumatic cavity and pressure of a liquid accordingly in
working cavities of the main and executive cylinders, under the piston of the converter
of pressure, and pressure inside cavity of the pneumohydraulic cylinder, or tank
respectively. A;, Ay, Ay, As, Ay, - area of the piston according to a pneumatic cavity,
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working cavities of the main and executive cylinders, converter of pressure, inside the
cavity respectively; Y, Y,, Y3, - pliability of a circuit given accordingly in units ¥V,
V), V35 Ay, L - area of through passage sections of pipelines of the appropriate sites
and their lengths; F (z) - characteristic of the brake mechanism force.

For drawing up of the equations of motion, the laws of units and contours are
used, and also the nonlinear characteristics of the brake mechanism and converter of
pressure are taken into account. Dynamics changes of a considered pneumohydraulic
drive are described by the following equations:

In z-direction, the equation of motion can be written as:

d?z, (dzl )2
a, — +ta, = —+(a, +a,)
. (1
Tsgn ——+Pp, =Py
dz __ le sk
L=——(a,+z)

dt
dp, . )

\IIZ dt ?

Similar by in y-direction:
d,,z{ Jras+@ -y at 0<p, <p, 3)
! as ddL‘] +a dg‘; + (8.7 - Y)\Vdai" at p,> p3

Also these equations are depending on pressure values such that:

1t P, <P, <P,

d d dxy2
a oﬁ“‘n d—’t‘+(a12+a]3)(d—’t‘) *

dx 4)
Sgn T P; =Py
-If P3 > P;;
dle dy; dy; 2
dyy (h_z+a15?+(al6+al7+a18)( ) ¥
5
. ) (5)
Sg -t P, =P
-If P, <Ps
d?y, dy
A9 2 +azo m +(aZI+a22)( -
(6)

Sgn + Ps =Ps
where
sgn: is defined as signum function, which is a mathematical operation and can be
defined as:
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1 x>0
sgn(x) =40 x=0
-1 x<0

For all last equations to be applicable, the following conditions should be worked:

szz J—

dat? at P, <P;;

d’x _— dx

de? dt at P, > P,;

dz}'z. — dys :O

dt? dt at P, SP3;

2

d7yo> __ dy> __

12 =% =0 at P, > P, ; (7)

dpy .
also 3¢ can be written as:

0 at Py < Pyin’
dy, 514 i :
s _ 5 - (l_ﬂij)d%] b(y+§mm s Al Pypip < Py < Ps; (8)
! %_ax%}_as%_(% —y)(l—B)aMK\ple'“
38(37_Y)\V1+(az3+y)4’4 at p,>ps;
Also the following equation can be concluded from figure (1):
Y1 =Y2+ys; €))
By solving equations (1) to (8), pressure values can be given by the following
formulas:
—kt .
p,=ay,(—e " )1 -P)+agp,;
ay5(Fy+c,2) at 25z,
ay5[Fy+(c;—¢cy )z +c,2] at.zy<z<(zy+zg);
P> =
a,5[F)+(cy—¢y )z +(cy—C3 )z +C32] at .z>(zg+2);
\
P3 =a,,(X, +X). (10)

In the given equations, constants can be calculated from boundary and initial

conditions given in equation (7) as follows:
— A .
a, = le %A‘Tl ’
_ A . _ L, Ay N2,
a, =27.5pVL, %/ 5 a, =0443k, e OO R
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a, =0.58,p("%£.)7s

as ="

as ="A4,;

a; = Y +0.51%/

ag =4,

a, =2, +0.51L, A1/ ;
a,, =pL; 24,3
a,, =27.5pVL, A/2

a3 :O-S‘%zp(A/ATS >
= pL5 A%Ts >

a,s =27.5pViL, A/z ;

)

ay, =0-5§59(A%\T5 ;
a,5 =0.58,p(*4 )%
=pL; A%%Ts ;
a,, = 27.5pVL; A 5
L, AyN2,
a, = 0'443‘(8‘)\/?“ (5%
2= 0-5§3P(A%AT3)2§
8y, = Voin TLs A Ay

— meaX .
a, = A, AI,
— 1 .
a25 _/Azo
— Cy4
aZ6 - 439

where p: is the density of the current liquid; v: is the kinematic viscosity factor of a
liquid; k. is an approximation factor; & - factor of hydraulic resistance; y;:
displacement moved by the piston of the main cylinder without the account of
compression of a liquid; y,, y3 : are the displacements of the piston of the main cylinder
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caused by change of volume of a liquid according to acting from the tank and for the
account of flow from a working cavity in the system; c,, c,, c5 : are the given rigidity of
the brake mechanism on the appropriate sites of the characteristic; zy, zo; : are the
length of sites of the characteristic of the brake mechanism; F, : is the effort of
preliminary deformation of springs; c4 in the spring vigiclity of the prevue converter

valve k : is the parameter of exhibitors; P3', P; : are the pressure appropriate to the

beginning and the end of operation of the relay of a delay of time of the converter of
pressure; S : is the relative initial volume of air in a liquid; psmax : is the maximal
pressure of air; psmin: 1S the pressure appropriate to the beginning of cavitations of a
liquid.

RESULTS, DISCUSSION, AND CONCLUSIONS

Microsoft Excel and Matlab softwares are used here to calculate and find the final
results. The objectives here are to calculate Py, P, and P;. P; with time (t) and P,
relations are represented graphically. In additions the relation between P2 and z will be
represented graphically. P3 has a relation with x which will be represented graphically
too. Figure (2) shows the relation between the resulted pressure-P, and the time, it can
be noticed that pressure increases with time in a non-linear behavior. Figure (3) relates
the resulted pressure- P;to the input pressure P,. From this figure it can be noticed that
the two pressures have an increase (positive) linear relation. Figure (4) shows the
relation between the pressure-P, with the displacement z in the case of z<z,, it can be
noticed that as this displacement increases the pressure increases. Figures (5) and (6)
show Pressure-P, vs. the displacement-z, for the two cases when z,<z<z;, and 7>z,
respectively. From these figures the pressure increases linearly as the displacement
increases. Figure (7) shows that as the displacement in x-direction increases the
pressure —P3 increases, the relation looks like linear.

Plvs t
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Figure (2) Pressure (P1) vs. time.
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Figure (3) Resulted pressure-P1 vs. input pressure-P4.
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Figure (4) Pressure-P2 vs. the displacement-z (m), for the case when z<z,
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Figure (5) Pressure-P2 vs. the displacement-z (m), for the case when zo<z<z,.
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P2vsz
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Figure (6) Pressure-P2 vs. the displacement-z (m), for the case when 7>z,
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Figure (7) Pressure-P3 vs. the displacement-x.
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