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A general characteristics of a car hydraulic braking system (CHBS) is presented in this publication. A
graphical model of properties-component objects is developed for the above-mentioned system. Moreover, four
mathematical models in terms of logic, the set theory and the Boolean algebra of Boolean functions are
developed. The examination is ended with a general model of the CHBS for n - Boolean variables and the
construction and mathematical-technical interpretation of this model is presented.
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1. Introduction

The braking system in one of the most important elements of a vehicle and its proper and effective
functioning is the basic element of road traffic safety. A solution consisting in hydraulic transmission of
force from a brake pedal to the mechanisms which brake individual wheels appeared in the automotive
technique over 80 years ago.

Using one of the rules of the construction safety theory, i.e., the parametric excess, a dual-circuit
braking system is applied. This system has no disadvantages which are characteristic of a single-circuit
braking system. A basic disadvantage of the single-circuit system is a decrease or loss of braking force in the
case of leakage or when the system is air-locked. In order to maintain a part of capabilities of the braking
system in such a case, it is divided into two independent sections: one section operates the front axle wheels,
and the other the rear axle wheels.

A design-constructional identification has been made for the capabilities of the car hydraulic braking
system. This identification was limited to the main hydraulic circuit which is the most important part of this
system in respect of reliability.

2. Graphical model of “properties—component objects” for the structure of car hydraulic
braking system

A design-constructional identification has been made for the car hydraulic braking system. A simplified
schematic-constructional diagram of this system is presented in Fig.1 and it is limited to the main hydraulic
circuit, which is the most important part of the braking system in respect of reliability. The presentation of
this circuit was reduced to its most important components, i.e., the brake master cylinder and brake operating
cylinders (Pihowicz, 2005).

A modern methodology of designing, documentation, analysis and systems management offers a lot
of formal tools for searching for economical and equivalence-maintaining information. This methodology
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allows giving information the priorities or queuing sense, classifying and modifying it which is sometimes
necessary and simultaneously optimal.

L -

\ b

Fcr Fer

Fig.1. Schematic-constructional diagram of car hydraulic braking system — CHBS (Pihowicz, 2005)

1 — body of left rear brake operating cylinder, 2 — piston of left brake operating cylinder, 3 — seal of left rear
brake operating cylinder piston, 4 — body of brake master cylinder, 5 — brake master cylinder rear piston,
6 — seal of brake master cylinder rear piston, 7 — left rear brake line, 8 — front piston of brake master cylinder,
9 — seal of brake master cylinder front piston, 10 — left front brake line, 11 — body of left front brake
operating cylinder, 12 — seal of left front brake operating cylinder piston, 13 — piston of left front brake
operating cylinder, 14 — piston of right front brake operating cylinder, 15 — seal of right front brake operating
cylinder piston, 16 — body of right front brake operating cylinder, 17 — right front brake line, 18 — spacing
springs of brake master cylinder, 19 — right rear brake line, 20 — seal of right rear brake operating cylinder,
21 — piston of right rear brake operating cylinder, 22 — body of right rear brake operating cylinder,
23 — return springs of rear brake operating cylinders, 24 — return springs of front brake operating cylinders,
Fp — pressure on rear piston of brake master cylinder, FcT — pressure of rear brake operating cylinder piston
on friction (brake) lining, FcP — pressure of front brake operating cylinder piston on friction (brake) lining.
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In particular, the diagnostic-functional strategies (Bieniak, 1999) and among them the techniques of
information collection, have a significant meaning in the theory of effective organization and management
(Mikotajczyk, 1994). One of them, i.e., the mapping technique (Martyniak, 1996), is a starting point for
further examinations (Martyniak, 1996).

Taking into consideration the recommendations of this technique and being aware that a verbal record
of the CHBS is often ambiguous and it can have only a supplemental character, both the schemes of
components’ construction and a scheme of the damages of the braking system hydraulic circuit have been used
in this work. It should be emphasized, at this point, that they fulfil the essential criteria of a diagnostic method.
They were subjected to a morphological analysis developed by F. Zwicky in 1948 (Martyniak, 1996).

The examinations were conducted in three stages:

1) determination of the problem,
2) analysis,
3) synthesis.

A graphical model of properties-component objects (Fig.2), being the vectors with two, three, five
and 14 (as a target) components (Fig.3), has been developed on the basis of a design-constructional
identification of the car hydraulic braking system.
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PHPTcyp
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Fig.2. Graphical model of properties-component objects of the car hydraulic braking system (CHBS).

A graphical model of properties-component objects of the CHBS, including mathematical models on four
levels of accuracy in terms of logic (Gubareni, 2001; Marek and Orzyszkiewicz, 2003; Rasiowa, 2004; Stupecki
et al., 1994), the set theory (Kuratowski and Mostowski, 1978; Kuratowski, 2004; Marek and Orzyszkiewicz,
2003; Stupecki et al., 1994) and Boolean functions (Mostowski, 1964; Traczyk, 1970), is presented in Fig.3.
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Model of 14 components
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Fig.3. Graphical model of properties-component objects of the CHBS, including mathematical models on
four sections of decomposition.

Opp = hydraulic object of front brakes, Oyr = hydraulic object of rear brakes, Py = brake master cylinder,
Pyp = hydraulic sub-circuit (outside the brake master cylinder) of front brakes, Pyy = hydraulic sub-circuit
(outside the brake master cylinder) of rear brakes, PPyp = right hydraulic sub-circuit (outside the brake
master cylinder) of front brakes, LPyp = left hydraulic sub-circuit (outside the brake master cylinder) of front
brakes, PPyr = right hydraulic sub-circuit (outside the brake master cylinder) of rear brakes, LPyr = left
hydraulic sub-circuit (outside the brake master cylinder) of rear brakes, UTTpy = seals of brake master
cylinder rear piston, Kpyy = body of brake master cylinder, UTPPcy = seals of right front brake operating
cylinder piston, KPPcy= body of right front brake operating cylinder, PHPPyp= brake line connecting right
front brake operating cylinder with brake master cylinder, UTLPcy = seals of left front brake operating
cylinder piston, KLPcy = body of left front brake operating cylinder, PHLPyp = brake line connecting left
front brake operating cylinder with brake master cylinder, UTPTy = seals of right rear brake operating
cylinder piston, KPT¢; = body of right rear brake operating cylinder, PHPT¢yp = brake line connecting right
rear cylinder with brake master cylinder, UTLTcy = seals of left rear brake operating cylinder piston,
KLTcy = body of left rear brake operating cylinder, PHLTcyp = brake line connecting left rear brake
operating cylinder with brake master cylinder.
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Taking into consideration the design-constructional identification of the structure of causal
relationships between CHBS damages, the system of logical equivalences has been formulated on the set of
logical sentences describing the events of CHBS damages. The list of sentences (and their designations)
describing the intermediary and elementary events and regarding the damages of the system is included in
the table of parameters identification and their essential states and relations in primary decomposition
intersections of the CHBS (compare Tab.1).

The decomposition of the problem makes it possible to analyze it on various planes and from various
points of view. The purpose of decomposition is to deepen the understanding of the problem and allow its
logical defining. By analyzing the components distinguished in that manner and thus each level of problem
complexity, one can examine and interpret the full structures of a problem better.

In the examinations and analyses conducted it was necessary to develop a general model for n-
Boolean variables of the process of diagnosing the state of examined objects’ unfitness (leakage) or fitness
(leaktightness).

3. General model of CHBS, in the Boolean algebra of Boolean functions

The (0,)"_, sequence of objects included in CHBS, and deciding about its leakage/leaktightness

contains the following sub-sequences:

(P, )',_, -clements of brake master cylinder,
» ) -

(OPP )’’’ - elements of hydraulic braking system of right side front axle,

p=i+l

(OPL ,)' +27 - elements of hydraulic braking system of left side front axle,

p=i+j+1

(orp, );fin - elements of hydraulic braking system of right side rear axle,

(OTL ,)""%/3".,, - elements of hydraulic braking system of left side rear axle

where:
i = number of component elements influencing the leakage/leaktightness of brake master cylinder,

J = number of component elements for each of OPP,OPL,OTP,OTL.

The sequence of Boolean variables (x,)"_, x, € {0,1}, pel.n

where

X;

_ |Lobject O, from (O,)’_, sequence is untight
0,0bject O, from (O,))., sequence is tight

The Boolean function f : B" — B determined by the Boolean formula for the leakage of the car
hydraulic braking system (CHBS,) has the following form

i i+2] i i+4 j=n
f(x)z{pr+ Z xp}(pr+ Z x,] 3.1)
p=1 p=i+l p=1 r=i+2j+1

for (x, )::1 eB".

On the basis of the Boolean algebra properties, it follows
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i i+2
x)=[a(b+c ab+ac] Zx Zx +Zx z X, +pr +Z:]x +
p=1  r=1+2j+1 p=1  q=i+]

(3.2)

DIHD P {““}zxfz” 5 .

g=i+l  r=I+2j+1 at+ab=a g=itl  r=I+2j+1

Taking into consideration both Boolean formulas for /' : B" — B and the determinations of Boolean

variables assumed at the beginning, the following Boolean functions can be defined:
- the Boolean function of leakage in the brake master cylinder and hydraulic sub-circuit (outside the brake
master cylinder) of front brakes

i+2j

frp(x Zx + Y x,, fop:B" > B (3.3)

q=i+I

- the Boolean function of leakage in the brake master cylinder and hydraulic sub-circuit (outside the brake
master cylinder) of rear brakes

i+4j=N

frr(x Zx + )X, for :B" > B (3.4)

r=i+2 j+1

- the Boolean function of leakage in the brake master cylinder
fou (x Z X, foy :B" > B (3.5)

- the Boolean function of leakage in the hydraulic sub-circuit (outside the brake master cylinder) of front brakes

i+2j

for(x)=D x,, fop:B" > B (3.6)
q=i+1

Jor (x) = forp (x) + forL (x) , where:

- the Boolean function of leakage in the hydraulic sub-circuit (outside the brake master cylinder) of right side
rear axle

i+3)

fore(x¥)= DY, x,:B">B (3.7)
r=i+2j+1

- the Boolean function of leakage in the hydraulic sub-circuit (outside the brake master cylinder) of left side
rear axle

i+4j
Jor (* z x,:B" > B (3.8)

r=i+3j+1
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- the Boolean function of leakage in the hydraulic sub-circuit (outside the brake master cylinder) of rear axle
brakes

for(x)="D, x,. for:B" > B (3.9)

r=i+2 j+1

Jor (x) = forp (%) + fopr (x), where:

- the Boolean function of leakage in the hydraulic sub-circuit (outside the brake master cylinder) of right side
front axle brakes

i+J
Jopp(X)=Y x,:B">B (3.10)
q=i+1

- the Boolean function of leakage in the hydraulic sub-circuit (outside the brake master cylinder) of left side
front axle brakes

i+2j
forL(x)= D x,:B" >B. (3.11)
q=i+j+1
Assuming the Boolean functions for n — variables in the form BF, = (Fn, +,.,—,0,1 ) , where F, =

set of all Boolean functions of n - Boolean variables, (operations on Boolean functions) 0= f (x) and

I=f (x) for xeB", the Boolean function f e F, of CHBS, leakage is determined according to the
following formula (3.1)

f(x)=fep(x)- fpr (). (3.12)

In the generalized model of the CHBS the leakage can be computed as a product of the Boolean
functions determined above or from the following formula (3.2)

S (%)= for (%) + fop (%) for (x)- (3.13)

In the generalized Boolean model of the CHBS the leakage is the Boolean sum of Boolean functions
of brake master cylinder leakages and the product of Boolean functions of leakages in the hydraulic circuits
(outside the brake master cylinder) of front and rear brakes.

Substituting the component functions f,,,, fop, and fo.p, for, to formula (3.13), we obtain
f(x)=fPH (x)+(fOPP(x)+fOPL(x))'(fOTP(x)+fOTL(x))zl:a(b+c)zab+ac:|:
Sri (x)+f0PP(x)'f0TP (x)+f0PP(x)'f0TL(x)+f0PL (x)'fOTP(x)+f0PL(x)‘f0TL (x)

Thus,

f(x):fPH (x)+fopp(x)'f0TP(x)+f0PP (x)'fOTL (x)+

(3.14)
+/fopL (x)'forp(x)+f0PL (x)'fOTL (x)
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In the technical interpretation, this equation in the Boolean algebra of Boolean functions and in
morphological space CHBS, = (PH, OPP, OPL, OTP, OTL) confirms the known relationships in the
structure of leakages which are determined by the leakages of all CHBS, components.

Continuing the above considerations for the function f:B" — B, the following results from
formula (3.13) and De Morgan’s laws are obtained:

a+b=ab

f(x) Ss(xX)= fpy (X)+ fop(X): for(x) = l: - ] fPH(x) (fOP(x)+f0T(x))—

ab=a+

=[a(b+c) =ab+ac] = e (%) fop(X)+ fpy (X)- for(x)=

_E = fspy : B" > B —leaktightness function P,
(3.15)

= E = fsop : B" > B —leaktightness function of front axle elements, | =

| Jor = fsor : B" — B —leaktightness function of rear axle elements

= fspr (X)) fsop(X) + fspy (X) - fsor (X).

The leaktightness function of the generalized CHBS model is the Boolean sum of the products of
Boolean functions for brake master cylinder leakages and, respectively, the leaktightness of the hydraulic
braking system of front and rear axles.

In the next morphological space of leakage/leaktightness of the general CHBS, model, which
includes (in addition to the brake master cylinder and hydraulic sub-circuits of brakes of both vehicles axles)
also the significance of the leaktightness of brakes’ hydraulic sub-circuit on left and right sides, the following
functional equation can be formulated in the Boolean functions for # - variables

m:fPH(x)+(-fOPP(x)+.f0PL(x))'(fOTP(x)+f0TL(x)):[a—w—: al—)}:

ab=a+b
= f o o x>+fm<x>)+(fm<> S on®))=
- PH (fOPP x).fOPL(x)+fOTP OTL ))
[a(b+c ab+ac] f fOPP fOPL f fOTP )fOTL(x):

f _ f - B — B leaktightness function PH

~

orp ™ f sorp B" — B leaktightness function OPP

or™ fSOPL : Bn — B leaktightness function OPL |= fSPH (x)- fSOPP(x) . fSOPL(x) +

- f sorp- B" — Bleaktightness function OTP

~

~

oTP

o= f sor.: Bn — Bleaktightness function OTL

+fSPH(x).fSOTP(x)'fSOTL(x)'

~

Thus,
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S5 (%)= fopu (%) fsopp (X)- fsopr (%) + fspr (%) fsore (%) fsor (). (3.16)

In the technical interpretation of the next morphological space, the leaktightness in CHBS, = (PH,
OPP, OPL, OTP, OTL) model occurs if and only if when PH, OPP, OPL are tight simultaneously (brake
master cylinder and hydraulic sub-circuit of both sides of the front vehicle axle) or when PH, OTP, OTL are
tight simultaneously (brake master cylinder and hydraulic sub-circuit of both sides of the vehicle rear axle).
Based on the basic properties of the Boolean algebra in formula (3.2), we obtain

i+2j i

=[a(b+c)=ab+ac]=2i;xp-zi:xp+Zi:xp Z X, +Z qu +

=1 r=1+2j+1 q=i+1  p=1

i+2j a-a=a
+Z Z *r _{ b+c) ab+ac} Zx +Z z XpXr F (.17)

q=i+1 r=I1+2j+1 p=1 r=I1+2j+I

L2y / u a+ab=a i2j &
DD ITI S ST Ll Y S S
p=1 q=i+l q=i+1 r=i+2j+I p=I q=i+1r=i+2j+1

Formula (3.17) is the generalization of the Boolean formulas determining the leakage functions in all
CHBS//CHBS, ie/..3 Boolean models (for which it was proved in this work, by using the Quine —
McCluskey algorithm (Partyka, 1999), that they are MANF/IANF/SANF of these functions) onto CHBS,.

4. Summary

The analysis of the hydraulic car brake system structure allowed determination of the decisive
variables and relations between them in formal languages of logic, the set theory and the Boolean algebra of
Boolean functions.

The level of accuracy of decisive variables has a cascade character, adequate to currently analyzed
CHBS subsystem and its purpose is, inter alia, to identify the priority variables and formal relations among
them. On the basis of structure analysis, the basic components of morphological space for three indirect
mathematical models of the structure of leakage/leaktightness diagnosing process have been developed in
formal languages of logic, the set theory and the Boolean algebra.

The Boolean functions f, f, : B'* — B introduce a structure describing a natural initial diagnostics

of the CHBS in respect of leakage/leaktightness of the brake master cylinder, the hydraulic sub-circuits
(outside the brake master cylinder) of front and rear axle brakes and their both sides: left and right. Thus,
they allow analyzing the issues of leakage/leaktightness in various intersections of accuracy determined
during the examinations of initial models of the CHBS,, i € /..3 by the decomposition of the CHBS with the
morphological method. The examinations were complemented by the development of a general model for »
- Boolean variables for the process of diagnosing leakage/leaktightness of the objects.

Acronyms

MANF — minimal alternative normal form,
TANF - irreducible alternative normal form,
SANF - shortened alternative normal form,
CHBS - car hydraulic braking system.
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