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ABSTRACT

The reliability of a brake system directly affects the safety of a vehicle. Fault tree analysis is
a method used to reduce the probability of traffic accidents caused by brake system failure. For
the brake system components of a racing car, the failure parameters of the Weibull distributions
are obtained through maximum likelihood estimation. A fault tree is then established according
to the failure principle of the brake system. Finally, the reliability of the brake system is analysed
and evaluated by fault tree analysis to provide a reference for the design and development of
brake system.

INTRODUTION

The brake system is an important device that ensures safety of vehicle. Vehicle manoeuvrability
is influenced by the performance of the brake system, and many accidents are caused by brake
system failures. Disc brakes are applied in many brake systems; hence, several optimisation plans
for analysing and studying the brake system have been proposed in recent years (Jegadeeshwaran
& Sugumaran, 2015).

The fault tree is a special tree logical causality diagram that uses event, logic gate and other
symbols to describe the causal relationship among events in a system (Matthew & Heffernan, 2006).
The fault tree of a non-service air braking system is set up using fault tree analysis techniques and
the assessment method for the reliability of such air braking systems (Sun et al., 2007; Tu et al.,
2010). The assessment shows that the techniques can clearly deduct the failure modes of non-service
air braking systems, identify the weaknesses during operation and reflect the influence degree of
each fault mode. The rule set for a fuzzy classifier is obtained using a fault tree (Jegadeeshwaran &
Sugumaran, 2013; Sugumaran & Ramachandran, 2007). Fault trees are related to the disruption of
energy delivery from generators to specific load points. The quantitative evaluation of fault trees,
which represents a standpoint for assessing power delivery reliability, enables the identification of
the most important elements in a power system (Yan et al., 2009). The construction of fault trees
begins with the top event and then traces backward to the primary and undeveloped events of the
components based on the structural configuration of the system and the extended decision tables
stored in a database (Wang & Liu, 1993; Xu et al., 2010). This method is currently applied to
analyse the reliability of automotive brake systems (Sugumaran et al., 2006).

Reliability is an important index for measuring product safety, quality and fatigue life;
research on this variable is involved in an extensive field. The new method is technically based
on the strengthening and damaging features of vehicle components under a loading spectrum
whilst combining dynamic strength equations with the residual strength of vehicle components
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(Nicholas, 2002; Zheng & Lu, 2012). The system reliability level matches the requirement for
differential systems, which considerably reduces cost, as demonstrated by using the stress—strength
interference and low-load strengthening models (Liu & Huang, 2006; Xie W et al., 2014). The
rationality of reliability reallocation is verified according to the subsystem importance coefficient
(Huang & Zhang, 2014; Liu & Chen, 2005). Based on the stress—strength interference model,
automobile welding structure reliability has been studied and discussed with theories of probability
and reliability (Song ef al., 2014; Allella et al., 2004). A generalised reliability analysis model,
which considers multiple competing causes, is highly necessary (Liu et al., 2014; Wu & Yan,
2014). Existing methods are difficult to use in resolving the reliability apportionment problem
because of data insufficiency and uncertainty in terms of the relationships among the components
of a mechanical system (Kuo & Wan, 2007). Reliability analysis is helpful in optimising the design
of a brake system, which leads to an improved design of such systems (Chen et al., 2016; Gavin
& Zaicenco, 2007).

Reliability analysis is widely applied to many fields, such as system engineering, electronic
computer technology and testing technology. But the literature about reliability analysis and
evaluation through competing risks is less. This paper takes the brake system for example and
carries out reliability analysis and evaluation using the theory of competing risks.

The parameters of the key components of a brake system are described in Section 2. The values
of failure parameters are obtained via maximum likelihood estimation in Section 3. The fault tree
of the brake system of a racing car is obtained by analysing its failure principle in Section 4. The
reliability of a brake system is analysed and evaluated in Section 5 according to Sections 3 and
4. The discussion and conclusion are drawn based on the results of the reliability analysis and
evaluation in Section 6.

PARAMETERS OF BRAKE SYSTEM

The brake system of a racing car consists of a pedal, a balance lever, a main cylinder and a brake
on each wheel, among others. The main components of a brake are a friction block, a brake disc,
a brake clamp body and so on. A simple hydraulic brake system is adopted in the aforementioned
racing car, whilst the front and rear wheels adopt the floating disc type calliper disc brake.

The key parameters of the racing car are provided in Table 1, and the parameters of the key
components of the brake system are listed in Table 2.

Table 1. Key parameters of the racing car

Key parameters Values

Mass (full) 250 kg

High centre of mass 0.330 m
Wheel base 1.575 m

Centre of mass to the front axle 0.819 m
Centre of mass to the rear axle 0.756 m
Front axle load 1176 N

Rear axle load 1274 N
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Table 2. Parameters of the key components of the brake system

Key parameters Values
Master cylinder piston diameter 15.9 mm
Front calliper piston diameter 25 mm
Front calliper piston number 8
Rear calliper piston diameter 25 mm
Rear calliper piston number 4
Brake disc working radius 86.25 mm
Tire radius 254 N
PARAMETER ESTIMATION

Weibull distribution can reasonably reflect the failure of a large number of products and
materials, and the shape parameter of it can make data fitting of failure has good adjustment.
Its analytical expression of reliability function is very convenient on mathematical processing,
especially the linearization of reliability function by logarithmic transformation.

Ifthe brake system breaks or fails, then certain failure parameters follow the Weibull distribution,
such as oil in the friction plate, the failure of the calliper piston to home, lack of braking action and
the failure of the oil valve. The failure cause of brake system follows Weibull distribution.

The probability density function of the Weibull distribution f (t) can be expressed as follows:

t-a

f(t)=§(t_7a) A7) (a=t:kb>0) I

where £ is a shape parameter, b is a scale parameter, a is a location parameter and is a random
variable.

When ¢ follows the three parameter-Weibull distribution, the cumulative distribution function
F(t) can be expressed as follows:

k
F(t)=1-exp -(“T“) >0 @

When In(7) follows the smallest extreme value distribution, the corresponding probability
density function f'(¢; &, 0) and the cumulative distribution function F'(¢; ¢, 0) can be expressed

as follows:

1 . [In(t-a)-
ftu,0)=—j,, [—( ) ”},F(t;ﬂaa)ﬂiev
ot o

In(t-a)-u (50 G)
a 2

where =1In(b),-% < u < +%,0 =1/ k > 0is a location parameter.
A random sample of 7 identical systems is placed on a life test. The observed data are
presented (X;,0,),(x,,0,),....,(x,,0,). (X,,0,) as . is the realization of the observed data

(X;,A;) X, is minimum time for system failure and
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A { j observed failure due to cause j
j =

0 observed censoring . For example, the brake system failure is

detected at X, time on account of failure of the oil valve, the observed data is presented as (x1 , 54) ,
where 0 , is the failure of the oil valve.

The unknown parameter, which is denoted by g = ( ‘u(f ) , o ), is the maximum likelihood
estimator for system i that has failed from cause j. The parameters are estimated by maximum
likelihood estimation as follows:

1;(6;=7)
L (9(./')) — f(./)(xi)]_l R (x) {R(.f) (xi)}[i(‘s‘:())
) 1 A=T @
= ’]i(A;=])= .
VG e 0  otherwise
-{r@) 1‘0[{1% ()
1)
dlogR(¢,,...,t,)
A' t - 1 m
/() Py 5)
J fy=r=t,, =t
k
R;(?) =Pr(T>t)=exp(—2Aj(t)) (6)
=
where Aj ()= j; ﬂj (s)ds is the cumulative cause-specific hazard.
F.()=Pr(T =t,D = j)= j: 2 () RW)du, j =1,2,....k ™
1,0 =2,(OF; 1) ®)

Thus, the likelihood function L(®) for all failures is calculated by multiplying all single

failure likelihood function factors as follows:

L(®) = ]jL(H“)) - ]j]ij(H(j)) ©)

where © = (6(1),0(2),...,60(m)) is an unknown parameter of failures.

The likelihood function Weibull distribution of failures L(H(j )) can be obtained using Eq.

(10) as follows:
o 1 Li(6i=)) L L=
log(t)-u 1] m log(t)-u 1]
g((l;)mu ” x| l{l_q)nor Logt) 1 } | (10)

Aol
L(0”)= HH { gy e U
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Data on oil in the friction plate, the failure of the calliper piston to home, the lack of braking

action and the failure of the oil valve can be collected through the racing car. The failure parameters

are estimated using the maximum likelihood estimation method as shown in Table 3.

Table 3. Failure distributions and parameter estimate values

Failures

Distribution

. Estimate values of parameters
functions

Oil in the friction plate

Weibull distribution @ = 3405.756; b =182386; k =0.799

Failure of the calliper piston to home ~ Weibull distribution @ = 30.865; b=125865;k=1.112

Lack of braking action

Failure of the oil valve

Weibull distribution @ =110.259; b=139162; k =0.730
Weibull distribution @ =1391.891; b=67988; k =0.816

FAULT TREE OF BRAKE SYSTEM

The logic relationship between the system and the element function can be analysed by studying

the function and failure modes of the system. A system is called a serial system only when all the

subsystems are normal in a system composed of N subsystems. A system is called a parallel system

if it is effective on any one of the subsystems; the system can work in a system that consists of N

subsystems.

Engine oil is used as the medium in the hydraulic brake system of the racing car. The brake

system produces a brake torque by transferring the force to the brake pedal. The main failures can

be analysed through the working process and principle of a brake system, and the specific causes

are presented in Table 4.

Table 4. Failures and the corresponding fault causes of the brake system

Failures

Fault causes

Oil in the friction plate

The friction plate is provided by the manufacturer, and its appear-
ance is determined by the factory. Oil pollution is caused by im-
proper operation and installation.

Failure of the calliper
piston to home

The oil finds it difficult to return because brake fluid viscosity is
extremely thick. The oil cannot return to the brake pipe plug wheel
cylinder because braking clearance is too narrow.

Lack of braking action

Thus, brake movement disorders may be attributed to several rea-
sons: limited pedal, pedal fracture, extremely large push rod and
master cylinder piston clearance, disengaged and insufficient brake
fluid, absence of brake fluid and brake pipe serious leakage.

Failure of the oil valve

The brake pipe is jammed. The load proportion valve is faulty. The
brake pressure distribution valve is invalid or the pressure regulator
is not adjusted. The main piston of the cylinder or the seal of the oil
return valve is bad.
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Failures include oil in the friction plate, the failure of the calliper piston to home, the lack of
braking action and the failure of the oil valve. The fault tree for the brake system of the racing car
is established based on the work principle of a brake system. The results are shown in Figure 1.

brake system T
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\ |
front axle brake " rear axle brake M)
system failure system failure
‘ I
| | | |
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Fig. 1. Fault tree for the brake system of the racing car

X15

RELIABILITY ANALYSIS AND EVALUATION
Reliability analysis of the brake system

The reliability function of variable x is calculated as follows:

xX—a

b

R(x)=e_( ) (a=x;k,b>0).

(11)

The cumulative distribution function of failure reliability F(x) is calculated as follows:
k

) ,(a=xk,b>0)

xX—a

F(x)=1-— e_( b (12)
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The values of the random variables with two points X; (%) can be expressed as follows:

© I; eventi occurs at t moment
X. =
' 0; event i does not occur at 1 moment

The expected value of random event x is calculated as follows:

0.0 = E[x,(0]=0- p(x; =0) +1- p(x; = 1) = p[x,(1) =1].

In the same manner, the top event is described with a two-point distribution as follows:

I; top event occurs at t moment

0; top event does not happen at t moment

FLX ()] = {

where X (¢) = {xl @), x,(1),...., x(t)} is the vector in the bottom event.

The expected value of random variable @(X) for the top event is calculated as follows:

P(top) = ER[X (1)] = p{@[X ()] =1} = p[@(x,, x,.......X,) =1]
=g(0,(0),0,(),....0,()) = g(O(1))

00 ={0,(1),0,(1),.... 0,(1)} (13)

Structure function can be found for any fault tree. One of the most effective means is to use the

minimal cut set or the maximum set of a fault tree to describe structure function.
n

The AND gate of a fault tree is P(X) = X, XynX, = ]_][x[ . (14)

The OR gate of a fault tree is P(X) =1-(1-x)(1-x,)...A-x,) =1- ]_‘[(1 -x;). (15
The minimal cut set of the top event Cj is calculated as follows: =

C, =1 x,
ieC

J

(16)

Whereis the basic event number of the minimum cut set C]. .

The structure function of fault tree @ (X") can be expressed as follows:

eX)=UC=UI x- (17)
j=1 j=liec,

The fault tree is completely qualitatively as described by structure function ®(X'). The
top event necessarily happens when any basic event of the minimum cut concentration occurs.
Approximately 3500 km is required in testing, training, commissioning and competing for a system
according to experience. Thus, reliability analysis is completed for 3500 km.
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According to the estimated values of the parameters, the probability of the basic events can be
calculated using Equation (12) as follows:

x—a) _( 3500—3405.756)
k
l-e

P(X1)=1-R(x)=1 —e_( b 182386

0.798645

=0.0024.

Similar results can be obtained to according to the estimated values of the parameters as follows:

P(X2)=0.0182,

P(X3)=0.0642,

P(X4)=0.0572,

P(X1) = P(X5) = P(X9) = P(X13) = 0.0024,
P(X2) = P(X6) = P(X10) = P(X14) = 0.0182,
P(X3)=P(X7)=P(X11) = P(X15)=0.0642,
P(X4) = P(X8) = P(X12) = P(X16) = 0.0572.

The probability of the intermediate event is calculated using Equation (15) according to the OR
gate of the fault tree as follows:

P(M7) =1-(1- P(X1))(1- P(X2))(1- P(X3)) = 0.0834,
P(M7T) = P(M9) = P(M11) = P(M13) = 0.0834,

P(M8) = P(M10) = P(M12) = P(M14) = 0.0572.
Similarly, the probability of other events is calculated as follows:
P(M3)=1-(1- P(MT7))(1- P(M8)) = 0.1358,
P(M3) = P(M4) = P(M5) = P(M6) =0.1358,
P(M1) = P(M2) =0.2532.
Finally, the reliability of the entire system is obtained as follows:
P(T) = P(M1)P(M?2) = 0.064.

The unreliable degree of the entire system is 0.064. Therefore, the reliability of the entire brake
system is 0.936.
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Failure mileages of different reliabilities

According to the competition risks theory in test of product life, any one failure factor can
cause failure of product with m failure factor. When the brake system of car fails, the probability
of failure factor of brake system failure can be analysed according to the competition risks theory.

Different reliability conditions and failure mileages are obtained using Equation (3) according
to competition risks theory and the parameters in presented Table 3.

[In(z —3405. -12.11
R()=1-_ n(z —3405.756) 3 a8)
1.252
[In(z —30.865)-11.743
R,(t)=1-D
2( ) sev 0899 l (19)
R(t)=1-®_ In(z-110.259)-11.843 20)
1.370
In(¢-1391.891)-11.127
R,(t)=1-D 21
4( ) sev 1226 l ( )
The mean mileage to failure MMTF can be obtained as follows:
MMTF =exp(u+0.50") 22)

The failure mileages of different reliabilities include R (0.5 ), and MMTF are listed in Table 5.

Table 5. Failure mileages of different reliabilities

Numbers Failures R(0.5) /km R(0.9)/km MMTF/km

X1 Oil in the friction plate 185631.245 39648.704 399113.122

X2 Failure of the calliper 55 553 39489.248 188527.719
piston to home

X3 Lack of braking action 139217.438 23875.923 355400.335

X4 Failure of the oil valve 69374.025 15366.549 144206.327

Table 5 shows that when reliability is 90%, the order of failure mileageis X 4 > X3 > X2 > X1
. When reliability is 50%, the order of failure mileage is X4 > X2 > X3 > X1. According
to the average mileage, the order of failure mileage is X4 > X2 > X3 > X1 . The factor that
most likely leads to failure can be drawn by analysing different reliabilities; the failure of the
corresponding cause can then be obtained.
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CONCLUSIONS

The fault tree of brake system is established according to the structure and failure reason of
brake system of the racing car. Weibull distribution parameters of failure reasons of brake system
are estimated using the maximum likelihood estimation method. Reliability analysis of brake system
is carried out based on parameter estimation and fault tree of brake system. The reliability of brake
system is 0.936 when the mileage of car reaches 3500 km. The failure causes probability of brake
system is different under different reliability according to the principle of competition failure.

The reliability of brake system of racing car is analysed using fault tree, and this provides
effective reference for the design and development of brake system. Fault tree can also be applied to
reliability analysis and evaluation of car other system, such as the transmission system, lubrication
system and cooling system. At the same time, the fault tree can also be applied in lots of fields
combined with other related theory.
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