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Abstract: In the development process of modern industrial systems, predictive reliability becomes very important in the
design and exploitation of industrial facilities. This paper proposes the development of a new approach to the assessment
of predictive reliability, applied to a centrifugal pump based on a fuzzy expert system to improve its performance under
actual operating conditions. The obtained results clearly demonstrate how the reproduction of the main dynamic
characteristics of the examined pump, using the proposed fuzzy model enables better performance regarding reliability.
Keywords: Predictive reliability, reliability analyses, fuzzy system, fuzzy modelling, fuzzy expert system, centrifugal
pump, safety system, industrial process.

1. Introduction
Reliability analysis is essential for ensuring
dependability in industrial systems. Today, the
technological evolution of industrial equipment
has led to significant progress in the areas of
quality and dependability to meet the needs of
the user, particularly in the process of quality
improvement that impacts the predicted
reliability. Indeed, reliability has become a key
quality and decision support parameter because
reliability covers multiple aspects, such as
failure analysis systems.
Several studies have been conducted to assess
as accurately as possible the predictive
reliability [1, 2, 3, 4, 5 and 6]. Many persistent
problems exist in the field of predictive
reliability, such as population samples, rates of
non-constant failures, lengthy and expensive
trials, missing data and other technical and
practical problems. This work proposes a fuzzy
model describing the predictive reliability of a
centrifugal pump. This method of evaluation
and reliability analysis is based on the field of
artificial intelligence, specifically fuzzy expert
systems, and offers advantageous performance
in the modelling of the predicted reliability of
the process considered.
In this work, through the various tests using
real data, we clearly demonstrate that the
obtained results using the proposed fuzzy

model reproduce the main reliability features in
the examined pump, allowing for the best
performance when used for calculations of the
failure rates of each component of the
examined centrifugal pump.

2. Reliability in Industrial Systems
The first task in the reliability analysis is to
determine the reliability value to analyse for
each component separately. Then, we
determine the global reliability of the system;
this task allows us to understand the properties
and dependencies of the studied system.
Reliability is defined in probability terms using
probabilistic parameters, such as cumulative
distribution functions, the failure rate, and the
average uptime [7, 8 and 9]. The cumulative
distribution F(t) is defined as the probability in
a random interval that the random variable is
not large at time t:
t

F (t )=∫ f (t ) dt

(1)

−∞

where f(t) is the probability density of the
random variable.
Therefore, the reliability function R(t) is given by:
∞

R(t)=1−F (t )=∫ f (t )dt

(2)

t

By differentiating equation (2), we find:
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−dR (t)
= f (t )
dt

(3)

The probability of failure in a definite time
interval between t1 and t2 is expressed by the
following reliability function:
∞

∞

t1

t2

∫ f (t ) dt−∫ f (t) dt=R (t 1)−R(t 2 )

(4)

The failure rate λ (t) is defined as the ratio
between the failure probability in the time
interval between t1 and t2 and the product of
the failure probability in t1 with the length of
this interval.
λ (t)=

R(t 1 )−R(t 2 )
( t 1 −t 2 ) R(t 1 )

(5)

R (t )−R(t +Δ t )
Δ tR(t)

(12)

In this case, the calculation of the average time
of failure (MTTF) is given by:
∞

∞

0

0

[

MTTF =∫ tf (t) dt=∫ t −

]

dR (t)
dt
dt

(13)

By integration, we obtain the expression:
∞

MTTF =∫ R(t )dt

(14)

0

The average uptime (Mean Time Between
Failures, MTBF) for repairable systems, which
is the case of our application, in which
elements are replaced immediately after failure,
is determined by the following equation:
MTBF =

which in an alternative form is given by:
λ (t)=

R(t)=e−λ t

T (t )
r

(15)

(6)

where T(t) is the total operating time, and r is
the number of failures.

For the reliability evaluation in most industrial
systems, the instantaneous rate of risk h(t) is
used, which is defined as the limit of the failure
rate when the time interval approaches zero.

The mean time between failures (MTBF) can
be calculated by other means:

[

]

R(t)−R(t + Δ t)
=
Δ tR (t )
Δ t→0
−1 dR (t )
=
=
R (t ) dt
1 −dR(t )
=
R (t )
dt

h (t )=lim

[ ]
[ ]

f (t)
R(t )

(8)

The instantaneous rate of risk is given by:
h (t )=

[

]

−1 dR(t ) dR (t )
⇒
=−h (t )dt
R(t ) dt
dt

(9)

By integrating both sides of equation (9),
we find:
t

t

dR (t)
∫ dt =−∫ h(t )dt ⇒ln R(t)−ln R(0)
0
0
t

(10)

=−∫ h (t ) dt
0

(∫
t

− h( t) dt

R(t)=e

0

)

(11)

Equation (11) is the general expression of the
reliability function. If h(t) is considered to be
constant, the reliability function becomes:
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t

t
−
MTBF

(16)

n

(7)

When equation (2) is replaced in (6), we find:
h (t )=

−

R(t)=e −λ t =e θ =e
1
λ=
MTBF
where

∑ ti

is the average life duration, ti is
θ= i=1
n
the time to failure of the ith component in the
population and n is the total number of components
in the population of system components.
Several laws and approaches are described in the
literature for several industrial applications [10,
11, 12, 13, 14 and 15]. In this work, we used the
exponential, Weibull and normal distributions to
improve the proposed fuzzy expert system in
this study. The exponential law is used to
describe the period during which the failure rate
of the equipment is assumed to be constant and
is defined by a single parameter, the failure rate
λ, which is characterised by reliability, and the
Weibull distribution is often used in describing
mechanical equipment, as it characterises the
behaviour of a system with three phases of life
according to the value of β [16 and 17]. The
normal distribution is widespread among the
laws of probability as it applies to many
phenomena. The normal distribution, as
characterised by reliability, is defined by the
mean μ and σ standard deviation. To summarise
the collected data on our application for each
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component, we used three types of distributions
in the proposed fuzzy expert system in this work
(Weibull, exponential and normal distributions),
with the aim of developing a knowledge base
from a system analysis throughout the lifetime
of the system being examined, i.e., from its
commissioning to its disintegration.

For a countable set X not of reliability, a fuzzy
subset A of X is characterised by its
membership function μA, i.e.:

( c i−x )
2 σi

2

2

)

Normal reliability

Small reliability

0.6

0.4

0.2

0
0

(18)

where ci is the centre of the ith fuzzy set Ai and
σi is its width.
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Figure 1. Gaussian membership

To draw conclusions about the reliability of the
study system, a fuzzy algorithm is used to
model the reliability, this algorithm is based on
a collection of rules Ri of the form If-Then:
Ri : If x is (condition) Ai Then yi = f ( x) (19)

The activation degree of a rule is calculated
using appropriate T-norm or T-conorm
complementation operator, to collect the used
rules, is given by the flowing equation:
ωi =μ A (x 1 )∨μ A ( x 2 )∧( 1−μ A ( x 3 ))
i
1

i
2

i
1

i
3

i
2

Ri : If x 1 is A or x 2 is A and …
and x p is Aip Then y is f i
i
ω =μ A (x 1 )∧μ A ( x 2 )∧…∧μ A ( x p )
i
1

i
2

(20)

i
p

Reliability composition max-min is defined by:
μ f ( y )=max min ( μ A ( x) , μ R (x , y ))
x

x,y

(21)

Using fuzzy mean defuzzification given by the
flowing equation:

(17)

where μA(x) is the degree of belonging to the
fuzzy set (membership function degree). In this
work, the Gaussian membership function is
used to represent the linguistic variables of the
reliability is given as follows:

(

Degree of membership

Fuzzy logic was introduced in expert systems in
several disciplines and can be integrated in
different aspects, depending on the field of
application and the complexity of the problem
[18,19,20,21,22]. In the area of reliability
prediction, fuzzy logic is a complicated
approach, but offers major advantages regarding
reliability assessment. Due to the lack of
precision of the operating data in industrial
equipment provided to the user who studied
reliability assessment problems using expert
systems, the fuzzy expert system used arranged
mechanisms to deal with uncertain information
[23,24,25,26,27,28]. In this work, the views of
several experts can be reconciled within a model
of the systems based on fuzzy rules by using
comparison techniques to provide reliable
decisions. In the case of data processing for a
reliability study, the model allows the integration
and processing of both the approximate nature
of human knowledge, using defined categories
such as good reliability, very good reliability
limits, or little reliability, and intermediate
situations between true and false, and it allows
the introduction of a gradual transition from one
to another. This allows to components not
completely belong to either a set or the other, or
partially in each belong.

μ Ai ( x )=exp −

Good reliability
1

0.8

2.1 Reliability fuzzy expert system

μ A : X →[0,1]
x → μ A (x )

The Gaussian membership is used to model the
imprecise and unknown knowledge about the
reliability data using the function shown in
Figure 1.

k

∑ ωi ȳi

y= i=1k

(22)

∑ω

i

i=1

where ω is the activation degree of the ith rule, for
the T-norm ω is given by the flowing equation:
p

ω =∏ μ A ( xi )
i

i= 1

(23)

p
i

The fuzzy reliability function RFuzzy is based on
the failure rate analyses λ(t) given by the
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equation (5) defined in the time interval t1 and
t2 for any failure threshold, is given by the
flowing equation:
R Fuzzy (t )=1−F (t)=

{

1
0

if μ Ai ( x )≥λ
if μ Ai ( x )≺λ

(24)

Using the reliability distribution given by the
equation (2) in the developed fuzzy expert
system, the fuzzy reliability function RFuzzy(x)
can be expressed by:

The first step is to calculate failure rate for the
six main components (shaft (rotor), static seals,
dynamic seals, fluid driver, bearings and
casing), using actual operating data in the plant.
The proposed approach in this work is shown
in the diagram of Figure 3, based on the use of
the developed fuzzy expert system structure.

+∞

R Fuzzy (x)=∫ f ( x) μ ( x) dx

(25)

−∞

The Gaussian membership function to
determine the failure probability F(x) defined
in the time interval t1 and t2 is given as follows:
+∞

F ( x)=1−R Fuzzy ( x)=1− ∫ f (x) μ ( x)dx
+∞

=1− ∫

−∞

[(

2

( c i −x )

=1− ∫ exp −
t1

) ) )]

( (

(c − x)2
f (x) min max exp − i 2 ,0 ,1 dx
2σi

[ (
t2

−∞

2 σ 2i

)

+∞

f (x)dx +∫ f (x) dx
t2

Figure 3. Proposed fuzzy expert system structure

(26)

]

Equation (26) is used in the fuzzy expert
system to assess the predictive reliability, as
applied to the centrifugal pump considered in
this work.

3. Industrial Application
To validate the developed approach in this
work, we considered a centrifugal pump,
shown in Figure 2, with axial flow and a single
stage. To evaluate the predictive reliability of
the model for the pump under study, the model
must take into account all the main components
[29, 30, 31, and 32]; the evaluation is based on
the failure rate analyses, which is the basis for
calculating the predicted reliability.

Figure 2. The centrifugal pump of Blackmer type
under study
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3.1 Application results
Based on real operating data, the expert system
provided several results as the parameters of
the laws of the distribution of the failure rate
and the predicted reliability, in addition to the
average uptime and the instantaneous rate of
failure for each component for the examined
centrifugal pump. The predictive reliability
evaluations of static seals, using the developed
expert system, confirm that the form of failure
rate of this component is an exponential
distribution form (shown in Figure 4). By using
the fuzzy expert system for dynamic seals, we
found that the reliability of this component
follows the shape of a Weibull distribution, as
shown in Figure 5.
The results indicate that the static seals are highly
reliable components; the probability of failure for
this component does not exceed the limit of 10%
after 5 years of operation, which implies that the
stationary elements are the most reliable and that
the choice of material plays an important role in
its reliability system. Additionally, the results
confirm that the failure rate for the dynamic seals
is a Weibull distribution, with a high hill that
explains the rapid decline in the reliability of the
dynamic seals, which is characteristic of the low
reliability of the dynamic elements caused by
fatigue of these components; in fact, the
reliability is equal to zero after one year of
operation. Figures 6 and 7 show the results of the
application of the fuzzy expert system for both
the rotor and the bearings of the examined pump.
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strength of the material of construction. With a
very high failure rate, the bearings are the least
reliable components in the centrifugal pump,
for which the average temple proper
functioning of the bearings does not exceed 200
days in general. The prediction reliability of the
fluid driver follows an exponential distribution,
as shown in Figure 8. Figure 9 show the results
of the application of the fuzzy expert system
for the casing of the studied pump.
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Figure 4. Reliability of the static seals
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Figure 8. Reliability of the fluid driver
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Figure 5. Reliability of the dynamic seals
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Figure 9. Reliability of the casing
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Figure 6. Reliability of the rotor
Reliability of bearings with Weibull distribution
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The fluid driver is the element responsible for
the axial fluid line in the centrifugal pump,
which must exhibit simplicity and hardness to
achieve a very small failure rate and high
reliability convergence, accounting for 80% of
the temple of the centrifugal pump operation.
The prediction results clearly indicated a nearly
perfect reliability of the casing, with 99%
reliability during the five years of operation,
i.e., the envelope is extremely reliable and its
value does not affect the overall reliability
centrifugal pump.

Figure 7. Reliability of the bearings

Finally, the prediction results of the global
reliability using the fuzzy expert system for the
examined centrifugal pump is shown in Figures
10, 11, 12, 13 and 14.

From figure 6, we conclude that the rotor is the
most reliable dynamic component of the
centrifugal pump; this reliability returned to the

The obtained results given by this reliability
evaluation of the investigated centrifugal pump
based on the fuzzy expert system confirm that
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Reliability of dynamic and static seals

Failures rate of the components in examined centrifugal pump
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Figure 10. Reliability of the static and dynamic
seals of the examined centrifugal pump
Reliability using fuzzy expert system
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Figure 14. Failure rate of the components of the
examined centrifugal pump
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Figure 11. Fuzzy reliability of the components of
the examined centrifugal pump
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Figure 15. Global failure rate of the examined
centrifugal pump
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Figure 12. Global reliability using the fuzzy expert
system of the examined centrifugal pump
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the dynamic seals are the least reliable
elements, which exhibit the highest failure rate
that causes the joint reliability to reduce to 50%
in just two years. Additionally, the reliability of
the bearings has a significant role in
determining the overall reliability of the pump,
as its reliability declines to 50% in 3.4 years,
while the fluid driver kept 70% of its initial
reliability. The casing reliability remains at its
initial value (100%). With the exploitation
conditions of the examined pump, we
concluded that the centrifugal pump arrives at
total failure in 4 years, which requires
maintenance to improve the overall reliability
of the pump, and it is proposed that the
replacement of the dynamic seals and bearings
should be performed every two years to avoid
failure caused by fatigue in the elements of the
centrifugal pump.
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Figure 13. Failure rate of the static and dynamic
seals of the examined centrifugal pump
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The use of predictive reliability assessment in
industrial equipment is essential to design
systems that are more efficient. In this work,
we have developed an evaluation of the
reliability prediction method for industrial
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systems, taking a centrifugal pump as an
example of the application of the method to
assess as accurately as possible the predicted
reliability of this system. A fuzzy model based
on a fuzzy expert system describing the
linguistically predicted reliability was proposed
in this paper. This method of reliability
evaluation and analysis, which is based on
artificial intelligence techniques, provided
encouraging results, taking into account the
relationships between different components in a
single system while emphasising the degree of
importance of the component in the overall
system structure. Through the different tests
performed in the field, the results based on
fuzzy rules clearly reproduced the main
reliability features of the examined pump. The
proposed approach uses fuzzy matching
techniques to provide good decisions for
assessing the reliability using fuzzy reasoning,
which is used to integrate the knowledge of
human experts of the equipment on the ground.
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