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Abstract

Recent advancements in computer engineering have provided effective solutions for processing and analyzing
complex systems and big data. Consequently, the adjustment and standardization of this data play a crucial role in
addressing issues related to the monitoring of industrial systems. In this study, we propose a reliability approach
for gas turbines to identify and characterize their degradation using operational data. We introduce a method for
adjusting turbine reliability data, which resolves the challenges associated with the nature of these operating data.
This enables us to determine a mathematical function that models the relationships between turbine reliability
parameters and evaluate the impact of reliability practices in terms of availability. Additionally, we determine the
survival function and employ it as a lifespan distribution model by estimating the parameters of the Johnson SB
function. Furthermore, we calculate the failure rates and mean time between good operations for this rotating
machine under different operating conditions. The obtained results allow us to estimate the parameters of the
distribution that best fit the turbine reliability data, which are validated through statistical and graphical tests. We
assess the goodness-of-fit using mean square error and reliability tests such as Kolmogorov-Smirnov.

Keywords: Reliability, Johnson SB distribution, gas turbine, survival function, parameter estimation.
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1. Introduction

The practice of reliability in modern industries
plays a crucial role in meeting production
requirements with the optimal quality and price
ratio. Maintaining industrial equipment necessitates
the implementation of operational safety strategies
to ensure productivity and analyze operational
behavior. To achieve this, a reliability approach is
proposed in this work to evaluate the reliability
indices of a gas turbine based on the Johnson SB
distribution, utilizing the turbine's operating data
with proper adjustment. The objective is to analyze
and identify failures occurring during turbine
operation and assess the significance of reliability
parameters to make informed decisions regarding
maintenance programming.

Several studies have been conducted in this area.
Ahmed Zohair Djeddi et al. [2, 4] conducted an
operational reliability study of a gas turbine using
the three-parameter Weibull approach, and in [3,
5], they performed a comparative analysis by
integrating the Weibull distribution to minimize
turbine faults. Ahmed Hafaifa et al. [1], Rachid
Belhadef et al. [33], and Nadji Hadroug [31]
proposed reliability  engineering  techniques
utilizing fuzzy logic. Ahmed Zohair Djeddi et al.
[8] introduced approaches based on long-short-term
memory networks and artificial neural networks.
Other works focused on improving gas turbine
reliability, such as Esakki Muthu [14], Egorov and
Rabinovich [13], Choayb Djeddi et al. [11],
Mouloud Guemana et al. [30], and Poozesh
Mohammad et al. [32].

However, after conducting a comprehensive
analysis of reliability data, the determination of
reliability parameters requires the selection of a
robust and practical distribution. This distribution
should effectively model system failures and
improve maintenance strategies by incorporating
preventive and corrective practices. Various
mathematical approaches, particularly stochastic
distributions, have been employed to represent
reliability distribution models. These include the
exponential distribution, the Weibull distribution
and its variations, as well as other commonly used
reliability functions like the Gamma distribution,
extreme value distribution, Birnbaum-Saunders
distribution, and  Log-normal  distribution.
Examples of such studies include the works of
Ahmed Zohair Djeddi et al. [6-7], Ahsan Shazaib et
al. [9], Jiang Renyan [20], Jinyuan Shi [21], Li
Chun-Qing and Wei Yang [27], and Mingazov and
Korobitsin [29].

The Johnson distribution, initially studied by
Johnson Norman L. in 1949 [22], is a family of
four-parameter probability distributions that serves
as a transformation of the normal distribution.
Since then, this transformation has been explored in
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various studies. Florence George et al. [15]
conducted parametric estimation using the Johnson
system, and the selection of parameters for the
Johnson transformation was studied by Slifker
James and Samuel Shapiro [36]. Stanfield et al.
[37] proposed modeling the inputs of a multivariate
system using Johnson distributions. The Johnson
SB distribution has found extensive application in
representing empirical distributions of data
characteristics. For instance, Flynn Michael [16]
proposed data adjustment using the Johnson SB
distribution for human exposure, Jordyn Koenig et
al. [23] employed this distribution to model trunk
kinematics, and Kamziah Abd Kudus et al. [24]
estimated a nonlinear regression using the Johnson
SB distribution. Jiang Chen et al. [19] conducted a
systematic analysis of particle size effects based on
the Johnson SB approach. Other applications
include Hong Tang and Guowei Liang [17] and
Rennolls Keith and Mingliang Wang [34].

In this context, the adjustment of gas turbine
reliability data is performed using the Johnson SB
distribution to model the relationships between
reliability parameters and evaluate the impact of
reliability practices on availability. This approach
enables the survival analysis of the rotating
machine and simplifies the processing of operating
data, ensuring stable operation with maximum
uptime and performance improvements using the
Johnson SB distribution.

2. Johnson distributions for reliability
assessment

In various fields, it is common to describe the life
cycle of equipment using standard distributions that
capture different phases: the period of youth, the
period of useful life, and the period of wear or
aging. In this work, we propose the utilization of
the Johnson SB method to develop reliability
indices for the studied gas turbine by adjusting its
data. The Johnson SB method, introduced by
Johnson in 1949 [22], involves a transformation
that allows for improved fitting of statistical data
by considering the four moments of a distribution
(mean, standard deviation, asymmetry, and
kurtosis). This probabilistic approach has been
applied in numerous industrial applications, further
enhancing its relevance.

Several studies have explored this method to
advance its application in various contexts. For
instance, Huynh Ngoc Phien and Wen-Bin Chow
[18], Cugerone Katia and Carlo De Michele [12],
Artur Lemonte and German Moreno-Arenas [10],
Kottegoda [25], Leo Pio D'Adderio et al. [26],
Mage David [28], Scolforo José Roberto Soares et
al. [35], Takvor Soukissian [38], Teresa Fidalgo
Fonseca et al. [39], and Zhang Lianjun et al. [40]
have conducted studies to develop and refine this
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probabilistic approach within different industrial
domains.

In Johnson's concept, the transformed data should
closely follow the line of a fitted normal
distribution. This Johnson system contains four
families of distributions which are generated by
transformations of the form, given by equation (1),
proposed in [22] and developed by [37-38, 40], is
given by the following form :

Z=y+1K, (X; A, 8) 1)
We take :

X—¢&

ki(x;4,&)= f(u) with u = )

where z is a standard normal random variable, x
it is random variable, 7 it is a positive definite
continuous form parameter, y it is a continuous
form parameter, A is a positive definite scale
parameter, ¢ is a localization parameter denoted
also &, f( ) represents the four possible forms of

the  Johnson  transformation  called the
transformation function and k;(x;1,&) are chosen

to cover a wide range of possible forms.

The Johnson distributions family can take four
functions according f( ), depending on the

variation of this function given by the formula (2).

The first form if f(u)=In(u) is the log-normal
distribution of Johnson SL, given by [37]:

Ky(x 4, &)= |n(X;‘9j 3)

The second form of the Johnson SU distribution is
an unbounded continuous probability distribution

of a random variable, with f(u)= In(u +V1+ uzj

is positive values, is given as follows [37]:

F(=x)

ouDo
oCD08

00006

Johnson SB density funetion

k,(x; 4,6)= sinhl(%j @)

The third form is the Johnson distributions SB a
bounded probability distribution, with
flu)= In(li), is given by the following

formula [37]:

X—¢&
k,(x;4,&)=In| —— 5

2( ?) (ﬂ+g—xj ©
And the last form is the Johnson SN distribution
which follows the normal probability law, given by
[37]:

f(u)=u (6)

Practically, reliability is a quantitative quantity and
requires the knowledge of the distributions of the
probability density function (pdf), in order to
estimate it for each distribution. This pdf function
for the case of the Johnson SB approach is given by
the following formula:

2

S —%{74—5 In[ﬁﬂ
x(1-xW2rx ° "

With2>0, §>0, E<x<&E+A.

f(x;8,7.6,4)=

where x is the random variable, » and & are the
shape parameters, A is the scale parameter, & is
the location parameter.

The Johnson SB probability density function can
have different shapes depending on the scale
parameter value y, as shown in Figure 1, and

depending on the lifetime of the studied system.

EY 7200 i
£=0 i

& = 1.34

Figure 1: Variation of the probability density function (pdf) using the Johnson SB distribution
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The cumulative effect of the probability density
function is represented by the Johnson SB
cumulative distribution function (CDF), as shown
in Figure 2, given by the following formula:

Fx) ) —

§ 084 S =2
2

% 064 Vi A TE00
= 4 § = 1.34
b

e 0.4

8 £=0
=

= 024

_ X=¢
F(x)_CD(;/+5In(§+/I_XB (8)

where @ is the cumulative distribution function of
a standard normal distribution.

Figure 2: Variation of cumulative distribution function (CDF) using Johnson SB distribution

The variation of the survival function using the
Johnson SB distribution is shown in Figure 3, this
survival function is defined by:

S(X)=1-F(x)
- 9
—1ogf o[ X2 ©
E+A-X
S(x)
.__% o8 \-\.
2 3
[: o -4 — 3
BE: a2 \\

This function represents the probability that the
turbine does not have a failure, also called the
reliability function. From this function we can
deduce the system failure function, which is the
distribution function and the probability density
which is the derivative of this survival function.

-

e

4000 000 000 7000 800G

H

Figure 3: Variation of survival function using Johnson SB distribution

The hazard function of the Johnson SB distribution
model is expressed by equation (10) and is shown
in Figure 4, it is obvious that the shape of the curve
of this function depends only on the shape
parameter. Therefore, this function represents the
probability that at least one failure occurs during
system operation. However, this risk probability

https://scholarworks.uaeu.ac.ae/ejer/vol28/iss2/5

using the Johnson SB distribution is expressed by
the following formula:
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_fx

=50

S e;{“mn[;fx”z

(x—&)A+E—x 2n{1—q>(y+5|n(§i;i(m

00014 4

000124 7:
h(x) :
|

0001 4

000084

© CO0s

Johnson SB hazard function

000024 :

(10)

with £ <x<&+ 1.

-2000 =1000 [ 1000 2000

4000 S000 6000 TO00 2000

Figure 4: Variation of hazard function using Johnson SB distribution

It is obvious that, to obtain a better reading of the
performance of the Johnson SB distribution, it is
necessary to present the shape of the cumulative
risk function, which is shown in Figure 5, this
cumulative risk probability function is defined by
the following relationship:

224 I.'
{
- II'
4a=3 | !
/
3 f
B2 ] | / 3=2
= f
T !
= f
£ /
B 1 )
] ."
g / A = 7800
] / £=0
= {
= - &= 1.34
= / /
2 [/ -
-= 1 /
=

H(x) =-In(S(x))

elenZS))

Figure 5: Cumulative hazard function variation using Johnson SB distribution

Therefore, the performance of the reliability
estimation of a gas turbine engine based on the

Published by Scholarworks@UAEU, 2023

Johnson SB distribution is investigated in the
following sections. After selection and estimation
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of the distribution parameters of Johnson SB
applies the turbine reliability data examined with
validation tests of the Kolmogorov-Smirnov type
on the obtained reliability results.

3. Selection and estimation of reliability
parameters based on the Johnson SB
distribution

The procedure for selecting and estimating
parameters by the Johnson SB distribution is done
heuristically, that there should be a relationship
between the distances in the tails and the distances
in the central part of the distribution, which could
be used to distinguish bounded from unbounded
cases. This implied the following formalization
[22]:

Firstly, assuming one of the transformations
described by equation (1), we choose a fixed value

of z>0 a standard normal random variable.

Thus, the four points of +7 and £32 give three
intervals of equal length. The transformation (1)
brings back four values of X which are no longer
equidistant. It was assumed that for the bounded
symmetric Johnson distribution, the distances
between each outer and inner point would be less
than the distance between the two inner points, and
vice versa for the unbounded case.

Suppose that x_,,, x_,, X, and x,, are the values

corresponding to -3z, —z, z and 3z according to
the transformation (1). We get :

m=X;, =X,
n=Xx_,—X,, (12)
p= X, =X,

For the choice of use of the Johnson SB

distribution it is necessary that m—pn<1, which is

verified, for the case of turbine data studied.
Indeed, this specificity makes it possible, when
applying this method, to distinguish between the
four families of Johnson distributions and to know
which distribution is the best for adjusting the
reliability data.

For the selection procedure consists in the
development of the following steps; The first step
is the choice of an arbitrary value of z >0, this
choice is based on the number of data points to be
used in the reliability study. Then in the second
step, the percentile p, corresponding to & =3z,

&=z, £=-z, z and & =-3z, respectively is

determined from a table of areas using the normal
distribution. Then for each percentile £ obtained

from the data x") corresponding to p, is based on
the following relationship:

https://scholarworks.uaeu.ac.ae/ejer/vol28/iss2/5

)
2) _x0 (13)

Hence, X, = x) is the set of data points, X, is the

. s I .
ordered observation r™ with |:np‘5+E and i

generally is not an integer, so should be
interpolated.

And finally, the last step which is to calculate the
sample values of m, n and p from the values of

the previous steps and use them to select the
appropriate data family member.

4. Reliability evaluation of studied turbine

The production stability of gas compressor stations,
using gas turbines, requires the implementation of
robust monitoring approaches of their operation.
For this purpose, the MS 5002C turbine reliability
data set collected from the history of its operation,
shown in Table 1, are used for the elaboration of
these reliability parameters, these data contain the
whole failures that appeared during the different
periods of their operation. Hence, the proper
functioning as well as the high performance of the
MS 5002C gas turbine are the most sought-after
means to ensure good production and transport of
gas.

What is depends on the reliability factors, making it
possible to program the maintenance actions to be
carried out, to keep this turbine running. For this,
based on the Johnson SB distribution and these
properties, adjustments are made to determine and
analyze the reliability indices of this turbine. In
order to better know and understand the behavior
and degradation phenomena observed during their
operation.

Table 1. Reliability data for the studied gas turbine

Failure

Interval Class failures
number

0-590 2 0.05

590-1180 5 0.125
1180-1770 12 0.3

1770-2360 7 0.175
2360-2950 6 0.15
2950-3540 3 0.075
3540-4128 5 0.125

The obtained results concerning the main reliability
performances of the studied turbine, based on
Johnson SB are represented in Table 2, these
parameters are obtained by calculations based on
the real turbine data, using the estimation
formulation of the distribution parameters of
Johnson SB following:
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z :7+77In(ij (14)

A+e—X

With the continuous form parameter 7 is positive
definite, given by:

z
n= —~ . n>0 (19)

o3 o2

And the shape parameter y is determined by:
1
B (SR
n m m n
{2
mn

Also, the scale parameter A is positive definite,

y =nsinh™ (16

given by:
1
2 2
{lo-p12)-
m n
A= ; A>=0 (17)
PP,
mn

As well as, localization parameter & also denoted
&, is given by:

5 = _E+— (18)
{2
mn
By following Johnson SB's parametric reliability

estimation procedure, we determine that with

m_r21 =0.49 <1, which confirms the correct choice

of the reliability distribution. Hence, the examined
turbine CDF cumulative distribution function is
shown in Figure 6. Also, the quality of the
adjustment of the examined turbine data is
validated with the Kolmogorov-Smirnov test, with
very satisfactory results obtained, given by Table 4.

Table 2. Obtained turbine reliability parameters
based on Johnson SB

0.0266988  0.0007128

=3 [=3 =3
= on o

Cumilative Distribution Function

=]
[

1000 2000 3000 4000

Figure 6: Cumulative distribution function

Unfortunately, the values obtained after
determining these parameters were not the most
accurate. Therefore, a fitting algorithm was used to
estimate these reliability parameters of the studied
turbine. Table 3 shows the best fitting values
obtained for the case of the studied turbine. These
results show that the estimated Johnson SB model
is close to the real values of the various turbine
reliability parameters, as indicated by the small
values of the validation criteria (RMSE and MSE).

Table 3. Turbine reliability parameters obtained
by Johnson SB after adjustment

Johnson SB
Distribution Validation
parameters

y =1.668 RMSE MSE

n =1.3668
£=-0.978 0.0248307  0.0006166
J = 0.0248307

Johnson SB
Distribution Validation
parameters

(7 = 0.485340586 RMSE MSE

n = 0.750003713
£ =616.7630012
A = 4046 .392651

Published by Scholarworks@UAEU, 2023

From the results presented in Table 4, it can be
concluded that the turbine reliability data matches
the Johnson SB distribution, with the hypothesis
H, being accepted (NOT rejected) for all
significance levels chosen with « <0.2. This can
be confirmed by the data plot in Figure 7, which is
close to the curve of the examined turbine
estimated probability density function CDF.
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Table 4. Validation test of obtained Johnson SB parameters

Kolmogorov-Smirnov test

Sample Size 7 -

Statistic 0.150232 - - - -
P-Value 0.989231 - - - -
Rank 1 - - - -
a 0.2 0.1 0.05 0.02 0.01
Critical Value  0.38148  0.43607 0.48342 0.53844 0.57581
Reject? No No No No No
F)
- | Johnson SB CDF function
TURBINE DATA
e \ : 0 "
d 4 = 136889

L] 1200 1840 200 0 30 100 3400 4000

1 Histogram TBF = Johason 3B
Figure 7: Turbine probability density function
based on Johnson SB distribution

Figure 8 shows the turbine cumulative distribution
function based on the Johnson SB distribution and
Figure 9 shows the Survival function of this studied
turbine. Furthermore, Figure 10 shows the turbine
hazard function based on the Johnson SB
distribution, from this cumulative hazard function
we can see that there are only two distinct periods;
The first is the stable failure period which is very
short (0-800) and the second period is the wear-out
failure period which starts early in this case study.
Also, from the cumulative hazard function, shown
in Figure 11, it can be said that the risk of failure is
higher with the turbine operating time. Two
intervals are observed approximately (< 1400) and
(> 1400), it is as if there were two different
accelerations, the first is greater than the second.

https://scholarworks.uaeu.ac.ae/ejer/vol28/iss2/5

[} £ = -097806

A = 8530.93224

TBF

Figure 8: Turbine cumulative distribution
function based on the Johnson SB distribution

S(t) ‘ Johnson SB Survival function
‘ TURBINE DATA

\\ 4 = 166686

: \ 4§ = 1.36889

£ = -097806

\
N A = 8539.9324

TBF

Figure 9: Turbine survival function based on
Johnson SB distribution
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Hazard Function

1200 1600 2000 o 20 30
"

= o500 58

Figure 10: Turbine hazard function based on
Johnson SB distribution

Cumulative Hazard Function

= Jhson

Figure 11: Turbine cumulative hazard function
based on Johnson SB distribution

Figures 12, 13, and 14 show the PP plot, QQ plot,
and probability density function of the turbine data,
respectively. These plots show that the Johnson SB
distribution can be fitted to the turbine reliability
data. The PP plot shows that the data forms a more
or less linear shape, with no subset of points
showing a marked deviation from the reference
adjustment line. The QQ plot shows that the points
are all almost on the reference line, which also
indicates that the distribution can be fitted to the
data. The evolution of the probability density
function of the data further confirms this.

Published by Scholarworks@UAEU, 2023

PP Phot

B Mo}

0% 4
P (Empiical)

® Johnson 58

Figure 12: PP Plot of turbine data based on
Johnson SB distribution

Q-QPlot

Quantile (Model)

Tsr

0 Johnson $6

Figure 13: QQ Plot of turbine data based on
Johnson SB distribution

Probability Difference

Probability Differsncs

 Jahnsen 58

Figure 14: Turbine probability density function
based on Johnson SB distribution
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5. Conclusion

The present study presents a robust operational
reliability evaluation methodology for gas turbines
using the Johnson SU distribution, which offers
notable advantages in reliability analysis for both
functional and dysfunctional modeling of this
rotating machinery. Through statistical
determination of the gas turbine's reliability
parameters using the Johnson SB distribution and
subsequent numerical fitting, the estimation results
were refined, enhancing the quality of parameter
estimation.

The primary objective of this research is to provide
comprehensive guidance for effectively monitoring
gas turbine operation and ensuring a consistent and
uninterrupted  production  process.  Precise
identification of availability factors and robust
adjustments of reliability data are crucial for
achieving this goal. To assess the quality of these
adjustments, a series of graphical and statistical
tests, including Kolmogorov-Smirnov, MSE, and
RMSE, accompanied by graphical tools such as P-P
Plot, QQ Plot, and Probability difference, were
conducted. These tests validate the accuracy of the
operational reliability parameter estimation for the
gas turbine. By analyzing reliable data and
incorporating operational experiences gained from
the turbine's usage, this study sheds light on periods
of optimal turbine operation and provides insights
into potential malfunctions.

The results obtained from the assessment and
estimation of the turbine’s reliability parameters are
both satisfactory and effective, offering invaluable
information regarding optimal operation periods
and instances of turbine malfunction. This study
significantly contributes to the field by providing
reliable and precise assessments of turbine
reliability parameters, thereby enhancing our
understanding of its operational characteristics. By
implementing the proposed methodology, industry
professionals can make informed decisions to
optimize gas turbine performance, minimize
downtime, and improve overall operational
efficiency..
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