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OKRESLANIE PROGU AWARII NA PODSTAWIE PODOBIENSTWA JAKO METODA

SIMILARITY-BASED FAILURE THRESHOLD DETERMINATION
FOR SYSTEM RESIDUAL LIFE PREDICTION

POZWALAJACA NA PRZEWIDYWANIE TRWALOSCI RESZTKOWEJ SYSTEMU

An accurate determination of the system failure threshold is an essential requirement in achieving an appropriate system residual
life prediction and a reasonable planned maintenance strategy optimization afterward for degradation systems. This paper pro-
poses a failure threshold determination method based on quantitative measurement of the similarity between the operating system
and the historical systems. The similarity is formulated by a weighted average function and then calculated by a convex quadratic
formulation to minimizing the variance between the operating system and the historical systems. With an accurate determination
of the system failure threshold in real-time, a better prediction of the residual life for the operating system is achieved. Finally, a
real case study for several power-shift steering transmission systems monitored using oil spectral analysis is adopted to illustrate
and numerically compare the improved performance of the proposed method.

Keywords: system failure threshold; residual life; similarity; prognostics; oil field data.

W przypadku systemow podlegajqcych degradaciji, dokladne okreslenie progu awarii systemu stanowi niezbedny warunek do-
konania trafnej prognozy jego trwalosci resztkowej oraz pozniejszej optymalizacji strategii konserwacji rutynowych. W artykule
zaproponowano metode wyznaczania progu awarii opartg na ilosciowym pomiarze podobienstwa migdzy systemem uzytkowanym
obecnie a systemami uzytkowanymi uprzednio. Podobienstwo formutuje si¢ na podstawie funkcji Sredniej wazonej, a nastgpnie
oblicza na podstawie wypuktej formy kwadratowej w celu zminimalizowania wariancji migdzy obecnie uzytkowanym systemem
a uprzednimi systemami. Dzigki doktadnemu okresleniu progu awarii systemu w czasie rzeczywistym uzyskuje si¢ lepszq progno-
styke trwalosci resztkowej obecnie uzytkowanego systemu. W koncowej czesci pracy, w celu zilustrowania i numerycznego porow-
nania ulepszonej wydajnosci proponowanej metody, zaprezentowano studium przypadku obejmujqce kilka ukladow przeniesienia
napedu monitorowanych przy uzyciu analizy spektralnej oleju.

Stowa kluczowe: prog awarii systemu; trwalosé resztkowa, podobienstwo, prognostyka; dane z badan oleju.

Abbreviations and acronyms

I, Reconstructed degradation model for system j at time
_shi i issi s i )

PSST Power-shift steering transmission ¢ using the weighted average method
PHM Prognostics and health management
RL Residual life Ly, Collected real-time degradation data until time #
CDF Cumulative distribution function A Estimated model parameters of historical systems

0
Mh Motorhour

1:j ; Reconstructed degradation data for system j attime ¢
Nomenclature ' using the Bayesian updating method

0(1) Updated random effects of the degradation model for
Ljs Degradation data for system i at time ¢ J system j
?i Random effects of the degradation model for system D; Failure threshold for system j
n Functional form of the degradation model L

b Degradation data for system i at time #;
&t Random noise for system i at time ¢ "
J Number of data collections of operating system j
@ Weight parameter corresponding to the historical sys- ) )
i, J ] . . A Tuning coefficient
tem i and the operating system j
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R() Regularization function
X, Time-dependent covariates at time ¢
P Order of the polynomial model
ﬂQ u L Prior and posterior mean of random effects 6;
o
0 51 Prior and posterior variance of random effects 6;
22 g
Vi Design matrix for operating system j
d .
uj Mean of failure threshold for system j
d . .
Vi Variance of failure threshold for system j

1. Introduction

Degradation-induced failure is an inevitable and natural phenom-
enon for various industrial devices and systems. After a certain extent
of degradation, a system will run to failure such that it no longer func-
tions, which may result in production downtime, severe economic
loss, and safety problems afterward. For example, for power-shift
steering transmission (PSST) systems are the most vital components
in military vehicles, mining machines, and heavy industry, and they
always degrade to failure frequently than other components [14, 15].
Their failures are critically hazardous and often lead to catastrophic
consequences, and therefore, should be avoided. One useful approach
to avoid unexpected failures is to conducting prognostics and health
management (PHM), in which machine condition monitoring plays a
foundational role and has aroused intensive concerns in academia and
industry [27, 31]. With the collected degradation data (e.g., vibration
signals, temperature information, and oil field data) from condition
monitoring in real-time, the residual life (RL) of an operating system
can then be estimated by conducting prognostic analysis.

In the area of PHM, it is commonly assumed that a system fail-
ure will occur once its degradation data cross the predetermined
failure threshold [13, 17, 24]. Therefore, the RL can be estimated
by comparing the degradation profile with the failure threshold. Ac-
cordingly, to accurately evaluate the RL distribution, two challenges
must be addressed [21]: (1) A reasonable degradation model that
can characterize the degradation profile of an operating system, so
that the degradation mechanism can be accurately captured. (2) A
reliable failure threshold that can reflect the failure mechanism of
the system, so that the moment when the system no longer fulfills its
functions can be accurately predicted. For many years, while numer-
ous researches have been carried out focusing on the challenge (1)
[2, 12, 26, 36], the existing research still insufficient to address the
challenge (2), i.e., find a methodology that can precisely determine
the failure threshold of the system. Therefore, the purpose of this
paper is to address a failure threshold determination problem for
the system with collected degradation data for the estimation of the
system residual technical life.

Extensive work has been done in the application of different
methods and techniques in degradation modeling, from which most
of the current literature assumes that the collected degradation infor-
mation can precisely characterize the underlying degradation mecha-
nism of the system [1, 8]. In most cases, it is simply assumed that
the failure threshold is known a priori, and, as a result, the failure
threshold is always used as a fixed value for all systems. In practice,
however, some recent research has shown that it may be irrational to
use a fixed failure threshold [3, 4, 9]. For instance, as the work was
done in [18, 22], the random failure threshold assumption has been

T; Actual RL for testing PSST system

7:j Estimated RL for testing PSST system j

(D() CDF of the standard normal function

RL, Mean prediction error of system RL

FT, Mean prediction error of system failure threshold
N Number of testing PSST systems

DT rue . .
J Actual failure threshold for PSST system j

adopted. Recently, the work in [29] presents a system failure thresh-
old determination method based on the statistic characteristics of the
last degradation data collections from multiple historical systems, and
the uncertainty in the failure threshold distribution is also considered.
However, the estimated failure threshold is obtained using an average
of historical systems, which may not adequately consider the unique
characteristics of each system. It is known that the degradation process
of a system is stochastic, and is under the influence of many known
and unknown factors. Therefore, the last collected degradation data
always quite different, as shown in many research and applications
[33, 37]. Besides, for some systems that are governed by multiple
failure modes [19, 28], the failure threshold often different for each
failure mode. As a result, the population-wide characteristic-based
failure threshold determination method in [29] may be unable to fully
consider the unique properties of an individual system. Therefore, a
reliable failure threshold determination method that can extract the
unique property in each individual system should be developed for
the RL distribution estimation of a system when the failure threshold
is not predetermined as a priori.

Motivated by the above observations, this paper proposes a fail-
ure threshold determination method based on quantitative measure-
ment of the similarity between the operating system and historical
systems. The similarity is formulated by using a weighted average
function, and a convex quadratic formulation is then developed to
minimizing the variance between the operating system and the his-
torical systems. Unlike the existing PHM researches that assume the
failure threshold as a deterministic value, in the proposed method, a
random failure threshold is considered for different systems. Based
on the proposed method, the failure threshold can be determined
for an operating system with the collected real-time degradation
information. This is of practical significance to attaining a more
reasonable and accurate RL distribution estimation and, thus, is the
main contribution of this paper. Finally, to illustrate the proposed
method, a case study is provided for power-shift steering transmis-
sion systems.

The rest of this paper is organized as follows. Section II de-
scribes the details of the proposed method, which includes problem
motivation, problem formulation, and the following residual life
prediction procedures. Section III provides an illustrative real case
study that involves a spectral oil data set from several power-shift
steering transmission systems to show the effectiveness of the pro-
posed method and its improved performance when used for system
failure threshold determination and residual life prediction. Finally,
Section IV draws the conclusion of this work and provides some
future research directions.
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2. Development of the methodology

This paper considers systems that degrade over time in working
conditions, and condition monitoring techniques are conducted to col-
lect the degradation data during the whole lifecycle (from an initial
state to failure). Once the degradation data is collected, an associated

degradation process {L (t), t= 0} can be periodically analyzed to
evaluate the degradation severity of the system. In engineering prac-
tice, many research efforts have been made on modeling the evalua-
tion of the system degradation process and its relationship with the
collected degradation data. For example, a polynomial degradation
model introduced by Chinnam in [5], which has been commonly used
in many applications [16, 23, 30, 32], can be written as follows:

L;, :n(¢i,t)+8i,z (D

where L;, represents the measurement of degradation data for system
i attime ¢, 57 represents the functional form of the introduced degra-

dation model, p,€ R? *! represents the random effects of the degrada-
tion model for system 7, and ¢;, is the random noise for system i at
time ¢ . With the introduced degradation model in Eq. (1), the degra-
dation model of a system can be constructed based on the collected
degradation data from condition monitoring during the lifecycle.

In the literature of PHM, the system degradation profiles (e.g., the
failure modes, the failure threshold, and the constructed degradation
model) of the same series of systems under the same working condi-
tions (e.g., cycle condition, environment condition) are commonly as-
sumed to be the same under some random variations [34, 35]. Under
this assumption, our innovative idea is to reconstruct the operating
system’s degradation profile by the weighted average of the histori-
cal system degradation profiles. Specifically, the weight parameter
measures the relative similarity between the degradation profiles of
operating system j and historical system i compared to the other
historical systems. Note that if the weight parameter @, i is obtained,
the failure threshold of the operating system j can then be determined
by the weighted sample moments of historical systems. By doing this,
the system failure threshold can be online estimated by effectively us-
ing the condition monitoring data from a group of historical systems.

2.1. Description of the problem

According to the above mentioned innovative idea, a general
description of the concerned system failure threshold determination
problem is first provided in this section. Recall that the degradation
model of an operating system can be reconstructed using the weighted
average of the established historical system degradation models, and,
if the weight parameter w; ; is obtained, then the degradation model
of an operating system can be reconstructed based on Eq. (1), which
is given as:

~ m A
E(LylL;.) = X(en(9::1)) @

i=

—_

where L 4 represents the reconstructed degradation model for op-

J

the collected real-time degradation data during the lifecycle; w; ; =0

represents the proposed weight parameter corresponding to historical
m

T
erating system j at time ¢, and L :[L »,1,...,Li)nj} represents

system f, and Zco,»’ j=1; §; represents the estimated model param-
i=1
eters, m represents thenumber of historical systems.

On the other hand, when the real-time condition monitoring data
are observed from an operating system, the Bayesian updating meth-
ods [7, 10] has also been widely used by many researchers to update
the posterior distribution of the random effects for an operating sys-
tem. In the perspective of the update process, the degradation model
for operating system j can be updated using the Bayesian updating
method based on the collected real-time condition monitoring data,
which is given as:

E(LjL;.) :”(E(GEI))’I) ®)

where L ;¢ represents the reconstructed degradation data for operating
system j at time ¢ using the Bayesian updating method, L; repre-
sents the collected real-time condition monitoring data until time ¢,
and 95-1) e RP! represents the estimated model parameters using the

Bayesian updating method, which represents the updated random ef-
fects at time ¢ .

Recall that the failure threshold of the same series of systems
under the same operating conditions are expected to be the same,
and the innovative idea is to reconstruct the degradation profile of
an operating system by the weighted average of the historical system
degradation profiles. In particular, if we consider the approximation
of the Bayesian updated degradation model in Eq. (3) by using the
reconstructed degradation model in Eq. (2), then, the system failure
threshold distribution can be accurately estimated by using the infor-
mation of historical systems with the real-time data of the operating
system. In other words, the failure threshold for operating system j
at the & th condition observation moment, D;-‘ , can be determined by
the weighted average of the last observation moments:

£{ 0 ]=3 (o0 .

m
where ;= 0 for i=12,...,m, and Zmi,j =1; L,»’ni represents the
i=1

degradation data of the last observation times before the failure of his-

torical system 7. Note that if the weight parameter @; ; is obtained,

the failure threshold of operating system j can then be online de-
termined. Therefore, the challenge here is to find the proper weight
parameter, which will be specifically solved in the rest section.

2.2. Formulation of the methodology

Recall that the weight parameter @; ; is proposed to measure the
relative similarity between the degradation profile of operating sys-
tem j and the degradation profile of historical system i compared to
other historical systems. As a result, the aim of this section is to find
the optimal weight parametersfor the operating system to maximize
the goodness-of-fit between the reconstructed degradation model in
Eq. (2) and the Bayesian updated degradation model in Eq. (3). In
particular, the optimization model is formulated as a programming
problem to minimize the sum of squared errors to estimate the optimal

weight parameter @; ; , which is written as follows:

nj \ = \2
r;nn Z(E[Lj,t:| - E|:L.i>f:|)
ij t=1

)

m
st. 205 =1, @ ;20,for i=1,2,...,m
i=1
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where 7 ; represents the number of data collections from operating

J A
system j, E [L j,tJ represents the degradation degree obtained by us-
ing the Bayesian updating method in Eq. (3), £ [Z_ /‘JJ represents the

degradation degree obtained by using the weighted average method in

m
Eq. (2) and Za)i, ; =1 represents that the reconstructed degradation
i=1
model is the weighted average of the historical system degradation
profiles.

By solving the optimization problem in Eq. (5), the optimal weight
parameter @; ; can be obtained and, the Bayesian updated degrada-
tion model can then be fitted by using the reconstructed degradation
model of historical systems. It is worth note that overfitting problem
may appear when the optimization model in Eq. (5) was directly im-
plemented, especially when the operating system is in the initial stage
that the number of available degradation data collections 7 ; is small.

J
To solve this problem, a regularization function is introduced as:

m A 2
R(a)l,j,“-awm,j)ZZLC‘)i,j{E[Lj,ni:l_Li,ni} j (6)
i=1
where E [i Ln’] represents the expected degradation data measure-

ment for operating system ; at the failure moment of historical sys-
tem i, which can be obtained by using the Bayesian updating method
in Eq. (3) up to the time n;, L; n, TEpresents the measurement of deg-
radation data at the failure moment of historical system i .

Remark 1: The proposed regularization function can be understood
in this perspective: Recall that the main idea of our proposed failure
threshold determination method is using the weighted average of the
last measurements of degradation data of historical systems to deter-
mine the expected failure threshold of operating system j , as shown
in Eq. (4). In this way, if the Bayesian updated degradation data for an
operating system j at time #; is obviously different from the meas-
urement of degradation data for historical system i at time »;, the
historical system i has less impact on determining the failure thresh-
old of operating system j . In other words, as shown in the regulari-
zation function of Eq. (6), we think a large penalty is supposed to be
added to historical system i.

In summary, the concerned optimization model can be formulated
by combining the regularization function in Eq. (6) with the formula-
tion Eq. (5):

\ . 2
min%(E[Lj,rJ‘E[LjJ) 2R (
O, j t=1 n;

Col’j....,a)m,j)

m 7
s.t. .zm” 1, @20, for i=1,2,..

where A represents the tuning coefficient that measures the relative
importance of the regularization function compared with the sum of
squared errors between the reconstructed degradation model and the
Bayesian updated degradation model. The tuning coefficient 4 can be
calculated with cross-validation [11], and in engineering practice, the
value of 4 often determined according to the importance assigned to
each item.

Remark 2: Note that the optimization model in the Eq. (7) consid-
ers both the differences between the reconstructed degradation data
for operating system j and the measurement of degradation data of
historical systems at their failure moments, and the means squared er-

ror of the collected degradation data in the time domain for operating
system j .

As noted above, the failure threshold for operating system ;j can
be determined by using the optimal solution of weight parameters o;
with Eq. (4). Once the failure threshold D is determined, the RL
for operating system j can then be evaluated Therefore, in the next
section, the RL distribution derivation method of an operating system
will be investigated based on the proposed model in Eq. (7).

2.3. Estimation of the residual life

Recall that a system failure will occur once the degradation data

cross the failure threshold. Without loss of generality, given the real-
T

time degradation data L; :[Lj Lseeos Lj,nj} of system j collected

up to the current sampling moment # ;
J T can be estimated by:

;> the RL distribution of system

P(T; <ULy, )= P(Lj, 2 D; | L) ®

where D represents the failure threshold of system j ,L; , ., repre-
sents the measurement of project degradation data at the future sam-
pling time n; +7.

Therefore, to accurately evaluate the RL distribution of the op-
erating system, a degradation model that can characterize the system
degradation profile should be first established. In this paper, the poly-
nomial function form of the degradation model is used for its useful
mathematical properties [5]. To be specific, a widely used p th-order
polynomial degradation model is given as:

P
k
L, =X0;+¢;,= Z(Jj’kt +ej, 9)
k=0

where X; = [1,1‘,...,

model; ¢; is the vector that represents the random effects of the model

t? } ,and p represents the order of the degradation

that follows a multivariate normal distribution N, ( u j,z j) s €y
represents the random noise and it is assumed to follow N (O,sz»)

Note that after the degradation profiles of historical systems are fitted,
then the prior distribution can be estimated:

0\ ~ N ,.1(12.55)- (10)

where u? is the prior mean value of the random effects, and Z(}
is the prior variance value of the random effects. Then, the posterior

distribution, 01(.1) , can be calculated by using the collected real-time
degradation data L; of operating system ;. Specifically, using the
Bayesian updating approach that introduced in Makis et al. [36], the

updated random effects 9(1) will be obtained as the following normal
distribution:

o) =0,/L; =Ny (1.2} (1

where ! — [W’ A
Hj=
61

1
G

J

%= [WL Vi) ‘Jl,and
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Remark 3: Note that other distributions or simulation methodologies
can also be used to calculate the posterior distribution and the RL
of an operating system. Here, the use of the normal distribution for
the model parameter characterizations is to take the convenience of
its closed-form solution results. In fact, for many degradation models
introduced in the existing literature, a normal distribution assumption
for the random effects has been widely used [13, 17, 24, 31].

Remark 4: Note that other degradation models can also be utilized
to build the degradation profiles and to determine the failure thresh-
old. Here, the use of the polynomial form for the system degradation
model is to take advantage of the convenient when calculating the
parameters and the system RL. In fact, many other degradation mod-
els can also be transformed into the polynomial form [30,32], such as
the random coefficient growth model [8], and the exponential form
model [34].

Therefore, for the convenience of illustration, we only focus on
the polynomial form for degradation models and the normal distribu-
tion for the random effects. Consequently, given the updated random

effects 0§1 , the degradation model of operating system j at time

twill be obtained:

1 1 1 T 2
1,10 ~ N (X, X, 5} X[ +07) (12)

Recall that the mean value u;? and variance value vj? of the
failure threshold D; for an operating system j can be calculzated by
uj = Z‘;(a)l iLin ) and V§ = Z‘;(wl L, ) [Z‘I(a)l L, )] using

Eq. (4). We further assume the system failure threshold D; follows

a normal distribution as well, i.e., D ~N (ud vd) . Note that this

A
normal assumption for the system fallure threshold distribution has
been widely used in much existing research [13, 17, 24, 31]. Then,
using the determined system failure threshold, the CDF of the RL fj
for operating system j based on the collected real-time degradation

data L; can be calculated as:

Xn +z/ H}
\/Xn +tZ Xn +t+5 vy

v

P(7; sr\Lj,_):P(Lj,,,jH sz|Lj,_)

— | = (g(1))

(13)

Given that the RL for operating system ; should be greater than
0, the truncated CDF was further considered conditioning on 7; 20 :

jSL, (1)- 0
- )) @(%_)q))(nggf)( ) 14y

zo,L_,.") (

’\]1 IA

0
Since the truncated CDF in Eq. (14) is skewed, the median can be
used as the point estimator for the RL prediction.

2.4. Flowchart of the methodology

The flowchart of the proposed system failure threshold determi-
nation method is shown in Fig. 1. A convex quadratic formulation is
developed to combine the information from the degradation data of
historical systems and the information from the real-time condition
monitoring data of an operating system. Using the degradation data
from historical systems, the degradation models of each historical sys-
tem is first established and then reconstructed using a weighted aver-
age method to fit the degradation model of an operating system, as
shown in Eq. (2). In addition, the information about the last condition
monitoring data collections ( ;) is extracted, and in other words,
the failure threshold of historical system i is estimated using the last
condition monitoring data collection ( ;). Then, to established the
real-time update model, the prior distribution of the parameters in the
Bayesian updated model is also obtained using the historical systems.
Then, using the degradation data from the operating system, the deg-
radation model for the operating system is updated based on the Baye-
sian approach using the collected real-time condition monitoring data,
as shown in Eq. (11). Particularly, the method focuses on using the
degradation profiles of historical systems to fit the degradation pro-
file of an operating system. And then, using the updated degradation
model and the reconstructed degradation model of historical systems,
the failure threshold of the operating system is finally determined by
solving Eq. (7). Finally, using the determined failure threshold and the

Collect degradation data through

condition monitoring

Degradation data from Degradation data from

operating system historical systems
I I

Bayesian approach Weighted average method

Updated Reconstructed

degradation model degradation model

I |

Convex quadratic formulation

¥

Obtain the weight coefficients w; ;

Similarity Measurement

Failure threshold estimation

Failure Threshold Determination

System Residual life prediction

Fig. 1. Failure threshold determination framework for RL prediction
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collected real-time condition monitoring data, the degradation model
of an operating system can be established, and the system RL can then
be estimated by Eq. (13) and Eq. (14).

3. Imperfect PM model considering system aging

In this section, the performance of the proposed system failure
threshold determination method is investigated using a degradation
dataset from several PSST systems. Specifically, we compare the
prognostic performance of the proposed method with the existing
population-wide characteristic-basedsystem failure threshold deter-
mination method. In fact, the method in [29] can be regarded as a
special case of the proposed method in which each historical system
is treated with equal importance, i.e., the weight coefficient is set as
w;;=1/m, for i=12,..., m. On the contrary, when determining the
failure threshold of the operating system j , the proposed method will
calculate the optimal weight coefficient w, ;for i =1,2,..., m by solv-

ing Eq. (7).
3.1. Origin of the data

The dataset is collected from several PSST systems (Fig.2), which
is a widely used mechanical powertrain system in heavy tracked ve-
hicles. With PSST operating, metal debris mixed in lubricating oil
accelerates the wear of every mechanical component, consequently
leads to the degradation of the PSST system. However, the underlying
degradation is not directly observable and can be only indirectly as-
sessed via oil spectral analysis, which is a commonly used technique
to monitor the underlying degradation conditions in oil-lubricated ma-
chines [24, 25, 28, 32]. In addition, the underlying failure mechanism
in PSSTis not explicitly revealed. Therefore, researchers have to rely
solely on the spectral oil data collected in the oil field dataset to estab-
lish the PSST degradation model and predict the RL.

In particular, the oil field dataset obtained from the reliability test-
bed (Fig. 3) for the PSST system is used for the case study illustration.
Each system was run to failure under the same operating condition:
cyclic multi-gear, load-varying, and multispeed. After a period of more
than 10 years, we have collected oil field data for more than one thou-
sand samples, and a detailed description of the dataset can be found in
[31, 32]. The dataset we used in this paper contains m =45 training
systems and 15 testing systems, of which each system contains more
than 30 oil samples that were collected from 0 Mh to up to 284Mh
according to the sample periodof nearly 5 Mh. Each sample contains
15 types of spectral oil data, among which 6 types, namely, Cr, Ni, Cu,

Tl | I ; |10

F]I IES‘I‘-"'/ 3
=

= |

o o

Engine
i

19 3

Fig. 2. Sketch of the PSST
1: Hydraulic torque convertor. 2: CV clutch.3: CH clutch. 4: First-
shaft. 5: Steering pump. 6: Second shaft. 7: C1C2 clutch.8: Thirdshaft.
9: Steering motor. 10: C3 clutch. 11: CLCR clutch

Mn, Fe, and Mo, are selected in [30] and shown to be highly related
to the degradation mechanism. Due to space restrictions, the selected
spectral oil data of one PSST system are shown in Fig. 4.

Fig. 3. A life-cycle testbed of the PSST
1: Diesel engine. 2, 4, 5: Torque and speed sensors.3: PSST. 6,
7: Inertia discs. 8, 9: Loading piston pump

1
2
§ 013
s
= |
8 0.01;
o 3
S :
z I
2 1E-3+
o ]
w
4 _ﬂ-”ﬁ\/\‘/ ;
1E-4 L 1 H 1 H 1 i
0 50 100 150 200

Operation Time / Mh
Fig. 4. Spectral oil data for one PSST system

3.2, System degradation modeling

For each PSST system, there are 6 types of spectral oil data that
monitor the degradation process of the PSST system performance. Us-
ing these spectral oil data, the system degradation model can be estab-
lished. The concerned PSST systems are subjected to three potential
failure modes: 1) a fault at the transmission gears, or 2) a fault at the
wet clutches, or 3) a fault at the rotary sealings. According to the pre-
vious research in [20], the spectral oil data following an exponential
functional form. Thus, the following exponential degradation model
is considered to model the degradation profiles of PSST systems:

0; i o+0; i 1t+6; -21‘2+64 i 15
— oJs L, s 1,51
Yije=Yjte (s)
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where y; ;, represents the degradation data measurement for PSST
system 7, spectral oil data j at time # ;7 ; represents the initial-effect
coefﬁcient for spectral oil data j ,€; ;; represents the random noise;
and ;. 0;;, and 0, ; ;represent the random effects for PSST system
i, spectral oil data j .Similar to Makis et al. [6] and Liu et al. [20], a
log-transformation is used to process the original spectral oil data, and
then the logged spectral oil data is modeled as follows:

o= (i =7) =050+ 0t + 00t +e,  (16)

Using the established degradation model in Eq. (16), the PSST
system RL can be then determined. It is noted that all the selected 60
PSST systems are degraded and failed according to one of the three
possible failure modes. In addition, it is assumed that all PSST systems
within the same failure modes following the assumptions: 1) have the
same expected failure threshold subject to the same variations; and 2)
the random effects have the same distribution.

To challenge our proposed method, it is further assumed that the
failure modes of the training PSST system and the operating PSST
system are unknown, which is usually the case in the real application.
This assumption is to show the superiority of our proposed method
in inferring the failure threshold and the RL of an operating PSST
system, even if the failure mode of the training PSST system is un-
known. In this way, the performance of our proposed system failure
determination method can be evaluated and compared with the exist-
ing method [29]. Specifically, two metrics listed in the following are
used for evaluation:

1) The mean prediction error of the system RL ( RL, ), which is
defined as follows:

100 N|(Tj+"j)‘(ff+"f)| 100,307 =T,

where N represents the number of testing PSST systems, » j repre-
sents the number of collected spectral oil data for testing PSST system
J»and T;+n;represents the lifetime for testing PSST system j ;
T represents the actual RL for testing PSST system j ,and 7 repre-
sents the estimated system RL for the same testing PSST system.

2) The mean prediction error of the system failure threshold
(FT,), which is defined as follows:

True
F1, (%)= 120 N|E |-Dj
N

] DT““’ 1%
J= J

where E [D j} represents the estimated system failure threshold for

testing PSST ;j using our proposed method in Eq. (4), and Dije
represents the actual failure threshold for the same testing PSST
system.

Matric (1) measures the mean prediction error between the pre-
dicted system residual life and the actual system residual life for the
testing PSST system, and matric (2) measures the mean prediction
error between the estimation value and the corresponding actual value
of the system failure threshold for the testing PSST system. Note that
these two metrics measure the concerned two aspects, namely, the
failure threshold and system RL [4], when using collected condition
monitoring data for system RL prediction.

3.3. System Failure Threshold Determination

For the system failure threshold determination, the procedures
described in Section 2.4 are adopted. First, the system failure thresh-

old of training PSST system i is estimated by the last observation (
S ) of the spectral oil data. Then the degradation model parameters
are denoted as @; = [(pi’o,(pi’l,q)i’z] and the degradation model for
each training PSST system i is reconstructed based on a second-or-
der polynomial model. Next, the model parameters of testing system

j are assumed to follow a normal distribution 95»0) ~N,u (u_(},z_?-)

, where u? is estimated by the mean value of the parameters ¢; of
training PSST systems, and ZO is estimated by the variance value of
the parameters ¢; of training PSST systems. Then the posterior dis-
tribution 6! ;i is calculated using the real-time collected spectral oil
data L; from the testing PSST system as shown in Eq. (11). Finally,
the we1ght coefficient «; ; is calculated by solving Eq. (7) with five-
fold cross-validation and consequently, the failure threshold of test-
ing PSST system j can be estimated with the mean value

d_x i d_v 2 S ’
uj —zi(a)l S )and variance value u :Z(wi,jsi,nl-)_ Z(a)i,jsi,n,-) )
= i=1 i=1

Please note that Henze-Zircller’s test is conducted in this case study
based on the spectral oil data sets from the training PSST systems,
and the calculation results show that using the normal distribution as
the prior distribution for the random effects is satisfactory, as men-
tioned in Eq. (10).

The average prediction error of the failure threshold of the PSST
system, FT, as defined in Eq. (18), is shown in Fig.5, of which the
best performance spectral oil data sample (Fe) is used for illustration.
The threshold is modeled as a function of the operating time of the
testing PSST systems. To be specific, the point corresponding to the
“0” label is the average prediction error of the testing PSST systems
in the initial state, while the point corresponding to the “50” label is
the average prediction error when the testing PSST systems operating
to 50% of the whole life. Here, for the convenience of illustration, the
existing population-wide characteristic-based system failure threshold
determination method in [29] is denoted as the “benchmark method”.

From Fig.5, we can observe that our proposed method has an ex-
cellent performance, and the average prediction error is consistently
reduced with the increase of the operating time. On the contrary, the
benchmark method has poor performance, and the RL prediction ac-
curacy does not improve with the increase of the operating time. It
can be concluded that the proposed method provides a better result
compared with the benchmark method when used for system failure

£ 120-
—o— Benchmark Method

—o— Proposed Method
1004

o]
o
]

~n
o
1

he]
o
]

5 &
b 4 b 4 b 4
I Lt | Lt 1 1
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Operating time of the testing PSST systems

Prediction error of failure threshold (%)
()]
o

Fig. 5. Prediction error of the PSST system failure threshold using Fe
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threshold determination. That is because that the threshold determi-
nation using the benchmark method just considering the population-
wide characteristics from historical PSST systems, does not consider
the individual characters from the operating PSST system. In addi-
tion, when using our proposed method, the average prediction error is
approximately less than 3% when the operating PSST systems operate
to half-life. To be specific, the result shows that the proposed method
can determine the PSST system failure threshold accurately even the
PSST system is operating in a stable condition. Moreover, from Fig.5,
it can be seen that the average prediction error tends to be large when
the testing PSST systems operate at an early stage (less than 20%
of the lifetime). One possible reason is that the system degradation
model in Eq. (3) is established using the Bayesian update method that
may not fully capture the unique degradation features of the testing
PSST systems when there are fewer spectral oil data samples avail-
able. However, when more spectral oil data samples are available,
the accuracy of the PSST system failure threshold determination is
improved significantly, which shows the rationality and superiority of
the proposed system failure threshold determination method.

3.4. System residual life estimation

To further evaluate the performance of the proposed method for
system RL prediction, the RL of the testing PSST systems is esti-
mated by adopting the calculated system failure threshold in Section
3.3 and the proposed method in Section 2.3. Given the spectral oil
data from all of the 15 testing PSST system, the average prediction
error of the RL, as defined in Eq. (17), is then calculated by using
the actual RL of the testing PSST system. The calculation result is
summarized in Tab. 1.

From Tab. 1, we can observe that the accuracy of RL prediction
using the proposed method is improved for all selected spectral oil
data when compared with the benchmark method. Moreover, the av-
erage prediction error at different levels of actual RL for the testing
PSST systems are calculated and shown in Fig.6, and the comparison
between the proposed method and the benchmark method is shown in
Fig.7. In Fig.6 and 7, the label “30” represents the average prediction
error for the testing PSST system that has 30 or less actual RL. The
minimum actual RL among all the testing PSST systems is 150. The
label “150” represents the average prediction error using all the test-
ing PSST systems. Thus, the same sets of testing PSST systems are
used to calculate the accuracy of RL prediction as different levels of
the actual RL.

From Fig.6, it can be seen that the RL prediction becomes accu-
rate in general with the testing PSST system operating from the initial
state to failure. This may because more spectral oil data samples are
collected when the actual RL becomes less, and thus, the estimated
system failure threshold, as well as the updated Bayesian degradation
model for the operating PSST system, becomes more confidential.

Fig. 7 further shows the comparison by using the best perform-
ance spectral oil data sample (Fe) and the worst performance spectral
oil data sample (Mn) according to the result in Tab.1. Based on Fig. 7,
it can be clearly seen that the proposed system failure threshold deter-
mination method outperforms the original benchmark method in both
spectral oil data. This observation further shows the rationality and
superiority of our proposed method for system RL estimation.

Table 1. The average prediction error of the RL

20+
—o—Fe —0—Ni
—o—Cu —<—Mn
15 ——Cr Mo

Absolute value of the relative error

O " 1
150 120 90 60 30

Actual RL of the testing PSST systems

Fig. 6. Prediction error for the testing PSST systems using the proposed meth-
od

—o— Fe (Proposed) —o- Fe (Benchmark)

20-’“-\,“\_ —+—Mn (Proposed) —<— Mn (Benchmark)

Absolute value of the relative error

150 120 90 60 30
Actual RL of the testing PSST systems

Fig. 7. Prediction error between the proposed method and the benchmark
method

By comparing Fig. 6 and 7, it can be seen that the accuracy of RL
prediction is highly related to the accuracy of system failure threshold
determination. To be specific, with the improvement of the accuracy
of system failure threshold determination for the operating PSST sys-
tem, the accuracy of RL prediction using the proposed method also
improves compared with the benchmark method.

4. Conclusion and discussion

This paper proposes a similarity-based failure threshold determi-
nation method for the system residual life prediction. To be specific,
the similarity between the operating system and historical systems is
measured by a weighted average function and calculated by using a
convex quadratic formulation, and thus, the corresponding system
failure threshold can be determined. The novelty of the proposed

method is that the degradation
profiles of historical systems and

Spectral oil data Cr Ni Cu Mn Fe Mo Average Fhe real-time condltlop monitor-
ing data of an operating system
The proposed method 9.75% 10.6% 832% | 15.85% 7.5% 12.6% | 10.77% | are combined for real-time esti-
mating the system failure thresh-
The benchmark method | 15.78% 14.55% 14.52% 20.21% 13.8% 18.06% 16.15% old of an operating system when
Improvement 6.03% | 3.95% 6.2% 436% 6.3% 546% | 538y | the failure threshold is unknown.

ExspLOATACIA | NIEZAWODNOSC — MAINTENANCE AND RELIABILITY VL. 22, No. 3, 2020 527




SCIENCE AND TECHNOLOGY

The validity of the proposed method was demonstrated using selected
oil field data collected from several PSST systems. The results not
only show the effectiveness of the proposed method but also reveal
the importance of real-time estimating the failure threshold for an op-
erating system.

Compared with the existing failure threshold determination meth-
od which using population-wide characteristics, the proposed method
provides an accurate determination of the system failure threshold, as
illustrated in the case study. With the improved determination of the
failure threshold, a more accurate system residual life estimation can
then be obtained; even the monitored system is at an early moment of
the degradation. Such advantages can be effectively used to obtain a
better prognostic application and the following planned maintenance
optimization. Following the results of the proposed method, the case
study described in the existing works of literature, for example, Vali$
et al. [24], Yan et al. [32] and Liu et al. [20], might be complemented

when these methods are utilized for system soft failure prediction,
health index extraction and other condition monitoring applications.

The main contribution of this paper is not only a new direction in
the failure threshold determination for degradation systems but also
open up possibilities for combining the real-time degradation data
with the historical condition monitoring data. There are several pos-
sible directions for future research. First, other methods, such as a
Bayesian framework, might be considered to update the failure thresh-
old, as compared to the proposed frequentist method. Second, other
degradation modeling method can fuse multiple condition monitoring
data may have to be used when modeling other systems.

Acknowledgment
This work is partiallysupported by the NSFC under grant num-
bers51475044, 51975047, and partially supported by the China
Scholarship Council under grant number 201806030083.The au-

thors have no conflicts of interest to declare.

References

1.

Alaswad S, Xiang Y. A review on condition-based maintenance optimization models for stochastically deteriorating system. Reliability
Engineering & System Safety 2017; 157: 54-63, https://doi.org/10.1016/j.ress.2016.08.009.

2. Bian L, Gebraeel N, Kharoufeh J P. Degradation modeling for real-time estimation of residual lifetimes in dynamic environments. I1E
Transactions 2015; 47(5): 471-486, https://doi.org/10.1080/0740817X.2014.955153.

3. Caballé N C, Castro I T, Pérez C J, Lanza-Gutiérrez J. M. A condition-based maintenance of a dependent degradation-threshold-shock model
in a system with multiple degradation processes. Reliability Engineering & System Safety 2015; 134: 98-109, https://doi.org/10.1016/j.
ress.2014.09.024.

4.  Chehade A, Bonk S, Liu K. Sensory-based failure threshold estimation for remaining useful life prediction. IEEE Transactions on
Reliability2017; 66(3): 939-949, https://doi.org/10.1109/TR.2017.2695119.

5. Chinnam R B. On-line reliability estimation for individual components using statistical degradation signal models. Quality and Reliability
Engineering International 2002; 18(1): 53-73, https://doi.org/10.1002/qre.453.

6. DuY, Wu T, Makis V. Parameter estimation and remaining useful life prediction of lubricating oil with HMM. Wear 2017; 376: 1227-1233,
https://doi.org/10.1016/j.wear.2016.11.047.

7.  Elwany A H, Gebraeel N Z. Sensor-driven prognostic models for equipment replacement and spare parts inventory. IIE Transactions 2008;
40(7): 629-639, https://doi.org/10.1080/07408170701730818.

8. Giraitis L, Kapetanios G, Yates T. Inference on multivariate heteroscedastic time varying random coefficient models. Journal of Time Series
Analysis 2018; 39(2): 129-149. https://doi.org/10.1111/jtsa.12271.

9. Keizer M C O, Flapper S D P, Teunter R H. Condition-based maintenance policies for systems with multiple dependent components: A
review. European Journal of Operational Research 2017; 261(2): 405-420, https://doi.org/10.1016/j.€jor.2017.02.044.

10. Kim M J, Jiang R, Makis V, Lee C G. Optimal Bayesian fault prediction scheme for a partially observable system subject to random failure.
European Journal of Operational Research 2011; 214(2): 331-339, https://doi.org/10.1016/j.ejor.2011.04.023.

11.  Kohavi R. A study of cross-validation and bootstrap for accuracy estimation and model selection. In I[JCAI 1995; 14(2): 1137-1145.

12. Koztowski E, Mazurkiewicz D, Zabinski T, Prucnal S, Sep J. Assessment model of cutting tool condition for real-time supervision system.
Eksploatacja i Niezawodnosc - Maintenance and Reliability 2019; 21 (4): 679-685, https://doi.org/10.17531/ein.2019.4.18.

13. Lee J, Wu F, Zhao W, Ghaffari M, Liao L, Siegel D. Prognostics and health management design for rotary machinery systems-
Reviews, methodology and applications. Mechanical systems and signal processing 2014; 42(1-2): 314-334, https://doi.org/10.1016/j.
ymssp.2013.06.004.

14. Lei Y, Li N, Guo L, Li N, Yan T, Lin J. Machinery health prognostics: A systematic review from data acquisition to RUL prediction.
Mechanical Systems and Signal Processing 2018;104: 799-834, https://doi.org/10.1016/j.ymssp.2017.11.016.

15. Li X, Makis V, Zuo H, Cai J. Optimal Bayesian control policy for gear shaft fault detection using hidden semi-Markov model. Computers &
Industrial Engineering 2018; 119: 21-35, https://doi.org/10.1016/j.cie.2018.03.026.

16. Liao L. Discovering prognostic features using genetic programming in remaining useful life prediction. IEEE Transactions on Industrial
Electronics 2013; 61(5): 2464-2472, https://doi.org/10.1109/TIE.2013.2270212.

17. Liu, K., Gebraeel, N. Z., Shi, J. A data-level fusion model for developing composite health indices for degradation modeling and prognostic
analysis. IEEE Transactions on Automation Science and Engineering 2013; 10(3): 652-664. https://doi.org/10.1109/TASE.2013.2250282

18. Liu K, Huang S. Integration of data fusion methodology and degradation modeling process to improve prognostics. IEEE Transactions on
Automation Science and Engineering 2014;13(1): 344-354, https://doi.org/10.1109/TASE.2014.2349733.

19. Liu, X, Li, J., Al-Khalifa, K. N., Hamouda, A. S., Coit, D. W., Elsayed, E. A. Condition-based maintenance for continuously monitored
degrading systems with multiple failure modes. IIE transactions 2013; 45(4): 422-435. https://doi.org/10.1080/0740817X.2012.690930

20. LiuY, Ma B, Zheng C S, Xie S Y. Failure prediction of power-shift steering transmission based on oil spectral analysis with Wiener process.
Spectroscopy and Spectral Analysis 2015; 35(9): 2620-2624.

21. Okoh C, Roy R, Mehnen J, Redding L. Overview of remaining useful life prediction techniques in through-life engineering services.
Procedia CIRP 2014; 16: 158-163, https://doi.org/10.1016/j.procir.2014.02.006.

22.

Tang S J, Yu C Q, Feng Y B, Xie J, Gao Q H, Si X S. Remaining useful life estimation based on Wiener degradation processes with random
failure threshold. Journal of Central South University 2016; 23(9): 2230-2241, https://doi.org/10.1007/s11771-016-3281-z.

528

ExspLOATACIA | NIEZAWODNOSC — MAINTENANCE AND RELIABILITY VoL. 22, No. 3, 2020




SCIENCE AND TECHNOLOGY

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Tian Z, Wong L, Safaei N. A neural network approach for remaining useful life prediction utilizing both failure and suspension histories.
Mechanical Systems and Signal Processing 2010; 24(5): 1542-1555, https://doi.org/10.1016/j.ymssp.2009.11.005.

Vali§ D, Zék L, Pokora O, Lansky P. Perspective analysis outcomes of selected tribodiagnostic data used as input for condition based
maintenance. Reliability Engineering & System Safety 2016; 145: 231-242, https://doi.org/10.1016/j.ress.2015.07.026.

Wakiru J M, Pintelon L, Muchiri P N, Chemweno P K. A review on lubricant condition monitoring information analysis for maintenance
decision support. Mechanical Systems and Signal Processing 2019; 118: 108-132, https://doi.org/10.1016/j.ymssp.2018.08.039.

Wang D, Tsui K L. Brownian motion with adaptive drift for remaining useful life prediction: Revisited. Mechanical Systems and Signal
Processing 2018; 99: 691-701, https://doi.org/10.1016/j.ymssp.2017.07.015.

Wang J, Makis V, Zhao X. Optimal condition-based and age-based opportunistic maintenance policy for a two-unit series system. Computers
& Industrial Engineering2019; 134: 1-10, https://doi.org/10.1016/j.cie.2019.05.020.

Xiao N, Huang H Z, Li Y, He L, Jin T. Multiple failure modes analysis and weighted risk priority number evaluation in FMEA. Engineering
Failure Analysis 2011; 18(4): 1162-1170, https://doi.org/10.1016/j.engfailanal.2011.02.004.

Yan S, Ma B, Zheng C. Degradation index construction methodology for mechanical transmission based on fusion of multispectral oil data.
Industrial Lubrication and Tribology 2019; 71(2): 278-283, https://doi.org/10.1108/ILT-04-2018-0154.

Yan S, Ma B, Zheng C. Health index extracting methodology for degradation modelling and prognosis of mechanical transmissions.
Eksploatacja i Niezawodnosc - Maintenance and Reliability 2019; 21(1): 137-144, https://doi.org/10.17531/ein.2019.1.15.

Yan S, Ma B, Wang X, Zheng C. Maintenance policy for oil-lubricated systems with oil analysis data. Eksploatacja i Niezawodnosc
-Maintenance and Reliability 2020; 22(3): 455-464, https://doi.org/10.17531/ein.2020.3.8.

Yan S F, Ma B, Zheng C S. Remaining useful life prediction for power-shift steering transmission based on fusion of multiple oil spectra.
Advances in Mechanical Engineering 2018; 10(6): 1687814018784201, https://doi.org/10.1177/1687814018784201.

Yan S F, Ma B, Zheng C S, Chen M. Weighted evidential fusion method for fault diagnosis of mechanical transmission based on oil analysis
data. International Journal of Automotive Technology 2019; 20(5): 989-996, https://doi.org/10.1007/s12239-019-0093-9.

Yan S F, Ma B, Zheng C S, Zhu L A, Chen J W, Li H Z. Remaining useful life prediction of power-shift steering transmission based on
uncertain oil spectral data. Spectroscopy and Spectral Analysis 2019; 39(2): 553-558.

Ye Z S, Xie M. Stochastic modelling and analysis of degradation for highly reliable products. Applied Stochastic Models in Business and
Industry 2015; 31(1) 16-32, https://doi.org/10.1002/asmb.2063.

Zhai Q, Ye Z S. Degradation in common dynamic environments. Technometrics 2018; 60(4): 461-471, https:/doi.
org/10.1080/00401706.2017.1375994.

Zhang C, Lim P, Qin A K, Tan K C. Multiobjective deep belief networks ensemble for remaining useful life estimation in prognostics. IEEE
transactions on neural networks and learning systems 2016; 28(10): 2306-2318, https://doi.org/10.1109/TNNLS.2016.2582798.

Zhang Z, Si X, Hu C, Lei Y. Degradation data analysis and remaining useful life estimation: A review on Wiener-process-based methods.
European Journal of Operational Research2018; 271(3): 775-796, https://doi.org/10.1016/j.ejor.2018.02.033

Biao MA

Shufa YAN

XuWANG

Jianhua CHEN

Changsong ZHENG

School of Mechanical Engineering

Beijing Institute of Technology

5 South Zhongguancun Street, Haidian District
Beijing100081, China

E-mails: mabiao@bit.edu.cn,3120160206@bit.edu.cn, 322019033 1@bit.edu.cn,
3220185033@bit.edu.cn, zhengchangsong@bit.edu.cn

ExspLOATACIA | NIEZAWODNOSC — MAINTENANCE AND RELIABILITY VL. 22, No. 3, 2020 529




