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This paper develops a comprehensive model for evaluating the reliability of an Oil Circuit 

Breaker (OCB), which is subject to multiple competing failure mechanisms throughout its 

service life. Three independent degradation processes are considered:  mechanical wear of 

the circuit breaker contacts due to frequent switching operations, aging and degradation of 

the insulating oil influenced by thermal and electrical stresses, and random external shocks 

resulting from electrical faults or mechanical solicitations. Particular emphasis is placed 

on the design complexity of the OCB, its critical failure modes, and the feasibility of 

modelling simultaneous degradation effects. The degradation evolution is described using 

two continuous probabilistic models suitable for electrical power components. These 

models enable the prediction of the component's degradation states under varying 

operating environments, taking into account electrical, thermal, and ambient factors. The 

proposed framework allows for the estimation of both the time-dependent reliability and 

the degradation state probabilities of the OCB during a defined mission period. 

Additionally, the model can be used as a decision-making tool for preventive maintenance 

planning and lifecycle management, thus improving system safety and operational 

continuity. This work provides a solid foundation for further research in reliability 

modelling of high-voltage switchgear components. 
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1. INTRODUCTION

In power systems, components often experience gradual 

degradation rather than sudden failure. Their operational status 

can be described through a finite set of degradation states. For 

instance, an Oil Circuit Breaker (OCB) deteriorates 

progressively due to two main degradation mechanisms: the 

aging of the insulating oil and the wear of the electrical 

contacts. These degradations are further influenced by random 

shocks caused by the mechanical and electrical stresses 

encountered during fault isolation, such as short circuits. The 

failure of the system occurs if any one of these three 

independent degradation processes surpasses its respective 

critical threshold. 

A large amount of research has occurred on degraded 

systems and their reliability, as well as inspection and 

maintenance. 

Li and Pham [1] developed a reliability model of a degraded 

system subject to multiple competing failure processes. Zuo et 

al. developed [2] a mixture framework in which the population 

is partitioned into two distinct cohorts: one cohort experiences 

gradual degradation, while the other is prone to sudden, 

catastrophic failure. Finkelstein and Marais identify two 

fundamental shock paradigms: cumulative shocks, where 

damage accumulates incrementally over time, and extreme 

shocks, where a single, unusually severe event precipitates 

immediate failure [3]. Building on this, Cha and Finkelstein 

propose a combined shock model that integrates both the 

additive nature of cumulative damage and the abrupt impact of 

extreme shocks, offering a unified perspective on dual-mode 

failure mechanisms [4]. 

Klutke and Yang [5] analyzed the availability of systems 

under maintenance, considering the combined influence of 

degradation and random shock events. In their model, shocks 

follow a Poisson process, and their magnitudes are treated as 

independent and identically distributed random variables. A 

brief overview of failure mechanism in Oil Circuit Breakers 

(OCB’s) appears in section 2, to justify the importance of 

degradation considerations [6]. Regarding its design and its 

function, the OCB is a component of choice to highlight both 

reliability modeling and reliability data analysis of a degraded 

system, as presented in section 3 [7].   

Building on this foundation, other studies have further 

advanced the modelling of degraded systems and circuit 

breakers. Iberraken et al. [8] and Medjoudj et al. [9] proposed 

a preventive maintenance model integrating oil aging, contact 

wear, and random shocks, optimized to improve OCB 

availability through technical and organizational means. Their 

work refines this framework by quantifying the relative impact 

of shocks versus continuous degradation on breaker 
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performance [10].  

Xie et al. [11] applied a two-stage Wiener process model to 

characterize degradation of a smart (low-voltage) circuit 

breaker control circuit. Their results reveal a turning point at 

almost 155,000 hours and a predicted lifetime of 178,000 

hours (20 years), providing a strong precedent for staged 

stochastic modeling. It brings insight into multi-phase 

degradation patterns that inform OCB modeling. Ranganathan 

Sakthivel Gundala Vijayalakshmi proposed a method to 

determine the reliability of complex systems using a Bayesian 

network (BN). This probabilistic graphical model represents 

knowledge about an uncertain domain, where each component 

is modeled as a random variable and each edge corresponds to 

a conditional probability. Their approach applies the Bayesian 

network to estimate the reliability of a multistate consecutive 

k-out-of-n: F system [12].  

Wahyudi and Wicaksono [13] proposed a reliability device 

model simulation as an effective learning media to enhance 

students’ understanding and technical skills in designing 

reliability engineering systems (RES). Their model offers 

options for series, parallel, and combined series-parallel 

systems. Using Accelerated Life Testing (ALT) analyzed 

through statistical methods, they estimated system lifetimes 

under normal conditions.  

This paper proposes a method for generating system states 

under multiple failure processes. It is based on a real case study 

involving OCBs affected by contact wear and random shocks. 

A second scenario, discussed in Sections 4 and 5, considers 

OCBs exposed to two degradation processes contact wear and 

insulating oil aging along with random shocks. Detailed results 

for both cases are provided. 

 

 

2. FAILURE MECHANISMS OF OCB 

 

Over time, degradation gradually undermines a 

component’s performance until a failure eventually occurs, 

driven by a specific failure mechanism. It is essential to 

develop a robust framework for these failure mechanisms; one 

that helps practitioners grasp how multiple failure processes 

can interact and influence operational reliability. This 

framework should encompass both the random shocks 

resulting from short circuits (considering their frequency and 

intensity) and the slow degradation phenomena such as 

material aging and wear, which manifest in the component’s 

behavior [14]. 

 

2.1 Aging insulating oil 

 

Circuit breakers are designed to establish or interrupt power 

flow in transmission lines during normal operations and to 

swiftly halt current during short-circuit events. While their 

failures seldom lead to fires or explosions, they occur with 

enough regularity to merit attention. In oil-filled breakers, 

combustion typically arises when the insulating liquid 

deteriorates whether due to switching operations, lightning 

surges, or gradual aging; especially if the oil level drops too 

low or moisture infiltrates the system. Additionally, fires can 

stem from the failure of insulating bushings, which 

compromise the integrity of the oil barrier. 

 

2.2 Wear of electrical contacts 

 

Electric current flows through conductive components 

housed in the interruption chamber, where different pieces are 

joined to form electrical contacts. As the temperature of these 

contacts rises, the material may soften, resulting in reduced 

contact pressure and a sharp increase in resistance. The 

resistance is further influenced by several factors: oxidation, 

wear, fretting, contact force, and thermal effects [15]. 

Prevost [16] developed classifies failures into two 

categories: dielectric failures and interruption failures. 

Dielectric failures are linked to insulation breakdowns such as 

oil leakages in bushings, moisture or tracking phenomena, 

water ingress into the main tank, splitting or loosening of joints, 

and oil carbonization. Interruption failures involve issues like 

worn arcing contacts or chamber baffles, evolving electrical 

faults, seized mechanisms, inactive tank heaters, control 

malfunctions (e.g., faulty interlocks), incomplete closing 

cycles, and failures in pumps or pilot valves. 

Whenever a fault occurs, the breaker trips, and a manual 

fault analysis is conducted. In some scenarios: such as when 

the fault isn’t isolated or the breaker closes improperly: 

additional electrodynamic stresses may be imposed on the 

system. Statistically, the total number of severe stress events 

corresponds to the number of shocks experienced. The 

diagnostic process follows established procedures outlined in 

previous studies [17, 18], detailing the number of operations 

required and the duration of each stage. 

 

 

3. SHOCK MODELING AND DATA ANALYSIS 

 

Today's electrical power grid has a significant number of 

highly efficient OCB’s installed.  Design and function of 

OCB’s offer the possibility of implementing both degradation 

and shocks processes, namely slow degradations (contact wear 

and liquid dielectric aging) and random shocks. Replacement 

of the OCB is unrealistic and prohibitive considering the long 

life duration of the component (about 30 years) and its cost. 

This component corresponds to a set of technologies with a 

specific congestion, subject to multitude changes during this 

period. 

 

3.1 Shock analysis 

 

Random shocks happen intermittently over time, inflicting 

incremental damage to the system that accumulates and 

progressively degrades its integrity. Failure occurs once the 

accumulated damage surpasses a critical threshold. For 

reliability modeling, the values of probability distribution 

parameters are needed.  In the OCB case, a power utility would 

face difficulty and expense in carrying out any experimental 

test. Consequently, utilities prefer construction of any model 

using experience data [19]. 

 

3.1.1 Shock modeling 

The probability that the device survives to shocks is: 

 

𝑃
−

𝑘;  𝑘 = 0, 1, 2,… 

 

where 1 = 𝑃
−

0 ≥ 𝑃1

−

≥ 𝑃2

−

. Let N={N(t): t≥0} representing the 

occurrence of shocks that is modeled as a counting process. 

The likelihood that the device remains operational after time t 

can be expressed as: 

 

𝐻
−

(𝑡) = ∑ 𝑃[𝑁(𝑡) = 𝑘]. 𝑃𝑘

−∞

𝑘=0
  (1) 
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The shock model described in Eq. (1) is particularly relevant 

for reliability engineers aiming to analyze the aging behavior 

of system components, especially when data regarding the 

intensity and frequency of shocks is available. 

 

3.1.2 Case study 

Shocks data exists for OCB operations, collected from 2009 

to 2024 - 15 years of continuous system operation at Sonelgaz 

Company of Bejaia city district (Algeria). The annual number 

of shocks, treated as a random variable, is modeled using 

either the exponential 𝐸(𝜆) or Weibull 𝑊(𝛽, 𝜂) distributions 

as often used for data analysis in electrical systems wo 

commonly adopted models in the reliability assessment of 

electrical systems. The parameters of these distributions can 

be estimated through maximum likelihood estimation (MLE) 

and probability plotting. While MLE typically yields more 

accurate estimates, probability plotting serves as a useful 

visual tool to assess the goodness-of-fit [20, 21]. Based on the 

available data and employing the R statistical environment, we 

estimated the distribution parameters for Weibull and 

exponential laws, as represented in the Table 1. To validate the 

most appropriate distribution, we applied the Kolmogorov-

Smirnov (KS) test. The full procedure follows the 

methodology outlined in references [22, 23] and summarized 

as follows.  

 

Table 1. Results of (KS) test of shock arrivals 

 
Equipment N Distributions Parameters Dks D(n, 0.05) Decision 

Oil Circuit Breaker 15 Exponential Weibull 
𝜆 = 11,18767 0.316  

0.327 Not rejected 
𝛽1 = 2,009771 𝜂1 = 197.7 0.1762 

 

Based on the Kolmogorov-Smirnov test, the results given in 

Table 1 show the value of  is lower than 𝑑(𝑛,0.05) [24].  

In a study of shock classifications, Mollar and Oney [25] 

established for the distribution function 
jF  describing the 

damage inflicted by the 𝑗𝑡ℎ  shock, two alternative 

formulations for the sequence {𝑃𝑘

−

}, depending on the shock - 

for the cumulative shock model, 𝑃𝑘
̅̅ ̅ = 𝐹1 ∗ 𝐹2 ∗. . .∗ 𝐹𝑘(𝑠) 

(convolution product), and for the extreme shock model, 𝑃𝑘
̅̅ ̅ =

∏ 𝐹𝑗(𝑠)
𝑘

𝑗=1
 with s a prefixed threshold value.  

For the case study treated in this paper, N(t) is modeled by 

a non-homogeneous Poisson process (NHPP) and is 

characterized by a Poisson distribution defined by a specific 

parameter representing the mean value, referred to as the rate 

𝜆(𝑡) =
𝑑𝛬(𝑡)

𝑑𝑡
, Both are specified on the interval from zero to 

infinity. Under these conditions, the shock model (1) can be 

expressed as follows:  

 

𝐻
−

(𝑡) = ∑
𝛬𝑘(𝑡)

𝑘!
𝑒−𝛬(𝑡) 𝑃𝑘

−∞

𝑘=1
  (2) 

 

 

4. PROBABILISTIC DEGRADATION MODELS 

 

We consider two distinct degradation mechanisms for Oil 

Circuit Breakers (OCBs): the deterioration of the insulating oil 

and the erosion of the electrical contacts. The failure 

probability functions for both the contacts and the insulating 

oil, influenced respectively by electrical and thermal stresses, 

are defined as follows [26, 27]: 

 

𝑃(𝑊, 𝑡) = 1 − exp (− [
𝑊

𝑊0
]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)  (3) 

 

𝑃(𝐴, 𝑡) = 1 − exp (−[
𝐴

𝐴0
]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵T
𝑛−𝑏𝑇1

)  (4) 

 

𝑇1 =
1

𝜃0
−

1

𝜃
   

 

where, n = 7 is the stress endurance coefficient. It typically 

appears in fatigue or aging laws (e.g., Coffin-Manson, Miner’s 

rule, or power-law degradation models), where it represents 

the sensitivity of lifespan to stress levels. W0 is the lower limit 

of contact’s stress (the minimum significant wear), B = 1000 

is proportional to the activation energy of the main thermal 

degradation reaction. To ensure that the exponent is unitless, 

B must have the same unit as temperature, i.e., Kelvin (K).  

In many reliability models, B is derived from the ratio of 

activation energy (in eV or J/mol) to the gas constant R, which 

also results in a value expressed in Kelvin [26, 27]. T1 is the 

conventional thermal stress, is the absolute temperature, 𝜃0is 

a reference temperature, P is the failure probability of an 

electrical component, 𝛽1 is the shape parameter (obtainable by 

failure tests), and A0 is the lower limit of acidity stress (the 

minimum significant age of the insulating oil). A failure may 

result from applied stress or from the aging of an electrical 

component due to thermal stress, electrical stress, or the 

passage of time. Consequently, the failure criterion should 

align with both the electrical and thermal lifespans of the 

component [28-30].  

Each degradation process is characterized by a limited set 

of discrete states, with transitions occurring when certain 

threshold values are reached. For every process, degrading 

states correspond to phases where the system’s performance 

gradually declines, while the failure state indicates a condition 

requiring maintenance or repair. The subsequent section 

provides a comprehensive analysis of these degradation 

mechanisms and their impact on system reliability, supported 

by practical findings. 

 

 

5. RELIABILITY ASSESSMENT 

 

5.1 Degraded system subject to two competing failure 

processes 

 

The OCB is subject to two failure mechanisms (noted case 

1) defined by: 

-The increasing degradation process Y1(t) representing the 

wear of the circuit breaker contacts, where the failure 

probability function of the contacts is given by Eq. (3).  

-The cumulative shocks damages is given by:  

𝐷(𝑡) = ∑ 𝑋𝑖
𝑁(𝑡)
𝑖=1 . 

These two processes consist of random variables that are 
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mutually independent and share the same probability 

distribution, with 𝜆(𝑡) =
𝛽2⋅𝑡𝛽2−1

𝜂2
𝛽2

.  

The diagram of states of this system is presented in the 

Figure 1.  

 

 
 

Figure 1. Degradation and failure States diagram of the 

equipment (Case 1) 

 

The system operates through degradation states labeled M, 

(M – 1)…1, with state representing failure, and F 

corresponding to catastrophic failure.  During its operation, the 

OCB may gradually move from state i to state 1i−  due to 

progressive deterioration, or it may directly fail by 

transitioning to the failure state F because of random shocks. 

Let’s iW  be a degradation state level where the system resides 

temporarily i, 𝐺1 the degradation threshold, or the failure state 

0 and S the critical threshold for cumulative shocks. The 

system enters the catastrophic failure state F when this critical 

limit is exceeded. State M is considered the initial state, and 

the system is assumed to be as good as new at this point. The 

probabilities of the system being in states M, Mi0  , 0 and  

are given respectively: 

 

𝑃𝑀(𝑡) = 𝑃 [𝑌1(𝑡) < 𝑊𝑀, 𝐷(𝑡) = ∑ 𝑋𝑖 ≤ 𝑆

𝑁(𝑡)

𝑖=1

] (5) 

 

𝑃𝑖(𝑡) = 𝑃 [𝑊𝑖 < 𝑌1(𝑡) < 𝑊𝑖+1, 𝐷(𝑡) = ∑ 𝑋𝑖 ≤ 𝑆

𝑁(𝑡)

𝑖=1

] (6) 

 

𝑃0(𝑡) = 𝑃 [𝑌1(𝑡) > 𝐺1, 𝐷(𝑡) = ∑ 𝑋𝑖 ≤ 𝑆

𝑁(𝑡)

𝑖=1

] (7) 

 

𝑃𝐹(𝑡) = 𝑃 [𝑌1(𝑡) < 𝐺1, 𝐷(𝑡) = ∑ 𝑋𝑖 > 𝑆

𝑁(𝑡)

𝑖=1

] (8) 

 

The development of Eqs. (5)-(8), using explanations of 

functions and parameters, results in new expressions of the 

above probabilities as follows: 

 

𝑃2(𝑡) = [1 − exp (− [
𝑊1

𝑊0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵T
𝑛−𝑏𝑇1

)] 

 

× [𝑒−𝜆(𝑡) ∑ (
(𝜆(𝑡))𝑗

𝑗!
)

∞

𝑗=0
𝐹𝑥

(𝑗)(𝑆)]      

(9) 

 

The OCB is considered to have failed once the deterioration 

process surpasses the limit G1, or the cumulative shock 

damage crosses some threshold S. The application is done for 

the case of two degradation states and Figure 1 could be 

exploited when considering M = 2. The threshold values for 

each state correspond to the relative wear of the OCB contacts 

and they are given as follows: W1 = 0.45, G1 = 1. However, 

the threshold of the cumulative shocks S = 100, representing 

the number of the strong solicitations of the circuit breaker. 

The Weibull parameter is given by: 𝛽1 = 2,009771. 

 

𝑃1(𝑡) = [[1 − exp (− [
𝐺1

𝑊0
]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵T
𝑛−𝑏𝑇1

)] −

[1 − exp (− [
𝑊1

𝑊0
]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵T
𝑛−𝑏𝑇1

)]] ×

[𝑒−𝜆(𝑡) ∑ (
(𝜆(𝑡))𝑗

𝑗!
)

∞

𝑗=0
𝐹𝑥

(𝑗)(𝑆)]  

(10) 

 

𝑃0(𝑡) = 𝑒𝑥𝑝 (− [
𝐺1

𝑊0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

) 

× [𝑒−𝜆(𝑡) ∑(
(𝜆(𝑡))𝑗

𝑗!
)

∞

𝑗=0

𝐹𝑥
(𝑗)(𝑆)] 

(11) 

 

𝑃𝐹(𝑡) = [1 − 𝑒𝑥𝑝(−[
𝐺1

𝑊0
]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒
𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)] 

× [1 − 𝑒−𝜆(𝑡) ∑(
(𝜆(𝑡))

𝑗

𝑗!
)

∞

𝑗=0

𝐹𝑥
(𝑗)(𝑆)]  

(12) 

 

The reliability is given by: 

 

𝑅𝑀(𝑡) = 𝑃[𝑠𝑡𝑎𝑡𝑒 ≥ 1] = ∑𝑃𝑖

𝑀

𝑖=1

(𝑡)  (13) 

 

 
 

Figure 2. Reliability evaluation 

 

The reliability analysis of the Oil Circuit Breaker (OCB) 

under a single degradation process, as depicted in Figure 2, 

reveals that the system is projected to fail after approximately 

14 years if no maintenance or repair is performed. This 

"unmaintained" lifespan serves as a baseline for the inherent 

durability of the OCB under its initial design and operating 

conditions. 

The failure in this context encompasses the OCB reaching a 

state where it can no longer reliably or safely fulfill its 

intended function. This may include various degraded states 
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culminating in catastrophic failure. The probability of 

catastrophic failure (state F) reaches a threshold value of 0.2 

at 9 years, indicating a significant risk of complete breakdown 

at this point. The reliability function is explicitly governed by 

a random shock process, suggesting that while continuous 

degradation is ongoing, sharp declines in reliability or even 

immediate failures are primarily triggered by sudden, 

unpredictable events. These shocks may include transient 

overvoltages, short-circuit currents, environmental extremes, 

or mechanical stresses, all of which can precipitate failure in a 

system already weakened by gradual wear. 

Comparing the reliability evolution to the initial state 

probabilities (Figure 3(a)), it is evident that the system starts 

with a high probability of being in a healthy state. Over time, 

this probability diminishes, and the likelihood of being in 

degraded or failed states increases, confirming that 

degradation is the dominant long-term trend. This underscores 

the time-dependent and dynamic nature of OCB health. 

 

 
 

Figure 3. Degradation states and failure probabilities 

 

5.2 Degraded system subject to three competing failure 

processes 

 

To the development given in sub-section (5.1), an additional 

deterioration process, labeled Y2(t) is introduced to represent 

the effects of aging of insulating oil of a swichgear (noted case 

2). As illustrated in the diagram (Figure 4), we consider that 

each degradation process (oil aging, contact wear) evolves 

independently, but once either reaches a certain degradation 

threshold, it can trigger elementary shocks. When the 

cumulative effect of these shocks exceeds a critical level, a 

major shock occurs, leading to system failure. This interaction 

is captured through the shock modeling framework, which 

indirectly reflects the coupling effect in the failure mechanism. 

 

 
 

Figure 4. Degradation and failure States diagram of 

equipment subjet two degradation processes and shocks 

 

For the first deterioration process, two degradation levels 

are taken into account (𝑀 = 2), while the second deterioration 

process includes three distinct degradation levels (𝑀 = 3).  

System failure occurs if the degradation level or the shock 

damage reaches its respective failure limit 𝑦𝑖(𝑡) exceeds a 

certain limit 𝐺𝑖 , 𝑖 = 1,2, alternatively, failure occurs when the 

cumulative impact of shocks attains its designated threshold S. 

The state spaces associated to degradation process 1 and 

degradation process 2 are, respectively, 𝛺1 = {21, 11, 01} and  

𝛺2 = {32, 22, 12, 02}. Subsequently, the set of possible states 

of the system is characterized as 𝛺𝑢 = {3,2,1,0, 𝐹}.  
Building on the work of Pham [3], we propose a 

methodology to establish a relationship between the 

combination of all possible states resulting from the 

interaction of individual degradation processes 𝛺  and the 

degradation state spaces {𝛺1, 𝛺2} . This is done under the 

assumption that the system has not yet reached catastrophic 

failure; state F is temporarily excluded from the analysis. The 

interaction between the degradation processes is defined 

through a mapping function f , expressed as follows: 𝑓: 𝐶 =
𝛺1𝑥𝛺2 → 𝛺 = {3,2,1, 0}, where C denote a Cartesian product 

that forms the domain of the input space. The matrix H 

presented below represents the output space, which contains 

M + 1 elements. Each of these elements corresponds to an 

element in the input space domain via the mapping defined by 

the function f. 

 

𝐻 =

01

11

21

[
𝑥 0 0 0
0 0 2 2
0 1 2 3

]

02 12 22 32

 

The mapping function f and the construction of the matrix 
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H are based on a bi-dimensional degradation process, where: 

the rows represent degradation states of electrical contacts, and 

the columns represent degradation states of the insulating oil. 

Each element Hi.j corresponds to a combined degradation level 

of the system, derived from expert judgment and field 

feedback, following the modeling approach proposed by 

Whang, Zhou, Wang, and Pham in the context of multi-state 

system reliability. The elements of H represent 𝑓(𝑖1, 𝑗2) = 𝑘
where 𝑖1 ∈ 𝛺1, 𝑗2 ∈ 𝛺2  and 𝑘 ∈ 𝛺. Every element located in

the first row and the first column is equal to zero, except that 

denoted by x because a degraded condition is triggered when 

one of the degradation components attains its maximum state 
0𝑖 , 𝑖 = 1,2. Also, 𝑓(𝑀1, 𝑀2) = 𝑀 = 3 because at the start, the

system is assumed to be in flawless condition. The overall 

system state is determined by the combination of the states 

from each degradation process. The equivalence classes for 

degrading states and failure state can be listed as follows: 

𝑅0 = {(02, 11), (02, 21), (12, 01), (22, 01), (32, 01), (12, 11)} , 
𝑅1 = {(12, 21)}, 𝑅2 = {(22, 11), (22, 21), (32, 11)},

𝑅3 = {(32, 21)} And 𝑅 = ∑ 𝑅𝑖
3
𝑖=0 . 

𝑃𝑡(3) = 𝑃𝑡{𝑓(𝑅3)} (14) 

𝑃𝑡(3)

= [1 − exp (− [
𝑊1

𝑊0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)]

× [1 − exp (− [
𝐴1

𝐴0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)]

× [𝑒−𝜆(𝑡) ∑(
(𝜆(𝑡))𝑗

𝑗!
)

∞

𝑗=0

𝐹𝑥
(𝑗)(𝑆)]

(15) 

𝑃𝑡(2) = 𝑃𝑡{𝑓(𝑅2)} (16) 

𝐾1 = [1 − exp (− [
𝑊1

𝑊0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)]

×

[

 [1 − exp (− [
𝐴2

𝐴0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)] − [1 − exp (− [
𝐴1

𝐴0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)]

]

𝐾2 = [1 − exp (− [
𝐴2

𝐴0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)] 

×

[

 [1 − exp (− [
𝐺1

𝑊0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)] − [1 − exp (− [
𝑊1

𝑊0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵T
𝑛−𝑏𝑇1

)]

]

𝐾3 =

[

 [1 − exp (− [
𝐺1

𝑊0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)] − [1 − exp (− [
𝑊1

𝑊0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)]

]

×

[

 [1 − exp (− [
𝐴2

𝐴0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)] − [1 − exp (− [
𝐴1

𝐴0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)]

]

𝑃𝑡(2) = (𝐾1 + 𝐾2 + 𝐾3) ×

[𝑒−𝜆(𝑡) ∑(
(𝜆(𝑡))𝑗

𝑗!
)

∞

𝑗=0

𝐹𝑥
(𝑗)(𝑆)]

(17) 

𝑃𝑡(1) = 𝑃𝑡{𝑓(𝑅2)} (18) 

𝑃𝑡(1) = [1 − exp (− [
𝑊1

𝑊0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)] × (19) 

[

[1 − exp (− [
𝐺2

𝐴0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)]

− [1 − exp (− [
𝐴2

𝐴0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)]

]

× 

[𝑒−𝜆(𝑡) ∑ (
(𝜆(𝑡))𝑗

𝑗!
)

∞

𝑗=0
𝐹𝑥

(𝑗)(𝑆)]

𝑃𝑡(0) = 𝑃𝑡{𝑓(𝑅0)} = (𝑍1𝑉1 + 𝑍2𝑉2 + 𝑍3𝑉3) ×

[𝑒−𝜆(𝑡) ∑ (
(𝜆(𝑡))𝑗

𝑗!
)

∞

𝑗=0
𝐹𝑥

(𝑗)(𝑆)]
(20) 
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𝑍1 = [1 − exp (− [
𝐺2

𝐴0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)] 

𝑍2 = [1 − exp (− [
𝐴2

𝐴0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)] 

𝑍3 = [1 − exp (− [
𝐺2

𝐴0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)] 

−[1 − exp (− [
𝐴2

𝐴0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)] 

𝑉1 = [1 − exp (− [
𝑊1

𝑊0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)] 

𝑉2 = exp (− [
𝑊1

𝑊0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

) 

𝑉3 = [1 − exp (− [
𝐺1

𝑊0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵T
𝑛−𝑏𝑇1

)] 

In Eq. (20), we introduce the variables Vi and Zi to represent 

the degradation states of the individual components of the Oil 

Circuit Breaker specifically, the electrical Contacts and the 

insulating oil.  

−[1 − exp (− [
𝑊1

𝑊0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵T
𝑛−𝑏𝑇1

)] 

The catastrophic failure probability is: 

𝑃𝐹(𝑡) = 𝑃 [𝑌1(𝑡) ≤ 𝐺1, 𝑌2(𝑡) ≤ 𝐺2, 𝐷(𝑡) = ∑ 𝑋𝑖 ≥ 𝑆

𝑁(𝑡)

𝑖=1

] 

Or 

𝑃𝑡(𝐹) = [1 − exp (− [
𝐺1

𝑊0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)] 

× [1 − exp (− [
𝐺1

𝐴0

]
𝛽1

[
𝑡

𝑡0
]

𝛽1
𝑛−𝑏𝑇1

𝑒

𝛽1𝐵𝑇
𝑛−𝑏𝑇1

)] 

×

[

1 − [𝑒−𝜆(𝑡) ∑ (
(𝜆(𝑡))𝑗

𝑗!
)

∞

𝑗=0

𝐹𝑥
(𝑗)(𝑆)]

]

Finally, the reliability of the component corresponds to the 

probability P{state ≥ 1}. 

𝑅(𝑡) = ∑ 𝑃𝑖
𝑀
𝑖=1 (𝑡), or: 𝑅(𝑡) = 𝑃1(𝑡) + 𝑃2(𝑡) + 𝑃3(𝑡)

For numerical application, we used the following inputs: 

-Degradation process 1: G1 = 1.00, W1 = 0.45; thresholds

representing the relative wear of the circuit breaker contacts. 

-Degradation process 2: G2 = 600, A2 = 500, A1 = 300

represent the threshold values of the acidity levels of the 

insulating oil by (100mg/l).  

-Shock process threshold S = 100 operation.

Figure 5. Degrading and failure state probabilities 
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Figure 6. Catastrophic failure state (a) and Reliability changing (b) 

 

From Figure 5(d), the probability of reaching a severe 

failure state (distinct from catastrophic failure) caused by 

continuous degradation peaks at 0.75 at 9.5 years. This 

indicates that the combined effects of both degradation 

processes (general wear and oil aging) become 

overwhelmingly dominant, rendering the OCB largely non-

functional or unreliable by this time. Maintenance actions are 

thus critical well before this point. As shown in Figure 6(a), 

the probability of catastrophic failure now reaches 0.16 (16%) 

at only 7 years of operation a notable acceleration compared 

to the single-degradation scenario (0.2 at 9 years). This means 

the system becomes critically vulnerable to total breakdown 

much earlier, necessitating more aggressive preventive 

maintenance. 

The reliability plot (Figure 6(b)) demonstrates that system 

failure is probable after just 10 years without intervention 4 

years less than the single-degradation case. This quantifies the 

detrimental impact of including oil aging as a second 

degradation process. The reliability function remains 

influenced by random shocks, but the compounding effect of 

dual degradation mechanisms is now the primary driver of 

failure. Comparing to the initial state (Figure 5(a)), the system 

again transitions from a high-probability healthy state to 

degraded and failed states much more rapidly, reinforcing the 

dominant role of cumulative degradation. 

 

 

6. CONCLUSION 

 

This study developed a rigorous reliability model for 

electrical substation components, focusing on Oil Circuit 

Breakers (OCBs) subjected to two competing degradation 

processes: insulating oil aging and contact wear, along with 

random shocks. The model mathematically integrated these 

mechanisms within a multi-state framework, explicitly 

formulating degradation probability functions to capture 

physical aging phenomena such as dielectric deterioration of 

insulating oil and mechanical wear of contacts. This dual-

process approach enabled the computation of time-dependent 

state probabilities and system reliability, providing a detailed 

probabilistic characterization of OCB health evolution. 

Quantitative analysis was based on a comparison between two 

model configurations: a baseline model that considers only 

contact wear and random shocks, and a full model that 

additionally incorporates insulating oil aging. Results showed 

that including oil aging accelerated degradation, reducing the 

unmaintained operational lifespan by approximately 28.5% 

compared to the baseline model. Additionally, the time to 

reach critical catastrophic failure probabilities decreased by 

nearly two years, highlighting the dominant role of cumulative 

degradation. These findings emphasize the need for proactive, 

condition-based maintenance strategies, including regular oil 

quality monitoring and earlier major overhauls. Although the 

model assumes no maintenance, it establishes a robust baseline 

for future work incorporating repair effects. Its predictive 

capability aligns with current reliability engineering literature, 

validating the importance of multi-process degradation 

modeling for accurate life expectancy estimation and 

optimized asset management. Real operational data from 

Bejaia was used as a case study to support model plausibility; 

broader datasets will be considered in future work to enhance 

generalization. 

 

 

REFERENCES 

 

[1] Li, W., Pham, H. (2005). Reliability modeling of multi-

state degraded systems with multi-competing failures 

and random shocks. IEEE Transactions on Reliability, 

54(2): 297-303. 

https://doi.org/10.1109/TR.2005.847278 

[2] Zuo, M.J., Jiang, R., Yam, R.C.M. (1999). Approaches 

for reliability modeling of continuous-state devices. 

IEEE Transactions on Reliability, 48(1): 

https://doi.org/10.1109/24.765922 

[3] Finkelstein, M., Marais, F. (2010). On terminating 

Poisson processes in some shock models. Reliability 

Engineering and System Safety, 9(5): 874-879. 

https://doi.org/10.1016/j.ress.2010.03.003 

[4] Cha, J, Finkelstein, M.S. (2009). On a terminating shock 

process with independent wear increments. Journal of 

Applied Probability, 46(2): 353-362. 

https://doi.org/10.1239/jap/1245676092 

[5] Klutke, G.A, Yang, Y.J. (2002). The availability of 

inspected systems subjected to shocks and graceful 

degradation. IEEE Transactions on Reliability, 51(3): 

371-374. https://doi.org/10.1109/TR.2002.802891 

[6] Pierrat, L. (1991). Model of component wear due to 

random stresses. In Reliability 91, pp. 350-358. 

[7] Medjoudj, R., Aissani, D., Boubakeur, A. Haim, K.D. 

(2009). Interruption modeling in electrical distribution 

system using Weibull-Markov Model. Proceedings of the 

Institution of Mechanical Engineers, Part O: Journal of 

Risk and Reliability, 223(2): 145-157. 

https://doi.org/10.1243/1748006XJRR215 

[8] Iberraken, F., Medjoudj, R., Medjoudj, R., Aissani, D., 

Haim, K.D. (2013) Reliability-based preventive 

maintenance of oil circuit breaker subject to competing 

failure processes. International Journal of Performability 

Engineering, 9(5): 495. 

1386



https://doi.org/10.23940/ijpe.13.5.p495.mag 

[9] Medjoudj, R., Medjoudj, R., Aissani, D. (2014)

Reliability and cost evaluation of PV module subject to

degradation processes. International Journal of

Performability Engineering, 10(1): 95-104.

https://doi.org/10.23940/ijpe.14.1.p95.mag

[10] Iberraken, F., Medjoudj, R., Medjoudj, R., Aissani, D.

(2015) Combining reliability attributes to maintenance

policies to improve high-voltage oil circuit breaker

performances in the case of competing risks. Proceedings

of the Institution of Mechanical Engineers, Part O:

Journal of Risk and Reliability, 229(3): 254-265.

https://doi.org/10.1177/1748006X15578572

[11] Xie, Z., Ren, J., He, P., Hou, L., Wang, Y. (2025).

Research on the degradation model of a smart circuit

breaker based on a two-stage Wiener process. Processes,

13(6): 1719. https://doi.org/10.3390/pr13061719

[12] Sakthivel, R., Vijayalakshmi, G. (2023). Reliability

analysis for multistate consecutive k-out-of-n: F system

using Bayesian network. Mathematical Modelling of

Engineering Problem, 10(2): 613-620.

https://doi.org/10.18280/mmep.100231

[13] Wahyudi, B., Wicaksono, H. (2022). Validating the

reliability simulation using bohlamp circuit with

accelerated life test method. Mathematical Modelling of

Engineering Problems, 9(5): 1327-1334.

https://doi.org/10.18280/mmep.090522

[14] Slade, P.G. (1982). Electrical contacts. Principals and

Applications. Handbook, pp. 800-832.

[15] Flurscheim, C.H. (1999). Power Circuit Breaker Theory

and Design. IET, Revised Edition.

[16] Prevost, T.A. (2008). Oil circuit breaker diagnostics. In

7th Annual Weedmann Technical Conference, New-

Orleans, USA.

[17] Slootweg, J.G., Van Oirsouw, P.M. (2005).

Incorporating reliability calculations in routine network

planning. In CIRED 2005-18th International Conference

and Exhibition on Electricity Distribution, Turin, Italy,

pp. 1-5.

[18] Nahman, J., Peric, C. (1998). Analysis of cost of urban

medium voltage distribution network. Electrical Power

and Energy Systems, 20(1): 7-16.

https://doi.org/10.1016/S0142-0615(97)00032-X

[19] Lindquist, T.M., Bertling, L. Erikson, R. (2008). Circuit

breaker failure data and reliability moelling. IET

Generation, Transmission & Distribution, 2(6): 813-820.

https://doi.org/10.1049/iet-gtd:20080127

[20] Dodson, B., Nolan, D. (1999). Reliability Engineering

Handbook. Marcel Dekker Ed, New York.

[21] Dhillan, B.S. (1999). Design Reliability: Fundamentals

and Applications. CRC press LLC, USA.

[22] Billinton, R., Goel, R. (1986). An analytical approach to

evaluate probability distributions associated with the

reliability indices of electric distribution systems. IEEE

Transactions on Power Delivery, 1(3): 245251.

https://doi.org/10.1109/TPWRD.1986.4307999

[23] Tatiétsé, T.T., Villeneuve, P., Ndong, E.P.N., Kenfack,

F. (2002). Interruption modeling in medium voltage

electrical network. Electrical Power and Energy Systems, 

24(10): 859-865. https://doi.org/10.1016/S0142-

0615(02)00010-8 

[24] Zhao, W., Elsayed, E.A. (2004). An accelerated life

testing model involving performance degradation.

Proceedings of Annual Reliability and Maintainability

Symposium, Los Angeles, California.

[25] Mollar, F., Omey, E. (2001). Shocks, runs and random

sums. Journal of Applied Probability, 38(2): 438-448.

https://doi.org/10.1239/jap/996986754

[26] Montanari, G.C. (1993). Ageing Phenomenology and

Modeling, IEEE Trans. on Electrical Insulation, 28(5):

755-773. https://doi.org/10.1109/14.237740

[27] Shen, F., Ke, L.L. (2021). Numerical Study of Coupled

Electrical-Thermal-Mechanical-Wear Behavior in 

Electrical Contacts. Metals, 11(6): 955. 

https://doi.org/10.3390/met11060955 

[28] Zukowski, P., Rogalski, P., Koltunowicz, T.N.,

Kierczynski, K., Subocz, J., Zenker, M. (2020). Cellulose

ester insulation of power transformers: Researching the

influence of moisture on the phase shift angle and

admittance. Energies, 13(14): 3572.

https://doi.org/10.3390/en13143572

[29] Stoetzel, M., Zdrallek, M., Wellssow, W.H. (2001).

Reliability calculation of MV distribution networks with

regard to ageing in XLPE-insulated cables. IEE

Proceedings-Generation, Transmission and Distribution,

148(6): 597-602. https://doi.org/10.1049/ip-

gtd:20010505

[30] Zhang, X., Gockenbach, E. (2006). Determination of the

actual condition of the electrical components. In

Proceedings of the XIVth International Symposium on

High Voltage Engineering, Tsinghua University, Beijing,

China, pp. 597-602.

https://doi.org/10.1109/TR.2006.874935

NOMENCLATURE 

G1 The relative wear of the circuit breaker contacts 

G2 Threshold values of the acidity levels of the 

insulating oil by (100mg/l) 

Greek symbols 

 Shape parameter of the Weibull distribution 

𝜂 Scale parameter of the Weibull distribution 

Ω The system state space 

𝜆 Time-dependent failure rate 

Subscripts 

Yi(t) Degradation process 

𝐻
−

(𝑡) Probability of serviving of the equipment 

𝑑𝛬(𝑡) Cumulative intensity function of the non 

homogeneous poisson process 

D(t) Cumulative shocks damages 
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