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 This paper presents the power generation system reliability assessment using 

an advanced Markov process combined with blocks diagram technique. The 

effectiveness of the suggested methodology is based on HL-I of 

IEEE_EPS_24_bus. The proposed method achieved the generation reliability 

and availability of an electrical power system using the Markov chain which 

based on the operational transition from state to state which represented in 

matrix. The proposed methodology has been presented for reliability 

performance evaluation of IEEE_EPS_24_bus. MATLAB code is developed 

using Markov chain construction. The transition between probability states is 

represented using changing the failure and repair rates. The reduced number 

of generation system are used with Markov process to assess the availability, 

unavailability, and reliability for the generation system. Additionally, the 

proposed technique calculates the frequency, time duration of states, the 

probability of generation capacity state which get out of service or remained 

in service for each state of failure, and reliability indices. A considerable 

improvement in reliability indices is found with using blocks diagram 

technique which is used to reduce the infinity number of transition states and 

assess the system reliability. The proposed technique succeeded at achieving 

accurate and faster reliability for the power system. 
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LIST OF APPRIVIATIONS 
A Availability 

FFSi Failure frequency of i state 

IEEE_EPS_24_bus IEEE electrical power system with 24 buses 

LOLE Loss of load expectation 

LOLP Loss of load probability 
MDSi Mean duration of states 

P The probability matrix 

Qi Unavailability of component i 

https://creativecommons.org/licenses/by-sa/4.0/
https://en.wikipedia.org/wiki/Adiliya
mailto:aimantowfic@yahoo.com
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Qp Total unavailability of parallel components 

RDSi Rate of departure of i state 

Rpar Total reliability of parallel components 
Rser Total reliability of series components 

Rsys Ttotal system reliability 

T The time period 
λp Total failure rate of parallel components 

λser Total failure rate of series components 

μ The repair rate  

 

 

1. INTRODUCTION  

The reliability of the generation system is defined as the ability of generation system to supply the 

power to consumers for a determined time's period without outages. The reliability is evaluated to determine 

the ability of components to achieve consumer satisfaction. The bulk electric power system reliability 

assessment consists of three steps, selection of system states, evaluation of adequacy of states and 

computation of reliability indices [1]. The main important factors affect power system reliability are the 

system security and the system adequacy. The system security is associated with the system response to fault 

interruptions of the system while the system adequacy is related to system load conditions and existence of 

sufficient facilities to meet the needs of consumers [1]. The analysis of system adequacy assessment of any 

electrical power system can be divided into three principal functional zones namely hierarchical level (1), 

hierarchical level (2), and, hierarchical level (3) as shown in Figure 1 [1]. In electrical power systems, two 

approaches are used to assess the system reliability, one of them is based on the components historical and 

the other is based on predictive assessment [2]. 

 

 

 
 

Figure 1. Electrical power system hierarchical levels diagram 

 

 

In the past few years, researchers focused on probability and reliability assessment of the electrical 

power system in case of generation, transmission, and distribution by using different techniques to achieve 

the aims. Boussahoua and Elmaouhab [3], presented an assessment of the electrical power transmission 

system reliability by using block diagram and graph theories for IEEE 9 bus system. The results show that, 

the effect of the classification of nodes according to their reliability, the effect of disconnections of nodes and 

transmission branches on reliability. Babu et al. [4], proposed the reliability assessment for a composite 

generation system for RTS_3_bus, RTS_6_bus, and RTS_24_bus systems using probability performance 

index with critical contingencies. The results show the effectiveness of this technique to identify the weak 

points for systems’ developing reinforcement ways. Abdulkarim et al. [5], used block diagram technique to 

assess the configuration of microgrid system and studied the impact of renewable generation’s components 

on system reliability. The results show that, the reliability indices decreased in case of using diesel generator. 

Khare et al. [6], proposed the reliability evaluation for hybrid renewable generation system using fault tree 

technique. Shalash et al. [7], evaluated the power system generation indices using multi agent model and 

compared the results with that resulted by the analytical approach. The results show the effectiveness of 

technique to decide increasing or decreasing capacity and loads. Adefarati and Bansal [8], focused on the 

economic side and environmental benefits of system reliability assessment with renewable generators. The 

results show the advantages of using the green buildings and renewable energies in microgrid on reliability. 

Bourezg and Meglouli [9], used C/C++ to create disjoint sum of product algorithm for evaluating the power 

distribution system to avoid the disadvantage of Monte Carlo technique. Kunaifi and Reinders [10], proposed 
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the reliability evaluation for electric supply Indonesia system by collecting the surveys and measurement the 

electric parameters from consumer sides. The reliability evaluation for both distribution system which has 

low voltage versus the transmission system which has high voltage presented in [11], [12]. Almuhamaini and 

Al-Sakkaf [13], proposed the reliability evaluation of distribution system in microgrid without installed 

distributed generators and with installed distributed generators including the calculation of the reliability 

indices of the system. The results show the accurate and effectiveness of used method for reliability 

evaluation with voltage violations Liu and Singh. [14], presented reliability evaluation for composite power 

system reliability and taken into account the effect of weather. The DC_OPF, minimal cut set, and Markov 

process are used to calculate the system reliability indices and the bounds of reliability indices. Thompson et 

al. [15] proposed reliability evaluation and cost of HVDC transmission interconnection feeders with using 

MMC converter using Monte Carlo simulation method. Ren et al. [16], proposed the reliability evaluation of 

nine microgrid system taking into account the insufficient transmission capacity of the system using Bayesian 

network based unified modeling (BNBUM) method. The results show the important role of using the energy 

storage and energy dispatch strategy on reliability evaluation. Raghuwanshi and Arya [17] used Markov and 

frequency duration methods to assess the reliability indices of hybrid energy system including diesel, PV, and 

battery. Pham et al. [18] presented the reliability evaluation for microgrid system with multiple battery 

storage under various dynamic operation cases using Markov technique.  

The proposed method analyzes the reliability of electrical power system generation based on the 

failure and repair rates of each unit of generators. There are two main categories of electrical system 

reliability assessment techniques, one of them is simulation or Monte Carlo technique and the other is 

analytical model. Simulation approaches estimate the electrical indicators by simulating actual electrical 

system and random behavior of the system [19]. Analytical approaches represent the electrical system by 

mathematical model and assess the indicators or reliability from this model by using mathematical analysis. 

There are more analytical techniques used to compute the reliability of electrical power system such as block 

diagram, Markov process, fault tree analysis, event tree analysis, minimal cut set, minimal tie method, and 

path tracing method [20]. 

This paper presents the reliability assessment of generation for IEEE_EPS_24_bus system using an 

advanced Markov process and blocks diagram techniques. The proposed methodology achieved the 

reliability evaluation using the best technique for probabilities studying, namely Markov chain process. Also 

assessed the reliability indices loss of load probability (LOLP) and loss of load expectation (LOLE). The 

Markov process based on the transition between probability states as explained in section 3. The challenge in 

the proposed method is the infinity number of failures probability states due to the large number of 

generation units. The method overcome to the challenge by using the block diagram technique to reduce the 

number of elements as discussed in section 2. The proposed study analyzes the results and calculates the 

frequency, mean duration of failure states for system, the maximum and minimum frequency and duration of 

failure probability state. The probability of generation capacity state which remained in service and kept out 

of service for each probability state of failure, system reliability assessment, and system reliability indices are 

discussed in section 4. 

 

 

2. RESEARCH METHOD  

2.1.  Block diagram 

The block diagram method is used to assess the total system reliability and analyze the probability 

of system's failure [21]. It can be achieved using representing the system and its components by graphical 

representation with dividing the system to smallest groups. The interconnected group may be in series, 

parallel, series parallel, or parallel series connections. All of these combinations are used to achieve the solution. 

 

2.1.1. Series combination 

The system reliability may be consisting of interconnected group of exponential function which is 

characterized by failure rate. The failure of any component causes the whole system to fail. The system 

shown in Figure 2 consists of n components in series connection. each component has failure and repair rate. 

 

 

C1 C2 C3 Cn-1 Cn
 

 

Figure 2. Block diagram consists of n components connected in series 
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The system reliability and failure rate for series components are calculated as shown in (1), (2), and 

(3) [20], [22], [23]. 

 

Rsys(t) = 𝑒−𝜆𝑡 (1) 

 

Rser = ∏ 𝑅𝑖𝑛
𝑖=1  (2) 

 

λ ser = ∑ λi𝑛
𝑖=1  (3) 

 

2.1.2. Parallel combination 

The system shown in Figure 3 consists of n components in parallel connection. each component has 

failure and repair rates. The failure of any component doesn’t cause the whole system to fail while the failure 

of all components causes the whole system to fail [5].  

 

C1 C2 C3 Cn-1 Cn

 
 

Figure 3. Block diagram consists n components connected in parallel 

 

 

The system reliability, unavailability, availability, and failure rate for parallel components are 

calculated in (4)-(7) [5]. 

 

Rpar = 1 – ∏ (1 − Rin
i=1 ) (4) 

 

Qp = ∏  n
i=1  Qi (5) 

 

Rpar = A = 1 - ∏  n
i=1  Qi (6) 

 
1

λp
 = [ 

1

λ1
 + 

1

λ2
 + ….. + 

1

λn
 ] - [ 

1

λ1+λ2
 + 

1

λ1+λ3
 + ….. + 

1

λ1+λn
 ] +  

 (7) 

[ 
1

λ1+λ2+λ3
 + 

1

λ1+λ2+λ4
 + ….. + 

1

λ1+...…+λn
 ] - ………….. + [ ( -1 )n+1 ( 

1

∑ λnn
1  

 ) ] 

 

2.2.  Markov process 

The analytical model presents clearly representation of all the states of a system and also the 

transition between these states [3], [24]. Three steps are required to achieve the analytical Markov model 

which are named zero one matrix construction, transition Markov matrix, and solving the Markov equation. 

To calculate the probability of the system, analytical Markov model must be established in three steps.  

 

2.2.1. Zero one Markov matrix 

Suppose an electrical system has three generator components G1, G2, and G3 as shown in Figure 4, 

therefore there will be 23=8 states. The electrical component states are On and Off or 0 and 1, respectively. 

The zero means no change in the case and the connection is On. The one means the state changed and the 

connection is Off.  

The state probabilities are listed in Table 1, zero one Markov matrix inferred from the state 

probabilities as shown in the Table 1. From the table, it is noticed that the three components are operates in 

case of state 1, first component fails and other components operate in case of state 2, second component fails 

and other components operate in case of state 3, first and second components fail and third one operates in 
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case of state 4, third component fails and other components operate in case of state 5, first and third 

components fail and second one operates in case of state 6, second and third components fail and first one 

operates in case of state 7, and Three components fail in case of state 8. After states determination, the zero 

one matrix have constructed from the list of states by transition only from On state to Off state for each case. 

The dimensions of zero one matrix are equal to i and j which are equal to 2 and 3, respectively.  

 

 

 
 

Figure 4. Three generation components system 

 

 

Table 1. List of states for three system components 
States Comp. (1) Comp. (2) Comp. (3) Describe 

State 1 0 0 0 Three components operate 

State 2 1 0 0 1st comp. failure and other comps operate 
State 3 0 1 0 2nd comp failure and other comps operate 

State 4 1 1 0 1st and 2nd comps failure and 3rd one operates 

State 5 0 0 1 3rd comp. failure and other comps operate 
State 6 1 0 1 1st and 3rd comps failed and 2nd one operates 

State 7 0 1 1 2nd and 3rd comps failed and 1st one operates 

State 8 1 1 1 Three comps failed 

 

 

2.2.2. Transition Markov equation 

This part explains the transition case from state to other. State 1 represents the on case for all 

components and has three transitions by λ1, λ2, and λ3 and each transition case can back to previous state by 

μ1, μ2, and μ3, respectively. States 2, 3, and 5 have two transitions by λ2, λ3, λ1, λ3, λ1, and λ2 respectively 

and each transition case can back to previous state by μ2, μ3, μ1, μ3, μ1, and μ2 respectively. States 4, 6, and 

7 have one transition by λ3, λ2, and λ1, respectively and each transition case can back to previous state by 

μ3, μ2, and μ1, respectively. State 8 represents the Off case for all components and hasn’t any transition. The 

transition matrix can be established by states transition as shown in (8). 

 

(8) T = 

[
 
 
 
 
 
 
 

0 𝜆1 𝜆2 0 𝜆3 0 0 0
µ1 0 0 𝜆2 0 𝜆3 0 0
µ2 0 0 𝜆1 0 0 𝜆3 0
0 µ2 µ1 0 0 0 0 𝜆3
µ3 0 0 0 0 𝜆1 𝜆2 0
0 µ3 0 0 µ1 0 0 𝜆2
0 0 µ3 0 µ2 0 0 𝜆1
0 µ3 0 µ3 0 µ2 µ1 0]

 
 
 
 
 
 
 

 

 

From the transition matrix it is noticed that, the dimensions of transition matrix are equal to i and j 

(both i and j equal to number of states). The changes in states are represented in the matrix by entering either 

the failure or repair rate which represent the transition from state to other. The matrix can be divided into 

three parts diagonal, upper diagonal, and lower diagonal. All elements in non-diagonal parts (when i is not 

equal to j) are represented by the transition from failure to repair rate, vice versa, and zero [3]. All elements 

in diagonal part (when i is equal to j), are equal to one minus summation of the other elements in its row. 

Then the transition matrix changed as shown in (9) [3]. 
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(9) T= 

[
 
 
 
 
 
 
 
 

−(𝜆1 + 𝜆2 + 𝜆3) 𝜆1 𝜆2 0 𝜆3 0 0 0

µ1 − (µ1 + 𝜆2 + 𝜆3) 0 𝜆2 0 𝜆3 0 0

µ2 0 − (µ2 + 𝜆1 + 𝜆3) 𝜆1 0 0 𝜆3 0

0 µ2 µ1 − (µ2 + µ1 + 𝜆3) 0 0 0 𝜆3
µ3 0 0 0 − (µ3 + 𝜆1 + 𝜆2) 𝜆1 𝜆2 0

0 µ3 0 0 µ1 − (µ3 + µ1 + 𝜆2) 0 𝜆2

0 0 0 0 µ1 0 − (µ3 + µ2 + 𝜆1) 𝜆1

0 0 0 µ3 0 µ2 µ1 − (µ3 + µ2 + µ1)]
 
 
 
 
 
 
 
 

 

 

In (10) expresses the Markov equation [25]. 

 

[𝑃] [𝑇] = [0] (10) 

 

Transpose the matrices are required and the equation changed to that form. 

 

(11) 

[
 
 
 
 
 
 
 
 
−(𝜆1 + 𝜆2 + 𝜆3) µ1 µ2 0 µ3 0 0 0

𝜆1 − (µ1 + 𝜆2 + 𝜆3) 0 µ2 0 µ3 0 0

𝜆2 0 − (µ2 + 𝜆1 + 𝜆3) µ1 0 0 µ3 0

0 𝜆2 𝜆1 − (µ2 + µ1 + 𝜆3) 0 0 0 µ3
𝜆3 0 0 0 − (µ3 + 𝜆1 + 𝜆2) µ1 µ2 0

0 𝜆3 0 0 𝜆1 − (µ3 + µ1 + 𝜆2) 0 µ2

0 0 0 0 𝜆1 0 − (µ3 + µ2 + 𝜆1) µ1

0 0 0 𝜆3 0 𝜆2 𝜆1 − (µ3 + µ2 + µ1)]
 
 
 
 
 
 
 
 

 × [𝑃] = [0] 

 

The sum of all individual probabilities is equal one as shown in (12) as Markov theory assumption. 

Based on that assumption, In (11) must be replaced to (13) [3]. 

 

P1+P2+P3+P4+P5+P6+P7+P8=1 (12) 

 

[
 
 
 
 
 
 
 
 

1 1 1 1 1 1 1 1
𝜆1 − (µ1 + 𝜆2 + 𝜆3) 0 µ2 0 µ3 0 0

𝜆2 0 − (µ2 + 𝜆1 + 𝜆3) µ1 0 0 µ3 0
0 𝜆2 𝜆1 − (µ2 + µ1 + 𝜆3) 0 0 0 µ3

𝜆3 0 0 0 (µ3 + 𝜆1 + 𝜆2) µ1 µ2 0
0 𝜆3 0 0 𝜆1 − (µ3 + µ1 + 𝜆2) 0 µ2

0 0 0 0 𝜆1 0 − (µ3 + µ2 + 𝜆1) µ1
0 0 0 𝜆3 0 𝜆2 𝜆1 − (µ3 + µ2 + µ1)]

 
 
 
 
 
 
 
 

 ×  [𝑃] = 

[
 
 
 
 
 
 
 
1
0
0
0
0
0
0
0]
 
 
 
 
 
 
 

 (13) 

 

The independent probability values P1, P2, P3, P4, P5, P6, P7, and P8 can be determined by solving 

the equations. The probabilities classified into acceptable and unacceptable cases, all the values are 

acceptable except the last value P8 which represented the blackout of the whole system without considering 

islanding and this case is unacceptable case, therefore the availability of the system is calculated by (14) [5]. 

 

availability=P1+P2+P3+P4+P5+P6+P7 (14) 

 

The rate of departure between states can be calculated from transit matrix. The rate of departure of 

each frequency state is equal to the corresponding diagonal element of transit matrix with positive sign. The 

failure frequency and mean duration of states can be calculated from (15) and (16) [26]. 

 

FFSi=RDSi*Pi (15) 

 

MDSi=1/RDSi (16) 

 

LOLP defined as the probability of the system load exceeding available generation capacity in the 

day and can be calculated in (17) [20]. 

 

LOLP=∑ Piti
n
i=1  (17) 
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Where: ti is the duration of loss of capacity in percent.  

LOLE defined as the probability that aggregates will not be able to cover the necessary power 

consumption and can be calculated in (18) [20]. 

 

LOLE = ∑ Pi( ti − t(i−1))
n
i=1  (18) 

 

2.3.  Case study 

Figure 5 shows the IEEE electrical power system with 24 buses (IEEE_EPS_24_bus). 

IEEE_EPS_24_bus has 24 buses (10 buses have 138 KV and 14 buses have 230 KV), 5 power transformer 

230/138 KV, 9 cables, 29 transmission lines, and 10 generators [27]-[29]. The proposed technique studies the 

reliability of generation side for IEEE_EPS_24_bus. The blocks technique reduced the number of 

components from 32 generator units to 10 components. In case of 32 component’s system, the number of 

probability states is equal to 232 states. But the ten components system has 210=1024 states. Zero one Markov 

matrix have inferred from the state probabilities. Each generator has number of generation units, each unit 

has power capacity tabulated in Table 2 [30]. The failure and repair rates for each generation unit listed in 

Table 3 [30]. All generation units are operating in case of state 1 and all of them are a failure in the last state. 

The transition matrix constructed from the zero one Markov matrix by transit the components in each state. 

In the final, 1024 probability case resulted by solving the Markov equation. The proposed technique and all 

tested cases are performed on a Lenovo laptop with processor Intel ®core™, i3-4030u, CPU@ 1.90 GHz, 

and installed memory (RAM) is equal to 4.00 GB. All programs executed by MATLAB, R2015a with time 

taken about 8.458 sec. Figure 6 shown the flow chart of the proposed method. 

 

 

 
 

Figure 5. Single line diagram of IEEE_EPS_24 bus and generation unit data 
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Table 2. Capacity and location of generation unit 
Bus No. 1 2 7 13 15 16 18 21 22 23 

U
n

it
 C

ap
ac

it
y

 

(M
W

) 

20 20 100 197 12 155 400 400 50 155 

20 20 100 197 12 - - - 50 155 

76 76 100 197 12 - - - 50 350 

76 76 - - 12 - - - 50 - 

- - - - 12 - - - 50 - 

- - - - 155 - - - 50 - 

Total capacity 192 192 300 591 215 155 400 400 300 660 

 

 

Table 3. Failure and repair rate for generation unit [29] 
Generation 

unit capacity 

λ μ Generation unit 

capacity 

λ μ Generation unit 

capacity 

λ μ 

12 0.34e-3 0.0166 76 0.51e-3 0.025 197 0.105e-2 0.02 

20 0.222e-2 0.02 100 0.833e-3 0.02 350 0.87e-3 0.01 
50 0.505e-3 0.05 155 0.104e-2 0.025 400 0.909e-3 0.00667 

 

 

 
 

Figure 6. The flow chart of the proposed method 
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3. RESULTS AND DISCUSSION 

The failure probability values of states are shown in the Figures 7 and 8. The probability values for 

state 2 to state 3 5 are shown in Figure 7 and the probability values for state 3  6 to state 1024 are shown in  

Figure 8. It is noticed from the figures that, the max. and min. failure probability values are equal to 

0.722501275 at state No. 1 and 7.06776e-22 at state No. 1024, respectively. All connected generators at buses 

are in operating mode in case of state 1. 

 

 

 
 

Figure 7. Failure probability value for states from 2 to 35 states 

 

 

 
 

Figure 8. probability value for states from 36 to 1024 states 

 

 

All connected generators at buses are in failure mode in case of state 1024. Figure 9 shows the 

probability of generation capacity state which get out of service for each state of failure and also shows the 

probability of generation capacity state which remained in service for each probability state of failure. It is 

noticed from Figure 9 that, probability state 1 has complete generation capacity (3405 MW) and no any 

failure, probability state 1024 has completely black out and all generation buses failure. Other probability 

states have some buses in service and some other buses out of service or failure. The probability of the 

margin state can be gotten by multiply this probability capacity state and probability load state probabilities 

[20]. 

 

 

 
 

Figure 9. Probability of generation capacity state in and out of service 



                ISSN: 2088-8708 

Int J Elec & Comp Eng, Vol. 11, No. 5, October 2021 :  3647 - 3659 

3656 

The probability and availability of each generation bus shown in Figure 10. From the figure, it is 

found that, the max. and min. generation bus probabilities are equal to 0.108666 at bus 13 and 0.000127 at 

bus 3, respectively, and max. and min. bus generation availability are equal to 0.999873 at bus 3 and 

0.891334 at bus 13, respectively. 

 

 

 
 

Figure 10. Failure probability and availability value for generations connected to the buse 

 

 

The total probability states are 1024 state, all of them are acceptable except state number 1024 

which it has all connected generators at buses in failure mode. The unacceptable state has probability value 

equal to 7.07e-22. The availability for whole generation system is the probability state P1 which is equal to 

0.7225. The failure frequency of the states is shown in the Figure 11. The figure shows the failure frequency 

for the states from 2 to 1024 state. From the figure, it is noticed that, the max. failure frequency and 

corresponding duration are equal to 0.003564 and 202.747 at P1, respectively. The min. failure frequency and 

corresponding duration are equal to 5.701e-22 and 1.2397 at P1024, respectively. 

 
 

 
 

Figure 11. Failure frequency for states from 2 to 1024 states 
 

 

The proposed technique calculated the reliability indices for the whole system which are shown in 

Table 4. It is noticed from the table that; the whole system failure rate is equal to 3.57e-05. The reliability of 

whole system is calculated by the proposed method and equal to 0.7316. The LOLP and LOLE indices are 

equal to 2.02523 and 19.0268, respectively. The average frequency and interruption durations are calculated 

and equal to 0.00932 and 0.9381, respectively. The total interruption duration assessed and found equal to 

3642.4 Hrs which represents the total interruption time during a year. 

 

 

Table 4. The calculated reliability indices for system 
The index value The index Value 

Average frequency duration [13] 0.00932 System reliability 0.7316 

Total interruption duration (hours) 3642.4 LOLP [20] 2.0252 
Average interruption duration (hours) [13] 0.9381 LOLE [20] 19.0268 
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4. CONCLUSION 

The proposed technique focuses on the probability, availability, and reliability analysis for 

generation system which has very large number of generators. The IEEE_EPS_24_bus has a total generation 

unit reach to 32 unit. It is very difficult to assess the probability, availability, and reliability by Markov 

technique for whole system which has all of these components. The combination between the block diagram 

and Markov techniques overcomes on the problem. The block diagram technique reduced the number of 

components from 32 units to only 10 units and Markov technique assesses the reliability of ten components’ 

system faster and accurate. The proposed method has been succeeded to assess the generation system 

reliability and obtain the value of generation system reliability for IEEE_EPS_24_bus. The maximum 

frequency and mean duration of states are equal to 0.003564 at state No. 1 and 202.7467 at state No. 1, 

respectively. The minimum frequency and mean duration of states are equal to 5.7e-22 at state No. 1024 and 

1.2397 at state No. 1024, respectively. From the max. and min. values of frequency and duration of the states, 

it can conclude that, the max values of frequency and duration are in P1 which represents available case and 

in which all generation buses are in operation mode. The min values of frequency and duration are in P1024 

which represents unacceptable case and in which all generation buses are in failure mode. Many factors 

effect on the frequency and duration like failure rate values, repair rate values for each component, and 

arrangement of states. The system reliability assessed by the proposed technique and found equal to 0.7316. 

The system reliability indices like average interruption duration, average frequency duration, total 

interruption duration, LOLP, and LOLE are calculated and found equal to 0.00932, 0.9381, 3642.4, 2.0252, 

and 19.0268. The total interruption duration value seems high value and must be improved by improved the 

repair rates of the system components, reduced the failure rates of system components, and recovered the 

interrupted area by restoration supply like renewable generation. 
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