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ABSTRACT 

In this work, we propose a methodology to quantify the 

impact of medium voltage components on the overall 

system’s reliability. The focus of this work is on analyzing 

both the reliability impact of each component category, 

as well as their locational effect according to the current 

practice of the Distribution System Operators (DSOs). 

The proposed simulation – based approach performs a 

reliability sensitivity analysis, relying on calculations of 

common reliability indices. By considering real 

reliability and operational data of a European medium 

voltage ring, we identify the most critical type of 

components to the overall system’s reliability, and the 

specific elements having the highest potential reliability 

improvement contribution. Such a tool allows DSOs to 

optimize their asset management procedure, identifying 

the needed investments to achieve certain reliability 

goals.  

INTRODUCTION 

Nowadays, distribution grids are experiencing many 

changes caused by the introduction of Renewable Energy 

Sources (RES) and new types of load in Medium Voltage 

(MV) and Low Voltage (LV) grids [1]. The intermittent 

nature of power generation from RES impedes the 

balancing of generation and load, while the new flexible 

loads make the power consumption more controllable. 

Therefore, there is an increased need for monitoring and 

automation, evolving from a traditional passive 

distribution network towards a “smart” active one. At the 

same time there is a growing necessity for the revision of 

the protection layers. The distribution networks have 

been designed to deal with unidirectional power flows, 

from higher to lower voltage levels. Therefore, the 

protection schemes are mainly based on non-directional 

overcurrent protection [2]. However, the increased 

integration of RES, especially at the distribution voltage 

levels, impedes the traditional protection scheme to 

guarantee the safe operation against short-circuit currents 

and overloads [3]. 

Such changes create new challenges for the DSOs which 

need to consider not only the technical grid constraints, 

but also the compliance with regulatory norms. 

Concerning the latter, in many European countries there 

is pressure to reduce grid costs, without compromising 

the reliability of supply. Thus, there is an increasing 

necessity for advanced DSO-tools, capable of quantifying 

the system's reliability, as well as modeling current 

practices to restore safe grid operation after faults [1]. 

Reliability assessment of electric power systems has been 

studied extensively in [2] and [4]. The more classical 

approaches of reliability assessment tools are presented in 

[5], [6] and [7], but Information and Communication 

Technologies (ICT) as well as smart grid elements are not 

modeled. On the other hand, [8], [9] and [10] provide 

reliability assessment tools that focus on the impact of 

ICT on specific network functions, such as network 

voltage control, control of  PV in the distribution network 

and substation reliability, respectively.  

In practice, investing in ICT and additional protection 

layers is not straightforward, due to the needed 

investments, the lack of clear regulatory rules and the 

complexity in the decision making process of the 

stakeholders. Therefore, the main contribution of this 

paper is to provide DSOs with tools that evaluate the 

reliability behavior of various network components 

within a given set of protection and automation 

configurations. In this way, DSOs can identify the needed 

investments related to the system reliability 

improvement. Furthermore, an overview of the 

components' impact on the overall reliability of the 

traditional passive network is of crucial importance to 

DSOs aiming at optimizing their assets and upgrading 

their role as active system operators. 

 

DESCRIPTION OF THE RELIABILITY 

ASSESSMENT TOOL 

 
The tool proposed in this paper is based on the reliability 

assessment tool developed in [3], which is illustrated in 

Figure 1. As input to this tool, network and reliability 

data are provided. The reliability data are inserted in the 

Failure State Generator and converted to a specific 

number of failure states Si with a certain probability of 

occurrence over a specific time period through non-

sequential Monte Carlo Simulations. The time frame is 

set long enough (200,000 years) so that all possible 

failure states are evaluated. For each failure state the 

Protection Scheme Response block simulates how the 

protection devices (e.g. circuit breakers) react according 

to their technical characteristics and the operating 

principles of the utility. Their status during these failure 
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states is stored in the Field Data Fi. The following part of 

the tool corresponds to the simulation of the Restoration 

Procedure. It includes the simulation of the identification 

of the fault location according to the operation principles 

of the utility and the automation layer of the network, and 

subsequently, the fault isolation. Thus, through this 

procedure the restoration time of each failure state is 

determined. Finally, having specified the probability of 

occurrence and the restoration time of each failure state, 

we can calculate the reliability indices System Average 

Interruption Duration Index (SAIDI) and System Average 

Interruption Frequency Index (SAIFI).  
 

 
Figure 1. General overview of the reliability assessment 

tool based on [3]. 
 

DESCRIPTION OF THE RELIABILITY 

SENSITIVITY ANALYSIS TOOL 
 

By carrying out analyses with varying data using the 

aforementioned tool, we propose a reliability sensitivity 

analysis tool, which is illustrated in Figure 2. The 

network data remain constant, since the goal of this tool 

is to evaluate the impact of the system elements within a 

specific protection and automation configuration. 

The initial analysis uses the actual reliability data that are 

provided for a specific network, referred to as the 

benchmark system. In our case, it is provided by ewz [11] 

and depicted in Figure 3. This analysis is used as 

reference for the sensitivity analysis. In the second 

analysis, the actual failure rates of each class of elements 

are increased/decreased in a step-wise manner by 20%, 

40%, 60%, 80% and 100%. We consider the following 

classes of elements: cables, busbars and protection 

devices. The class busbars includes the MV switchgear 

equipment within the secondary substations and their 

failure rates refer to any failure associated to this 

equipment. In the third analysis, the two segments of the 

restoration time, the “transport” and the “provisorium” 

time, are changed in a step-wise way. The “transport” 

time corresponds to the time needed for the field 

crewmembers to be dispatched from one substation to the 

other, while the “provisorium” time refers to the time 

needed to set-up a provisional switchgear equipment in 

the case of a busbar failure. Finally, in the fourth analysis 

the actual failure rates of each element are 

increased/decreased in the same step-wise manner.  

For each of the steps of the aforementioned analyses the 

reliability assessment tool (Figure 1) is utilized in order 

to calculate the reliability indices (SAIDI, SAIFI).  
 

 
Figure 2. General overview of the reliability sensitivity 

analysis tool. 
 

By comparing the indices of the second analysis to the 

indices of the benchmark data, the DSO can identify the 

most crucial class of elements for the overall system’s 

reliability, while comparing the indices of the third 

analysis to the ones of the benchmark data, assists DSOs 

to determine the most critical segment of the failures’ 

restoration time. Finally, in the fourth analysis the most 

influential elements’ location can be identified. The 

percentage difference of the reliability indices SAIFI and 

SAIDI in the last three analyses from the ones in the 

benchmark analysis is calculated as follows: 
 

            
                     

              
 

 

            
                     

              
 

 

with   indicating the various evaluations in the different 

analyses. Evaluating these relative metrics allows DSOs 

to identify and invest in the system elements which have 

the greatest impact on the overall system’s reliability.  
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CASE STUDY 
 

The reliability sensitivity analysis tool is implemented in 

the benchmark system depicted in Figure 3. It represents 

a typical MV ring with eight Transformer Substations 

(TS), which is utilized by ewz in a closed loop 

configuration with a specific protection and automation 

layer. According to the protection layer the primary 

substation feeders are protected against underlying 

overcurrent/overload by two circuit breakers and at each 

second TS additional circuit breakers are located. The 

operational time-settings are decreasing for the circuit 

breakers further away from the primary substation, 

leading to the interruption of minimum circuit breakers in 

the case of a short circuit. In some TS, fault current 

sensors are installed, instead of circuit breakers, which 

are important for the efficient power supply restoration 

procedure since they contribute significantly to the fast 

and precise identification of cable failures. Therefore, the 

utility is capable of identifying the location of a cable 

failure by installing at least one circuit breaker or fault 

current sensor at each TS. The failures within the 

substations can be identified and localized easily by 

entering the substations. According to the ewz principles 

for the automation layer, only the primary substation is 

controlled automatically, and the control center of the 

utility is able to switch remotely the protection devices 

only within this substation. Furthermore, at each feeder in 

the primary substation disturbance recorders are installed 

in order to measure the duration of the short-circuit 

current and therefore, the activated breakers can be 

identified.  

The provided failure data are related to the failures of the 

MV switchgear equipment within the TS and the cable 

failures. Failures within the primary substation and the 

switch operation failures of the protection devices are not 

evaluated. The majority of the cable failures incur due to 

drilling of construction companies into the cable duct 

bank. Their failure rate is assumed equal to 0.0042 

failures/year/km. The failures within the TS are 

considered as busbar failures, since they are expected to 

impact the network operation similarly to a MV busbar 

failure. Their failure rate is assumed equal to 0.00068 

failures/year/km. Additionally, planned events of 

disconnections due to maintenance reasons and 

equipment replacement are considered due to their 

duration. The rate of the planned disconnections of the 

protection devices (circuit breakers, disconnector 

switches) is assumed to be 0.204 times/year and their 

duration is defined as 2.048 days. These events are 

examined in combination with a cable or busbar failure, 

since without any failure they do not impose any burden 

to system operation, and they are referred to as 

“protection planned events”. 

Having specified the required reliability data of the 

examined failures, the Monte Carlo simulation converts 

the rate of occurrence of these events to specific dates of 

these events in a simulation time frame of 200,000 years.  

 
Figure 3. Benchmark System-ewz MV Ring [3] 
 

After the identification of all possible failure events the 

protection scheme response of the ewz benchmark system 

is simulated for each of these events according to the 

provided principles of the protection layer. Subsequently, 

the simulation of the restoration scheme response under 

the utility principles leads to the determination of the 

interruption duration of each TS within each simulated 

failure. This is achieved by simulating the procedure in a 

step-wise way and by assigning a predefined and constant 

time parameter to each step. The main steps simulate the 

time needed for the start of the restoration procedure, 

(assumed equal to 10 minutes), the time needed for the 

transportation of the field crew between two substations, 

(20 minutes), and referred to as “transport” time, and the 

time needed to set-up provisional switchgear equipment 

in the case of a busbar failure, which is considered equal 

to 4 hours and referred to as “provisorium” time. Finally, 

incorporating the probability of occurrence and the 

restoration time of each failure state the reliability indices 

SAIDI and SAIFI are calculated for all of the scenarios in 

the various analyses. 
 

RESULTS 
 

Evaluation of the overall SAIFI improvement 
In the second analysis we change the actual failure rates 

of the busbars and the cables in a step-wise manner, and 

compare the incurred reliability indices against the 

corresponding indices of the benchmark system. Figure 4 

depicts the percentage difference of SAIFI, while the 

aforementioned failure rates are increased/decreased by 

steps of 20%. As expected, the decrease in failure rates 

leads to SAIFI improvement, while the increase in failure 

rates leads to SAIFI deterioration. It is observed that in 

all steps the change of the cables’ failure rates presents a 

significantly greater impact on SAIFI improvement than 

the impact of a corresponding change in busbars’ failure 

rates. This is derived from the fact that the actual cables’ 

failure rates are much higher than the actual failure rates 

of busbars and furthermore, the SAIFI is dependent only 
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on the failure rates. Therefore, an improvement of cables 

reliability in the given network is more valuable than an 

improvement of busbars reliability in terms of SAIFI.  
 

 
Figure 4. SAIFI percentage improvement changing the 

actual failure rates of busbars and cables. 
 

The change in the rate of occurrence of the planned 

events of the protection devices is not depicted, since 

these events are combined with a busbar or a cable 

failure, which leads to a very low probability of 

occurrence. However, the high restoration time of the 

planned events compensates their low probability of 

occurrence and therefore induces their impact on SAIDI, 

which is described in the next section. 
 

Evaluation of the overall SAIDI improvement 
In the third analysis, we modify the “transport” and 

“provisorium” time of the failure restoration procedure in 

a step-wise manner. Figure 5 depicts the percentage 

difference of SAIDI, while either the failure rates or the 

restoration time segments are decreased by 20%. It is 

observed that in all steps the decrease in the “transport” 

time and the cable failure rates lead to the greatest SAIDI 

improvement. Especially, in the extreme cases of 80% 

and 100% decrease, the “transport” time can contribute at 

a higher degree in SAIDI improvement than the cables 

failure rate. This is derived from the fact that the 

“transport” time affects any failure state restoration. The 

third greatest improvement in SAIDI is achieved with the 

decrease in the busbar failure rates. The fourth measure is 

the decrease of the “provisorium” time, since a shorter 

“provisorium” time cannot mitigate the interruption 

duration of the other TS, which is reduced by a decrease 

in the busbars’ failure rates. Finally, the decrease in the 

rates of the protection planned events imposes the least 

SAIDI improvement due to their low probability of 

occurrence. However, it is observed that despite their low 

probability of occurrence, they show high restoration 

times of the planned events, resulting in a high impact on 

the overall SAIDI improvement. 
 

Evaluation of the elements’ location 
In the fourth analysis the actual failure rate of each cable 

and busbar separately is eliminated and the incurred 

reliability indices are compared with the corresponding 

values in the benchmark system identifying the impact of 

the reliability of each element to the overall system 

reliability.  
 

 
Figure 5. Overview of the SAIDI percentage 

improvement. 
 

Figure 6.a. provides a schematic overview of the cables’ 

impact on the overall SAIDI depending on their location. 

The coloring indicates the level of impact of the failure 

rate of that particular cable and the percentages 

correspond to the improvement of the average SAIDI for 

each cable failure rate improvement of 100%. According 

to the protection scheme the substations TS3 and TS4 are 

exposed to failures in Cables 1, 2, 3, 4 and 5, while the 

TS1 and TS2 are only exposed to the failures in Cables 1 

and 2. Therefore, a zero failure rate of the Cables 1 and 2 

would lead to much greater improvement on TS1 and 

TS2 than on TS3 and TS4. According to the ewz 

restoration scheme the interruption duration of the 

affected TS in the case of a failure in Cable 2 is longer 

than the corresponding duration in case of a failure in 

Cable 1. Therefore, the elimination of the failure rate in 

Cable 2 leads to the highest SAIDI improvement. The 

same procedure is observed for the right hand feeder, 

meaning that the Cable 8 leads to the highest SAIDI 

improvement. It can be concluded that the reliability 

improvement of the cables closer to the primary 

substation is more efficient and leads to higher 

improvement of the overall reliability given the specific 

protection and automation configuration. However, the 

restoration procedure of the failure states could position 

the second closest cables as the most critical ones to the 

overall SAIDI. 

Figure 6.b. presents a schematic overview of the busbars 

impact on the overall SAIDI depending on their location. 

The coloring indicates the level of impact of the failure 

rate of the particular busbar and the percentages 

correspond to the improvement of the average SAIDI for 
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each busbar failure rate improvement of 100%. The 

greatest improvement on SAIDI with the given protection 

scheme occurs in the case of zero failure states in TS1, 

TS2, TS7 and TS8. Additionally, it is observed that the 

highest improvement takes place in TS1 and TS8. This is 

derived from the restoration process according to which 

the TS2 and TS7 are interrupted for a longer period than 

the TS1 and TS8 during the cable failure states. The cable 

failure rates have relatively high values (0.0042 

failures/year/km) and therefore, prevent the wider SAIDI 

improvement provoked by the TS2 and TS7 failure rate 

elimination. Thus, it can be concluded that the reliability 

improvement of the TS closer to the primary substation is 

more efficient and leads to higher improvement of the 

overall reliability given the provided protection and 

automation layer of the benchmark system. 
 

 
Figure 6. a. Schematic overview of the cables’ reliability 

impact on SAIDI depending on their location. b. 

Schematic overview of the busbars’ reliability impact on 

SAIDI depending on their location. 
 

CONCLUSION  
 

This paper presents a reliability sensitivity analysis tool 

in order to quantify the impact of the medium voltage 

elements on the overall system’s reliability. The proposed 

tool examines various scenarios of reliability data, 

calculates the overall reliability based on the indices of 

SAIFI and SAIDI, and compares it against the actual 

reliability data of a benchmark system. 

We demonstrated the proposed tool using a benchmark 

medium voltage system with a specific protection and 

automation configuration. Results show that the cables 

are the most crucial class of elements, due to their highest 

failure rates. Additionally, the “transport” time is 

considered as the most crucial segment of the restoration 

time, because it affects any failure state. Finally, the 

elements closer to the primary substation have the largest 

influence on the overall system’s reliability for the given 

benchmark system, since they are exposed to less failure 

states. Therefore, the reliability of these elements should 

be enhanced at a greater extent, as it can lead to higher 

improvement of the overall system reliability. Future 

research will focus on the evaluation of the impact of the 

communication layer and the bidirectional power flow in 

the medium voltage network caused by renewable energy 

sources, on the reliability sensitivity analysis. 
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