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SUMMARY 

Power system is adopting automation for control, protection, management, monitoring and even 

decision making in a greater degree than ever before. With the advancement in grid control and 

operation technologies, the possible scenarios of failure events and causes also become more complex. 

A traditional way of directly assuming the active component failures alone is insufficient to cover the 

modes of complex and overlapping failures present in systems with different levels of automation.  

This paper continues the work aimed at modelling a logical reliability calculation method to correctly 

assess the degree of impact of complex failures and hidden failure probabilities. The preceding work 

has succeeded in quantifying such trends in practical systems by comparing it to theoretical models. 

As these trends can vary in different systems, a direct observation of the range and effect of the 

different overlapping failure frequencies is required. 

This paper adopts a case study system from a real world system, makes traditional calculations using 

component reliability values and then runs a sensitivity analysis varying the presence of different 

overlapping failures within the extremes of practical ranges. The results present the variation in trends 

and impact of overlapping failures in different frequency ranges. The work here lays the basis for 

comparing different real world substation and feeder architectures identifying the range of sympathetic 

trip probability and breaker operation failure probabilities in them. The work is intended at minimizing 

the power interruptions experienced by customers and hence the society in general. 
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INTRODUCTION 

Automation in grid control and management has introduced several advancements in power system 

operation. Since these advancements are built on existing primary grid infrastructure which is not 

modernized or reconfigured repeatedly, the methods of operation and assessment of the performance 

of the system should be improved accordingly from the traditional norms. Several complexities are 

present when it comes to the type and nature of faults experienced in practical power distribution 

systems nowadays. Along with the active failure of components due to internal and external factors, 

errors in manipulation of the control and communication systems both by equipment and human 

operator also introduces risk of interruptions. The impact of these distributed factors from primary 

grid, control equipment and human operator are reviewed in detail in [1].  

The knowledge of the type of impacts mentioned above was used in formulating an assessment 

method and a quantification exercise was conducted over several substation designs from Stockholm 

municipality area in [2]. Substation design and mode of feeder connectivity is decided subject to a 

number of factors. Redundancy, economy, criticality of supply and ease of maintenance are few 

among them. Along with these parameters considered during design, there are several others which 

affect during practical operation. The impact of control and protection equipment failures in this 

regard, was identified and analyzed in [2]. The knowledge gained with this research has potential in 

finding out optimal connection designs for feeders and substations, with consideration to the new 

complex failure scenarios occur. Thus the factors, not essentially attended prior to design, such as high 

capacitive currents in grids with large number of cable feeders, which occasionally cause passive trips 

(power disconnection without actual fault in the system) get included into consideration. The 

preference of the operators and regulators on the performance of the grid in terms of intended 

operation and reliability can also be thus reflected in design. 

This paper takes forward the study and analysis conducted in [1, 2]. The paper observes variation in 

interruption frequency and durations experienced at load ends in a busbar design. Correlated failures 

observed in practical distribution systems could impact the effective interruption duration due to fault 

escalation along with the active failures. With the identified hidden failure probabilities in play, a 

sensitivity analysis is conducted to understand what degree of escalation or worsening of system 

indices should be expected when the presence of correlated failures vary. The paper includes the 

analysis of these aspects and the case study based on it on the medium voltage system.  

CORRELATED FAILURES 

While reviewing the operation of protection systems in distribution and regional networks, various 

modes of failures are seen [3]. These modes mainly fall under two categories namely failure to operate 

and undesired operation. Within these cases, correlated failures are characterized by a fault escalation 

in the system in relation to another active failure. The modes are reviewed in detail and modelled 

accordingly in [2]. Here a quick introduction to the different modes of failures is given before 

modelling them with the case study.  

The various modes of failure possible in distribution architecture are active failures, passive failures, 

stuck-condition of breakers and overlapping failures [4]. An active failure of a primary grid 

component is characterized by failure of the component followed by fault isolation by the respective 

circuit breaker in the zone. All the disconnected loads are due to one culprit component that failed. 

These are the most common type of failures among power system components. A failure event is 

called a passive failure when an unwanted opening or breaker trip happen disconnecting a part of the 

customers from supply without an active fault in the concerned section. These are very rare events and 

later in the analysis we consider a 1% probability among all failure cases in a breaker as passive 

failure affecting only a sub-section of the network, typically a single feeder. In practical operations, 
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circuit breakers might undergo a physically stuck condition thus failing to operate in case of a tripping 

requirement during the stuck condition. Since an actual trip is only required while an active failure 

occurs in the concerned protection zone of the breaker, stuck condition typically results in an 

overlapping failure event. There are more overlapping failure events happening due to the mal-

operation of protection systems. This can be caused by both hardware errors and lack of situation 

awareness from the human operator. Increasingly automated power system architectures are expected 

to experience more failures of this regard.  

The two cases of overlapping failure events identified and quantified during the previous study in [2] 

are sympathetic tripping and breaker operation failure. A sympathetic tripping is an unwanted 

operation where a healthy section of the distribution network also gets disconnected from supply in 

connection to an active component failure in a neighboring section [5]. Breaker operation failure is the 

case when a breaker responsible for isolating the component faults in its protection zone fail to do so 

due to stuck condition or other reasons, thus carrying over the responsibility to isolate the fault to a 

breaker above it, closer to the source station [6]. Typically in such a case all customers connected to a 

whole busbar or even the primary station as a whole gets disconnected for a fault in a feeder section. 

The approach used in the previous study to filter out and quantify these faults were logical modelling 

of the different modes of failures and using probability terms to calculate the frequency of such 

correlated failures. Here the formulation to assess the net failure rate experienced by different 

customers connected to the load ends of feeders, as formulated in the previous study is given followed 

by a short explanation of different terms used [2]. 

  (1) 

𝜆B0  : the failure rate impact of the primary station. 

𝜆𝐵i, 𝜆𝐵j : the failure rate of breaker components. 
𝜆𝐶i, 𝜆𝐶j  : the active failure rate of conductors or cables in feeder lines. 

𝛼i, 𝛼j : the ration of active failures among all the failures of a breaker. 

𝛽i, 𝛽j  : active failure rate of conductor components in feeders. 

𝛿j  : sympathetic trip probability overlapping a failure in a conductor. 

 

This formulation is used in the base calculation later while computing system indices for the case 

study network.   
 

CASE STUDY 
For understanding the degree of impact of different correlated failures, a section of a grid from the 

medium voltage network of Stockholm municipality is adopted. Here we consider a busbar and all 

associated feeders along with the relevant data. It should be noted that since the study is confining 

itself to a sub-section of a much larger grid, the system level observations made. These observations 

can be considered as contributing figures from the considered sub-section. Here a busbar from a 

primary substation which serves about 9527 customers in the surrounding geographic area through 12 

feeder lines is considered. One or more secondary stations feed from these 12 feeder lines and thus 

supply power to end customers. Each secondary substation is considered as a node which has certain 

number of customers connected to it with a respective power demand. The length of feeder cable 

between the supply point busbar and the secondary station nodes vary in the system design. In total, 

there are 27 secondary station nodes connected to the primary station busbar. The number of 

customers fed from these nodes varies between 10 and 1148. The maximum power demand on these 

nodes varies from 70 to 2400 kVA per node. The cable lengths connecting each node to the source are 

collected. See the simplified nodal layout in Figure 1 and relating data in Table I.   
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Fig. 1 : Simplified nodal layout of the grid section, Refer Table I for relating data. 

Table I : Data regarding primary Station Busbar and the Secondary Stations 

Substation 
Linking 
Feeder 

Customers 
Connected 

Power 
Demand [kVA] 

Connecting cable 
length [m] 

1 
 

Total = 9527   0 

2 1 301 690 4471 

3 1 315 282 3198 

4 2 1109 1250 1591 

5 2 150 70 1050 

6 3 216 513 1054 

7 4 162 552 1498 

8 4 82 483 1880 

9 4 10 690 615 

10 4 76 2400 893 

11 5 41 900 1144 

12 6 25 980 1164 

13 7 788 518 1941 

14 7 584 690 2352 

15 7 137 492 3105 

16 8 861 624 3943 

17 9 859 730 2582 

18 9 175 690 1382 

19 9 1148 1040 3163 

20 10 506 380 685 

21 10 262 242 476 

22 10 412 807 2261 

23 11 323 1247 3062 

24 11 42 870 3187 

25 11 558 586 1926 

26 12 115 621 3924 

27 12 206 414 4737 

28 12 64 828 2816 
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SYSTEM RELIABILITY CALCULATION 

Before introducing the escalation in system failures due to correlated events and respective 

probabilities, an ideal case calculation of the given system is conducted. Here we discuss two system 

indices namely System Average Interruption Frequency Index (SAIFI) and System Average 

Interruption Duration Index (SAIDI). Since the study is restricted to the given section of grid, the 

calculations done so should be taken as contribution terms rather than the overall system figures. In 

other words, we assume only the customers connected to the given section and do not consider the 

faults introduced into the system from any external sources.  

Based on the results from [2], in the initial calculation, a 1% probability that the faults occurring in the 

circuit breakers in the feeder sections can be a passive failure, thus restricting the affected customers 

to only those connected  to that feeder is assumed. In the rest of the cases for feeder breakers, when an 

active fault happens in the system, the faulty breaker needs to be isolated by opening one of the busbar 

breakers thus affecting all the customers connected to the busbar. The reliability data for the system is 

given in Table II [2, 7] and a generalized structure of component connectivity is presented in Figure 2.  

With the given component reliability figures and passive failure frequency assumption, the system has 

a SAIFI contribution of 0.126782 Failures/year, customer and a SAIDI contribution of 0.201521 

Hours/year, customer. For this case, the probability of sympathetic tripping is 0 and none of the 

failures in feeder conductor section escalate to open the busbar breaker causing a breaker operation 

failure. 

Table II : Component Reliability Data 

Component 
Failure Rate 

[Failures/ year] 
Failure Rate 

[Failures/ km,year] 
Repair Time [h] 

Station transformer 0.0222   0.11 

Busbar 0.0173   1.47 

Circuit Breaker 0.0019   1.14 

Feeder Cable   0.018 2.71 
 

 
Fig. 2 : Station, Busbar and Feeder Architecture 
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SYSTEM REAILBILTY WHEN CORRELATED FAILURE PROBABILITIES VARY 

Now that the architecture of the system is introduced and the basic case calculations are done, the 

variation in SAIFI Contribution and SAIDI Contribution due to the changes in overlapping failure 

probabilities can be studied. Since the study is interested in two cases of fault escalation namely 

sympathetic trips and breaker operation failures, the impact of the frequency variations in both are 

observed. To conduct a simple sensitivity analysis, one of the probabilities is varied within a practical 

range between the extremes keeping the other at a reference point. The reference point is chosen from 

the results in [2], where α= 0.99; β=0.82; and δ=0.038 (Refer Equation 1). Either β or δ is varied to 

conduct the sensitivity analysis, keeping the other at the reference point. In practical scenarios, both β 

and δ change according to the status of the respective system. Here a simple linear variation is 

observed as the objective is to have an understanding of the impact of both the overlapping failure 

probabilities in the total system reliability and expected performance. The contrasting comparisons 

and observations done in [8] among others can be used as indicating studies to determine these failure 

probabilities from practical systems using available grid performance data.  

While keeping breaker operation failure probability at a reference, the reference itself builds a 

threshold level contributing a constant SAIFI or SAIDI contribution. The impact of feeder component 

failures escalating to other parallel feeder lines increase with the increase in sympathetic trip 

probability, thus building a linear increase in SAIFI and SAIDI contributions over the breaker 

operation failure threshold and these together constitute the total impact of overlapping failures as 

shown in Figure 3 and Figure 4. Note that the variation in overlapping failure probabilities can be 

modelled in a more system specific manner rather than the generalized approach. The given mode of 

results is helpful in identifying how control and protection system maintenance should be prioritized 

given the condition of the system. Assume an example that due to regulations the SAIFI contribution 

of the given system should stay below 0.35 Failures/year, customer. With this information, a grid 

operator can decide whether to prioritize the mitigation of sympathetic trips by making relay 

operations more accurately sensitive, or by avoiding station failures due to wrong settings in breaker 

response time.  

 
Fig. 3 : Variation in SAIFI Contribution with Sympathetic Tripping Probability; β=0.82.  
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Fig. 4 : Variation in SAIDI Contribution with Sympathetic Tripping Probability; β=0.82. 

Similarly, keeping the sympathetic tripping probability at the reference (δ=0.038), the model 

introduces a constant impact of SAIFI or SAIDI contribution. The breaker operation failure 

probability increased when β moves down from 100%.  The lower the β, more are the number of 

feeder component failures that disconnect the whole busbar from supply. Similar to the previous case, 

a simple linear increase in impact of breaker operation failure probability can be seen in Figure 5 and 

Figure 6. Note that sensitivity analysis is done on a wider range of fault probability variation in this 

case as there are practical cases as studied in [8] where such failures can be more frequent.  

 
Fig. 5 : Variation in SAIFI Contribution with Breaker Operation Failure Probability; δ=0.038. 
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Fig. 6 : Variation in SAIDI Contribution with Breaker Operation Failure Probability; δ=0.038. 

CLOSURE 

A case study is adopted here to calculate system reliability indices with and without considering the 

presence of overlapping failure events. The basis of the calculation is a logical design of failure 

frequency calculation understanding how and in what range does different modes of failures in 

substation and feeder architecture impact the system reliability. A direct sensitivity analysis is 

conducted varying one of the overlapping failure probabilities at a time, thus observing the range of its 

respective impact at different range of probabilities. This analysis and sensitivity study was conducted 

as a continuation of a reliability analysis model designed in [2]. The results can be used in analysis 

such as those concerning the decision of maintenance prioritization, and understanding the 

performance and quality of protection systems. 

The study is ongoing, applying the learning to planning and grid reconfiguration applications, 

combining optimization models which take into account overlapping failure probabilities with 

practical constraints of budget and number of investments.  
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