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ABSTRACT 

Electrical distribution grids are facing the integration of 

new grid participants, e.g. distributed generators or 

electric vehicles. High shares of new grid participants 

cause new load flow situations within the grid and 

topology changes in distribution grid planning, thereby 

affecting grid planning, protection and reliability. During 

grid faults and restoration process, grid topology and load 

flow situations change, potentially leading to voltage 

violations and equipment overloads and thereby to further 

unavailability of consumers or distributed generators. For 

an exact reliability assessment, an enhanced 

determination of relevant network operating points 

considering new grid participants has to be conducted. In 

this contribution, a determination method based on 

clustering of time series is presented and exemplary results 

based on real distribution grids are shown. Results 

emphasize that the relevance of an exact determination 

depends on grid and distributed generator technology 

type.  

INTRODUCTION 

Due to political and environmental developments, electric 
grids face new challenges for supplying new grid 
customers, e.g. electric vehicles, or providing the 
requirements for new feed-in generators, e.g. photovoltaic 
and wind turbine generators. The highest shares of DG are 
installed in distribution grids, especially in medium-
voltage (MV) and low-voltage (LV) grids.  
Caused by these developments, load flow situations for 
distribution grids change, concerning the regular grid 
operation and fault clearing after fault events. This leads to 
new load flow situations or network operating points 
(NOP), including all operating point time series (OPTS) of 
relevant grid participants, that have to be considered 
during grid planning.  
One major issue during the grid planning process is the 
analysis for grid reliability. In this contribution, a method 
for the determination of relevant NOP for application in 
analytical reliability calculations is presented and 
discussed. 

NEW GRID PARTICIPANTS 

Distribution grids face new grid participants concerning 

electricity consumption as well as electricity feed-in. 

Technology, installed power and quantity differ largely 

between voltage levels [1]. Furthermore, energy storage 

devices which can feed-in as well as consume electricity, 

are likely to increase as well especially on LV and MV 

levels. Within this contribution, any NGP that can be 

described with an OPTS can be considered by the 

presented methodology.  

RELIABILITY CALCULATION OF 

DISTRIBUTION GRIDS 

Up to date, two main methods for reliability calculations 

in distribution grids have been developed and applied: 

Monte-Carlo simulation and Analytical methods. In both 

methods, the grid state analyses after fault events are 

conducted. During a grid state analysis, the impact of a 

fault event (e.g. line outage, common-mode failure etc.) is 

analyzed for grid participants and aggregated to customer-

based and system-based reliability indices (e.g. described 

in [2]). 

Monte-Carlo 

Reliability calculations with the stochastic Monte-Carlo 

method include time series for every grid participant, 

typically for one year. For grid state analysis, out of the 

available time steps and possible failure components, a 

time step and failure event are determined and effects on 

the grid, consumers and generators are analyzed. Several 

grid state analyses are possible within the course of one 

investigated year. Time steps and failure events are 

typically based on a probability distribution function, often 

exponential distribution. This process is repeated for a 

given number of years.  

An advantage of this method is the consideration of time 

series. However, by picking random time steps based on 

probability distribution functions, the analyzed grid 

situations may not be typical for the grid. Furthermore, 

situations where one of the grid participants is operating 

by consuming or feeding in maximum active power are not 

regarded in particular.  

Analytical Methods 

In contrast to Monte-Carlo method, the amount of grid 

state analyses that are considered during analytical 

reliability calculations is predefined by thresholds for fault 

probability or fault order (e.g. single faults, double faults, 

triple faults etc.). By defining a fixed number of grid state 

analyses, the analytical method is deterministic and the 

results are fully reproducible. The procedure and the 

enhancements within this paper are presented in Figure 1.  
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Figure 1: Procedure of reliability assessment using the analytical method. Enhancements regarding NOP are included 

 

NOP in Analytical Method  

Typically, the operating point with maximum load 

(MLOP) is applied for analytical reliability assessments, 

with enhancements for the consideration e.g. of power 

plants. In load-driven energy systems, MLOP represents as 

well as situations where feed-in via power plants is on 

maximum.  

 

However, DG based on fluctuating renewable energies, 

such as photovoltaic generators and wind turbines, are not 

load-driven. This leads to different NOP that have to be 

investigated, as voltage violations and overloads (VVO) 

possibly occur during different NOP.  

Furthermore, by investigating only MLOP, occurring 

VVO during this situation are potentially overrated in 

reliability assessment, as MLOP only occur rarely or even 

never during the course of one year.  

In this contribution, an approach for defining relevant 

NOP for the analytical method is described, enhancing the 

used method by applying not one, but several NOP.  

DETERMINATION OF NETWORK 

OPERATING POINTS 

Current State of Research  

In recent research, several approaches for the 

consideration of DG in reliability assessments have been 

made. In [3, 4], the Monte-Carlo method is used for 

modeling DG. In [5], an MV grid with DG and smart grid 

components is analyzed. In this publication, yearly time 

series for NGP are analyzed and typical days for each 

quarter of the year are derived. During reliability 

assessment, every hour of these typical days is regarded 

and fault events are analyzed consecutively for several 

hours if necessary.  

 

Requirements for the determination of relevant 

NOP 

It is assumed that in a distribution grid, which is to be 

assessed by reliability calculation, no VVO occur in 

normal operating conditions. Therefore, VVO in reliability 

calculations can only occur during fault events. Especially 

topology changes during grid restoration process can lead 

to topologies where VVO can occur.  

LV and MV grids in Germany, for instance, are typically 

designed in a manner that a single fault does not lead to 

VVO, even in restoration process (n-1-security). This 

design is especially targeted on consumer reliability. 

However, DG are not necessarily integrated into the grid 

with full respect to n-1-security, leading to curtailments or 

shut-downs during fault events. Furthermore, the feed-in 

of DG during fault events can lead to VVO within the grid.  

Depending on DG technology, different NOP have to be 

considered.  

 

Neglection of combinations 

Due to certain grid topologies, it is not always necessary 

to investigate every possible NOP in every fault event. For 

instance, a consumer or a DG is connected with the 

distribution grid via a single line with no switching or other 

restoration options. In the failure event of the connecting 

line, the consumer or DG is disconnected from the grid, 

regardless of its operating point. Therefore, possible 

combinations can be condensed to one grid state analysis.  

CLUSTERING APPROACH  

K-means clustering  

The approach in this contribution uses k-means algorithm 

[6]. k-means is a distance-based clustering algorithm with 

several clustering steps:  
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(1) In the first step, k cluster centers are scattered 

randomly on the data and data points are assigned 

to the cluster centers by minimal distance to the 

next cluster center.  

(2) In the next step, cluster centers are corrected to 

represent the center of the assigned data points.  

(3) In the third step, data points are examined 

whether the assigned cluster center is still valid or 

another cluster center is now nearer, as cluster 

centers have been reassigned.  

Steps (2) and (3) are repeated until no further cluster center 

has to be corrected and no data point has to be reassigned.  

 

Advantages of the k-means algorithm are its simplicity and 

resulting cluster centers of cluster groups. However, the 

application of the k-means algorithm has two restrictions 

that have to be considered:  

• The number of clusters (k) has to be preset before 

applying the algorithm on the data 

• K-means clustering results are not fully 

retraceable. A repetition of k-means clustering 

with same parameters applied on the same data 

can lead to different cluster results.  

 

The first restriction is met by analyzing different cluster 

numbers for clustering NOP and analyzing the results.  

The second restriction is met by sufficiently repeating k-

means clustering on the same data and using the solution 

with the lowest overall distance of data points to cluster 

centers. For this application, a total of 20 repetitions is 

used and shown to be sufficient.  

Clustering approach  

The basic idea of the approach is to cluster the active 

power time series of all grid participants within the 

analyzed grid, including consumers, DG and energy 

storages.  

The active power dimension is used because the 

application focus of the algorithm lies on LV and MV 

grids. Within these voltage levels, active power is a major 

parameter connected to occurrences of VVO, founded in 

impedance characteristics of grid equipment in these 

voltage levels which is often dominated by resistance 

rather than reactance. In high-voltage and extra-high-

voltage levels other dimensions might be useful to analyze.  

 

Figure 2 shows an exemplary clustering over two 

dimensions: DG and consumer time series. An obstacle to 

the determination of different clustering points is the 

consideration of different time series of grid participants. 

The target of the determination of relevant NOP is to 

identify typical (i.e. without VVO) and extreme (i.e. with 

VVO) operating points. 

 

Clustering single time series can be misleading, as e.g. a 

high active power of a single generator does not generate 

VVO in fault events. For the final clustering approach all 

consumption and all DG time series are cumulated each.  

 
Figure 2: Result of exemplary clustering (k = 10) of DG and 

consumer OPTS. Colors indicate cluster groups, black points 

indicate cluster centers as resulting relevant NOP 

Modifications  

Analyses have shown that standard clustering of 

cumulated consumption and cumulated generation does 

not lead to desired effects. As illustrated in Figure 2, 

standard clustering does not result in extreme NOP, as 

these NOP are scarce and therefore are not met when 

cluster number (number of clusters k) << (number of 

NOP). Furthermore, NOP with low active power of 

consumers and DG, presumably leading to very few or no 

VVO, are overly rated, as there are several cluster groups 

covering this area.  

 

To overcome these effects, the following modifications are 

considered within the algorithm:  

• Thresholds are regarded for cumulated consumption 

and cumulated generation. Below the threshold value, 

no k-Means clustering is conducted. NOP within the 

thresholds are combined to one NOP group without 

clustering.  

• A third, weighing dimension (“criterion”) is taken into 

account to weigh (add distance) NOP with high 

consumer and generation active power more than 

NOP with less active power.  

• For grid state analysis, the cluster centers resulting 

from k-means clustering are neglected. Instead, the 

NOP with the maximum criterion value within each 

cluster group is used in the reliability assessment. By 

this modification, a “worst-case” concept is 

considered, as the NOP with the maximum criterion 

value within each group is more likely to induce VVO 

and thereby impact on reliability indices as the actual 

cluster center. 

 

The third dimension represents the squared value of the 

distance of every NOP represented by the dimensions 

“cumulated consumption” and “cumulated generation”. 

For criterion creation, the two dimensions are transformed 

to the range [-2;2] each, so a significant quadratic effect 
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and thereby an increase of distances applies.  

 

The final clustering approach for determining relevant 

network operating points is shown in Figure 3.  

 

  
Figure 3: Scheme of the clustering approach 

An exemplary result for the final clustering approach is 

displayed in Figure 4.  

 
Figure 4: Result of exemplary clustering (k = 10) of three 

dimensions “cumulated consumption”, “cumulated DG 

generation” and “criterion”. 

In contrast to Figure 2, the above-mentioned modifications 

can be seen in Figure 4.  

APPLICATION OF CLUSTERING 

ALGORITHM ON EXEMPLARY GRID  

To demonstrate the effect of the clustering approach it is 

applied on exemplary real 20 kV MV grid structure models 

and reliability assessments considering the clustered NOP 

are conducted.  

The grid structures are shown in Figure 5 are exemplary 

for the following grid types:  

• Radial, 

• Semi-ring and  

• Meshed grid.  

  
Figure 5: Exemplary grid structures. I: Radial, II: Semi-Ring, III: 

Meshed Structure.  

To simplify the investigation, only one OPTS is 

considered for consumption (standard load behavior) and 

generation (wind turbine).  

Considered reliability indices 

For the following exemplary assessments, the following 

reliability indices are used (partly from [2]): 

• System Average Interruption Duration Index 

(SAIDI), average outage duration for each customer 

served (common for reliability assessment of LV 

grids)  

• SAIDIDG, representation for customer SAIDI for DG  

• Average System Interruption Duration Index 

(ASIDI), average outage duration times non-supplied 

power for each customer served (can be described as 

power-weighted SAIDI)  

• ASIDIDG, representation for customer ASIDI for DG  

• Frequency of overload occurrences during fault 

events (fOverload)  

Exemplary Results of different grid structures 

For the analyses of the impact on the grid structures the 

number of cluster centers is varied from three to ten 

clusters. The cluster threshold of consumer and generation 

active power is 0.5 * PMAX each. 

 

Radial grid structure  

The results of the reliability assessment of the radial grid 

structure are shown in Figure 6. As assumed and described 

above, the consideration of clustered relevant NOP does 

not have an impact on the studied reliability indices. Faults 

in radial grid structures with no supply restoration option 

do not incur changes in the grid topology. Furthermore, 

during fault events, grid participants are likely to be 

disconnected from the grid, resulting in less load flow in 

the remaining grid. This leads to the conclusion that 

occurrences of VVO after fault events in radial grid 

structures are very unlikely. Therefore, many analyzed 

combinations can be neglected as described above; 

typically, the analysis of 1 NOP per fault event instead of 

k NOP is sufficient.  

(1) Assigning each grid 

participant with real power 

OPTS 

(2) Cumulating consumption 

and DG generation separately 

per time step 

(3) Build criterion based on 

cumulated consumption and DG 

generation   

(4) Cluster with three 

dimensions with respect to 

modifications

I II III

HV/MV 

Transformer
ConsumerWind 

Turbine
Station Slack

Open 

Switch
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Figure 6: Reliability indices of reliability assessment for an 

exemplary radial grid structure 

Semi-ring grid structure  

The results of the reliability assessment of the semi-ring 

grid structure are shown in Figure 7. Here, the 

consideration of relevant NOP has a visible impact, 

especially on ASIDIDG, as the grid connection of DG (in 

contrast to customers) is not n-1-secured, i.e. curtailment 

in fault events and especially during restoration process is 

considered in grid planning.  

 
Figure 7: Reliability indices of reliability assessment for semi-

ring grid structure. Note that ASIDI/ASIDIDG axis is logarithmic 

Meshed grid structure  

The results of the reliability assessment of the meshed grid 

structure are shown in Figure 8. In contrast to the other 

assessed structures, consumer reliability indices are 

affected by consideration of NOP. This is due to the fact 

that single and double faults as well as faults of higher 

order do not lead to disconnection of consumers, but to 

load flow situations that differ largely to normal operating 

conditions.  

 
Figure 8: Reliability indices of reliability assessment for meshed 

grid structure 

CONCLUSION 

In this contribution, a clustering approach for the 

determination of relevant network operation points has 

been presented and applied.  

By clustering time series for the determination of relevant 

NOP, several improvements of reliability assessments 

with the analytical method can be made. First, typical as 

well as extreme NOP can be considered. With 

consideration of several cluster groups, technology-

specific behavior can be taken into account. By neglecting 

the actual cluster center and choosing the NOP with the 

highest criterion value within a cluster group, it is ensured 

that possible VVO are not neglected. Furthermore, by 

using a cluster group which has low to medium 

consumption and feed-in power, typical situations within 

the grid are taken into account, where no or very few VVO 

occur. Thereby, VVO are not overrated within reliability 

assessment, as they are when only MLOP is analyzed.  
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