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ABSTRACT 

In recent years German distribution grids have seen a 

major increase in the spread between minimum and 

maximum voltage levels; especially in low voltage grids 

(LVGs) maximum voltage levels have increased due to 

extensive integration of distributed renewable energy 

sources, while minimum voltage levels are expected to 

decrease with electric mobility on the verge of 

breakthrough. 

 

Distribution System Operators (DSOs) are required to 

ensure compliance of the voltage levels within LVGs and 

medium voltage grids (MVGs) with the EN 50160. 

Currently, when planning MVGs, compliance is usually 

achieved by assigning voltage bands to each distribution 

voltage level. This approach has obvious limitations: it 

does not consider whether an LVG utilizes the voltage 

band assigned to it. Furthermore large securities are 

planed into the voltage bands, even though this might be 

costly while at the same time unnecessary. For better grid 

planning, detailed knowledge of the voltage band 

requirements is essential. This can be achieved by using 

detailed LVG models which, however, require extensive 

data input. An alternative are cluster reference grids 

(CRG), which yield a standardized model for certain grid 

types, allowing for more detailed simulations while 

requiring limited data input. This paper will evaluate 

CRGs in terms of their capability when replacing LVGs 

in simulations.  

INTRODUCTION  

In recent years Germany’s “Energiewende” has been 
pushing the voltage limits within the distribution grids to 
their maximum [1]. Historically the majority of 
distribution grids in Germany have been designed to 
handle a load-based customer behavior. However, due to 
current development German distribution grids have seen 
a drastic increase of voltage differences (∆u) between 
minimum and maximum registered voltage levels. This 
can, to a large extend, be traced back to a wide-spread 
integration of distributed renewable resources (DRR). For 
Distribution System Operators (DSOs), such as the Netze 
BW GmbH, voltage levels limit the planning range of 
how many DRRs can be installed, especially in MVGs: 
The historic lack of detailed information about the grids 

led to simplified approaches during simulations, which 
estimate the voltage bands conservatively and 
consequently reduce available capacity; currently, when 
planning MVGs, fixed voltage bands are assigned to each 
distribution voltage level [2]. Each grid section then has 
to stay within for this uniformly distributed voltage band. 
For better grid planning, detailed knowledge of the 
voltage band requirements is essential. To date, 
acquisition of this data requires either detailed long term 
measurements in the LVG and MVG grids, or 
comprehensive models of the grids. Both approaches are 
resource intensive and prone to problems such as data 
reliability and maintenance.  
 
As part of the BIPoL

plus
 project, which is currently 

running tests to investigate the impact of fast charging 
systems on low voltage grids in Weinstadt, Germany, this 
work proposes a new simulation approach, which yields 
voltage behavior of LVGs with a limited need for exact 
models or measurements. In order to achieve these goals, 
approaches for clustering feeders of LVGs were 
employed. Each cluster is represented by a cluster 
reference grid (CRG) which replaces the detailed models 
in the simulation. CRGs are scalable and permit an 
incorporation of expected levels of renewable energy 
sources and e-mobility. 

MOTIVATION 

Within the voltage bands MVGs only hold a very limited 

voltage reserve. As shown in Figure 1, the medium 

voltage band can never exceed a maximum value of 

6.5%p.u.. Allocation of the voltage band can however be 

shifted by the ability of the substation to adjust the 

secondary voltage level between 100% and 105%. The 

EN 50160 [3] allows for +/- 10% at all points, yielding a 

20% overall voltage band. The limited voltage band for 

the MVGs is caused by the 13.5% voltage band reserved 

for the LVGs. Figure 1 also shows the detailed split of the 

voltage bands and the shifting effect of the substation tap 

changer. The goal of this paper is to demonstrate how to 

systematically free up voltage capacity within the LVGs, 

allocating more capacity to the MVGs, by introducing 

CRGs for the subsequent LVGs in simulations. This 

approach offers several advantages compared to current 

approaches when planning MVGs. Foremost, the effort of 

generating a model for each individual LVG is no longer 

necessary as these are replaced by the sufficiently 
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accurate CRGs. Another added benefit is insight into the 

correlation between expected voltage levels and 

geographic data, allowing for a strategic placing of 

substations, in-line voltage regulators and regulated 

distribution transformers, as well as for the optimization 

of the usage of available voltage bands.  

 
Figure 1: Schematic of voltage bands as required by the 

standard approach, showing the possible gain in voltage 

bands when more accurate methods are used. 

APPROACH 

In a first examination detailed LVG models were used in 

the simulation, in order to verify the basic assumptions 

that the voltage band approach leaves unused voltage 

capacity in the grid. Afterwards different versions of 

CRG approaches are compared to the detailed results. 

 

All simulations, including the CRG calculations, were 

run using DIgSILENT®, PowerFactory®, and 

Mathworks® Matlab® software. 

Simulation Model 

The basis for the evaluation of different simulation 

approaches was an MVG from the south-western region 

of Baden-Württemberg, Germany, that operates two 

substation feeders. In total, it consists of 61 LVG-sections 

totaling 4000 kW of installed photovoltaic power in 

addition to 1800 kW of wind, 530 kW of Bio-Mass and 

230 kW of solar installations on the medium voltage level 

of this grid. This accounts for a total of 6560 kW of DRR 

throughout the grid. Of the 61 LVGs, 36 were modeled in 

detail; the other 25 were modeled by applying a standard 

load and generation unit. For these 25 LVGs, it was not 

possible to obtain sufficient data to yield accurate 

models. They were nevertheless included to maintain 

realistic MVG voltage levels and to be able to allow for 

adjust to measured load flows. In order to obtain a 

simulation approach as close as possible to reality, large 

amounts of current drag pointer values were fed into the 

model, allowing for an accurate determination of the 

simultaneity factors. Two scenarios were investigated: 

 

 Peak load: 100% installed load, 0% DRR, substation 

at 1.05 p.u. on the low voltage side.  

 Low load: 60% installed load, 70% DRR, substation 

at 1.00 p.u. on the low voltage side.  

 

Standard Approach 

For the standard approach, each LVG was modeled using 

a standard load and generation unit in accordance with 

the drag pointer values from the distribution stations. 

 

Detailed Model Approach 

The detailed model approach required each LVG to be 

completely modeled in PowerFactory®. Each load flow 

simulation then took into account all grid components, 

yielding a comprehensive view of the grid conditions.  

 

Cluster Reference Grid Approach 

The CRG approach required each feeder of the detailed 

36 LVGs to be replaced by its corresponding reference 

feeder. Modifications to the CRG approach were later 

introduced and will be discussed in detail in the results 

section.  

Cluster Reference Grid Model 

Previous work done by Dickert et al. [4] and Walker et 

al. [5] demonstrate the potential of generating clusters in 

order to create reference grids as a simulation basis for 

different scenarios. Trials performed for this paper 

showed that a feeder based cluster analysis yielded the 

best results. For this, about 88,000 sets of LVG feeder 

data were acquired as input for the cluster analysis.  

 

Cluster Method 

In accordance with previous work, Ward’s Method for 

identifying evenly spaced clusters was used for 

generating the clusters. Ward’s Method employs the 

minimum variance criterion, [6] [7], splitting clusters in a 

manner that minimizes increase in system variance. The 

CRGs were then determined by averaging every 

parameter within each cluster and selecting the object 

closest to that average.  

 

Parameters 

In order to reduce the complexity of the cluster system, 

redundancies amoung input parameters were eliminated 

by reducing the statistical dependence between parameter 

sets. Table 1 shows the experimentally determined 

parameters and their correlation in accordance with the 

Kendall rank correlation coefficient 𝜏.  
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Parameter 1 2 3 4 5 6 7 8 9 10 11 12 13

Length Aerial Line 1 1 -0.367 0.338 -0.839 0.220 0.095 0.165 -0.038 0.076 0.083 0.074 -0.063 -0.040

Length Cable Line 2 -0.367 1 0.455 0.490 0.250 -0.154 0.233 0.008 0.154 0.056 -0.055 -0.107 -0.205

Total Length 3 0.338 0.455 1 -0.211 0.525 -0.059 0.439 -0.033 0.258 0.154 0.014 -0.177 -0.256

Cable/Aerial Line 4 -0.839 0.490 -0.211 1 -0.134 -0.120 -0.093 0.032 -0.036 -0.066 -0.082 0.031 -0.009

Connection Points 5 0.220 0.250 0.525 -0.134 1 0.390 0.670 -0.128 0.276 0.011 -0.190 -0.450 -0.317

Connection Points per length 6 0.095 -0.154 -0.059 -0.120 0.390 1 0.294 -0.119 0.024 -0.191 -0.274 -0.405 -0.134

Yearly Consumption 7 0.165 0.233 0.439 -0.093 0.670 0.294 1 0.207 0.226 0.040 -0.118 -0.340 -0.240

Yearly Consumption per Houshold 8 -0.038 0.008 -0.033 0.032 -0.128 -0.119 0.207 1 -0.051 0.066 0.124 0.120 0.088

Number of PV-Systems 9 0.076 0.154 0.258 -0.036 0.276 0.024 0.226 -0.051 1 0.544 0.056 0.221 0.289

Installed Capacity of PV-Systems 10 0.083 0.056 0.154 -0.066 0.011 -0.191 0.040 0.066 0.544 1 0.597 0.547 0.567

Size of PV-Systems 11 0.074 -0.055 0.014 -0.082 -0.190 -0.274 -0.118 0.124 0.056 0.597 1 0.562 0.514

PV-Capacity per Connection Point 12 -0.063 -0.107 -0.177 0.031 -0.450 -0.405 -0.340 0.120 0.221 0.547 0.562 1 0.729

PV-Capacity per length 13 -0.040 -0.205 -0.256 -0.009 -0.317 -0.134 -0.240 0.088 0.289 0.567 0.514 0.729 1

If two parameters X and Y are in perfect 

agreement/disagreement, 𝜏 = 1/−1, if they are mutually 

independent 𝜏 = 0. [8] Final parameters used in the 

cluster analysis are highlighted in Table 1. 

 

Due to the distribution of the ‘degree-of-cables’ 

parameter, for which more than 80% of the 𝜏-values 

yielded either exactly 0 or 1, this parameter was 

approximated by a binary cluster distribution, i.e. all 

values <0.5 were set to 0 and ≥0.5 to 1. Consequently it 

was therefore not included in the cluster process, but was 

applied to the five resulting clusters afterwards. Both the 

cluster method and parameters present a tradeoff between 

accuracy and detailed data input. In accordance with 

previous work done by Walker et al. [5] scree plots were 

utilized to determine the ideal number of five clusters.  

RESULTS 

Cluster Analysis 

The cluster analysis yielded a total of five clusters for 

both cable and overhead lines, totaling ten clusters. 

Figure 2 shows one of the five parameters and its 

distribution within the clusters. The correlation between 

cable and overhead line clusters is clearly visible between 

clusters 1-5 and 6-10.  

Simulation 

All approaches were simulated as described above, with 

the addition of two versions of the CRG approach. 

 

 CRG approach with detailed PV: all grids with more 

than 50kW PV installation were modeled in detail.  

 CRG approach with scaled PV: all grids with more 

than 50kW PV installation used their cluster with 

scaled installed PV generation.  

 

Low Voltage Grids 

Preliminary results indicate that the CRGs exhibit 

fluctuations with respect to the detailed model, especially 

at peak load and within certain LVGs during low load. 

This is due to the averaging effect of the clusters, which 

cannot account for the partially very high PV 

installations. Figure 3 shows  the evealuation of one of 

the two MVG feeders. ∆u p.u. shows the change in 

voltage and is therefore uneffected by the tap changer 

position of the substation.  

 

 
Figure 2: Distribution of the “total line length” parameter 

for the clusters. The bar shows the 25th and 75th percentile, 

including the median of the distribution. The whiskers are 

1.5x of the interquartile distance.   

 
Figure 3: Voltage bands from the detailed and CRG 

simulation showing the voltage reserves of +5.0%/-8.5% for 

the LVGs, ∆u represents the change in voltage from the 

medium voltage connection of the distribution transformer 

to the lowest/highest voltage in each LVG. 

Early analyses showed that especially for the region of 

Baden-Württemberg, which has some of the highest PV 

integration in Germany [1] and still contains a great 

amount of night-storage heating systems, this effect was 

to be expected.  Table 1: Kendall rank correlation coefficient (τ) for all parameters 
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Figure 4: Distribution of the total installed PV-parameter 

for the clusters. The bar represents the 25th and 75th 

percentile, including the Median, of the distribution. The 

whiskers are 1.5x of the interquartile distance.  

These statistical outliers both load and generation based, 

are hard to cover with the averaging effect of the CRGs. 

This resulted in a voltage offset at the specific grid nodes. 

Figure 4 shows the distribution of the total installed PV 

over the clusters. With feeders surpassing 50kW installed 

PV the accurate representation of clusters four and nine is 

left.  

 

In order to resolve this effect can be resolved, the 

presented work approaches the problem on the low load 

side. Two additions to the CRG approach were 

introduced concerning feeders with greater PV-Power 

than the 75
th

 percentile of clusters four and nine as shown 

in Figure 4.  

 

 The Feeders in question were modeled using the 

detailed models while the rest remained as CRGs. 

 The installed CRG PV of the feeders in question was 

scaled. (results in this paper show a scaling to 200% 

of original CRG values) 

 

While the addition limits the CRG approach, they are a 

justified intervention, as DSOs usually have detailed 

records of feeders with more than 50kW PV installation, 

requiring little to no extra data acquisition and 

maintenance. Table 2 lists detailed information on the 

voltage bands. The mixed and scaled approach show the 

gaps in the maximum values being closed. Assuming a 

need to cover 100% of all cases with the CRG approach, 

a 50% buffer was introduced to the ∆u of the simulated 

results, as seen in Table 2. This buffer shrinks the 

additional available voltage band on the MVG by 50% in 

return for higher reliability.  

 

 

 

Table 2: Available voltage bands after detailed, CRG and 

mixed simulation, including the application of a buffer. 

 
 

Medium Voltage Grids 

Within the medium voltage grids, several factors 

contribute to the changes in usable voltage band. Table 2 

shows the extra voltage band which can be extended to 

the MVG, and the detailed and CRG simulations reveal 

how much of the voltage band is actually used within the 

MVG. Figure 5 shows the effects of adding those extra 

voltage bands to the MVG voltage band. The amount of 

the voltage band transferred can be chosen freely and 

depends on the security buffers each DSO chooses to 

implement in the corresponding voltage level. For 

demonstration purposes, all results shown are based on 

the maximum voltage band transfer from LVGs to 

MVGs. Peak load plots include a possible 5% voltage 

shift by the substation tap changer. On both sides of the 

voltage band the newly gained buffer is observable. Table 

3 shows the results for the MVG from the mixed 

approach in comparison to the other approaches in terms 

of absolute voltage band values.  

 

 
Figure 5: Medium voltage bands after full voltage band 

capacity transfer from the LVG to the MVG, shown only for 

the CRG approach.     
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Detail Low Load Δ Max Voltage 3.87 1.13 1.13

Detail Peak Load Δ Min Voltage -4.64 3.86 3.86

CRG Low Load Δ Max Voltage 1.43 3.57 1.79

CRG Peak Load Min Voltage -4.50 4.00 2.00

Mixed Low Load Δ Max Voltage 3.87 1.13 0.57

Mixed Peak Load Δ Min Voltage -4.50 4.00 2.00

Scaled Low Load Δ Max Voltage 2.73 2.27 1.14

Scaled Peak Load Δ Min Voltage -4.50 4.00 2.00

Simulation Results 50% Buffered
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Table 3: Final voltage bands for the MVG 

 
 

Statistical analysis 

While the previous discussion highlighted the absolute 

possible gain within the voltage bands, it is of great 

interest to determine how closely the results from the 

CRG based approaches resembled the detailed approach. 

Table 4 shows the mean and standard deviation of the ∆u-

% values for the detailed and the three CRG based 

approaches. In this paper, the optimization was 

concentrated on the generation side of the CRG approach, 

which is reflected in the low load standard deviation 

values. The offset within the peak load simulation can be 

attributed to the region of the investigated MVG, which 

contains large amounts of isolated Farms on long feeder 

lines.  

 
Table 4: Mean, median and standard deviation of CRG 

based approaches towards the detailed simulation 

 

DISCUSSION AND CONCLUSION 

We demonstrated that the standard approach to simulated 

voltage bands in low and medium voltage grids leaves 

broad bands of voltage levels untouched and therefore 

may cause higher grid expansion costs. The Introduction 

of the CRG approach has shown positive results for 

detailed simulations by introducing CRGs which 

adequately represent the LVGs. The introduction of the 

mixed approach, scalable CRGs, and a buffer allows 

compliment with all requirements for reliability 

concerning the voltage bands. Nevertheless, a minimal 

amount of data on the grids remains necessary in order to 

adjust loads and replace high power PV-grids. With more 

detailed PV knowledge, the CRGs can then be further 

scaled to meet the exact voltage levels. Future work will 

incorporate scalable load centers within the clusters, 

allowing for a more accurate representation of loads, e.g. 

night-storage heating. If using CRGs not from cluster 

centers, but from the more extreme boundaries, such as 

the 75
th

 percentile of the installed PV-capacity, more 

outlying grids can be covered. Last but not least, the 

introduction of intelligent grid components can now be 

addressed more directly, such as e.g. an adaptable 

distribution transformer at LVG 33 and 34, which would 

greatly increase the medium voltage bands by decoupling 

the voltage levels of LVGs from those of the MVGs.  
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Detail Low Load Δ Max Voltage 1.13 6.13 6.13

Detail Peak Load Δ Min Voltage -3.86 -10.36 -10.36

CRG Low Load Δ Max Voltage 3.57 8.57 6.79

CRG Peak Load Min Voltage -4.00 -10.50 -8.50

Mixed Low Load Δ Max Voltage 1.13 6.13 5.57

Mixed Peak Load Δ Min Voltage -4.00 -10.50 -8.50

Scaled Low Load Δ Max Voltage 2.27 7.27 6.14

Scaled Peak Load Δ Min Voltage -4.00 -10.50 -8.50

Simulation Results 50% Buffered

Observation Scenario CRG [%] Mixed [%] Scaled [%]

Peak Load -0.5097 -0.4304 -0.5108

Low Load 0.4561 0.0898 0.2286

Peak Load 0.9985 0.9959 0.9979

Low Load 0.9716 0.5334 0.7319

Peak Load -0.2794 -0.0851 -0.2795

Low Load 0.1282 0.0000 0.0000

Deviation between detailed and corresponding appraoch in 

absolute %

Mean

Standard 

Deviation

Median
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