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ABSTRACT 

Various studies show that smart grid technologies are 

applicable solutions to meet rising technical and economic 

challenges in distribution grids. This includes 

decentralized network automation systems, voltage-

regulated MV/LV distribution transformers, line voltage 

regulators and an optimisation of HV/MV transformer 

voltage control. However, the impact of smart grid 

technologies on customer and distributed generation 

reliability is still uncertain and cannot be sufficiently 

evaluated with existing reliability software. Therefore new 

methods and models for smart grid technologies have been 

developed. In this contribution, this is enhanced by a new 

model for a HV/MV transformer. This includes a limited 

state and an optimisation of voltage control for normal 

operating conditions. Based on these models and different 

operating points, analytical reliability calculations of a 

real exemplary MV network are performed. The effects of 

smart grid technologies are evaluated and discussed by 

using existing and new reliability indices. 

 INTRODUCTION 

Within the context of increasing distributed generators 

(DG) and electric vehicles, distribution system operators 

(DSO) are facing tremendous network reinforcement costs 

in the coming years. Therefore, many studies focus on the 

reduction of the network reinforcement costs by 

comparing the conventional planning approach with 

innovative planning methods using smart grid 

technologies [1]–[3].  

For LV and MV networks the studies focus on the 

following smart grid technologies: 

- decentralized network automation system (DNA 

system) 

- voltage regulated MV/LV distribution 

transformer (RDT)  

- line voltage regulator (LVR) 

- optimisation of HV/MV transformer voltage 

control (OTVC) 

 

Especially, an optimisation of the HV/MV transformer 

voltage control can be a very cost-effective method for 

improving voltage stability and thus for reducing network 

reinforcement costs [4]. In this paper this method is 

implemented by using a set point curve. 

Besides reducing their reinforcement costs, DSO have to 

fulfil high requirements for customer reliability. Taking 

into account a high number of different components and 

the complexity of a power system, the probabilistic 

reliability calculation is a powerful indicator for 

comparing different variants in strategic network planning.  

However, existing software solutions cannot fully simulate 

smart grid technologies, due to their complex 

characteristics. Therefore [5], [6] show different 

approaches for considering information and 

communication technologies (ICT) for reliability 

calculations in smart grids.  

Additional to novel models for RDT, LVR and DNA 

system for analytical reliability calculation as presented in 

[7], in this contribution  the existing two-state Markov 

model for a HV/MV transformer is enhanced by a limited 

state. This state does consider failures in which the voltage 

regulation cannot be adjusted automatically, for example 

as caused by mechanical failures of the on-load tap 

changer (e. g. drive mechanisms).  

For model validation and impact on reliability, 

calculations with the developed methods and models are 

performed and evaluated for a real MV network. 

NEW MODELS FOR ANALYTICAL 

RELIABILITY CALCULATIONS  

The reliability calculation of an electrical network is a 

useful and important tool for making sure that specific 

requirements for the reliability of an existing or future 

planned electrical network are satisfied under 

consideration of planning and operating aspects. 

Depending on the characteristics, protection data, 

reliability data and presettings (e.g. threshold for non-

availability) for a specific network, each failure event 

(including the restoration process) has to be analysed. As 

a result, different load oriented reliability indices can be 

obtained and evaluated. 

However, classic reliability calculations only consider 

two-state Markov models for conventional network 

equipment (lines, transformer, busbar etc.).  

Figure I shows the overall reliability calculation flow 

including the extended models and methods. For 
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computation time efficiency all models and methods are 

developed for the analytical reliability calculation.  

 

 
Figure I: Overall flow of the reliability calculation (extensions 

are highlighted) 

New Markov Models for Distribution Grids 

As described in [7], for DNA systems, RDTs and LVRs  

three-state Markov models have been developed for MV 

and LV grids. Additionally, the existing two-state Markov 

model for HV/MV transformer is enhanced by a third state 

and is described in this contribution. Furthermore, four 

state models for DG have been developed [8]. 

 

Different Network Operating Points 

Up to now, only the maximum load operating point 

without feed-in characteristics of DG is considered when 

performing a reliability calculation in distribution grids. 

Thus, relevant effects, such as network violations during 

limited states of smart grid technologies and/or during 

restoration process cannot be sufficiently determined. 

Therefore, the reliability calculation considers typical but 

also extreme network operating points. 

 

New Reliability Indices 

As a result of the reliability calculation customer-oriented 

indices can be obtained according to IEEE standards (e.g. 

Average System Interruption Index (ASIDI)) [9]. For a 

more comprehensive evaluation the existing reliability 

indices are enhanced to DG and network-oriented indices 

(Table I).  

 
Table I: Developed reliability indices for MV networks 

DG 

oriented 

indices 

Indice Description Unit 

ASIDIDG Based on IEEE standards [9] min/a 

Network 

oriented 

indices 

Foverloads Frequency  of overloads per year 1/a 

Fovervoltage Frequency of overvoltages per 

year 

1/a 

Funderrvoltage Frequency of undervoltages per 

year 

1/a 

                                                                                                 

                                                                                                           

MARKOV MODEL FOR A HV/MV 

TRANSFORMER 

The HV/MV transformer system can be described by four 

main electrical and physical parts. In particular these are 

winding insulation, tank oil insulation, bushing and load 

tap changer. These parts consist of different 

subcomponents, e.g. the on-load tap changer consist of a 

drive mechanism, diverter, selector, control center etc. 

[10].    

According to [11] failures of winding (40 %) and the on-

load tap changer (27 %) are predominantly.  

However, not every failure of these components leads to 

an automatic shutdown of the transformer. Especially 

failures of the on-load tap changer are often caused by 

mechanical components and only affect the on-load tap 

changing process but do not affect the power supply [11]. 

Hence, the existing two state Markov model (in service, 

outage) is enhanced by a limited state (Figure II). 

 

 
Figure II: Enhanced Markov model for a HV/MV transformer 

In Service State 

The voltage regulation of a HV/MV transformer is 

typically adjusted to a specific voltage level independently 

of the actual load flow situation (standard control). In order 

to meet the specifications  for voltage stability as described 

in DIN EN 50160 and to reduce network reinforcement 

costs, the MV busbar voltage for load oriented networks is 

typically set up between 𝑉 𝑉𝑟 = {101; 103} %⁄  of the 

rated voltage level (Vr) [1]. 

In the context of high integration of DG in Germany it 

must be ensured that the voltage level does not change 

about more than ∆𝑉 𝑉𝑟 > 2 %⁄  compared to a network 

state without DG in conventionally planned MV networks. 

Thus, a load-dependent OTVC enables a better utilisation 

of the permissible voltage range. 

In particular, in situations with maximum feed-in and 

minimum load the voltage can set at a lower level and in 

situations with minimum feed-in and maximum load, the 

voltage can be set to a higher value in order to reduce or 

avoid overvoltages (∆𝑉 𝑉𝑟 > 2 %⁄ ) and undervoltages.  

In this contribution the load flow dependent voltage 

regulation for network reinforcement planning and 

reliability calculation is realised by applying a set point 

curve. Taking into account a voltage tolerance of about 

𝑉 𝑉𝑟 ± 1.2 %⁄ , the MV busbar voltage in situations with 
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maximum load and minimum feed-in is 

𝑉/ 𝑉𝑟 =  103.3 % − 1.2 % =  102.1 % and in situations 

with minimum load and maximum feed-in 

𝑉𝑟  =  100.8 % +  1.2 % =  102 % (Figure III). In 

contrast to this, the default voltage is set up at 

𝑉/𝑉𝑟 =  102 % ± 1.2 % =  {103.2; 100.8 }  % for 

conventional planning approach. 

 

 
Figure III: Set point curve of the HV/MV voltage regulator 

Limited operation 

The limited state considers all outages of subcomponents 

where the transmission ratio of the transformer cannot be 

adjusted automatically but which does not lead to an 

automatic shutdown of the transformer. This includes 

failures of the on-load tap changer and missing or corrupt 

sensor information.  

Taking into account a redundancy transformer ((n-1)-

failure) configuration the affected transformer can 

shutdown in order to prevent further damages, while a 

second transformer ensures the power supply without an 

interruption of supply [10].  

If a second transformer is not available the affected 

transformer will remain in limited state until repair or 

replacement in order to prevent an interruption of supply. 

Because of missing on-load tap positioning or a shutdown 

of one transformer, voltage violations with effects for DG 

and customer reliability can occur during this state. 

Outage 

This state considers an outage of the active transformer 

part which may lead to an interruption of supply. 

CASE STUDY 

Figure IV shows a real exemplary MV network 

(Vr = 10 kV) located in the western part of Germany. For 

the year 2050 a scenario with high implementation of DG 

and e-mobility is applied. The key characteristics of the 

network in the year 2018 and 2050 are listed in Table II.  

Without network reinforcements cable overloads occur 

close to the substation due to e-mobility load peaks. 

Furthermore, in a maximum feed-in situation the voltage 

rises above the permitted voltage limit. 

Table II: Key characteristics of the MV network 

Characteristics of the exemplary MV network year 

2018 2050 

MV 
network 

Total number of network stations 189 189 

Cable length [km] 118 118 

(129)* 

Percentage cables [%] 99,8 99,8 

Installed HV/MV transformer 

power [MVA] 

45 

(2x) 

45 

(2x) 

Loads Maximum load [MW] 28 30 

Minimum load [MW] 9 9 

DG Maximum feed-in [MW] 4 14 

Minimum feed-in [MW] 0 0 

*) conventional planning variant 

 

 
Figure IV: MV network in the year 2018 and 2050 without 

network reinforcements  

A conventional reinforcement planning approach and 

combined conventional-innovative expansion planning 

approaches with smart grid technologies including the 

above described OTVC method are applied in order to 

avoid overvoltages and overloads. The method for these 

planning approaches and the general functionality of smart 

grid technologies is described in [4]. 

 

  
Figure V: Expansion planning variants for the MV network 
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Based on these different expansion planning variants, 

analytical reliability calculation of each planning variant is 

performed. In particular a reliability calculation without 

the above described models and is compared to an 

improved reliability calculation software considering the 

models for smart grid technologies, 9 different network 

operating points and new reliability indices (Table I). For 

smart grid technologies reliability data in Table III is 

applied. For conventional network equipment reliability 

data collected by the German network operation forum 

(FNN) [12] and for DG reliability data in [8] is extracted. 

Furthermore for all reliability calculations only 

independent single faults are considered.  

During the resupply process or limited states of smart grid 

technologies, overvoltages or undervoltages may occur. In 

this contribution, undervoltages (𝑉 𝑉𝑟 < 96 %⁄ ) lead to a 

disturbance of customer supply but do not affect the 

customer reliability indices. In contrast to this, 

overvoltages have an impact of DG reliability due to the 

release of the overvoltage protection relay. 

 
Table III: Reliability data for smart grid technologies [7], [12] 

Failure rate in 1/a 

 outage/ 

unobservable 

limited state/ 

IED outage 

maintenance 

DNA system 0.1* 0.02 - 

OTVC 0.007 0.08 - 

LVR - 0.08 0.2 

Repair rate in h 

 outage/ 
unobservable 

limited state/ 
IED outage 

maintenance 

DNA system 6.2 4 - 

OTVC 14 3 - 

LVR - 15 3 
* During unobservable state all controlled DG are curtailed to a level of P/P

r
 = 60 % as fallback-

solution  

Results 

Figure VI demonstrates the resulting ASIDI and 

reinforcement costs for each planning variant. The 

methodology for the economic evaluation and assumptions 

is based on [4]. 

In all variants the overload can only be avoided by 

replacing the two cables near the substation. In contrast to 

that, the overvoltage can either be avoided by a 

conventional planning approach or smart grid 

technologies. 

In the conventional planning approach two parallel cables 

with a total length of l = 11 km from the substation to a 

network station are installed in order to avoid overvoltage. 

In contrast to this, the installation of these two cables can 

be completely replaced by installing smart grid 

technologies. 

In variant 2 a LVR with a capacity of Sn = 5 MVA is 

installed in order to lower the voltage. In variant 3 the 

above described method for OTVC is applied (see Figure 

III). In variant 4 a DNA system, including one remote 

terminal unit (RTU), 4 sensors, 4 intelligent electronic 

devices (IEDs) and a fibre optic cable (l = 5 km), is 

installed in order to obtain the network state and to control 

4 actuators in situations with violations of the permitted 

voltage range (curtailment).   

It is obvious that with smart grid technologies the 

reinforcement costs can be reduced at least by 40 % 

compared to conventional planning variants. The OTVC 

reduces network reinforcement costs even by 90 %. So, the 

results of this analysis are consistent with previous studies 

[4]. 

It can also be derived that the ASIDI for all planning 

variants only slightly differs. In the conventional planning 

variant the increased number of switching options through 

the installation of parallel cables leads to a reduction of the 

ASIDI compared to 2018. 

Smart grid technologies are installed in order to avoid 

overvoltage caused by DG. Thus, if these technologies are 

not in service, they mainly affect the reliability of DG and 

network related indices. In contrast to this, the customer 

reliability remains on the same level for all planning 

variants.  

  

 
Figure VI: Comparison of customer ASIDI and reinforcement 

costs for the MV network 

Figure VII shows the network oriented indices for the 

extended reliability calculation. In all reliability 

calculations, overloads do not occur at a significant value 

and are therefore not illustrated. 

In contrast to the conventional planning variant the 

frequency of voltage violations increases for all planning 

variants with smart grid technologies.  

The planning variant using OTVC leads to an increased 

frequency of undervoltages and overvoltages during the 

limited state. The set point curve is applicable for normal 

operating conditions and does not consider the operation 

of only one transformer. The outage of a transformer does 

lead to same effect but with less impact to reliability 

indices due to lower probability of the outage state.  

LVR also leads to an increase of overvoltages during 

limited state or maintenance in situations of high feed-in.  

In context of a sufficient fallback solution, as applied in 

this contribution, the frequency of overvoltages does not 

increase with a DNA system compared to the conventional 

planning variant. 
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Figure VII: Network oriented indices for the MV network 

Figure VIII illustrates the reliability for DG of each 

planning variant. Outages and limited states of DG 

(intrinsic failures) lead to a significant higher ASIDIDG 

compared to load oriented ASIDI. Although the frequency 

of overvoltages for the variant with LVR is less compared 

to OTVC, the ASIDIDG is higher for LVR. The installed 

LVR capacity is only designed for normal operating 

conditions. In situations where the LVR is overloaded 

during restoration process and high feed-in situation, the 

DG will shut down in order to prevent damages of the 

LVR. As a consequence DG cannot feed-in in this situation 

until repair of the failed component. The planning variant 

with DNA system leads to a slight increase of the ASIDIDG 

through unobservable states (fallback solution) and IED 

outages. 

 

 
 
Figure VIII: Comparison of ASIDIDG for the MV network 

CONCLUSION AND OUTLOOK 

In this study different planning variants demonstrate that 

an optimisation of the existing network with smart grid 

technologies reduces network reinforcement costs 

significantly while the reliability for customers and DG is 

on a similar and acceptable level. The extended reliability 

calculation enables a realistic evaluation of network and 

DG oriented indices. Especially limited states of smart grid 

technologies lead to an increase of voltage violations and 

therefore affect the reliability of DG and customers.  

In further research works guidelines for DSO regarding the 

impacts of reliability when implementing smart grid 

technologies will be developed.  
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