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Abstract  
In Scotland, to mi gate the consequences of frequent system anomalies in a remote area of the network, the 
Distribu on Network Operator (DNO) decided to integrate a Ba ery Energy Storage System (BESS) into the 
Drynoch primary substa on, enabling the downstream network to operate in islanded mode. 

The aim of the research is to analyse in depth the behavior of the network once the BESS has been installed. 
To do this, a load-flow analysis and a short-circuit analysis have been implemented on an approximate 
network model of the real network. Both analyses have been carried out for different load, genera on and 
opera on condi ons. 

Through the analyses, the main characteris cs of the network have been obtained and commented on. In the 
thesis, in the load-flow analysis, the values of power flows, line loads, voltages in the network nodes and 
more are discussed, while in the short-circuit analysis the fault currents at the nodes are evaluated. 

The analyses have been implemented through PowerFactory, modeling and simula on so ware for electrical 
power systems. Within the thesis, all the steps to design the equivalent network and to correctly set the 
characteris cs of each electrical component to properly carry out the analyses are described in detail. 
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Introduc on 
 
On the Isle of Skye, Scotland, the Distribu on Network Operator (DNO) has decided to install an Energy 
Storage System (ESS) based on lithium-ion ba ery technology in the Drynoch primary substa on. This 
decision derives from the need to make energy dispatching safer and more flexible, in a rural loca on that is 
difficult to access and for which a possible expansion would have been economically prohibi ve.  

By installing the Ba ery Energy Storage System (BESS), the downstream network is enabled to operate in 
islanded mode. In other words, in the event of a fault occurring in the network upstream the substa on, the 
distribu on network under analysis would operate individually, internally sa sfying the energy demand 
through the BESS and the distributed genera on present in the network. 

The aim of the thesis is to analyse the performance of the network, whether connected to the na onal grid 
or not, through the power system simula on so ware called DigSilent PowerFactory. Two different analyses 
have been carried out with the so ware: load-flow analysis and short-circuit analysis. 

All the network data downstream the Drynoch primary substa on and the data of the storage system in the 
design phase were made available by Loccioni, an Italian specialist system integrator and ba ery storage 
system provider, partner of Oiko Energy, an engineering firm for the design of systems in the renewables field 
where I personally work and am carrying out the thesis. Loccioni was directly commissioned by the DNO and 
other partners for the design and installa on of the storage system. 

The study is divided into three main parts. In the first part, the concept of microgrid is introduced, exposing 
all its characteris cs and their importance for the energy transi on, as well as the main storage technologies 
on the market, with a greater focus on lithium-ion ba eries, the technology used in the network under study.  

In the second part, both the distribu on network and the PowerFactory so ware are exposed. Accordingly, 
the step-by-step process for modeling the network in the So ware (SW) is shown. 

The third part concerns the se ng up of the analysis and the presenta on and discussion of the results.  
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Part 1: Fundamentals of Microgrid Systems 
and ESS Technology 
 

The purpose of this first part of the report is to provide a basic idea of the concepts regarding the microgrids 
equipped with ESS. Therefore, the importance of microgrids for the energy transi on, its characteris cs, 
benefits and cri cal issues, opera ng methods and others crucial topics are presented. The technologies used 
for electrical storage are analysed, with a par cular focus on BESS, since the microgrid that is analysed is 
equipped with a lithium-ion BESS.  

 

 

 

Chapter 1: Microgrid theory  
 

1.1 The Urgency of Energy Transi on. 
In the contemporary era, one of the most difficult challenges that the world must face is global warming. 
Human ac vi es have caused a constant increase in greenhouse gases within the atmosphere, with a 
consequent growth of medium temperatures around the world.  

Fig. 1.1 shows the growth in carbon dioxide concentra on in the last decades since 1960 in the atmosphere: 

 

 

 Fig. 1.1 Atmospheric Carbon Dioxide Trend. [1] 
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Given the monotonous trend, each year is des ned to break the previous record. The medium amount of CO2 
around the globe was almost 420 parts per million in 2022. This concentra on has doubled compared to pre-
industrial levels [1]. 

The only solu on to solve this issue is to perform a global energy transi on, reducing the dependency on 
fossil fuels, which are the primary cause to global warming. In Europe, the 77% global greenhouse emissions 
are a ributed to the energy sector [2].  

To address climate change issue, there is an urgent need for coopera on among all na ons worldwide, and a 
greater economic-poli cal effort than that made in previous years. Just to provide an idea, Fig. 1.2 is shown: 
it illustrates the addi onal clean energy investments and the reduc on in fossil fuel import bills that need to 
be done in the following years by developing countries to reach the net zero scenario:  

 

 

Fig. 1.2 Clean energy investment and reduc on in fossil fuel import bills in developing economies in Asia in the NZE Scenario rela ve 
to the STEPS. [3] 

 

Con nuing the abuse of finite sources, such as coal, oil, and fossil natural gas, would bring without any doubts 
to irreversible environmental repercussions that will have a nega ve impact on the quality of life for all of 
humanity.   
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1.2 Introduc on to Microgrids 
For a few years now, many countries have been wan ng to move from a centralized energy genera on to a 
distributed one. This is for several reasons. Distributed genera on can be much more efficient than 
centralized genera on, given the significantly shorter distance to serve the demand. Moreover, being able to 
accommodate small-scale genera on plants in the distribu on system means being able to integrate 
Renewable Energy Sources (RES) within the energy share, decreasing fossil fuel dependency. Although the 
large-scale integra on of Distributed Energy Resources (DERs) is not easy to carry out, also because the cost 
per unit of power of DERs is greater than the same costs rela ng to centralized genera on due to the effects 
of the economy of scale, for the reasons explained it is fundamental to speed up the energy transi on.   

As defined by the Microgrid Exchange Group (MEG), “A microgrid is a group of interconnected loads and 
distributed energy resources within clearly defined electrical boundaries that acts as a single controllable 
en ty with respect to the grid. A microgrid can connect and disconnect from the grid to enable it to operate 
in both grid-connected or island-mode.” [4].  

 

 

 

 

1.3 Descrip on of the structure of a Microgrid 
As men oned, a microgrid is a por on of the network equipped with distributed genera on elements and 
electrical loads. It is generally connected to the na onal grid, but which can self-sustain its own electricity 
demand in the event of a fault in the main network. 

To achieve the objec ve of sa sfying demand efficiently in economic and energy terms while preserving the 
safety of the system, the microgrid is equipped with complicated control, monitoring safety and advanced 
metering systems.  

RTUs (Remote Terminal Units) provide measurements and states of the network to the SCADA (Supervisory 
Control And Data Acquisi on), which is able to store and analyse the informa on received. Depending on the 
state of the network, SCADA can take ac ons, such as maintaining a certain power factor of a generator, 
repor ng an alarm, controlling a circuit breaker and more. Moreover, a microgrid must be equipped with an 
Energy Management System (EMS), which considers the state es ma on and the security state of the 
network, together with economic or market data, to evaluate the best dispatching strategy.  

Unlike tradi onal networks, the direc on of power flows is not unique: for this reason, a measurement system 
is needed to be aware of the flow exchanges between the different areas of the network [5] [6]. 
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1.4 Opera on Modes 
 

A microgrid is capable to work in two fundamental modes, grid connected mode and islanded mode. The 
choice of mode of opera on will depend on several factors, such as the grid connec vity, the energy source 
availability, the presence of anomalies and others: 

 

 Grid-Connected Mode  
In this configura on, the microgrid works in parallel with the main electricity network.  
The energy generated can be transferred to the main network grid when the microgrid produces 
more energy than it needs. In contrast, if the energy sources present in the microgrid are not 
sufficient to fulfill the local electrical load, the mismatch between energy produced and 
requested will be filled by energy injec on from the main grid. In general, the microgrid and the 
main network communicate to op mize the dispatching strategy, based on the technical-
economic constraints.  
An important role played by the microgrid is to enhance grid stability; indeed, it can adjust its 
genera on output in response to grid frequency and voltage fluctua ons.  
The exploita on of local energy genera on, due to the shorter distance between the energy 
sources and local loads, causes a considerable decrease of transmission losses.  

 

 Islanded Mode 
In this scenario, the microgrid operates independently of the main grid. The network is supplied 
by the penetra on of DERs and by ESS. 
This mode can be the default one or can be ac vated in the event of a failure of the main network.   
While opera ng in this mode, the microgrid must guarantee the quality of delivery according to 
regula ons.   
In this mode of opera on, the EMS op mizes the use of the limited genera on within the 
confines of the microgrid and communicates with the external grid for reconnec on [7]. 
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1.5 Technical Challenges  
Although moving from a centralized to distributed genera on model offers many advantages to the society, 
the transforma on path of the electricity grid is a difficult task to accomplish. This paragraph will focus in 
detail on the cri cali es implemen ng such technology: 

1. Opera on: As microgrids have the capability to work in different modes of opera on, 
considerable mismatches between power genera on and demand can arise, resul ng in 
notable challenges related to frequency and voltage control.  

2. Compa bility: A microgrid is composed of various genera on units, such as PV panels, wind 
turbines, energy storage systems, CHP units and more. Each component exhibits dis nct 
characteris cs including power genera on capacity, startup and shutdown mes, iner a, 
opera onal costs, charging/discharging rates, control mechanisms, and communica on 
constraints. Such differences between units make op mal dispatching of resources 
complicated.  

3. Protec on: The most challenging technical concern related to the integra on of distributed 
generators into microgrids revolves around system protec on. While for tradi onal power 
systems the opera ng mode of the protec ons is more univocal, in the case of microgrids the 
protec ons must be able to protect the system and the loads in all the possible configura ons 
that the microgrid can assume.  

4. Integra on of RES: The uncertainty and intermi ent nature of RES pose substan al 
challenges to their seamless integra on into the power grid. The output power from these 
resources can exhibit significant and frequent fluctua ons, thereby introducing instability to 
microgrids. 

5. Regula on: An important challenge is to implement regula on on microgrids. Through 
standardiza on and regula on, it is possible to facilitate the transi on from a centralized 
power system model to a more distributed model. Defining the regula ons is not easy, given 
that there are a series of technical-economic constraints to respect [8].  
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Chapter 2: ESS 
 
2.1 Grid-scale Storage Introduc on  
Grid-scale storage is a device connected to the network able to store energy and deliver it in a more 
convenient moment. Its integra on to microgrid will be fundamental for the proper integra on of renewable 
resources such as wind and solar power plant, and for making progress in the energy transi on. Fig. 2.1 made 
by IEA (Interna onal Energy Agency) shows the global annual grid-scale ba ery storage addi ons in GW from 
2017 up to 2022:  

 

 

Fig. 2.1 Annual grid-scale ba ery storage addi ons, 2017-2022. [9] 

 

The growth in investment in technology by some world powers is evident from the graph. Quo ng the IEA: 
“China led the market in grid-scale ba ery storage addi ons in 2022, with annual installa ons approaching 5 
GW. This was followed closely by the United States, which commissioned 4 GW over the course of the year. 
The Infla on Reduc on Act, passed in August 2022, includes an investment tax credit for stand-alone storage, 
promising to further boost deployments in the future.” [10]. 

This chapter explains the main energy storage technologies used in microgrids, as well as their main func ons. 
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2.2 ESS Func onali es in Power Systems  
The func ons of ESS in power systems are not limited to just provide an electricity storage service to the grid 
and to absorb/inject energy. They are also useful for: 

 Power quality: Thanks to the diffusion of sensi ve electrical equipment, TSOs and DSOs can 
cooperate to ensure good voltage and frequency stability, trying also to minimize electrical 
disturbances as much as possible. ESS can be useful to mi gate short-term loss of power and 
power fluctua ons.  

 ESS integra on with DERs: Going forward through the energy transi on, replacing the fossil 
energy source with greener solu on, the modern energy resources are going to be more and 
more difficult to control than the conven onal ones. Inverter Based Generators (IBGs), such as 
wind energy and photovoltaics, don’t ensure the con nuity of energy produc on. For this reason, 
ESS are essen al for the proper integra on of RES in the distribu on network, allowing the 
transi on towards an eco-friendlier electrical network.  

 Voltage support: The system voltage must be controlled to keep it within an upper and a lower 
limit. Usually, it is done by varying the transforma on ra o of the transformer and/or reac ve 
power flows. In distribu on network, where the ra o X/R is lower, the voltage is also regulated 
by ac ve power injec on and absorp on. In this case, ESS can be very useful, since it is able to 
inject both reac ve and ac ve power.  

 Energy me shi ing: The ESS can be used to store electricity when the demand is low. This 
electricity will be discharged during peak demand periods. It considerably increases the efficiency 
of energy u liza on.  

 End use energy management: In mes where energy demand and energy costs are high, DSOs 
o en offer compensa ons to customers who accept a reduc on or total cut in their energy 
consump on. The disposi on of this technology by the customers makes them much more 
inclined to accept such offers, given the greater flexibility of consump on. 

 Load Following: This service consists of matching small and frequent varia on of load demand.  
ESS technologies such as ion lithium ba eries and supercapacitors are suitable to cover this 
service, because of their high efficiency at par al load and their quick me response.  

 Capacity of distribu on circuit: With the increase of DERs, ESS can be useful to defer distribu on 
network repowering  [6], [11], [12]. 
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2.3 ESS Technologies  
Below, some technologies that can be used as energy storage systems within the electricity grid are briefly 
described. the microgrid that will be analysed in the thesis is equipped with a lithium-ion ba ery storage 
system. For this reason, this technology will not appear in the list, but a separate paragraph will be dedicated 
to it:  

1. Flywheel: It is a rota ng wheel mounted on a sha  that stores energy in rota onal form. By slowing 
down or increasing its rota on, it is capable of respec vely releasing and accumula ng energy [12]. 
High-speed flywheels usually work in a vacuum to minimize fric on losses as much as possible [11].  
 

2. Fuel Cell: A fuel cell is an electrochemical cell that transforms the chemical energy of a fuel into 
electricity. The fuel, typically hydrogen or methane, is usually oxidized by air or pure oxygen. There 
are several types of fuel cells, and they differ from opera ng temperature, the fuel used, the 
electrolyte and more [13]. Figure 2.2 illustrates some examples: 
 
 

 

Fig. 2.2 Different type of Fuel Cells. [11] 

 
3. Supercapacitor (SC): A supercapacitor is a capacitor with high capacity, able to store and deliver a 

massive amount of power in a small me. For this feature, they play a key role for grid stability. [6], 
[12].  
 

4. Superconduc ng magne c energy storage systems (SMES): the energy is stored in a superconduc ve 
coil in magne c form. This type of coil has the advantage of have negligible resis ve losses, therefore 
the energy stored in it is conserved. The coil is maintained at cryogenic temperature to minimize 
resistances [11].  
 

The choice of type of ESS strongly depends on the grid needs. While certain technologies can discharge high 
power in a short me and offer a high number of cycles over me, others are more suitable for introducing a 
high quan ty of energy, are characterized by longer discharge mes and a lower number of cycles over me. 
Just as an example, supercapacitors, which feature high power density, are perfect for providing frequency 
quality services. BESS on the other hand, having a higher capacity, are more suitable for powering loads. 

Figure 2.3 shows a comparison between technologies according to power ra ng and discharge me. The color 
associated in the graph by each technology depends on its conversion efficiency. 
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Fig 2.3 Discharge Time and Power Ra ng of ESS. [6] 

 
 
 

2.4 BESS Technology 
A BESS is a storage system that uses ba eries to store and inject power. This technology is used in various 
sectors, such as in electricity distribu on, in the automo ve sector and in the home automa on sector. In 
power systems, BESS are connected to the grid system through inverters, which convert electrical energy from 
direct to alterna ng. They are equipped with control systems, sensors, and various auxiliary components that 
guarantee its correct func oning. 

BESS can cover many func ons. It can be used as a backup generator, for those ac vi es that require 
guaranteed energy. Furthermore, by storing energy in periods where costs are rela vely low, they can feed 
energy into the grid during periods of peak demand. The last service described fully explains the usefulness 
of technology in energy dispatching, being able to offer flexibility to dispatching and the possibility of 
compressing demand in a cost-effec ve way even in the most cri cal periods [14]. 

The dimensions of the storage systems and the type of ba ery chemistries define the main characteris cs of 
the BESS. Below, the most important characteris cs are men oned [15]:  

 
 Rated Power Capacity 
 Rated Energy Storage 
 Storage Dura on 
 Depth of Discharge (DoD) 
 Discharge Rate 
 Round-trip Efficiency 
 Response Time 
 Cycle life / life me 
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Among the most used ba ery types, there are: 

 Lithium-ion (Li-Ion): it is the most used ba ery in energy storage applica ons. Depending on the 
type of cathode used, Lithium iron phosphate (LFP) and lithium nickel manganese cobalt oxide 
(NMC) can be dis nguished. Li-Ion ba eries are light and characterized by high capacity and 
energy density. They offer a long lifespan and maintenance costs are minimal. Despite this, they 
are flammable and cannot operate at high temperatures.  

 Lead-Acid (PbA): Although they are characterized by lower energy and a higher density discharge 
me than Li-Ion ba eries, Lead-Acid ba eries are widely used in the automo ve sector and as 

uninterrup ble power supply. They are widely available in the market at low prices and can 
operate over a wide temperature range. 

 Zinc Bromine: This type of ba ery was designed as a replacement for the most popular Lithium-
Ion ba eries on the market. They are used both on a domes c and grid scale. Although 
performance is lower than lithium-ion ba eries, the aqueous nature of the electrolyte makes 
them less suscep ble to temperature problems.  

 Sodium-Sulphur (Na-S): This technology is characterized by a long lifespan and high energy 
density. Due to the high opera on temperature, they are not suitable for domes c use. Moreover, 
the presence of sodium makes them suscep ble to explosions [15].  

 

 

Large scale ba eries are becoming very popular in the current years. Even if the cost of the technology is 
decreasing, to con nue along this trend will depend on cri cal mineral prices, fundamental to produce clean 
energy technology [16]. Fig. 2.4 shows the trend of the cost of lithium carbonate in the recent years:  

 

 

Fig. 2.4 Cost of Lithium Carbonate, Chinese Yuan/Ton. [17] 
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Part 2: Network Modeling using DIgSILENT 
PowerFactory 
 

Chapter 3: Drynoch Primary Substa on 
 

3.1 Introduc on to Drynoch Microgrid  
The microgrid under study is part of a project delivered by three partners: SSEN, E.ON and Costain. SSEN 
(Sco sh and Southern Electricity Networks) are the distribu on network operator, E.ON are an energy 
solu ons provider, while Costain are a management consultancy ac ng as a program manager [18].  

The objec ve of the project is to provide a novel flexibility service based on market principles, specifically 
designed for use by DNO to enhance the resilience of power grids in isolated or rural regions that are prone 
to experiencing power outages. This innova ve service incorporates a BESS in the network. The primary goal 
is to ensure the con nuous supply of electricity to customers in the event of a network fault, thereby 
addressing vulnerabili es in remote areas suscep ble to power outages [19].  

It is important to men on that the BESS integra on is s ll in the planning phase. For some years now, the 
partners have joined forces to understand in principle what the technical requirements of the work should 
be, based on in-depth market analyses, so ware simula ons of the performance of the network equipped 
with BESS, considering the future expansions planned to accommodate increased demand. Based on the main 
technical specifica ons of the system collected, Loccioni, an Italian specialist system integrator and ba ery 
storage system provider, was entrusted with the design refinement and construc on of the system.  

The substa on chosen for the installa on of the BESS system is situated in Drynoch, which is located near the 
south-east p of Loch Harport on the west coast of Skye in the Highlands of Scotland [19]. 
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Fig 3.1 Loca on of Drynoch in the Island of Skye [19]. 

 

The substa on supplies power to around 1000 customers connected to the electrical grid. It is a 33 kV to 11 
kV primary substa on.  The peak demand recorded from the year 2015 to year 2019 is equal to 1,78 MVA. 
The nominal power of the embedded genera on connected to the 11 kV network was of 0,73 MVA. Fig. 3.2 
shows the overall demand trend within the years men oned [19].  

 

 

 

Fig. 3.2 Drynoch Load Data [19]. 
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3.2 Primary Substa on descrip on  

Drynoch primary substa on is connected on a single radial feeder at 33 kV from the Grid. A two-windings 2.5 
MVA Yyn0 33 kV /11 kV oil filled transformer allows the connec ons. The 11 kV winding is equipped with an 
earthing connec on. Downstream the transformer, a circuit breaker is installed before the 11 kV busbar. Two 
feeders, equipped in turn with one circuit breaker each, are connected to the 11 kV busbar.  

Regarding the BESS side, the ion lithium ba eries and their auxiliary system are connected to the 11 kV busbar 
by means of a two-winding 3 MVA 11 kV / 1 kV transformer. In the la er, an earthing connec on is linked to 
the primary windings. Finally, it is important to point out the presence of two other circuit breakers: one 
between the ba eries and the LV windings of the transformer and another between the high voltage windings 
and the 11 kV busbar [19]. 

To make the descrip on clearer, the preview of the model created on PowerFactory is shown in Fig. 3.3. 

 

 

Fig. 3.3 Drynoch primary substa on model. 

 

Note that in this picture, the two feeders connected to the 11 kV busbar have not been represented.  
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Chapter 4: Microgrid Modeling  
 
4.1 Microgrid Modeling Introduc on 
As previously men oned, the fundamental aim of this study is to evaluate, through the development of 
various analyses, the performance and therefore the quality of service within a microgrid, which can work in 
parallel with the main grid or in islanded mode.  

The so ware named PowerFactory was used to perform the analyses. PowerFactory is a so ware developed 
by DigSilent that allows to simulate the behavior of power system networks and carry out different types of 
calcula ons [20].  

To give an idea of the so ware's func onality, PowerFactory allows to carry out short-circuit analyses to size 
the protec ons within the system, to op mize the energy transmission process by minimizing losses within 
the network, to evaluate the sta onary or transient performances of the network such as the loading status 
of the components to evaluate any reinforcement of the network. By means of PowerFactory, studies can be 
carried out on the quality of service in terms of frequency and voltage. It is therefore a useful tool both for 
evalua ng func oning networks and for predic ng the behavior of networks in the design phase.  

All the steps to model the network are described in the following paragraphs. Fig. 4.1 is shown only to clarify 
the data storage rela ng to the components of the network within the so ware. 

 

 

Fig. 4.1 Component Data Hierarchy in PowerFactory. 

 

The window shown in the figure relates to the main network component. The data to be entered to define 
the element are divided according to their nature into different pages, listed in the le  part of the window. 
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For example, data rela ve to power injec on of a generator delivered in a certain moment of the opera on 
are placed in the “Load-Flow” page, since this data is fundamental for load-flow simula ons [21]. Each of the 
next paragraphs will be dedicated to entering the basic data of a single component of the network. The 
remaining data necessary to carry out the analysis will be introduced and discussed within the analysis 
chapter.  

In the data exposure phases, it will be specified which of the data were not available from the project 
documenta on made available by Loccioni, specifying the hypotheses or the other documenta on consulted 
for the missing data.  

 

 

 

 

4.2 Basic Data Se ng of the components 
 

4.2.1 Busbars  
Within the network model, there are three main busbars to represent: 

 33 kV busbar  
 11 kV busbar  
 1kV Ba ery busbar  

In this case, since the distances between these busbars are much shorter than the lengths of the radial 
network cables downstream the primary substa on, there is no need to model any connec ng line. Both the 
33 kV and the ba ery busbars are therefore connected to the 11 kV busbar by means of transformers.  

 

 

Figure 4.2 Terminal Basic Data. 
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Figure 4.3, 4.4 External Grid Basic Data. 

In the Fig. 4.2 the basic data rela ve to the 33 kV busbar are shown. In this page it is important to specify the 
name of the busbar, the phase technology of the system, whether the system works in alterna ng or direct 
current, and the line-to-line nominal voltage of the element. There’s also the opportunity to define the busbar 
as part of a certain zone or area of the network, and to put the component out of service. The basic data 
window of the other busbars are equal to the one shown.   

 

 

 

 

4.2.2 External Grid  
The main grid is represented by an external source element, connected to the 33 kV busbar.  

 

                            

 

 

 

 

 

 

 

 

The External Grid basic data are divided in two different windows. In the “General” window the name of the 
element must be entered. The second window refers to grounding impedance and neutral conductor se ngs. 
The default data was le . In the current modeling step, the amount of data to be inserted is minimal; the 
component will be much more complex when the power genera on strategies will be defined in the load-
flow analysis.  
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4.2.3 Transformers  
Transformers are more complex to model than the others seen previously and requires a premise: to describe 
integrally certain types of components, PowerFactory exploits two different objects, named “Type” and 
“Element” objects.  

 Characteris c electrical parameters of a component are stored in the Type Object, 
 Data rela ng to the topology or the opera on scenarios (e.g., connec ons between component, 

length of a line, tap posi on of a transformer) are stored in the Element Object [21]. 

To completely define a transformer, there’s the need to define the Transformer Element and Type Objects. 
The transformer Type Object will be assigned to the transformer Element Object.  

 

 

 

Fig. 4.5 High Voltage Transformer Type Object Basic Data. 

 

Fig. 4.5 is the page rela ve to the basic data op ons of the High Voltage Transformer Type Object. As clear 
from the image above, the data to be entered are purely electric, such as the rated power, the rated voltages 
the characteris c vector group and so on. It is possible to see here that the transformer is equipped with a 
neutral connec on in the low voltage-side. 

The basic data op on of the element object of the transformer are divided in two pages: the General page 
and the Grounding/Neutral Conductor page. In the General page (Fig. 4.6) it is possible to define the 
connec on of the transformer between the chosen busbars in the LV and HV sides. In the Grounding/Neutral 
Conductor page (Fig. 4.7) it is possible to define the node to which to connect the neutral conductor. In this 
case the neutral conductor is placed at the secondary winding of the transformer.  
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Fig. 4.6 High Voltage Transformer Element Object Basic Data, General Page. 

 

 

Fig. 4.7 High Voltage Transformer Element Object Basic Data, Grounding/Neutral Conductor. 

 

 

 

All the images reported above in this paragraph are related to the 33/11 kV transformer. In the following, it 
is shown all the useful data that regard the 11/1 kV BESS transformer.  
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Fig. 4.8 BESS Transformer Type Object Basic Data. 

 

 

Fig. 4.9 BESS Transformer Element Object Basic Data, General Page. 
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Fig. 4.10 BESS Transformer Element Object Basic Data, Grounding/Neutral Conductor. 

 

 

 

 

4.2.4 Earth connec ons 
In the primary substa on, both the 33 kV / 11 kV transformer and the 11 kV / 1 kV BESS transformer are 
equipped with grounding connec ons. While for the former this connec on is installed in the secondary 
windings, in the BESS transformer the grounding conductor is installed on the primary windings.  

 

 

 

Fig 4.11 BESS Transformer Earthing connec on. 
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The grounding was modeled through the union of three components using internal nodes: 

 Switch 
 RLC filter  
 Grounding switch  

In this preliminary phase of system modeling, the useful informa on to report for grounding is mainly the 
state of the switches, the nominal voltage and the number of phases of the ground connec on. For the Load- 
Flow analysis, it is an cipated that the earth connec ons will have zero impedance. 

The images rela ng to the basic data of each component are shown in the figures from Fig. 4.12 to Fig. 4.17.  

 

 

Fig. 4.12 High Voltage Transformer Earthing Connec on Circuit Breaker, Basic Data. 

 

 

Fig. 4.13 High Voltage Transformer Series RLC Filter, Basic Data. 
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Fig. 4.14 High Voltage Transformer Grounding Switch, Basic Data. 

 

 

Fig. 4.15 BESS Transformer Earthing Connec on Circuit Breaker, Basic Data. 
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Fig. 4.16 BESS Transformer Series RLC Filter, Basic Data. 

 

 

Fig. 4.17 BESS Transformer Grounding Switch, Basic Data. 

 

 

 

 

4.2.5 BESS  
The storage system is connected to the 1 kV busbar, together with the load rela ng to the auxiliaries.  

Power Factory does not directly have a component rela ng to storage systems, but provides the component 
called "Sta c Generator" for the representa on of these elements [22]. 

In this case, the main data to be entered in the Basic Data page are the plant category, the rated apparent 
power and the rated power factor, numbers of parallel units and the name of the terminal to which the BESS 
is connected. 
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1 Fig. 4.19, 4.20 NEC/NER Basic Data, General and Grounding/Neutral 
Conductor page. 

 

Fig. 4.18 BESS Basic Data, General page. 

 

 

4.2.6 Neutral Earthing Compensator/Resistor  
The neutral earthing compensator/resistor is used in electricity transmission and distribu on systems to 
manage the currents during a ground fault. By modifying the reactance or resistance values of the neutral 
conductor, it modifies the earth fault current to a certain value, that must be neither too high as to damage 
the circuit, nor too low as not to trigger the protec ons when this type of fault occurs [23], [24].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Above, both pages rela ng to the basic data op on are shown. In them data rela ng to the nominal current 
and voltage, the resistance and reactance values and the topological must be entered. Given that this 
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component does not influence the load-flow analysis and that earth faults will not be treated in the short-
circuit analysis, this component does not influence the results of the analyses that will be explained later. For 
this reason, the default values have been maintained. 

 

 

 

 

4.2.7 Auxiliary Load 
For the correct func oning of the BESS, auxiliary components need to be installed. In fact, these types of 
systems are equipped with components such as the fire preven on system, video surveillance, ba ery cooling 
systems, ligh ng systems, HVAC (Hea ng, Ven la on and Air Condi oning) and UPS (Uninterrup ble Power 
Supply) to power the emergency circuit and control components without interrup ons. These components 
have been grouped in PowerFactory into a single general load object. the basic data are shown in Fig. 4.21. 

 

 

Fig. 4.21 Auxiliary Load Basic Data. 
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Chapter 5: Distribu on System Equivalent 
Model  
 

The physical and electrical data of a distribu on system are, most of the me, kept secret for security reasons. 
The exposure of such data requires the possession of permissions by the owner of the network. Since such 
permissions are not available, the real distribu on system cannot be analysed directly in this study. Therefore, 
an equivalent system of the real network has been modeled. The modeling procedure is discussed in detail 
in the present paragraph.  

The real model in possession does not show all the branches from the Bess sta on to the individual customer, 
but it just gives all the topological and electrical data related to the lines at the 11 kV voltage level. The loads 
present in the distribu on network are grouped into more than 130 load blocks.  

The first step to model the equivalent circuit is to decide the simplifica on level of it. In other words, choices 
regarding the number of nodes and lines joined and represented in the study should be taken. Two feeders 
depart from the BESS sta on, which branch into four main backbones, each having a high number of 
branches. Therefore, the model has been simplified by incorpora ng the proper es of the small secondary 
branches into the network backbones. This has required the calcula on of the equivalent impedance between 
lines in parallel or in series and the aggregate load calcula on. The tabula on has been performed in Excel.  

Knowing how PowerFactory models line elements is crucial to make the mathema cs. Fig. 5.1 shows the 
lumped parameter model for a single-phase AC line. 

 

 

 

Figure 5.1 Lumped parameter model for a single-phase AC line. [25] 

 

This parameter arrangement is valid also for three-phase systems. The line is characterized by its phase 
impedance, named “Z” and by its admi ance with respect to the ground “Y”, divided in two blocks inside the 
model. In detail: 
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𝑍 = 𝑍 ∙ 𝑙 = (𝑅 + 𝑗𝜔𝐿 ) ∙ 𝑙       (5.1)  

𝑌 = 𝑌 ∙ 𝑙 = (𝐺 + 𝑗𝜔𝐶 ) ∙ 𝑙      (5.2) 

𝐺 = 𝐵′ ∙ 𝑡𝑔𝛿       (5.3)  [25] 

 

The apostrophe on the quan es indicates that they are parameters per unit of length. “l” is the length of 
the line. The conductance is func on of the susceptance and the insula on factor. In this study the insula on 
factor is assumed to be equal to zero. Although dealing with underground cables, given the low voltage level, 
the capaci ve effects between phases and earth can be considered negligible. Once the equivalent network 
had been modelled, a brief confirmatory parametric analysis was carried out, implemen ng load-flow analysis 
for a wide range of capaci es per unit of meter. This procedure confirms the ini al hypothesis. The parameter 
to be evaluated are therefore R’ and L’. 

Through calcula ons, five different Line Types has been defined:  

 

Table 5.1 Resistances and Reactances per unit meter for the equivalent Line Type. 

 

Line Type R’ (Ω/km) X’ (Ω/km) 

1 1,866 0,354 
2 1,449 0,276 
3 0,75 0,39 
4 1,222 0,402 
5 0,197 0,122 

 

 

As for transformers, each line Type Object must be assigned to its proper line Element Object, according to 
the topology chosen. In PowerFactory, in the line Element Object are stored topological informa on and the 
line length, while the line Type Object contains all the electrical and physical parameters of the cables. For 
complete modeling of pipe, each line Type Object should be assigned to its rela ve line Element Object [21], 
as shown in Table 5.2. 

 

Table 5.2 Line Element and Type Associa on, Line Length. 

 

Line 
Element 

Line Type Line 
Element 
Length 

(km) 
L1 5 1,12 

L1_1 2 4,03 
L1_2 1 7,98 

L2 3 5,15 
L2_1 3 4,3 
L2_2 4 3,03 
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The last step to realize the equivalent network is to evaluate the equivalent aggregate load to each line. This 
is done by summing all the contribu ons by each local load presents in the network. A wind generator with 
nominal power of 0,73 MVA is connected to L2_1. This is the only distributed energy resource present in the 
distribu on network. This unit will be coordinated together with the external grid and the BESS to fulfill the 
total demand. In the study performed by the DNO on the meshed grid exploited to extract the network 
informa on useful for the current study purpose, all loads have the same power factor, equal to 0,98 [19]. 
The maximum demand of each aggregate load is shown in Table 5.3. 

 

Table 5.3 Load names, Load Lines and Apparent Power of the Loads. 

 

Name of Load/Generator Line connected to the load Maximum power (MVA) 
1A L1_1 0,77 
1B L1_2 0,265 
2A L2_1 0,566 
2B L2_2 0,184 
WT L2_1 0,73 

 

 

Once aggregated the load rela ve to each line, five different transformers have been dimensioned according 
to the load demand and wind generator nominal power. 1 MVA transformers for the loads and 1,5 MVA 
transformer for the wind turbine has been chosen.  The voltage of all the loads is equal to 0,4 kV. To enter the 
remaining transformer data, datasheets of real transformers available on the market with similar dimensions 
has been checked [26]. In the following, the relevant figures rela ve to the transformer type have been 
reported. 

 

 

Fig. 5.2 Load Transformer Type Object, Basic Data. 
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Fig. 5.3 Wind Genera on Transformer Type Object, Basic Data. 

 

All the parameters needed to graphically represent the equivalent model are now available. Fig. 5.4 illustrates 
the equivalent model designed in PowerFactory. 

 

 

Fig. 5.4 Equivalent Distribu on Network Model. 
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In conclusion, there is the need to evaluate the rated current of the equivalent conductors. This parameter is 
fundamental in load-flow analysis to understand the level of load exerted on the line. Since the conductors 
are made of copper and they are underground single-core cables, the resistance and reactance values of the 
equivalent lines can be compared to those of cables available on the market to obtain their sec on and, 
consequently, the nominal currents. Table 5.4 shows the current values rela ng to each line type and element. 

 

Table 5.4 Line Rated Current.  

 

Line 
Element 

Line Type Rated 
Current 

(kA) 
L1 5 0,234 

L1_1 2 0,071 
L1_2 1 0,071 

L2 3 0,127 
L2_1 3 0,127 
L2_2 4 0,096 
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Part 3: Analysis Part  
 

 

Chapter 6: Load-Flow Analysis 
 

6.1 Load-Flow Introduc on 
Load-flow analysis is a basic tool for the evalua on of power systems in steady-state condi ons. The study 
evaluates how the equipment in the power system are loaded to meet demand. Through this method, it is 
possible to iden fy any weaknesses and develop countermeasure. Furthermore, it assesses the voltage levels 
of the grid, determining if they are within the acceptable limits.  

Load-flow can be used for several applica ons, which can be classified based on whether they occur in normal 
state condi on or during fault condi on. If the grid works in normal opera ng condi ons, load-flow can 
analyse the behavior of the system by calcula ng voltage drops, power losses and loadings on each 
component. Therefore, the load-flow method can be used in system op miza on; by knowing the load-flow 
results, the operator can modify the parameters to find the op mum between system losses, genera on costs 
and reliability of the system.  

Beyond normal opera on, it could be interes ng to analyse the system behavior under fault condi ons. The 
operators aim to understand how and if the system could meet demand in anomalous state caused by any 
kind of fault. Typically, an outage can cause the overload of the system, threatening the security of the 
network. Performing the load-flow analysis on a network with some branches disconnected gives precious 
informa on on supply uncertainty. With these results, operators can decide the best ac ons to be performed 
(e.g., system empowerment, protec on se ngs etc.). 

The results of the study can be useful both for systems already in opera on and for those in the process of 
being designed.  

Load-flow analysis is useful as the ini al steady-state condi on for other types of analysis, such as quasi-
dynamic simula on, short-circuit and electromagne c transient analysis [21].  

Through the load-flow analysis, the most relevant opera on scenarios of the network are evaluated and 
discussed. As expressed before, the microgrid can be connected to the na onal grid or can operate in islanded 
mode. Each of the cases are analysed individually. in the first case, the BESS provides only the energy 
necessary for load peaks or to improve the quality of voltage in the nodes of the electricity grid. In the second 
case, the BESS, in coopera on with the DER in the distribu on network, provides the energy necessary to 
cover the load.  

The opera on scenarios are not characterized exclusively by whether the microgrid is connected to the 
na onal grid or not, but various load and distributed genera on cases are also considered. 

As regards loads, two cases will be presented: in the first, the average electrical load recorded in recent years 
are used, while in the second, the maximum load recorded is adopted.  

Finally, within the network the wind genera on (WG) can be disconnected from the network or not. 
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The drivers presented has been combined to define eight different opera on scenarios, which have been 
evaluated through load-flow analysis: 

 

 Case 1: Connected grid, Average load, Wind Genera on  
 Case 2: Disconnected grid, Average load, Wind Genera on  
 Case 3: Connected grid, Maximum load, Wind Genera on  
 Case 4: Disconnected grid, Maximum load, Wind Genera on 
 Case 5: Connected grid, Average load, No Wind Genera on 
 Case 6: Disconnected grid, Average load, No Wind Genera on  
 Case 7: Connected grid, Maximum load, No Wind Genera on 
 Case 8: Disconnected grid, Maximum load, No Wind Genera on 

 

The structure of the part is an cipated; first, the mathema cal model behind the load-flow analysis is 
explained in detail. Following this, there is a step-by-step explana on on how to implement load-flow analysis 
within the so ware, focusing on the general se ngs, the se ngs of the load-flow command and the se ngs 
of each component present within the network. Finally, the results of each case study are compared and 
discussed. 
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6.2 Load-Flow Mathema cal Model  
Load-flow analysis is used to calculate the voltage values V, phase angles δ, ac ve and reac ve power P and 
Q in each component of the power system.  

Before the analysis, the operator only par ally knows the value of these quan es. Buses within the network 
are classified according to which of their parameters must be determined: 

 Slack (SL) Buses: Slack bus is usually connected to a generator and is the bus chosen as a 
reference. Its phase angle δ is known as well as its voltage magnitude. The genera on is 
adjusted to ensure power balance.  

 Generator (PV) Buses: PV Buses, like the Slack Buses, are connected to generator units, 
and its genera on could be modulated to match the power demand. It is known the 
ac ve power and the voltage magnitude of this type of bus, but the reac ve power and 
the phase angle are unknown.  

 Load (PQ) Buses: PQ buses are those connected to a load. The load value is an input of 
the load-flow analysis. It can be a forecast or an actual value. The unknown variables are 
V and δ.  

 

A summary table on the bus classifica on is reported in Table 6.1. 

 

Table 6.1 Bus Classifica on. [27] 

 

 

 

Performing a load-flow analysis means to define and to solve a set of nodal equa ons. This system can be 
represented in the matrix form: 

 

𝐼 = [𝑌]𝑉   (6.1) 

 

where “I” is the current array, “V” is the voltage array and “[Y]” is the admi ance matrix of the system. 
Inside the expression lie the topological and electrical rela onships between nodes.  

For an N bus system, the nodal equa on can be wri en as: 
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𝐼 = ∑ 𝑌 𝑉     𝑓𝑜𝑟 𝑖 = 1, 2 … 𝑁   (6.2) 

 

and since: 

 

𝑃 + 𝑗𝑄 =  𝑉 𝐼∗  (6.3) 

𝐼 = ∗    (6.4) 

 

it is possible to apply the subs tu on: 

 

∗ = 𝑉 ∑ 𝑦 − ∑ 𝑦 𝑉   (6.5) 

 

The above equa on can be solved by itera ve method. the most used itera ve methods are the Gauss-Seidel 
Method, the Fast Decoupled Method and the Newton-Raphson Method. In the case study, the last-men oned 
method has been implemented [27].  

The Newton-Raphson Method approximate a non-linear equa on system to a set of linear equa ons using a 
first order Taylor’s series expansions. It is widely used in load-flow calcula ons since is one of the best 
methods in terms of convergence characteris cs.  Its computa onal speed depends on the distance between 
the guessed solu on and the real one [6].  

 

Considering a set of n non-linear algebraic equa ons, at node i:  

𝑓 (𝑥 , 𝑥 , … , 𝑥 );    𝑖 = 1, 2, … , 𝑁  (6.6) 

 

and assuming ini al values of unknowns  𝑥 , 𝑥 , …  , 𝑥   

 

assuming also a set of correc ons for the assumed values 𝛥𝑥 , 𝛥𝑥 , …  , 𝛥𝑥  

 

it is possible to approximate the equa ons to a first order Taylor series: 

 

𝑓 (𝑥 +, 𝑥 +, … , 𝑥 ) + ∆𝑥 + ∆𝑥 + ⋯ ∆𝑥 ≈ 0     (6.7) 

 

Represen ng them in matrix form: 
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𝑓

𝑓
…
𝑓

+

⎣
⎢
⎢
⎢
⎢
⎡ …

…
… … …

… ⎦
⎥
⎥
⎥
⎥
⎤

∆𝑥

∆𝑥
…

∆𝑥

≈

0
0…
0

    (6.8) 

 

 

That is: 

𝑓 + 𝐽 ∆𝑥 ≈ 0  (6.9) 

 

where 𝐽  is the jacobian matrix. The equa on can be also wri en as: 

 

𝑓 ≈ [−𝐽 ]∆𝑥   (6.10) 

 

 

The values of x for the next itera ve step are modified using the corrector value; at itera on t: 

𝑥 = 𝑥 + ∆𝑥   (6.11) 

 

 

The method con nues to iterate un l the following inequality is verified [28]: 

|𝑓 (𝑥 )| < ε  (6.12) 

 

where ε is the desired accuracy and i is the index of the node.  

 

 

Applying the method to the electricity network, the arrays xt and xt+1 correspond to the vectors of the 
voltages V and angles δ of the nodes at me steps t and t+1 respec vely. the func on f t is the vector of the 
ac ve and reac ve powers P and Q of the nodes at me step t.  The components of such vector have the 
following formulas [27]: 

 

𝑃 = ∑ |𝑉 | 𝑉 |𝑌 | cos 𝜃 − 𝛿 + 𝛿   (6.13) 
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𝑄 = ∑ |𝑉 | 𝑉 |𝑌 | sin 𝜃 − 𝛿 + 𝛿  (6.14) 

 

The Jacobian 𝐽  is the matrix of the par al deriva ves of the ac ve and reac ve powers P and Q with 
respect to the voltage V and angles δ of the nodes at me step t.  

 

 

 

 

6.3 Component se ngs for Load-Flow Analysis 
In the first phase of network modeling, only the topological and electrical informa on of each component 
basic data page have been defined. This paragraph includes the remaining data necessary to perform the 
load-flow analysis. Like the basic data page, each component has its dedicated load-flow page.   

For some components different se ngs are presented depending on the case study to be analysed. 
Furthermore, for the desired coordina on of genera on and to maintain an adequate voltage level on all 
nodes of the network, two new objects are defined: the virtual power plant (VVP) and the sta on controller.  

 

 6.3.1 Terminals 
 

 

Fig. 6.1 Terminal Load-Flow Data. 

 

Fig. 6.1 shows the Load-Flow page of the 33 kV busbar. In the top part all those fundamental parameters for 
the defini on of voltage control are declared. In fact, a generator can modify its produc on to obtain a target 
voltage at a pre-established terminal. This ac on is crucial to keep all the node voltages within the acceptable 
limits. The values of “delta V min” and “delta V max” iden fy the maximum devia on allowable without 
incurring in so ware’s errors or warnings. In case the voltage control strategy involves more than one node 
or busbar, the priority number expresses the importance of the voltage targets within terminals: the lower 
the priority number, the higher the terminal priority.  

In conclusion, for each terminal it is possible to define the upper and lower steady-state voltage limit.  
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6.3.2 External Grid 
 

 

Fig. 6.2 External Grid Load-Flow Data, General Page. 

 

For an External Grid, the load-flow page is divided in turn into three different sec ons, which are the General, 
the Advanced and the Automa c Dispatch sec ons.  

As it is possible to see from Fig. 6.2, the bus connected to the external grid has been defined as the Slack 
busbar. Apart from that, in the general sec on the opera on point of the source is set, entering ac ve and 
reac ve power values, as well as the desired voltage at the busbar. A reference busbar could be chosen. In 
this case, the generator aims to inject the power required to make the terminal reach the voltage setpoint. 
The best voltage setpoint for the reference busbar depends on the power losses and therefore on the power 
fluxes flowing in the network. To avoid low voltage values at loads, the voltage setpoint at the 33 kV busbar 
has been set equal to 1,02 per unit.  

Primary and secondary frequency bias are not treated in this study, since it is not the aim of this thesis to 
analyse the frequency behavior of the grid.  

Finally, the Reac ve Power Opera onal Limits can be set. Since this component represents the na onal grid, 
it has been decided to maintain the default values, where the high values in modulus of the limits indicate 
the ability to inject or absorb reac ve power orders of magnitude greater than the microgrid power flows. 

As regards the advanced page, for the moment it is enough to know that an R/X ra o of 0,2 is assumed. The 
choice is mo vated by the high resis vity of the downstream network. The remaining data on this page are 
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explained in detail in the short-circuit analysis chapter. The Automa c Dispatch page, on the other hand, is 
connected to the Virtual Power Plant (VPP) component, which is described later. 

 

 

 

Fig. 6.3 External Grid Load-Flow Data, Advanced Page. 

 

 

Fig. 6.4 External Grid Load-Flow Data, Automa c Dispatch. 

. 

 

 

 

 
6.3.4 Transformers  
To set correctly the transformers for the load-flow analysis in the So ware, it is important to remember that 
these components are defined assigning a Type Object to an Element Object [21]. The Type Object load-flow 
page is divided into four sec ons named General, Tap Changer, Satura on and Advanced sec ons.  
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Fig. 6.5, 6.6 High Voltage Transformer Type Object Load Flow Data, General 
and Tap Changer Page. 

What is important to highlight here is the tap changer at the HV side of the transformer. Modifying the tap 
posi on changes the transforma on ra o of the component. This will be a variable for the so ware to keep 
the required voltage levels within the network. In the General sec on, parameters related to the magne zing 
impedance and the distribu on of leakage reactances can be set. For the la er, the default values have been 
kept.  

The load-flow page of the Element Object is divided into four different sec ons. In them it is possible to set 
the maximum and minimum posi on of the tap changer, the ini al tap posi on and so on. In the “Controller, 
Tap Changer 1” sec on it is possible to set the control on the tap. In fact, the tap posi on could be controlled 
by and external tap controller, by an external sta on controller, by an external LCC controller or by means of 
automa c tap changing control. For the la er op ons, parameters such as the winding to be controlled, the 
voltage setpoint and the lower and upper voltage bounds must be set. Whenever the reference voltage value 
goes outside the limits, the automa c control changes the posi on of the tap to try to bring the reference 
phase back within the limits. For the moment, no tap changer control strategy is chosen.  

For a compact presenta on, only the data rela ng to the 33 kV / 11 kV transformer is shown in its en rety. 
For the BESS transformer, the wind turbine transformer and the transformers connected to a load, only the 
general page of the Type Object is shown, since the remaining pages are similar to the ones related to the 33 
kV / 11 kV transformer.  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 



43 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.9, 6.10 BESS Transformer and Load Transformer Type Object Load-Flow Data, General Page. 

    

 

 

 

 

Fig. 6.7, 6.8 High Voltage Transformer Element Object Load-Flow 
Data, General and Controller, Tap Changer 1 Page. 
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Fig. 6.11 Wind Genera on Transformer Type Object Load-Flow Data, General Page. 

 

 

 

 

6.3.5 Loads  
As men oned in the introduc on of the load-flow analysis chapter, two load cases are presented: the average 
load and the maximum load. The image rela ng to the load profile recorded from 2015 to 2019 is shown 
again in Fig. 6.11.  

 

 

Fig. 6.12 Drynoch Load Data. [19]. 
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It can be seen from the figure that the maximum peak of 1,78 MVA was reached in January 2019. The average 
load recorded is approximately 1 MVA.  

Figure 6.12 shows the general load-flow page of the load downstream of branch L2_2:  

 

 

Fig. 6.13 Load-Flow Data of load 2B, General Page. 

 

Here it is possible to define the opera ng point of the load, se ng the apparent power, the power factor, the 
target voltage and the scaling factor.  

In the documenta on made available by Loccioni, the values of every single load on the network in the most 
cri cal scenario recorded are known. these loads were then aggregated and associated with the equivalent 
branch defined in the simplifica on phase of the real model. A power factor of 0.98 for all loads and a 
consump on of the BESS auxiliary systems of 100 kW are assumed. The maximum apparent power values of 
each load are shown in the table: 

 

Table 6.1 Maximum Power of Loads.  

 

Name of Load/Generator Maximum power (MVA) 
1A 0,77 
1B 0,265 
2A 0,566 
2B 0,184 
WT 0,73 

 

In the general sec on of the load-flow page, it is possible to set the scaling factor value. the load value used 
in the analysis will be equal to the product between the apparent power entered and the scaling factor [21]. 
the ra o between the average load assumed and the maximum load is equal to 1MVA / 1,78MVA = 0,56.  

Once entered the maximum apparent power demanded by each aggregated load, by changing the scaling 
factor, it is possible to quickly switch from the maximum load case to the medium load case. In the first case, 
the scaling factor will be equal to 1, in the second case, it will be equal to 0.56.  

The average load values of the aggregated load are listed below.  
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Table 6.2 Average Power of Loads. 

 

Name of Load/Generator Average Power (MVA) 
1A 0,43 
1B 0,15 
2A 0,32 
2B 0,103 
WT 0,41 

 

 

 

 

6.3.6 Wind Turbine  
 

 

Fig. 6.14 Wind Genera on Load-Flow Data, General Page. 

 

 

In the distribu on network there is a small wind turbine with an apparent nominal power of 0,73 MVA. A 
power factor equal to 1 is assumed. Here too, the power injected into the network can be modulated thanks 
to the scaling factor.  

As with any type of sta c generator, local control of the genera on can be defined. The turbine is operated 
at constant reac ve power equal to zero.  
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Fig. 6.15 Wind Genera on Load-Flow Data, Opera onal Page. 

 

 

In the Opera onal Limits page, the opera on area of the turbine can be defined. The capability curve was not 
defined manually, it was enough to define the opera on limits, so that the turbine can only inject power into 
the grid, without absorbing it.  

 

 

 

 

6.3.7 Virtual Power Plant (VVP)  
Virtual Power Plant are used in PowerFactory to group a set of generators to reach the desired ac ve power. 
Through this component, it is possible to set some rules of dispatch. By assigning a merit order to each 
generator, it is possible to define which generator should run first with respect to the others. Since the wind 
generator will produce a priori the ac ve power entered in the load-flow page if connected to the grid, there 
is no need to group it in the VVP. It is important to group both the external source and the BESS in the VVP, 
giving a higher merit order to the external source. By doing so, in case of parallel mode opera on, the BESS 
will generate only the amount of ac ve and reac ve power declared in its load-flow page. In case of islanded 
mode, the external source will be out of service and the BESS will be taken as the reference machine of the 
grid. It means that the BESS will act as the slack generator and it will try to match the difference between the 
wind turbine genera on and the load demand.  

This se ng can be kept fixed for all the opera on scenarios. 



48 
 

6.3.8 Sta on Controller 
The sta on controller object coordinates all the generator grouped in it. The aim is to keep a certain reference 
terminal at a target voltage defined by the user. The sta on controller therefore is used to control the reac ve 
power injected by each generator. In this case only the external source and the BESS are controlled by it (as 
it is possible to see in the “Connected” column in Fig. 6.15). The user did not define the target node. Instead, 
during the load-flow analysis there is an automa c selec on performed by the algorithm. This is named as 
Automa c Selec on of the node.  

 

 

Fig 6.16 Sta on Controller Basic Data. 
 

 

 

Fig 6.17 Sta on Controller Load-Flow Data, General Page. 
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6.3.9 BESS  
 

 

Fig. 6.18 BESS Load-Flow Data, General Page. 
 

Being the BESS system modeled as a sta c generator as the wind turbine in PowerFactory, the Load-Flow 
pages of these components are like each other. The BESS is set as reference machine of the network only in 
islanded mode, while in case of parallel mode opera on the external source is the slack generator. BESS 
always works at constant voltage, no ma er the opera on scenario. In the load-flow analysis, the ac ve 
power injected by the energy storage system depends on the load demand, while the reac ve power depends 
mainly on the voltage levels of the grid. In case of parallel mode opera on and average load equal to 1 MVA, 
only the possible wind generator and the external source sa sfy the ac ve power demand. The BESS injects 
only reac ve power to improve the voltage quality of the microgrid. The BESS injects ac ve power in parallel 
mode opera on only for maximum load opera on scenario. It means that in these cases the BESS produces 
enough ac ve power to cover the demand peaks. It has been decided that in these cases the BESS injects 0,4 
MW.  

In islanded mode, the BESS cooperates with the wind generator (if not out of service, depending on the 
opera on scenario) to cover the demand, injec ng the stored ac ve power. For each case under study, the 
BESS provides reac ve power to keep the voltage quality of the microgrid within acceptable limits.  

Since the radial network of the microgrid is highly resis ve, voltage drops can be considerable. In order not 
to have very low voltage values at the loads, a voltage value is therefore set in the ba ery terminal slightly 
higher than the nominal one, equal to 1,02 per unit.  

The opera onal limits of the ba ery are in Fig. 6.19.  
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Fig. 6.19 BESS Load-Flow Data, Opera onal Limits Page. 
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6.4 Load-Flow Command Se ngs  
Once all the data necessary to perform the load-flow calcula on has been defined, it is me to set the load- 
flow calcula on op ons. This is possible by opening the load-flow calcula on icon. All the different se ngs 
are clustered into six different sec ons.  

 

 

Fig. 6.20 Load-Flow Command, Basic Data Page. 

 

In the Basic Op ons, it is possible to define the Calcula on Method by checking the boxes. In this case, it is 
needed to perform a balanced AC load-flow, imbalances between the three different phases are not going to 
be considered. Talking about the Ac ve Power Regula on, it is possible to enable the automa c tap 
adjustment of phase shi ers, as well as to consider ac ve power limits define in the models of the generators. 
None of these op ons have been selected. Regarding the voltage and reac ve power regula on, there is the 
op on to enable the automa c tap adjustment of transformer. The tap adjustment is carried out according 
to the control se ngs defined in the transformer element’s dialog. Reac ve power limits are considered. If 
the load-flow cannot be solved without exceeding the reac ve power limits defined in the models of the 
generators, the so ware returns an error message.  

Since the electrical characteris cs of lines and transformers are related to temperature, it is possible to 
change the temperature at which the analysis is carried out. In this case, a temperature of 20° C has been 
chosen.  

In conclusion, in the Basic Op ons it could be chosen to consider voltage dependency of load and the feeder 
load scaling.  

In the Ac ve Power Control Page, it is possible to decide which kind of strategy to adopt to fulfill the load 
demand. Power genera on can be divided between generators according to their iner as, or according to 
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primary or secondary control. In this case it has been chosen the “as dispatched ac ve power control”: it 
means that the power balance is guaranteed by the slack generator. In case the grid under study is connected 
to the main grid, the external source is the slack generator. In islanded mode, the BESS plays this role. If as in 
this case the “as dispatched” control is selected, it is possible to define more op ons regarding the power 
balancing method. There is the op on to choose between strategies on how to balance the losses within the 
network. In this case, all the losses are balanced by the reference machine.  

 

 

Fig. 6.21 Load-Flow Command, Ac ve Power Control Page. 

 

 

Since the Advanced Op ons, Outputs and Load/Genera on Scaling pages are not par cularly important for 
the study under analysis, they will not be described. On the last relevant page, called Calcula on Se ngs, 
two types of Newton-Raphson Method can be chosen: the classic one and a second called Current Equa ons 
Newton-Raphson Method. As expressed in the so ware manual, while the former reaches convergence faster 
in more complex networks, the la er is par cularly accurate if simpler networks are being analysed [21]. 
Therefore, the Current Equa on Method has been chosen.  

 

 

Fig. 6.22 Load-Flow Command, Calcula on Se ngs Page. 
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6.5 Load-Flow Analysis Results  
 

 

Fig. 6.23 Drynoch primary substa on model. 

 

 

Fig. 6.24 Equivalent Distribu on Network Model. 
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In this chapter, the results of the analysis are presented and commented on. Node voltages, power line 
loadings and the network losses obtained are compared for each opera onal scenario. 

Below there are the opera onal scenarios already introduced previously. For conciseness, the opera on 
scenarios are referenced using codes: 

 

 Case 1: Connected grid, Average load, Wind genera on (1-Co-AL-WG) 
 Case 2: Disconnected grid, Average load, Wind genera on (2-Di-AL-WG) 
 Case 3: Connected grid, Maximum load, Wind genera on (3-Co-ML-WG) 
 Case 4: disconnected grid, maximum load, wind genera on (4-Di-ML-WG) 
 Case 5: connected grid, average load, no wind genera on (5-Co-AL-No WG) 
 Case 6: disconnected grid, average load, no wind genera on (6-Di-AL-No WG) 
 Case 7: connected grid, maximum load, no wind genera on (7-Co-ML-No WG) 
 Case 8: disconnected grid, maximum load, no wind genera on (8-Di-ML-No WG) 

 

To begin with, a first table rela ng to the values of generated, absorbed and dispersed power of the system 
is reported in Table 6.3: 

 

Table 6.3 Network Power Flows. 

 
 

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 
 

(1-Co-AL-
WG) 

(2-Di-
AL-WG) 

(3-Co-
ML-WG) 

(4-Di-ML-
WG) 

(5-Co-AL-
No WG) 

(6-Di-AL-
No WG) 

(7-Co-ML-
No WG) 

(8-Di-ML-
No WG) 

P Ext Source 
(MW) 

0,383 0 0,821 0 1,116 0 1,54 0 

Q Ext Source 
(Mvar) 

0,162 0 0,227 0 0,105 0 0,188 0 

P BESS (MW)  0 0,378 0,36 1,175 0 1,107 0,4 1,929 

Q BESS (Mvar)  0,262 0,391 0,404 0,607 0,281 0,342 0,436 0,597 

P Wind 
Genera on (MW) 

0,73 0,73 0,73 0,73 0 0 0 0 

Q Wind 
Genera on (Mvar) 

0 0 0 0 0 0 0 0 

Total Load (MW)  1,08 1,08 1,85 1,85 1,08 1,08 1,85 1,85 

Total Load (Mvar)  0,2 0,2 0,36 0,36 0,2 0,2 0,36 0,36 

Total P Losses 
(MW) 

0,033 0,028 0,061 0,055 0,036 0,027 0,09 0,079 

Total Q Losses  
(Mvar) 

0,224 0,191 0,271 0,247 0,186 0,142 0,264 0,237 

 

 

From the results it is possible to see the se ngs adopted rela ng to the genera on strategy. In this case it 
was assumed that the wind turbine never inputs reac ve power, but only the maximum nominal ac ve power. 
Obviously, the wind turbine will not always be out of service or at full power. However, the aim was to analyse 
the limit cases of genera on.  
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As desired, in case of average load in connected-mode opera on, the ba ery only feeds reac ve power into 
the grid, to improve voltage quality at the nodes. In connected-mode opera on and maximum load, the BESS 
sends approximately 0.37 MW as set, relieving the external grid of the task of covering demand peaks. When 
ac ve, since the external source is the slack generator of the network, its reac ve and ac ve powers will be 
equal to the difference between the sum of the loads and losses minus the genera on of the BESS and the 
wind turbine. In islanded mode, the BESS will work as the reference machine and therefore it will cover the 
power mismatch.  

The load values take on only two values: one rela ng to the maximum load and one to the average load. In 
both cases, a power factor of 0.98 was assumed for all loads downstream of the network, while the auxiliary 
load rela ng to the BESS only requires ac ve power.  

The total ac ve and reac ve losses of the system are one of the most important results to analyse once a 
load flow analysis has been performed. Regarding ac ve losses, the results coincide with expecta ons. The 
losses are directly propor onal to the power demand values. In the case of distributed genera on, losses 
decrease, as the distance that the power flow must travel from genera on to load has been reduced. In this 
regard, note the difference between cases 8 and 4, between cases 7 and 3, between cases 6 and 2 and 
between cases 5 and 1. In these pairs of opera onal scenarios reported, the only difference is the possible 
presence of the DER. It can be noted that in these pairs the ac ve losses are always lower in cases of ac ve 
wind genera on. 

Regarding the item “reac ve losses”, it is good to make a premise: it includes both the actual reac ve losses 
and the power injected to improve the voltage of the power system. Since reac ve power value of zero has 
been set for the turbine, the reac ve losses do not depend on wind genera on. Regardless of the opera on 
of the wind turbine, the reac ve power will always reach the loads from the 11 kV busbar. Obviously, here 
too the losses are greater in cases of maximum load.  

Case 8 is the case where the BESS is called upon to do the greatest work. With the ba ery fully charged, 
assuming a minimum SOC (State of Charge) of 20% and having a nominal capacity of 3MVAh, the available 
capacity will be: 𝐶 − 𝑆𝑂𝐶 𝐶 = 2,4 𝑀𝑉𝐴ℎ. Having PBESS = 1,929 MW and QBESS = 0,597 Mvar, the apparent 

power injected in case 8 is by the BESS is  (1,929 + 0,597 ) = 2.02 𝑀𝑉𝐴. This means that, if the ba ery 
is fully charged before the fault occurs in the main grid, the microgrid can work in the worst case load in 
islanded mode for approximately 1.2 hours.  
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Table 6.4 Network Voltage Values in per unit. 

 
 

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 
 

(1-Co-AL-
WG) 

(2-Di-AL-
WG) 

(3-Co-ML-
WG) 

(4-Di-ML-
WG) 

(5-Co-AL-No 
WG) 

(6-Di-AL-No 
WG) 

(7-Co-ML-No 
WG) 

(8-Di-ML-No 
WG) 

33 kV Busbar 1,02 0 1,02 0 1,02 0 1,02 0 

Ba ery 
Busbar 

1,02 1,02 1,02 1,02 1,02 1,02 1,02 1,02 

11 kV Busbar 1,01 1,01 1,01 1,01 1,01 1,01 1,01 1,01 

Node EDN 2 1,02 1,02 1,01 1 1 1 0,98 0,98 

busbar 2.1 1,03 1,01 1,01 1 0,99 0,99 0,97 0,96 

Node EDN 
2_1_2 

1,03 1,03 1,01 1 0 0 0 0 

Node EDN 
2_1_1 

1,02 1,02 1 1 0,99 0,98 0,96 0,96 

Node EDN 
2_2_1 

1,02 1,01 1 1 1 0,99 0,98 0,97 

Node EDN 
2_2_2 

1,02 1,01 1 0,99 0,99 0,99 0,98 0,97 

Node EDN 1 1,01 1,01 1,01 1,01 1,01 1,01 1,01 1,01 

Node EDN 
1_1_1 

0,99 0,99 0,97 0,97 0,99 0,99 0,97 0,97 

Node EDN 
1_2_1 

0,99 0,99 0,98 0,97 0,99 0,99 0,97 0,97 

Node EDN 
1_1_2 

0,99 0,98 0,96 0,96 0,99 0,98 0,96 0,96 

Node EDN 
1_2_2 

0,99 0,99 0,97 0,97 0,99 0,99 0,97 0,97 

 

 

Despite in certain cases the voltage of the nodes near the loads have undesirable and rela vely low values, 
no voltage takes on values lower than 0,95 per unit, which is the minimum allowable value set, while the 
maximum value is 1,05 per unit.  

It can be noted that the voltage values of the 33 kV busbar (unless the external network is disconnected), the 
ba ery busbar and the 11 kV one have the same values in per units for all cases: while for the first two this 
occurs at the discre on of the user, having directly set these desired per unit values, at the 11 kV busbar this 
occurs because the only voltage drops that occur upstream are related to the transformers. These losses are 
in no way comparable to the losses that occur in power lines. 

For the same distributed genera on and load condi ons, it can be noted that the opera ng mode of the 
microgrid has a minimal influence on the general voltage of the nodes. This means that the ba ery is able to 
guarantee approximately the same quality of service offered by the na onal network, as desired.  

The voltage values of the nodes downstream the node named EDN 1 (see figure 6.21) have similar voltage 
values to those downstream node EDN 2 when wind genera on is out of service. On the contrary, in the case 
of opera on of the wind turbine, the nodes downstream node EDN 1 enjoy only a minimal part of the posi ve 
effects of the wind turbine on node voltages, while the opposite can be said for all the nodes downstream 
EDN 2. 

For cases 1 and 2, given the high per unit values, a target voltage for the ba ery and for the external source 
of 1,01 can be set, to see if the general trend of the node voltage tends be er towards the nominal value of 
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1 per unit. In the other cases, the voltage values are generally lower: it is due to a greater load or the absence 
of wind genera on. The wind turbine greatly helps the voltage quality of the nodes. 

Table 6.5 shows the voltage values at the nodes for cases 1 and 2 by se ng a voltage at the BESS and at the 
external grid of 1,01 per unit. 

 

Table 6.5 Network Voltage Values in per unit, Case 1 and 2 modified. 

 
 

Case 1 Case 2  
(1-Co-AL-WG) (2-Di-AL-WG) 

33 kV Busbar 1,01 0 
Ba ery Busbar 1,01 1,01 
11 kV Busbar 1 1 
Node EDN 2 1,01 1,01 
busbar 2.1 1,02 1,02 

Node EDN 2_1_2 1,02 1,02 
Node EDN 2_1_1 1,02 1,01 
Node EDN 2_2_1 1,01 1 
Node EDN 2_2_2 1,01 1 

Node EDN 1 1 1 
Node EDN 1_1_1 0,98 0,98 
Node EDN 1_2_1 0,98 0,98 
Node EDN 1_1_2 0,98 0,97 
Node EDN 1_2_2 0,98 0,98 

 

 

As can be seen from the table, the voltage value set at the two power sources is a good alterna ve to the one 
ini ally hypothesized. This is a classic example of how load-flow analyses can be exploited to analyse the 
network and therefore improve the se ng of opera onal parameters.  

 

Table 6.6 Power Line Loadings. 

 

Loadings (%) Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8  
(1-Co-

AL-WG) 
(2-Di-

AL-WG) 
(3-Co-

ML-WG) 
(4-Di-

ML-WG) 
(5-Co-AL-
No WG) 

(6-Di-AL-
No WG) 

(7-Co-ML-
No WG) 

(8-Di-ML-
No WG) 

L1 13,5 13,5 24,4 24,5 13,5 13,5 24,4 24,5 
L2 15,3 15,4 11,8 11,8 18,2 18,5 32,7 32,8 

L2_1 6,1 6,1 11,5 11,6 13,6 13,6 24,6 24,7 
L2_2 18 18,1 10,5 10,6 6,2 6,2 10,8 10,8 
L1_1 32,8 32,9 59,7 60 32,9 32,9 58,8 60 
L1_2 11,7 11,7 20,7 20,8 11,7 11,7 20,7 20,8 
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In Table 6.6 it is possible to see the load values of the power lines of the equivalent network. The L2_2 line is 
generally the least stressed, while the one with the highest percentage of load is L1_1. These two lines supply 
the smaller and the larger load of the series respec vely. From the graph it is easy to see how the load 
percentage depends greatly on the load condi on being studied. It can be seen how the branches of feeder 
1 (L1) and Line L2_2 are not affected by the presence of distributed genera on, while for the L2_1 branch the 
load changes according to the wind power generated. This is because if for the former the power flows come 
from the same nodes no ma er the presence of distributed genera on, in the case of wind genera on the 
en re demand of the second load is sa sfied directly by the wind turbine, without stressing the line L2_1. 
Here too, no par cular load varia ons are seen depending on the opera ng condi ons of the microgrid. 
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Chapter 7: Short-Circuit Analysis  
 

7.1 Short-Circuit Analysis Theory 
Short-circuit calcula on is equally as important as load-flow calcula ons. It is used to understand how the 
system would behave in case of fault condi ons. It is a method useful to verify if the protec ons the system 
would be equipped with could detect and withstand the fault, clearing it as soon as possible. In network 
planning, short-circuit calcula ons are fundamental not just for design and parametriza on of protec on, but 
could be used also to correctly dimension the earthing system and to check the thermal short-circuit capacity 
of cables. By means of so wares, it is possible to simulate both balanced and unbalanced faults.  

This type of analysis is not only used for network planning purposes, but it could be useful also for opera ve 
power systems. For example, during network switching, this method can be used to verify if the opera on is 
compliant with all the limits and therefore, if the system is working as planned. It could be also used to verify 
the actual tripping of protec ons, checking for possible protec on malopera on and false tripping.  

PowerFactory offers different short-circuit analysis method. Each of the methods available on PowerFactory 
are steady-state calcula ons. Despite this, by calcula ng some relevant characteris cs of the short-circuit 
phenomenon, these methods offer a clear view of the transient under study (Fig.7.1) [21]: 

 

 

 

Fig. 7.1 Short-circuit Transient. [21] 

 

In fact, through the short-circuit calcula on, the so ware can record the ini al peak short-circuit current ip, 
the upper and the lower amplitude of the current during the transient phase, the steady-state short-circuit 
current, that is the current flowing in the fault a er the transient phenomena stabilize, and the breaking 
current Ib, that is the current flowing in the circuit a er a clearing me that must be set. This parameter is 
fundamental in breakers dimensioning. Depending on the distance of the fault to the generators in the 
network, the magnitude of the short-circuit current may or may not vary over me. If there are generators in 
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the proximity of the fault, the transient induc ve effects of genera on lead to an amplitude of the short-
circuit current that varies over me. Otherwise, the induc ve effects of genera on are negligible and the 
amplitude of the short-circuit current does not depend on the me [29].  

IEC is a simplified conserva ve short-circuit method used mostly in planning condi on. It does not need to 
know the load-flow condi ons of the network and therefore it works using a reduced set of data.  

By imposing an equivalent voltage source at the fault loca on, it evaluates the sub-transient current Ikss and 
therefore it calculates the peak current Ip, the breaking current Ib and the thermal current Ith. The thermal 
current is used to determine the thermal stress on cables.  

 

 

Fig 7.2 IEC Superimposi on Method. [29] 

 

As indicated in Fig. 7.2, the approximated result of the IEC method is the superposi on of two different 
models:  

The first one represents the no-load case, in which the voltage of each generator is equal to the nominal 
voltage in the fault loca on. In the second model a voltage source with opposite sign is represented in the 
fault loca on. A c-factor (correc on factor) is used for security issues:  defining a c-factor higher than one 
makes the short-circuit current results more conserva ve. In this model currents flow from the generators.  

The results of the analysis will be more conserva ve as the value of the c-factor increases. Within the so ware 
it is possible to set a maximum and minimum c-factor value, from which respec vely the maximum and 
minimum sub-transient current is evaluated.  

Fig. 7.3 shows a table from standards of typical maximum and minimum correc on factors according to the 
nominal voltage. 

 



61 
 

 

Fig. 7.3 Voltage Correc on Factors. [29] 

 

Another method that can be used in Powerfactory is the Complete Method. It is a more accurate steady-state 
method which takes into account the load condi ons of the system. As the IEC method, the complete method 
determines Ip, Ib and Ith once it evaluates the sub-transient current ikss.  

As clear from Fig. 7.4, the superposi on method used is similar to the one shown for IEC 60909. The main 
difference is the ini al state before the short-circuit: while the IEC 60909 assumes a no-load state, the 
complete method assumes as the ini al state the one calculated my means of a load-flow analysis.  

 

 

Fig. 7.4 Superimposi on Complete Method. [29] 
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The formula coming from standards regarding the thermal current evalua on is the following: 

 

∫ 𝑖 𝑑𝑡 = 𝐼" (𝑚 + 𝑛)𝑇 = 𝐼 𝑇  
.

→  𝐼 =  𝐼" (𝑛 + 𝑚)     (7.1) 

where:  

 Tk is the fault dura on 
 i is the current flowing in the fault 
 Ik

” is the sub-transient short-circuit current (Ikss) 
 m and n are factors for hea ng effect, dependent on frequency, κ and Tk  
 Ith is the thermal current.  

 

 

Talking about the peak power ip: 

 

𝑖 = 𝜅 √2𝐼"    (7.2)                 with 𝜅 = 1,02 + 0,98 𝑒 /  (7.3) 

 

Observing the formula, it is possible to see that the higher the R/X ra o, the lower the κ-factor.  
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7.2 Component Se ng for Short-Circuit Analysis 
In the theore cal chapter of short-circuit analysis, the complete method and the IEC 60909 method have 
been exposed. While the la er is used in the network design phase, the complete method is more accurate, 
given that it considers also informa on rela ng to loads. The complete method will be used to carry out the 
analysis, as it is more compliant with the study in ques on.  

The study will limit itself to commen ng and comparing the results of the characteris c currents of the short-
circuit transient of the eight opera on scenarios previously analysed in the load-flow analysis. Only three-
phase faults have been simulated. 

Before analysing the results, the se ngs for the analysis are exposed both for the short-circuit command, 
through which the analysis is performed, and for the network components. For some components, such as 
nodes and busbars, there is no need to add addi onal data to perform the analysis. Since it is assumed that 
the loads do not contribute to the fault, their pages rela ve to the complete method are not shown. 
Moreover, there is no need to enter any other data rela ng to terminals and earthing connec ons. 

 

 

 

7.2.1 External Grid 
 

 

Fig. 7.5 External Grid Complete Method Data. 

 

Fig. 7.5 shows the dialog box rela ng to the complete method of the external source. To have a unique result, 
the maximum and minimum values will purposely differ slightly. It is known that the short-circuit current 
coming from the external source is equal to 25 kA [19]. the short-circuit power will be automa cally calculated 
by the so ware through the equa on: 𝑆 " = √3𝑈 𝐼 ".  

Having chosen the complete method for the short-circuit analysis and knowing the load values of the limit 
cases to analyse, it is entered a c-factor values tending to one. 

The R/X ra o depends on the technical-physical characteris cs of the upstream network. Not having such 
data available, the R/X ra o is assumed by knowing that the distribu on network downstream the substa on 
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is very resis ve. For this reason, it is believed that an R/X ra o of 0,2 may be a likely value to proceed with 
the study.  

The rela onships between impedances, resistances and reactances of posi ve sequence 1, nega ve 2 and 
zero sequence 0 are not necessary data for the analysis, given that only the three-phase faults will be treated, 
the only data necessary are those rela ng to the posi ve sequence. These ra o values will be le  the same 
as the default ones.  

 

 

 

 

7.2.2 Transformers  
As seen in the network modeling part and in the load-flow analysis, to fully describe the transformers it is 
necessary to define the transformer Type and the transformer Element. 

As for the transformer Element, the only thing that needs to be specified is the tap posi on before star ng 
the analysis. Inside the transformer Object, however, two pages must be defined:  

 one rela ng to the tap changer, where the number of posi ons that the tap can fill and the addi onal 
voltage per tap are defined.  

 a general page, where it is possible to enter the values of no-load current, no-load losses and the 
distribu on of leakage reactances and resistances. 

While the data of the 33/11 kV transformer and the ba ery transformer are known almost en rely, this is not 
true for the transformers present downstream the equivalent network. This is because these transformers 
are not real, but have been modeled and sized based on the demands of the low voltage loads. Consequently, 
the values of no-load current and no-load losses will be taken from the datasheets of transformers having 
dimensions similar to those of the load transformers [26]. An equal distribu on of leakage reactances and 
resistances is assumed between the primary and secondary windings of the transformers. 

All the parameters just men oned were previously entered in the load-flow and basic data pages. For this 
reason, the exposure of the figures is omi ed. 
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7.2.3 Lines 
The only page to fill regarding the short-circuit analyses of the line component lies in the line Object. For all 
the lines present in the model, a maximum opera ng temperature of 80° C is assumed, equal to the maximum 
temperature of the real cables from which the equivalent network was taken. The AC-Resistance at 20°C is 
the one obtained in the study of the equivalent model. In the short-circuit analysis, the resistances at the 
maximum opera ng temperature come into play. It is known that the cables are all underground, made of 
copper, with PVC as insula on. Through the temperature coefficient rela ng to the type of conductor, the 
so ware automa cally calculates the resistance at maximum temperatures. As men oned in the modeling 
of the equivalent network, the capaci ve components and the insula on factor of the cables are set equal to 
zero.  

All the data necessary to carry out the analysis have already been shown in the equivalent network modeling 
chapter, consequently only the complete method page rela ng to a line is exposed. 

 

 

 

 

Fig. 7.6 Line Type Complete Method Data. 
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7.2.4 BESS  
Depending on the type of sta c generator, there are a series of short-circuit models that may be most suitable 
for a component. Among these models, the best to represent BESS is the Full-Size Converter short-circuit 
model.  

To express the contribu on to the ba ery failure, the so ware uses a piecewise func on. Fig. 7.7 is taken 
from the reference manual for sta c generators and includes both the piecewise func on and the 
descrip ons of the relevant parameters [22]: 

 

 

Fig. 7.7 BESS SC Current Piecewise Func on. [22] 

 

From the piecewise func on it is noted that if 𝐾𝛥𝑢 > 𝑖  then the short-circuit current injected ∆𝐼  into 
the network is equal to the product between the rated current 𝐼 of the BESS and the parameter 𝑖 , which 
describes the ra o between the short-circuit current and the rated current.  It is desired to define the short-
circuit current within the so ware through the 𝑖  value, known from the technical specifica ons and equal 
to 2 per unit. For this reason, an arbitrary and high value is a ributed to the scaling factor K, to comply with 
the condi on 𝐾𝛥𝑢 > 𝑖 . 

No voltage deadband is considered in the analysis. The default values for the nega ve sequence short-circuit 
impedance values are retained.  
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Fig 7.8 BESS Complete Method Page 

 

 

 

 

7.2.5 Wind Turbine  
Since wind genera on is also represented through a sta c generator, there is a need to adopt the more 
accurate short-circuit model. Not knowing the type of turbine generator, it is assumed that it is of the 
synchronous type. For this the equivalent synchronous machine short-circuit model has been chosen. 

The precise choice of these parameters is complicated, and it has been made taking into considera on the 
documenta on available rela ng to the technology in ques on [30]. Having a nominal current of 
approximately 1 kA, it is assumed a sub-transient short-circuit current and a transient short-circuit current 
respec vely seven and four mes greater than the nominal value. Finally, a plausible ra o value between 
reactance and resistance in the sub-transient domain of 2,5 is entered [31].  

The default values for the nega ve sequence short-circuit impedance values are retained, since they are not 
of interest to the analysis. 
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Fig 7.9 Wind Turbine Complete Method Page. 
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7.3 Short-Circuit Command Se ngs  
 

 

Fig. 7.10 Basic Op ons, Short-Circuit Command. 
 

 

As clear from figure 7.10, the short-circuit command is divided into four pages: the Basic Op ons, Advanced 
Op ons, Output and Verifica on page.  

In the Basic Data page it is possible to choose the short-circuit method and the fault type. As said previously, 
the method used is the complete short-circuit method and the 3-Phase short-circuit fault will be inves gated. 
It is possible to choose between the maximum and minimum short-circuit current results, according to the 
minimum and maximum c-factors adopted: since these parameters has been set almost equal one to another, 
the results will be the same no ma er the c-factor adopted.  

Regarding the short-circuit dura on, a break me of 100 ms and a fault clearing me of 1 second has been 
set. The more the fault is exposed to short-circuit phenomena, the more the network component will be 
degraded. 

It has been chosen to set the resistance and reactance values equal to zero: this is a conserva ve choice, 
given that as the impedance of the fault increases, the short-circuit currents decrease.  

The so ware gives the possibility to enter three different types of fault loca ons: 

1. All busbars 
2. Busbars and junc on nodes 
3. User selec on: in this case it is possible to choose manually the fault loca on  

 

In this case the short-circuit current will be evaluated for all the busbar and junc on nodes.  
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Fig. 7.11 Advanced Op ons, Short-Circuit Command. 

 

Fig. 7.11 shows the Advanced Op on page. In this page it is possible to customize the command in detail. As 
can be seen from the top le  of the figure, it is possible to choose between different methods. It is not wanted 
to go into detail about how each method works and the C(1) method is used. For the rest of the page the 
default se ngs are used: the analysis is ini alized from the load-flow condi on in the instant before the fault 
and the currents of the transient and sub-transient phase is calculated.  Since the purpose of the study does 
not concern the analysis of protec on and their func oning, the se ngs rela ng to them are not discussed.  

The Output page is used if the user wants to show the results also in the output window.  

Regarding the Verifica on page, quo ng the user manual, “When enabled, the user can enter thresholds for 
peak, interrup ng and thermal maximum loading. The Verifica on op on will then write a loading report to 
the output window with all devices that have higher loadings than the defined maximum values. This report 
shows the various maximum and calculated currents for rated devices.” [21].  
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7.4 Short-Circuit Analysis Results  
 

 

Fig. 7.12 Drynoch primary substa on model. 

 

Fig. 7.13 Equivalent Distribu on Network Model. 

 

In this chapter the results of the short-circuit analysis are presented. As men oned in the theore cal 
introductory part of the analysis, through the complete method used for the study, the so ware first 
calculates the ini al sub-transient short-circuit current Ikss. From this parameter, it evaluates the peak current 
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in the sub-transient phase ip, the breaking current ib, which is the short-circuit current calculated at the 
breaking me and the thermal current ith, a useful parameter for understanding the level of damage that the 
faulty component suffers.  

The values obtained are analysed in detail, comparing the results of the limit cases analysed previously in the 
load-flow analysis chapter. The different case studies are exposed again, with their own characteris cs and 
codes: 

 

 Case 1: Connected grid, Average load, Wind genera on (1-Co-AL-WG) 
 Case 2: Disconnected grid, Average load, Wind genera on (2-Di-AL-WG) 
 Case 3: Connected grid, Maximum load, Wind genera on (3-Co-ML-WG) 
 Case 4: disconnected grid, maximum load, wind genera on (4-Di-ML-WG) 
 Case 5: connected grid, average load, no wind genera on (5-Co-AL-No WG) 
 Case 6: disconnected grid, average load, no wind genera on (6-Di-AL-No WG) 
 Case 7: connected grid, maximum load, no wind genera on (7-Co-ML-No WG) 
 Case 8: disconnected grid, maximum load, no wind genera on (8-Di-ML-No WG) 

 

Table 7.1 shows the ini al short-circuit peak currents for all the nodes and opera on scenarios analysed. 

 

Table 7.1 Short Circuit Peak Currents.  

 

Ip Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 

(1-Co-AL-
WG) 

(2-Di-AL-
WG) 

(3-Co-ML-
WG) 

(4-Di-ML-
WG) 

(5-Co-AL-No 
WG) 

(6-Di-AL-No 
WG) 

(7-Co-ML-No 
WG) 

(8-Di-ML-No 
WG) 

33 kV Busbar 49,74 0 49,74 0 49,66 0 49,67 0 

Ba ery Busbar 36,51 8,97 36,37 8,86 35,31 5,44 35,19 5,44 

11 kV Busbar 5,4 0,84 5,39 0,84 5,06 0,5 5,07 0,5 

Node EDN 2 2 0,91 1,99 0,91 1,59 0,51 1,58 0,52 

busbar 2.1 1,44 0,98 1,44 0,99 0,96 0,52 0,96 0,54 

Node EDN 
2_1_2 

22,06 28,91 36,76 29,32 0 0 0 0 

Node EDN 
2_1_1 

24,28 21,69 24,11 21,96 18,39 14,31 18,33 14,95 

Node EDN 
2_2_1 

1,07 0,81 1,06 0,81 0,93 0,51 0,93 0,53 

Node EDN 
2_2_2 

20,02 18,57 19,83 18,72 18,05 14,13 17,89 14m57 

Node EDN 1 4,85 0,84 4,85 0,83 4,58 0,5 4,58 0,51 

Node EDN 
1_1_1 

1,23 0,74 1,23 0,75 1,22 0,51 1,22 0,53 

Node EDN 
1_2_1 

0,54 0,59 0,54 0,6 0,54 0,51 0,54 0,53 

Node EDN 
1_1_2 

22,06 17,49 22,04 17,92 21,98 14,31 21,97 14,95 

Node EDN 
1_2_2 

12,29 14,51 12,24 14,75 12,26 14,17 12,21 14,65 
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While for the ba ery busbar the same values were recorded for the different cases, the values for the 33 kV 
busbar depend on the connec on with the external network.  

The factor that most affects the amplitude of the currents on the 11 kV busbar is the opera ng state of the 
network: as can be seen from the Table 7.1, in fact, if the network is connected to the main network, much 
higher values of ini al short-circuit peak currents are recorded.  

The different contribu on of wind genera on on currents is evident from the analysis. Take cases 1 and 5 as 
example, which differ only in the state of the wind turbine. Note the difference in the values recorded in the 
two different cases for the EDN 2_1_1 node, close to the genera on, and for the EDN 1_2_2 node, very far 
from the renewable source: it is evident that the presence of genera on influences the first node much more 
than the second, for which the current values are on the contrary li le disturbed by this factor. 

The points with the highest recorded currents are the connec on nodes of the equivalent loads. This 
condi on is consistent with expecta ons, given that they are in a low voltage area. The amount of energy 
required by the loads does not influence the nature of the currents obtained from the analysis as much as 
the opera ng mode and the presence of wind genera on. However, remember that it was assumed that the 
loads do not contribute to the fault. 

Although it is not the purpose of the study, the complexity of protec ng microgrids can be seen from the 
analysis: the coordina on of protec ons and their calibra ons strongly depend on the presence of distributed 
genera on as well as on the opera ng mode of the microgrid. When these factors vary, there is a need to 
switch the protec ve strategy to be adopted, which is defined in accordance with the results of the analysis. 

The breaking current and thermal current values are reported in Table 7.2 and Table 7.3 respec vely. It is easy 
to see how they have the same pace as the ini al peak of the short-circuit currents previously analysed.  

 

Table 7.2 Short Circuit Breaking Currents 

Ib Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 

(1-Co-AL-
WG) 

(2-Di-AL-
WG) 

(3-Co-ML-
WG) 

(4-Di-ML-
WG) 

(5-Co-AL-No 
WG) 

(6-Di-AL-No 
WG) 

(7-Co-ML-No 
WG) 

(8-Di-ML-No 
WG) 

33 kV Busbar 25,43 0 25,29 0 25,4 0 25,3 0 

Ba ery Busbar 16,48 5,15 16,42 5,11 16,04 3,85 16 3,85 

11 kV Busbar 2,37 0,48 2,37 0,48 2,25 0,35 2,25 0,36 

Node EDN 2 1,15 0,48 1,14 0,49 1,02 0,36 1,02 0,37 

busbar 2.1 0,76 0,49 0,76 0,5 0,64 0,37 0,64 0,38 

Node EDN 
2_1_2 

17,41 11,15 17,31 11,49 0 0 0 0 

Node EDN 
2_1_1 

11,81 11,55 11,74 11,82 10,94 10,12 10,9 10,57 

Node EDN 
2_2_1 

0,69 0,46 0,69 0,47 0,63 0,36 0,63 0,37 

Node EDN 
2_2_2 

11,53 11,1 11,42 11,27 10,96 9,99 10,87 10,31 

Node EDN 1 2,26 0,48 2,26 0,48 2,15 0,35 2,15 0,36 

Node EDN 
1_1_1 

0,85 0,46 0,85 0,47 0,84 0,36 0,84 0,38 

Node EDN 
1_2_1 

0,38 0,41 0,37 0,42 0,37 0,36 0,37 0,37 

Node EDN 
1_1_2 

13,33 11,15 13,31 11,49 13,24 10,12 13,23 10,57 

Node EDN 
1_2_2 

8,32 10,06 8,29 10,27 8,29 10,02 8,25 10,36 
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Table 7.3 Short Circuit Thermal Currents. 

 

Ith  Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 

(1-Co-AL-
WG) 

(2-Di-AL-
WG) 

(3-Co-ML-
WG) 

(4-Di-ML-
WG) 

(5-Co-AL-No 
WG) 

(6-Di-AL-No 
WG) 

(7-Co-ML-No 
WG) 

(8-Di-ML-No 
WG) 

33 kV Busbar 25,57 0 25,57 0 25,53 0 25,53 0 

Ba ery Busbar 16,9 5,73 16,84 5,66 16,3 3,85 16,25 3,85 

11 kV Busbar 2,45 0,54 2,45 0,54 2,28 0,35 2,28 0,36 

Node EDN 2 1,22 0,56 1,21 0,56 1,02 0,36 1,02 0,37 

busbar 2.1 0,84 0,57 0,84 0,58 0,64 0,37 0,64 0,38 

Node EDN 
2_1_2 

20,25 11,38 20,15 16,97 0 0 0 0 

Node EDN 
2_1_1 

12,38 12,44 12,29 12,65 10,97 10,12 10,93 10,57 

Node EDN 
2_2_1 

0,72 0,5 0,71 0,53 0,63 0,36 0,63 0,37 

Node EDN 
2_2_2 

11,79 11,55 11,68 11,67 10,99 9,99 10,9 10,31 

Node EDN 1 2,32 0,54 2,32 0,53 2,17 0,35 2,17 0,36 

Node EDN 
1_1_1 

0,85 0,49 0,85 0,5 0,84 0,36 0,84 0,38 

Node EDN 
1_2_1 

0,38 0,4 0,37 0,41 0,37 0,36 0,37 0,37 

Node EDN 
1_1_2 

13,38 11,38 13,37 11,68 12,28 10,12 13,27 10,57 

Node EDN 
1_2_2 

8,33 9,76 8,3 9,93 8,3 10,02 8,27 10,36 
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Table 7.4  shows the amplitude of the ini al short-circuit current Ikss in the sub-transient phase, while Table 
7.5 shows the total amplitude in the transient phase Iks. The closer the nodes are to the genera on, the 
greater the difference in the reported currents. For example, note the currents of the EDN node 1_2_2, the 
furthest from the WG, and the node 2_1_1, very close to the WG. It can be noted that the difference between 
the Ikss and Iks currents of the last node is much more significant than that found in the currents of the EDN 
1_2_2 node.  

 

Table 7.4 Ini al Short-Circuit Current. 

 

Ikss Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 

(1-Co-AL-
WG) 

(2-Di-AL-
WG) 

(3-Co-ML-
WG) 

(4-Di-ML-
WG) 

(5-Co-AL-No 
WG) 

(6-Di-AL-No 
WG) 

(7-Co-ML-No 
WG) 

(8-Di-ML-No 
WG) 

33 kV Busbar 25,44 0 25,44 0 25,29 0 25,4 0 

Ba ery Busbar 16,65 5,7 16,59 5,84 16,04 3,85 16 3,85 

11 kV Busbar 2,42 0,54 2,42 0,53 2,25 0,35 2,25 0,36 

Node EDN 2 1,22 0,55 1,21 0,56 1,02 0,36 1,02 0,37 

busbar 2.1 0,84 0,57 0,83 0,58 0,64 0,37 0,64 0,38 

Node EDN 
2_1_2 

20,17 16,54 20,06 16,83 0 0 0 0 

Node EDN 
2_1_1 

12,31 12,35 12,22 12,57 10,94 10,12 10,9 10,57 

Node EDN 
2_2_1 

0,72 0,51 0,71 0,52 0,63 0,36 0,63 0,37 

Node EDN 
2_2_2 

11,75 11,52 11,64 11,64 10,96 9,99 10,87 10,31 

Node EDN 1 2,3 0,53 2,3 0,53 2,15 0,35 2,15 0,36 

Node EDN 
1_1_1 

0,85 0,49 0,84 0,5 0,84 0,36 0,84 0,38 

Node EDN 
1_2_1 

0,37 0,4 0,37 0,41 0,37 0,36 0,37 0,37 

Node EDN 
1_1_2 

13,34 11,36 11,33 11,66 13,24 10,12 13,23 10,57 

Node EDN 
1_2_2 

8,32 9,75 8,29 9,92 8,29 10,12 8,25 10,36 
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Table 7.5 Short-Circuit Current in the Transient Phase 

 

Iks Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 

(1-Co-AL-
WG) 

(2-Di-AL-
WG) 

(3-Co-ML-
WG) 

(4-Di-ML-
WG) 

(5-Co-AL-No 
WG) 

(6-Di-AL-No 
WG) 

(7-Co-ML-No 
WG) 

(8-Di-ML-No 
WG) 

33 kV Busbar 25,29 0 25,29 0 25,29 0 25,3 0 

Ba ery Busbar 16,46 5,1 16,41 5,06 16,04 3,85 16 3,85 

11 kV Busbar 2,37 0,47 2,37 0,47 2,25 0,35 2,25 0,36 

Node EDN 2 1,14 0,48 1,14 0,48 1,02 0,36 1,02 0,37 

busbar 2.1 0,74 0,48 0,75 0,49 0,64 0,37 0,64 0,38 

Node EDN 
2_1_2 

17,16 13,54 17,06 13,83 0 0 0 0 

Node EDN 
2_1_1 

11,76 11,42 11,69 11,68 10,94 10,12 10,9 10,57 

Node EDN 
2_2_1 

0,69 0,46 0,68 0,47 0,63 0,36 0,63 0,37 

Node EDN 
2_2_2 

11,5 11 11,4 11,16 10,96 9,99 10,87 10,31 

Node EDN 1 2,25 0,47 2,25 0,47 2,15 0,35 2,15 0,36 

Node EDN 
1_1_1 

0,85 0,45 0,85 0,47 0,84 0,36 0,84 0,38 

Node EDN 
1_2_1 

0,38 0,4 0,37 0,41 0,37 0,36 0,37 0,37 

Node EDN 
1_1_2 

13,32 11,07 13,31 11,41 13,24 10,12 13,23 10,57 

Node EDN 
1_2_2 

8,32 10 8,28 10,21 8,29 10,02 8,25 10,36 
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Conclusions 
 

The aim of the thesis was to thoroughly analyse the performance of an electricity network on the Isle of Skye, 
Scotland. In par cular, the scope was to observe the behavior and cri cal issues of the network once a lithium-
ion ba ery storage system was integrated into the Drynoch primary substa on, enabling the downstream 
por on of the network to operate in islanded mode. 

Using the PowerFactory so ware, an equivalent network was then modeled that represented the real 
network as faithfully as possible. Following this, two separate analyses have been carried out: the load-flow 
analysis and the short-circuit analysis. 

Eight different limit opera on scenarios were analysed, depending on the type of network opera on mode, 
the value of demand and the possible presence of distributed genera on:  

 

 Case 1: Connected grid, Average load, Wind Genera on  
 Case 2: Disconnected grid, Average load, Wind Genera on  
 Case 3: Connected grid, Maximum load, Wind Genera on  
 Case 4: Disconnected grid, Maximum load, Wind Genera on 
 Case 5: Connected grid, Average load, No Wind Genera on 
 Case 6: Disconnected grid, Average load, No Wind Genera on  
 Case 7: Connected grid, Maximum load, No Wind Genera on 
 Case 8: Disconnected grid, Maximum load, No Wind Genera on 

 

The BESS has been set up in such a way as to always provide reac ve power to the grid. In the case of a 
microgrid connected to the main grid, the BESS inputs ac ve power only to cover peaks in demand, while in 
the case of working in islanded mode, it cooperated with distributed genera on to sa sfy the demand.  

The voltage at the loads depends more on the type of load (average or maximum) and on the power injected 
by the DER than on the mode of opera on of the network. It is therefore concluded that without any faults 
in the microgrid the islanded mode system guarantees the same voltage quality of service offered in 
connected mode. 

From the results obtained, the usefulness of the DER on the voltage quality in the nodes further downstream 
the network can be seen. In fact, its presence causes the voltage of the nodes to tend to the op mal value. 
This is very beneficial for the type of network analysed; in fact, without the DER genera on the voltage values 
at loads are typical of remote and rural electricity networks. 

Once an anomaly has been detected in the main network, the BESS with the maximum SOC, in the absence 
of wind genera on and in the case of maximum load, is able to supply the network on its own for 
approximately 1,2 hours. 

Even in the worst-case scenario, the power line loadings never assume values higher than 60%. In these terms, 
the lines are more than suitable for power transfer and can support greater loads in the future.  

In the part rela ng to the short-circuit analysis, the same limit opera onal scenarios were analysed. For each 
of them, a three-phase node fault analysis was carried out using the complete method available on 
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PowerFactory. For the purposes of the study, it has been chosen to use a c-factor of one. The analysis reported 
all the characteris c current values of the transient and the thermal current. 

It is concluded that the fault currents at each node of the system differ considerably depending on the 
opera on mode. In fact, in the case of grid- ed opera on these currents are much higher than those found 
in islanded mode. For this reason, the network is to be considered weaker in islanded mode, given that lower 
short-circuit currents imply greater voltage varia ons in the event of a fault. 

It is clear from the results that the influence of the short-circuit power of the wind genera on on the short-
circuit currents of the nodes decreases as a func on of the distance of the nodes themselves. 

It is easy to see from the results that ensuring network protec on for this type of networks is a much more 
complex task than ensuring it for conven onal centralized networks. The type of protec on, its calibra on 
and the protec ons coordina on vary depending on the opera ng mode of the network. 

This research could be expanded on several fronts. In fact, it would be interes ng to carry out a similar type 
of study for the load values expected in the immediate future, or a dynamic study to define the op mal 
ba ery management strategy that guarantees a consistent voltage quality service but at the same me 
guarantees a certain quan ty of minimum energy in case of anomalies in the main network and therefore of 
switches in islanded mode. Finally, the research could be expanded by looking in detail at the challenges of 
designing an adequate protec on system for the network. 
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