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Abstract 

 

The total energy demand in the world is expected to increase in the future years due to the 

high development rate of developing countries. Access to energy enables development, but 

the current global energy mix has to be modified if a sustainable growth is desired. Renewable 

energy sources (RES) benefit from both a political and economic support from many 

governments and international entities. The growing installation of RES takes place both in 

large scale, as wind farms with sizes 10 – 1000 MW, and in small scale in homes or small 

enterprises with sizes 100 W – 100 kW. Small scale wind power connected to the grid is rare 

nowadays except in the case of remote mini-grids. By contrast, small scale solar photovoltaic 

(PV) power is being more and more commonly installed, especially in the form of investor-

owned roof-installed units. Taking increasing small scale solar and wind power into account 

in network planning is a challenge faced by the distribution system operator (DSO). 

The aim of this thesis is to present a guideline that assists DSOs when planning low 

voltage (LV) distribution networks (DN) with a large amount of small scale distributed 

generation (DG) on a short-term perspective. A review on integration issues of DG is 

performed and over-voltage constraints are identified as the most relevant issue. Simple rules 

have already been designed for individual DG units, as the one presented in the AMK-

handbook published by Svensk Energi; but these are not valid any more when considering 

more than one DG unit. The new proposed guideline employs the AMK-handbook as a 

starting point and develops it further by including the interaction between DG units. The 

guideline is then applicable to scenarios with more than one DG unit. The maximum capacity 

of a new DG unit applying for a connection to a grid is calculated based on the location and 

capacity of the already installed DG units, and without any reinforcement. The proposed 

guideline can be applied under no load and minimum load condition.  

Since this thesis is a collaboration project between KTH-Royal Institute of Technology 

and Vattenfall R&D, two specific Swedish LV distribution networks owned by Vattenfall 

Eldistribution AB are studied. Scenarios with different penetration levels of DG, with values 

between 12% and 71%, and capacity of individual DG units below 43.5 kW are analyzed. 

Evaluation of the results shows that the proposed guideline leads to acceptable results. The 

development of future simple guidelines is suggested to be based on the following two 

aspects: absolute and relative location of the DG units; and a correct identification of the weak 

bus. Relative location reveals the interaction with other DG units within the DN. Moreover, it 

is stated that the use of the penetration level as a planning measure, based on the total DG 

capacity, has a limited application. 
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Sammanfattning 

 

Den totala efterfrågan på energi i världen förväntas öka under de kommande åren på 

grund av den höga utvecklingstakten i utvecklingsländerna. Tillgång på energi möjliggör 

utveckling men den nuvarande globala energimixen måste ändras om en hållbar tillväxt är 

önskvärd. Förnybara energikällor gynnas av både politiska och ekonomiska stöd från många 

regeringar och internationella organisationer. Den ökande nyinstalleringen av förnybara 

energikällor sker både i stor skala, som vindkraftsparker med storlekar från 10 till 1000 MW 

och i liten skala i hem eller små företag med storlekar från 100 W till 100 kW. Småskalig 

vindkraft ansluten till nätet är sällsynt nuförtiden förutom i mini-nät. Däremot är småskaliga 

solceller vanligare att installera nu, särskilt i form av investerarägda takinstallerade enheter. 

Ökande småskalig sol- och vindkraft måste beaktas i nätplanering av 

distributionsnätsinnehavaren (DSO). 

Syftet med detta examensarbete är att presentera en riktlinje som hjälper DSOs vid 

planeringen av lågspänningsdistributionsnät med en stor mängd av småskalig distribuerad 

produktion (DG) på kort sikt. En sammanfattning av integrationsproblem för DG utförs och 

överspänningsbegränsningar identifieras som det mest relevanta problemet. Enkla regler har 

redan tagits fram för enskilda DG-enheter som den som presenteras i AMK-handboken 

utgiven av Svensk Energi. Dessa är dock inte längre giltiga när man överväger mer än en DG- 

enhet. Den nya föreslagna riktlinjen använder AMK-handboken som utgångspunkt och 

utvecklar den vidare genom att inkludera interaktion mellan DG-enheter. Riktlinjen är då 

tillämpbar på scenarier med mer än en DG-enhet. Den maximala effekten av en ny DG-enhet 

vilken ansöker om anslutning till ett nät beräknas baserat på platsen och kapacitet av redan 

installerade DG-enheter, och utan nätförstärkning. Den föreslagna riktlinjen kan tillämpas 

utan belastning och minsta belastning.  

Denna examensarbete är ett samarbetsprojekt mellan KTH-Kungliga Tekniska Högskolan 

och Vattenfall R&D. Två specifika svenska lågspänningsdistributionsnät som ägs av 

Vattenfall Eldistribution AB studeras. Scenarier med olika penetrationsnivåer för DG, med 

värden mellan 12% och 71%, och effekten av enskilda DG enheter under 43,5 kW analyseras. 

Utvärdering av resultaten visar att den föreslagna riktlinjen leder till godtagbara resultat. 

Utvecklingen av framtida enkla riktlinjer föreslås grundas på följande två aspekter: absolut 

och relativ placering av DG-enheter, och en korrekt identifiering av den svaga punkten. Den 

relativa positionen avslöjar interaktionen med andra DG-enheter inom distributionsnätet. 

Dessutom nämns det att användningen av penetrationsnivån som en planeringsåtgärd, baserat 

på den totala kapaciteten av DG, har en begränsad tillämpning. 

 

 

Sökord: nätplanering, distributionsnät, distribuerad produktion, småskalig, överspänning 
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Resumen  

 

La demanda de energía a nivel mundial se espera que aumente en los próximos años 

debido a la alta tasa de crecimiento de los países en vías de desarrollo. El acceso a la energía 

permite el desarrollo,  pero el actual mix energético ha de ser modificado si se desea un 

crecimiento sostenible. Las energías renovables reciben apoyo tanto político como económico 

de numerosos gobiernos y organizaciones internacionales. La creciente potenciación de las 

energías renovables se lleva a cabo tanto a gran escala, con parques eólicos de entre 10 y 1000 

MW, como a pequeña escala en casas y pequeñas empresas con potencias entre 100 W y 100 

kW. La generación eólica a pequeña escala conectada a red es poco común en comparación 

con su uso en mini-redes aisladas. Por el contrario, la generación solar fotovoltaica a pequeña 

escala es cada vez más y más común, especialmente en forma de paneles solares instalados en 

tejados privados. Tener en cuenta el aumento de generación solar y eólica a pequeña escala en 

la planificación de la red eléctrica de distribución es un reto al que el operador del sistema de 

distribución (DSO) debe enfrentarse. 

El objetivo de este proyecto es presentar una herramienta que ayude a los DSOs en la 

planificación a corto plazo de redes de distribución de baja tensión con gran penetración de 

generación distribuida (DG) a pequeña escala. Se realiza una revisión de los problemas en la 

integración de DG y las limitaciones de sobretensión son identificadas como el problema más 

relevante. Sencillas reglas han sido ya diseñadas para unidades de DG individuales, como la 

presentada en el AMK-handbook publicado por Svensk Energi; pero éstas dejan de ser válidas 

cuando se considera la conexión de más de una unidad de DG. La nueva herramienta diseñada 

emplea como punto de partida el AMK-handbook y lo desarrolla mediante la inclusión de las 

interacciones entre las distintas unidades de DG. La máxima potencia instalada por una nueva 

unidad de DG que solicita la conexión a una red es calculada en base a la localización y 

potencia instalada de las unidades de DG previamente conectadas, sin considerar la 

posibilidad de reforzar la red. La herramienta propuesta se puede aplicar tanto en condiciones 

sin carga como de mínima carga. 

Dado que este proyecto es una colaboración entre KTH-Royal Institute of Technology y 

Vattenfall R&D, se estudian dos redes de distribución de baja tensión situadas en Suecia 

pertenecientes a Vattenfall Eldistribution AB. Se analizan escenarios con distintos niveles de 

penetración de DG, con valores entre 12% y 71%, y potencia individual instalada de las 

unidades de DG por debajo de 43.5 kW. La evaluación de los resultados muestra que la 

herramienta propuesta conduce a resultados aceptables. Se propone que el desarrollo de 

futuras herramientas sencillas se base en los dos siguientes aspectos: la localización absoluta y 

relativa de las unidades de DG; y una correcta identificación del nudo de red más débil. La 

localización relativa recoge la interacción entre las distintas unidades de DG conectadas a una 

misma red. Además, se afirma que el empleo del nivel de penetración como una medida de 

planificación, basado en la potencia total de DG instalada, tiene una aplicación limitada. 

 

Palabras clave: planificación de red, red de distribución, generación distribuida, pequeña 

escala, sobretensión  
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“I would put my money on the sun and solar energy. What a 

source of power! I hope we do not have to wait until oil and 

coal run out before we tackle that.” 

 Thomas Edison, 1931. 

 

 

“First, there is the power of the Wind, constantly exerted over 

the globe… Here is an almost incalculable power at our 

disposal, yet how trifling the use we make of it.” 

Henry David Thoreau, 1862. 
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Chapter 1 

1. Introduction  

 
The background and motivation of this thesis is presented to the reader in this first 

chapter. First, the importance of integrating distributed generation for the benefit of society is 

presented. Next, a detailed description of the scope of this thesis is included. After that, 

limitations of this thesis are identified, and the objectives of this thesis are listed. This is 

followed by a brief overview of the work process during these six months. The chapter ends by 

presenting the structure of the thesis. 

 
1.1  Background 

The total energy demand in the world is expected to increase in the future years due to the 

high development rate of developing countries, especially China and India. In 2011, global 

energy consumption followed the historical positive average trend, growing by 2.5%. China 

was the top leader with 71% of global consumption growth. An 87% share of the energy 

market belonged to fossil fuels [1]. Access to energy enables development, but the current 

global energy mix has to be modified if a sustainable growth is desired. Renewable energy 

sources (RES) are nowadays considered as a solution to decrease CO2 emissions and satisfy 

the growing energy demand. Compared to the previous year, global CO2 emissions increased 

3% in 2011 [2]. 

RES benefit from both political and economic support from many governments and 

international entities. Policies such as the European Strategic Energy Technology (SET), 

communicated in 2007 by the European Union (EU), have supplemented a suitable 

framework for the incorporation of RES to the global energy mix [3]. During 2011, more 

power capacity than ever has been installed in Europe. Among all the new installations 71.3% 

were based on RES [4]. Both solar and wind power technologies are examples of RES. Solar 

photovoltaic (PV) market is continuing its growth trend. During 2011, 29.7 GW of PV 

systems were connected to the grid in the world [5]. At the same time, the wind power sector 

is also following a positive trend, experiencing a market growth of 6% in the year 2011 with 

new 40.5 GW connected in the world [6]. 
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This growing installation of RES takes place both in large scale as wind farms with sizes 

10-1000 MW, and in small scale in households or small enterprises with sizes 100 W – 100 

kW. Small scale generation units connected to the electricity distribution network (DN), 

usually either to medium voltage (MV) or low voltage (LV) grids, are typically referred as 

distributed generation (DG) [7]. Small scale wind power connected to the grid is rare 

compared to the higher penetration that can be observed in remote mini-grids. Therefore, its 

impact on DN is currently negligible in most of the countries [7]. By contrast, small scale PV 

is being more and more commonly installed, especially in the form of investor-owned roof-

installed units. Germany and Italy represent nowadays the two leading European markets in 

PV installation [5]. PV impact on the electric network is already considerable in Italy, where 

more than 10% of the peak load is covered by PVs [5]. In Bavaria, south of Germany, 600 W 

of PV per capita are installed, which translates into about three panels per habitant [5]. 

The number of connections of DG units is therefore increasing. It is forecasted that by 

2030 there will be a total of 520 GW from newly installed DG around the world [8].  

Integrating DG in the current DN is starting to play a major role for the distribution system 

operator (DSO) [9]. While for the large scale installation a new connection is built, in small 

scale installations, the generation is connected to the existing connection at the owner. The 

DN has traditionally been defined and designed as a one-direction power flow system, feeding 

the consumers from the transmission system. This premise has now been changed. Generation 

is being connected on the consumers’ side, causing new technical challenges. A shift from 

large scale conventional generation to small scale distributed generation can endanger the 

availability of reliable electricity [10]. Taking new measures to maintain reliability, power 

quality and safety of the electricity supply with a high penetration of DG is a challenge faced 

by the DSO [9]. 

Sweden is following the same global trend and it is expected to face these same 

challenges. In the past years, there is a major focus on the large scale wind industry, while 

small scale wind turbines are still on their early stages of integration [11]. PV installations 

increased in Sweden during 2011. The off-grid PV market grew 25% in comparison to the 

previous year [12]. This growth is favored by several electric utilities, such as DinEl, Lunds 

Energi or Vattenfall; that are buying the surplus production of small-scale PV systems since 

2011. Swedish DSOs must approve the connection of a DG unit. If it is necessary, DSOs will 

reinforce the grid. Simple rules have already been designed for individual DG units, as the 

one presented in the AMK-handbook published by Svensk Energi [13]; but these are not valid 

any more when considering a high penetration. DSOs are in need of finding planning rules 

and dimensioning criteria to be applied in DNs with a large amount of DG. 

 

1.2  Project description  

This thesis analyzes LV distribution grids with a large amount of small scale DG.  The 

aim is to present a guideline that assists DSOs in a short-term planning perspective. Simplicity 

of this guideline is considered a success factor. The guideline is developed to be applied in 

existing DN, without considering the possibility of reinforcement or upgrading of any grid 
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component. The planning problem is modeled under the Swedish framework. The concept of 

DG employed in this thesis responds to generation units smaller than 1.5 MW connected to 

any voltage level of the DN. The connection points of DG units are uncertain for the DSO. 

The network arrangement and line parameters of two real Swedish distribution networks 

are available. The nominal voltage of these specific Swedish LV networks is 400/230 V. 

These two networks are further referred as grid A and grid B. Both networks are radial, but 

differ on the size. Grid A has a total number of 19 buses, while grid B consists of 74 buses. 

The system is analyzed by deterministic load flow simulations. Consequently, steady-state 

voltage level is used as the unique limiting measurement. Only technical constraints are 

considered. Economic evaluations are not performed. The guideline is developed and 

presented under no load condition, although impact of load is discussed. 

 

1.3  Limitations 

A common characteristic to the non-predictable RES, such as solar and wind power, is the 

lack of control of the prime mover. The difficulty of forecasting both irradiation and wind 

speed leads to an intermittent production. The electrical network has traditionally been 

designed to supply variable loads with fully-controllable generation units. In other words, the 

grid is often dimensioned for feeding consumers and not connecting production. Variability 

used to be exclusively part of the demand side in the balance equation, but it is now gradually 

being introduced also in the generation side. Consideration of the intermittent character of the 

production requires the use of probabilistic load flows instead of deterministic load flows 

[14]. However, this thesis only focuses on the latest.  

The development of smart grids is being promoted by the European Strategic Energy 

Technology (SET) [15]. The concept smart grid refers to an electricity network where the 

production, transmission and use of electricity are done on a more efficient, sustainable and 

economic way [16]. The upgrading of the existing grid is based on advance information and 

communication technologies (ICT), as well as intelligent computing and control [16]. The 

employment of this technology as a possible solution to facilitate a large integration of small 

scale DG is out of the scope of this thesis. Communication between different components of 

the grid and DG units that would favor a larger integration of DG is not considered. 

Additionally, employment of energy storage systems (ESS) located in strategic points of the 

network that would permit an increase of the penetration of DG is neither evaluated in this 

thesis. When considering small scale generation, directly injecting the power into the grid is 

more economical than storing it in batteries, which currently have high prices. 

Steady-state voltage level is considered the unique limiting measurement in the 

development of the simple guideline presented in this thesis. According to [13], connection of 

DG should be concerned with fault level, load current, loss of load, voltage control, 

harmonics, flicker and unbalances. Nevertheless, not all these problems need to be dealt with 

during the planning process, but also during the operation of the system. Main integration 

issues related to the connection of DG in DN are analyzed in this thesis. Steady-state voltage 
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constraints are identified as the most relevant integration issue. Therefore, the proposed 

simple guideline only deals with over-voltages under steady-state conditions. Moreover, the 

connection of additional components to the grid, such as inductors, that would increase the 

allowed penetration level from an over-voltage perspective is not considered in this thesis. 

Other grid reinforcements such as upgrading of the feed-in transformer or construction of 

back-up feeding routes are also left out of the scope of this thesis. All these solutions require 

an economic evaluation, while only a technically feasible solution is aimed. Additionally, 

solutions on a long-term view are neither considered. 

Three case studies are performed in two different Swedish distribution grids. Case studies 

A-1 and A-2 are performed in grid A, while case study B is performed in grid B. Case studies 

A-1 and A-2 apply the guideline in this thesis developed to solve the connection of a fifth DG 

unit to grid A. Case study B applies the same guideline to solve the connection of a tenth DG 

unit to grid B. A description of the configuration and components of grid A and B is further 

included in this thesis. The reader’s attention is drawn to the fact that both case studies are 

performed in Sweden. Consequently, Swedish regulations and standards are applied. Results 

of the case studies are limited to a Swedish framework. 

 

1.4  Objectives   

The objectives of this thesis are here outlined: 

 

 Comprehension of the complexity of DN planning. Definition of the concept DG. 

Review of integration issues of DG in DN. Identification of the most relevant 

integration issue. 

 

 Presentation of grid, load and generation models. Perform simulations based on 

different generation and consumption patterns.  

 

 Development of simple guidelines or rules of thumbs for planning with a large amount 

of small scale DG. Identification of useful measures.  

 

 Verification of the developed guideline based on three different case studies under a 

Swedish framework. Evaluation of strengths and weaknesses of the developed simple 

guideline. 

 

 

1.5  Brief overview of the work process 

This thesis consists of six milestones. First, a thorough literature review was performed 

regarding current planning in DN, PV and small scale wind turbines generation, as well as 

identification of problems related to the integration of a large amount of small scale DG. Once 

the most relevant problem was identified; grid, generation and load models were selected 
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based on the chosen software tool. A guideline for network planning based on over-voltage 

constraints was developed. Afterwards, load-flow simulations were performed under different 

patterns of generation and consumption to validate the proposed guideline. From simulation 

results, simple rules of thumbs to dimension grids with a large amount of small scale DG 

based on different measures were searched. Figure 1.1 depicts the work process followed 

during this thesis divided in six milestones. 

 

 

Figure 1.1 Overview of the work process followed during the thesis 

 

 

1.6  Thesis outline 

This thesis is structured as follows. Chapter 1 is an introduction to the thesis.  Studying 

the integration of a large amount of small scale DG in DN is important as it is a real problem 

DSOs have to solve. Limitations of the thesis are included. The objectives the thesis aims to 

fulfill are stated.  

Chapter 2 introduces the planning challenges in DN when the amount of DG increases. 

Different concepts, such as distribution network and distributed generation, are defined on a 

general basis and further narrowed to the scope of this thesis. The need and difficulty of 

network planning is presented.  The main integration issues of DG are analyzed. Steady-state 

voltage constraints are identified as the most relevant integration issue in network planning.  

Chapter 3 narrows the scope of the thesis to the Swedish framework. The concept of 

distributed generation and voltage standards are reviewed based on Swedish regulations and 

grid codes. A simple guideline included in the AMK-handbook for the connection of one DG 

unit to a LV grid is presented.  

Chapter 4 develops a general guideline for the integration of a large amount of DG in LV 

distribution grids. Assumptions used in the development of the guideline are included. The 

grid, the DSO and the customer define the guideline inputs. The basic principles and the 

general mathematical formulation of the proposed guideline are presented. Additionally, a 

physical interpretation of the guideline is given. 

Chapter 5 presents three different case studies performed in the LV Swedish distribution 

grids A and B. A detailed analysis of how scenarios are generated and solved is included. The 

integration of five DG units under no load condition is evaluated in grid A. Moreover, the 
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integration of ten DG units in grid B under no load condition is evaluated. The proposed 

guideline is validated. 

Chapter 6 evaluates whether the penetration level is a possible useful measure for network 

planning or not. After that, an evaluation of the load impact is presented. Furthermore, the 

role of the feed-in transformer of a DN is analyzed, as well as the application of the proposed 

guideline to single-phase connections. 

Chapter 7 concludes the thesis with general recommendations for grid planning with a 

large amount of small scale DG and identifies possible future studies. 
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Chapter 2 

2. Distribution network planning with distributed 

generation 

 
In this chapter, challenges of planning distribution networks with a large amount of 

distributed generation are reviewed. First, an introduction to distribution networks in electric 

power systems is presented. Next, the need of network planning is emphasized. Different 

network planning scopes are presented, as well as a brief consideration of economic facts. 

After that, the concept of distributed generation is reviewed. Finally, the main integration 

issues of DG are identified. Steady-state voltage constraints are identified as the most 

relevant integration issue.  

 
2.1  Distribution network in electric power systems 

The theory here presented is mainly based on [17]. The aim of the electric power system is 

to supply energy to the consumers with an acceptable level of reliability, quality and safety at 

an economic price. Price will be inherently related to the costs of generation, transmission and 

distribution. The main players in this system are generation units, supplying the energy, and 

consumers, demanding the energy. These two players are interconnected by the electric 

network. The grid is usually divided in different levels depending on the nominal voltage. 

The distribution electric power system is the level closest to the consumers. Power 

generated in the big power plants is transported through the electric network at high voltage 

levels and finally delivered to the consumer by the DN. Different voltage levels are used 

along the DN. The voltage level is lowered down through different steps by the use of 

transformers. Different standardized voltage levels are used depending on the country [18]. 

DNs present different network configurations, such as radial, open-loop or closed-loop. The 

network configuration depends mostly on the voltage level, the load density, and economic 

reasons. Regarding voltage level, the study of DNs can be divided in two: medium-voltage 

networks and low voltage networks. 
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The medium voltage (MV) network is the one closest to the sub-transmission system, 

dealing therefore with the highest voltage levels within the DN. The voltage levels are in a 

range within 1 – 20 kV [19], [20]; being standard values 3, 6, 10 and 20 kV [18]. The choice 

of voltage level is mainly based on long-term studies, since it depends on available circuit 

routes and substation sites. Industrial loads, large buildings and office blocks, as well as large 

motors and generators are connected to the MV network [17]. It is mainly operated radially, 

with feeders going from the transformer substations to the last user at the end of the line while 

providing power to the different loads connected along the way [21]. MV networks most 

usually present a 3-phase arrangement. Using single-phase arrangements can be a cheap 

option in rural areas, but problems can be caused by unbalanced loading of the three phases of 

the main MV feeder [17]. 

The low voltage (LV) network is the one closest to the loads and final consumers, dealing 

therefore with the lower voltage levels within the DN. This proximity to consumers leads to 

the existence of strict government and utility regulations affecting both safety and protection 

[17]. A common standard voltage level is 0.4 kV [18], [19]. The major part of the capital and 

design resources of a DSO is invested on LV networks, due to the large number of 

construction jobs carried out on it each year. LV networks are operated radially with only one 

in-feed point. This kind of networks usually presents a high R/X ratio, affecting the system 

losses. However, voltage-drop problems caused by reactive loads are lower [17]. 

Generally, voltage level control along the electric power system is performed by the use of 

transformers with automatic tap changers. This way, the voltage level presents a maximum 

deviation of ± one step in tap changer position (typically ±1.5%) with respect to the nominal 

voltage [22]. However, MV/LV transformers present in DNs are normally equipped with 

manual off-load tap changers instead of automatic ones. In a MV/LV transformer, the tap 

changer is never changed from its original position, except when networks are modified or 

extended [22]. 

This thesis focuses on the analysis of DNs, particularly on the analysis of LV networks. A 

case study on Swedish LV distribution grids with a nominal voltage level of 400/230 V is 

presented.  

 

2.2  Why is network planning needed? 

The growing load trend in DN requires a thorough planning of the network arrangement. 

This growth is promoted by new consumers requiring to be connected to the supply system, 

while present consumers may increase their load due to the increasing use of electrically 

based home equipment [17]. Facts such as replacement of ageing assets or upgrading of 

existing power plants and overhead lines need to be considered. In the case of industrialized 

countries, the present supply system is taken as starting point for future planning [17]. The 

traditional DN is composed by various components, specifically located, supplying particular 

loads under certain mechanical conditions. All these factors determine the initial capability of 

the network. Additionally, DG appears as a new factor in the present DN. Therefore, an 
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increase of the penetration level of DG adds more complexity to the network planning 

process.  

To ensure the electricity supply for the benefit of society, many guidelines, requirements, 

regulations and recommendations are stated by governmental institutions at different levels, 

from national to local [17]. These standards and codes vary between different countries and 

within the different electric utilities of the same country. The lack of well-defined limits 

makes it difficult to establish planning levels for DSOs [20]. Therefore, network planning is 

highly dependent on the standards applied. No fixed planning method applicable to any 

network in the world is realistic. This thesis narrows this challenge to the Swedish framework. 

The energy policy and different Swedish DSOs encourage the integration of small scale DG 

in the DN. The position on DG of Fortum, a DSO in Sweden, is clear: “small-scale electricity 

generation benefits consumers and the whole society” [23].Therefore, Sweden is one of the 

countries that might be facing the problem of integrating a large amount of small scale DG as 

part of the network planning process in the near  future.   

 

2.3  Network planning scopes 

Planning is a concept inherently dependent on the time span considered. In electricity DN, 

planning can be divided into three main areas: long-term planning, network planning and 

construction design. These different scopes are explained in detail in [17], including here a 

summary containing the basic ideas.  

Long-term planning involves future major investments, aiming to choose the optimum 

network arrangement that leads to maximal benefits. Quality of supply, safety and amenity 

established by the corresponding regulations must be fulfilled while minimizing the total cost. 

Planning on a long-term view requires considering the influence of variations in the growth of 

load, as well as the costs of materials and energy. Moreover, development of new technical 

innovations may have an impact. By contrast, network planning deals with individual 

investments with a lower budget and developed in a near future framework. Finally, 

construction design comprises the structural design of the different network components 

based on materials availability. Consequently, both network planning and construction design 

respond to a short-term perspective. No load forecast, materials estimation or energy price 

forecast is performed in this thesis. The network planning further presented is based on a 

short-term perspective. 

 

2.4  Combination of economics and engineering 

The main objective at any planning level from society point of view is to achieve the 

desired technical performance while minimizing the total costs. Therefore, the planning 

solution is based on a combination of both technical requirements and economic 

considerations. According to [17], quantitative assessments can be performed based on the 

following methodology:  
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- “Defining a technically feasible solution: fulfilling the corresponding 

regulation.” 

- “Estimating the cost of each circuit or item of equipment.” 

- “Ensuring that different types of costs can be sensibly compared: use of 

annuities, present worth values, etc.” 

Typical planning solutions include introducing, uprating or substituting different 

components of the DN. The construction of a new substation or the substitution of a feed-in 

transformer by another one with a higher rated power, are typical planning solutions [17]. 

Each technical solution should be evaluated by a detailed quantitative economic assessment. 

This thesis only focuses on finding technically feasible solutions to enable a high level of 

penetration of DG units in the current Swedish distribution network. No economical 

evaluation is considered. The cost of connection is covered by DG owners. By contrast, power 

quality is responsibility of the DSO, so the main focus is on the technical limits. 

 

2.5  Distributed generation 

A large number of definitions of distributed generation (DG) have been found during the 

literature review. No consensus around it has been yet reached. This lack of consensus is not 

due to the novelty of the concept. This concept can be said to be as old as the history of 

electric power systems. The first power systems were mainly based in generation units 

installed close to the consumer [24]. A brief review of DG definitions from the perspectives 

of different electric entities is here presented following [25]. 

The International Energy Agency (IEA) defines DG as a kind of generation connected at 

distribution voltage levels, supporting the distribution network and located close to the 

customer. The definition from the US Department of Energy (US. DOE) follows the same 

trend, defining DG as small, modular electricity generators installed close to the customer 

load.  CIGRE working group 37.23, defined DG as generation usually connected to the 

distribution network but which is not centrally planned neither centrally dispatched, being the 

power rate smaller than 50 or 100 MW. Regarding to power rate, the Electric Power Research 

Institute (EPRI) defines DG as small generation (1 kW to 50 MW) and/or storage device that 

are located close to consumer loads or distribution and sub-transmission substations. 

Including storage devices as part of the definition of DG is also done by Institute of Electrical 

and Electronic Engineers (IEEE), where DG is defined as generation or energy storage 

facilities not directly connected to a bulk power transmission system based on a subset of 

distributed resources [25]. 

A summary of all characteristics can be done, following the agreed features presented by [26]: 

 DG comprises both generation and storage 

 DG is usually connected to the DN at distribution voltage levels (both MV and LV) 

 DG is not centrally planned neither dispatched: unregulated 

 DG is normally not larger than 50 MW 
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Different categories of DG are presented in the literature. The power rating of the DG unit 

can be used as a classification parameter [27]. Another common way of classifying DG units 

is based on the technology involved: combined cycle gas turbine, internal combustion 

engines, wind turbine, photovoltaic arrays, fuel cells and battery storage. Moreover, DG can 

be classified following other patterns such as: renewable or not energy source, operation and 

interface between the DG unit and the grid, static or rotational energy conversion, etc [28]. A 

complete definition of DG unit employed in this thesis is included in Section 3.3 of Chapter 3, 

after Swedish standards have been presented. 

 

2.6  Integration issues of distributed generation 

A great number of papers are annually published reviewing the problems an unregulated 

integration of DG units can originate in the traditional DN. A thorough literature review has 

been performed to gather all different problems related to the integration of DG units. The 

outcome of this section is a comprehension of these problems. 

The guideline further presented in this thesis only considers steady-state voltage 

constraints. According to [29], when the power injected by DG units does not correspond with 

load variations, voltage standards are violated before any other limitation. Additionally, 

voltage constraints are identified as the most crucial integration issue in [30] and [31]. 

Voltage rise is considered in [10] as the main limiting factor in DG connection, especially 

when the DG connection point is far away from the main substation. Nevertheless, the main 

integration issues of DG are presented on the following order: steady-state voltage level, 

voltage and power fluctuations, harmonics and flicker effect, frequency variation, grid 

protection and fault current. 

 

2.6.1 Steady-state voltage level 

The supply voltage affects the quality of the energy supplied to the consumers. Due to 

customers’ appliances and different equipment connected to the grid, the supply voltage must 

be kept within a range given by the standards of the corresponding country [17].  Both 

undervoltages, being the voltage level under the acceptable minimum value, and over-

voltages, being the voltage level over the acceptable maximum value, have to be avoided. 

Undervoltages cause light dimming and inability to power some equipment (“brownout”). 

Over-voltages decrease the life of equipment and damage sensitive electronics [7]. The supply 

voltage is highly dependent on the power flow. When the power injected by a DG unit is 

lower than the load of the feeder, the voltage profile is not so influenced. By contrast, with 

higher power injection, the excess of power must be absorbed by the grid, which in the 

literature is usually referred as reversed power flow. Reversed power flow leads to a voltage 

rise that depends on the reversed power and the short-circuit capacity of the grid at that point. 

This effect worsens when reactive power is also involved [32]. The concept of reversed power 

flow can be explained by Figure 2.1. In the case of Figure 2.1(a), when the power demanded 

by the load is lower that the power injected by the DG unit, the grid supplies the demand. By 
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contrast, in the case of Figure 2.1(b), when the power injected by the DG unit is higher than 

the load, the grid absorbs the excess of power. 

 

 

 
 

(a) 

 

 
 

(b) 

 
Figure 2.1 Reverse power flow concept explanation 

 

The impact of reverse power flow on the voltage level along a feeder is shown in the 

following example. Consider the feeder represented in Figure 2.2, where it has been assumed 

that all load is concentrated at the end of the feeder. A DG unit is also assumed to be 

connected to the end of the feeder. Figure 2.3 represents the voltage level along all buses of 

the feeder under three different conditions: no power injected by the DG unit (solid line); the 

injection of the DG unit is lower than the load (dashed line with markers); and the injection of 

the DG unit is higher than the load (dotted line). It is observed that in the last case, when the 

grid absorbs the excess of power, there is a risk of over-voltage. The voltage level is modified 

completely. Voltage levels at the end of the feeder are higher than voltage levels closer to the 

feed-in transformer. Moreover, the voltage level at the very end of the feeder experiences the 

highest variation. 

 

 
Figure 2.2 Long feeder in a distribution network 
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Figure 2.3 Impact of the connection of a DG unit on the voltage levels of a feeder 

 

2.6.2 Voltage fluctuations 

 

Sudden changes in the output power of a DG unit influences the voltage in the connection 

point. These voltage fluctuations can lead to effects such as voltage imbalance, reversed 

power flow and power fluctuations [7]. Voltage imbalances are due to differences either on 

the value of the amplitude of each phase voltage or angle shifts different from ± 120⁰ between 

two phases of a three-phase power system. They can entail damage of controls or transformers 

[33], temperature rise of rotors, noise and vibration [34]. In the case of DG units based on 

intermittent RES such as wind and sunlight, output power fluctuations are an inherent 

problem. Short-term power fluctuations, within seconds, affect the voltage quality and can 

result in continually switching tap-changers and capacitors switches trying to maintain the 

voltage level [7].  

 

2.6.3 Harmonics and flicker effect 

 

Harmonics are defined as AC voltages or currents whose frequency is an integer multiple 

of the fundamental grid frequency [35]. Harmonics have a distortion effect on the 

fundamental waveform [35]. Inverter-connected DG units can introduce harmonics to the grid 

depending on the switching mode and technology [32]. On the demand-side, these harmonics 

can cause vibration of elevators, flickering of TV monitors and fluorescent lamps, poor sound 

quality and malfunction of control devices [34]. If harmonics are severe they can lead to 

overheat of equipment and cables [34]. Small voltage distortions can result in large harmonic 

currents due to resonance in inductance and capacitance of the cables [32]. Disturbances to 

the network voltage that are faster than steady state voltage changes are defined as flicker 

[35]. Equipment connected to the grid may not be damaged by this effect, but it can annoy 

consumers connected to weak grids where it can lead to changes in brightness of the light 

[35]. 
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2.6.4 Frequency variation 

 

Frequency variation must be limited during the power system operation. For example, in 

the Swedish electric power system, the nominal frequency is 50 Hz and the limit for variation 

is ± 0.1 Hz [18]. If it decreases below 49.9 Hz, other actions apart from the primary and 

secondary frequency control need to be taken [18]. A constant frequency is maintained when 

the power supply is equal to the power demand at every instant. When demand and supply is 

not balanced, frequency fluctuates. Intermittent energy sources increase the power 

fluctuations, which increases the possibilities of imbalances between demand and supply. The 

higher the total capacity of DG units based on intermittent energy sources, the more frequency 

variations will occur [7], [34]. 

 

2.6.5 Grid protection 

 

The main problems related to grid protection when high penetration of DG are the 

following ones: prohibition of automatic reclosing, unsynchronized reclosing, fuse-recloser 

coordination, islanding problems, blinding of protection and false tripping [36]- [37]. A 

detailed comprehension of all these problems is beyond the scope of this thesis, but some 

basic considerations are presented. 

Recloser problems occur mainly in overhead lines. The DG unit keeps energizing the fault 

once the recloser is opened, turning a temporal fault into permanent. This can lead to a bad 

coordination between fuse and recloser. Fuse acts in temporary faults, clearing them as 

permanent faults. Moreover, while recloser is opened, the DG unit can keep supplying to a 

small area, creating an island, causing an unsynchronized automatic reclosing [38]. This event 

is called unintentional islanding. Problems and detection methods of unintentional islanding 

are presented in [7]. The best option to solve unintentional islanding is to improve 

communications between utility and inverter in the case of inverter-connected units [39], [40].  

When a short-circuit fault occurs in the traditional DN, the fault current is only supplied 

by the upstream grid. In the presence of DG units, the current flowed from the upstream grid 

      decreases since part of fault current is supplied by the DG unit    , as shown in Figure 

2.4(a). Therefore, the current from grid       may not reach the pick-up current of the feeder 

protection relay and the short-circuit current remain undetected. This phenomenon is referred 

in literature as blinding of protection [32]. False tripping takes place when a DG unit 

contributes to a fault in an adjacent feeder. This contribution can reach the pick-up current of 

the protection relay of the healthy feeder and switch off the line before the fault is cleared by 

the corresponding feeder of the corresponding unhealthy line. Consequently, a healthy feeder 

is disconnected before than the one that contains the fault [32]. For instance, relay 1 in Figure 

2.4(b) may shoot before relay 2 due to the contribution of the DG unit    . In that case, feeder 

1, a healthy feeder, is disconnected, while feeder 2, the one containing the fault, is still 

connected. 
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(a) 

 

 
 

(b) 

 
Figure 2.4 Grid protection issues: (a) blinding of protection and (b) false tripping [32] 

 

 

2.6.6 Fault current 

 

When a short-circuit fault takes place in a traditional DN with no local power generation, 

the source of supply for the fault current corresponds to the main substation. With the 

presence of DG units, the number of fault current sources increases. Consequently, the fault 

current increases [32]. This increase has to be studied in order to check if it can still be 

withstood by the different grid components such as ring main units, breakers, etc [41]. 
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Chapter 3 

3. Integration of small scale generation in the 

Swedish low voltage distribution network 

 
This chapter narrows the scope of this thesis to the Swedish framework. First, an overview 

of the basic structure of the Swedish electric power system is presented. Next, a definition of 

distributed generation used in this thesis is given based on the Swedish electric power system 

structure. After that, a review of current Swedish regulation and grid codes is included to 

determine the voltage level standards which are applied in this thesis. Finally, a simple 

Swedish guideline for the connection of a single DG unit to a LV network, included in a 

report referred as AMK-handbook, is presented. This simple guideline is the starting point of 

the proposed guideline for more DG connections. 

 
3.1  Swedish electric power system 

In the Swedish electric power system three main levels can be distinguished depending on 

the nominal voltage level: transmission, sub-transmission and distribution system [19]. Figure 

3.1 shows a schematic division of the Swedish electric power system based on the nominal 

voltage level. The transmission system is used to transfer a large amount of energy from the 

main generation areas. In order to minimize losses, high voltages are used. Transmission lines 

mainly connect the north of Sweden, where hydro resources are high, with middle and south 

Sweden, where population is concentrated [18]. The transmission system is operated by 

Svenska Kraftnät that owns 400 kV and 220 kV lines [19].  

 

The transmission and distribution systems are connected through the sub-transmission 

system or regional grids. Voltage levels in regional grids are still high due to distances; 

usually 40-130 kV [19]. Distribution systems or local grids usually operate at voltage levels of 

0.4 – 36 kV [19], [42]. Consumers are mainly connected to the local grids although some 

large industries with high energy consumption may be connected directly to the regional grids 

[18].  
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Figure 3.1 Structure of the Swedish electric power system 

 

3.2  Swedish framework: distributed generation and voltage standards 

Since the deregulation of the Swedish electric power system in 1996, planning and 

operation of networks is the DSOs’ responsibility. At the same time, DSOs must fulfill the 

quality and revenue regulation. DSOs are not allowed to own DG and they are required to 

connect it. Additionally, the penetration of RES is encouraged by the Swedish energy policy 

and by several electric utility companies [12]. These utilities offer different compensation 

schemes such as net-metering offers, feed-in tariffs offers and Nord Pool spot price offers; for 

buying the surplus of energy produced by small scale PVs [12]. The majority of these 

compensation schemes are applicable to customers that are net consumers and have a 

maximum fuse of 63 A. The maximum allowed power injection by these utilities into one 

consumption point is 43.5 kW [12]. On the other hand, small scale producers receive from the 

Swedish government an investment subsidy which covers 45% of the whole investment, 

installation and planning included, regardless the consumer or company size [23]. 

In this thesis, DG units are assumed to only inject active power into the network. Reactive 

power is assumed to be balanced in the system. According to the Swedish standard SvKFS 

2005:2, generators of less than 1.5 MW are not obliged to have reactive power capabilities 

[43]. Additionally, the introduction of reactive power into the grid from DG units is not 

allowed by some interconnection standards such as IEEE 1547 [44].In this thesis the 

connection of DG units is analyzed in a Swedish framework which is that generation units 

smaller than 1.5 MW are connected to any voltage level of the distribution network, and the 

connection points of DG units are uncertain for the DSO. 
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DSOs are responsible for maintaining a good quality of the transfer of electricity, 

according to the Swedish electrical legislation Ellag (1997:857) [12].  This responsibility is 

stated in [20] as: “the voltage should be of sufficient quality”. DSOs are responsible for 

maintaining the voltage level within the limits established by standards. Two different 

voltages are distinguished by standard IEC 038 in electric networks: the supply voltage and 

the utility voltage [45]. This thesis focuses on the supply voltage level, defined as the line-to-

line or line-to-neutral voltage at the point of common coupling. The point of common 

coupling is the main supplying point of an electrical installation [45]. According to the 

European standard for voltage characteristics of electricity supplied by public electricity 

networks, EN 50160, the supply voltage at the delivery point must stay within a range ± 10% 

of the nominal voltage for 95% of week, mean 10 minutes rms values [45]. 

This European standard is usually used as a basis for requirements followed by different 

stakeholders. However, regulated voltage limits are still not well and clearly defined in 

Sweden. Consequently, planning levels regarding voltage limit employed by different DSOs 

are neither uniformly defined [20]. For example, in [22], typically accepted voltages are 

defined between 90% and 106% of the nominal voltage. In [13], 3% and 5% over-voltage 

limits are used for slow voltage variations. After several discussions between different 

stakeholders, a new regulation named as EIFS 2011:2 was published by 

“Energimarknadsinspektionens” in June 2011 [20]. The new regulation establishes supply 

voltage limits as the same ones given by the European standard EN 50160. To the author’s 

best knowledge, no supply voltage limit has been found as well-defined and accepted by all 

parties in Sweden. This thesis considers that the supply voltage at the consumption point must 

stay between 90% and 105% of the nominal voltage. In addition, other voltage level limits, 

which are recommended in the AMK-handbook, are compared. The two different planning 

levels are used in this thesis. 

 

3.3  Simple Swedish guideline: AMK-handbook 

Due to the increasing number of generation units installed by private owners and farmers 

in Sweden, Svensk Energi published at the end of 2011 a report called “Anslutning av 

mikroproduction till konsumtionsanläggningar – MIKRO” [13].  This report is further referred 

as AMK-handbook.  The most common connections are solar cells, while small wind turbines 

are less common. It is applicable to the connection of new generation units with a maximum 

power of 43.5 kW at a connecting point of 230/400 V with a fuse of maximum 63 A. The 

maximum power is measured as a 10 minutes average and is independent of the weather and 

the grid conditions [13].  

Maximum power injection of 43.5 kW into one consumption point and a fuse of 

maximum 63 A are commonly used by Swedish DSOs such as Dala Energi Elnät, Borlänge 

Energi Elnät, Falu Elnät, Hedemora Energi, Malungs Elnät, Smedjebacken Energi Nät and 

Envikens Elnät. These DSOs offered during 2011 feed-in tariffs to clients who were “net” 

consumers in a yearly basis. On the other hand, Fortum Distribution paid in 2011 the Nord 

Pool spot price minus 0.04 SEK per kWh to generators within its grid area with a maximum 
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fuse of 63 A, while Vattenfall  paid this same price to consumers with a main fuse of 63 A 

having the generation unit a maximum installed power of 43.5 kW. E.ON offered this same 

price to producers not belonging to its grid neither having E.ON as electricity supplier [12]. 

The main objective of the AMK-handbook is to standardize the connection of a single DG 

unit to LV network. Different aspects of the connection are considered: administrative 

directives, grounding, fault protection, electromagnetic compatibility (EMC), measuring, etc. 

This thesis focuses only on the calculation of the maximum capacity of a DG unit that is 

allowed to be connected to a given connection point, which is limited by the chosen planning 

level. Two different kinds of buses are considered in the AMK-handbook: 

- Household (HH): point in a network where energy can be transmitted between the 

customer equipment and the grid [13]. Bus where the DG unit is directly connected. In 

the AMK-handbook this kind of bus is denoted as “Anslutningspunkt”. 

 

- Point of common coupling (PCC): point in a network, electrically nearest to a specific 

generation unit, and to which other installations are or will be connected. The 

installations are allowed both to supply and to consume electricity [13]. Closest bus to 

a household where other consumers or DG units are or can be installed. In the AMK-

handbook this kind of bus is denoted as “Sammankopplingspunkt”. 

These tow concepts are demonstrated in Figure 3.2, where a nine nodes LV three phase 

network with a transformer feeding a total of four consumption points is represented by its 

single phase equivalent. The representation has been done using the Power System Analysis 

Toolbox (PSAT) Simulink Library for Matlab.  

 

 

Figure 3.2 Nine nodes LV network 

 

The previous concepts can be applied to Figure 3.2 by assuming two DG units are 

connected to the grid: one connected to Bus 05 and other one connected to Bus 09. In this 

case, Bus 05, Bus 06, Bus 08 and Bus 09 are referred as households. The PCC of the DG 

connected to Bus 05 is Bus 03, while the PCC of the DG connected to Bus 09 is Bus 07. 

The AMK-handbook considers both the connection of three and single phase DG units. 

The maximum power of the first DG unit in a LV distribution grid which can be installed is 
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calculated both graphically and analytically. All calculations are referred to a grid parameter: 

the network short-circuit impedance (“kortslutningsimpedans”) for three phase connections 

and the loop-impedance (“förimpedans”) for single phase connections. This parameter is 

contained in the network data belonging to electricity distribution companies. For a further 

comprehension and application of these concepts, readers can refer to [13]. The concept of 

“förimpedans” is defined in the Swedish standard SS 4241405. The guideline developed in 

this thesis is based on three-phase calculations. However, how the proposed guideline can be 

further applied to single-phase connections is presented in Section 6.4 of Chapter 6. 

Of special interest is a graph contained in Appendix 3 of the AMK-handbook. The 

referred graph is here presented in Figure 3.3. It has been redrawn with Matlab and verified 

with the original.  This graph indicates the maximum allowed power to be installed by a 

single DG unit based on the network short-circuit impedance at its connection point, in the 

case of three-phase connection. In this thesis, the term path denotes the line between any bus 

and the slack bus. The network short-circuit impedance is defined as the total resistance of the 

path of the bus under study. The network short-circuit impedance multiplied by 2 is 

represented on the x axis, denoted as “Förimpedans”, and the maximum allowed power to be 

installed by the DG unit is shown in the y axis, denoted as “Effekt”.  

 

 
Figure 3.3 Voltage drop in three phase connections 

 

The dashed line in Figure 3.3 refers to the HHs, where the maximum acceptable over-

voltage is 5% over the nominal voltage. The solid line refers to the PCCs, where the 
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maximum acceptable over-voltage is 3% over the nominal voltage. Recommended maximum 

voltage variations in LV networks by the AMK-handbook are shown in Table 3.1 [13].  

 

Table 3.1 Recommended voltage variation in LV networks 

At the customer connection point - HH 5 % 

At the common connection point with other customers - PCC 3 % 

 

When a single DG unit applies for connection, the HH and PCC buses can be identified. 

The network short-circuit impedance of the HH corresponds to a maximum allowed power 

   , which is based on the dashed line in Figure 3.3. At the same time, the network short-

circuit impedance of the PCC corresponds to a different maximum allowed power     , 

which similarly based on the solid line represented in Figure 3.3. The minimum value 

between these two,     and     , is the maximum allowed power that can be installed by a 

DG unit connecting to that HH without reinforcement of in the network.  

At the same time, the bus, either the HH or the PCC, which is the one limiting the 

connection is obtained. In this thesis, the bus limiting the connection will be referred as weak 

bus. Therefore, the weak bus is the bus that first breaks its own planning level as a 

consequence of the power injected by a DG unit. Its own planning level depends on the nature 

of the bus, either a HH or a PCC. A detailed explanation of Figure 3.3 is presented in Section 

4.1 of Chapter 4, since it represents the starting point of the guideline further presented in this 

thesis.  

Note two different aspects in this Swedish guideline: the distinction between HH and 

PCC; and the value of the voltage limits. Regarding the first aspect, connection standards 

mainly refer to the supply voltage at the consumption point. The term consumption point is 

here equivalent to HH. Special limits on buses which are located between consumption points 

and the feed-in transformer have not been found. A PCC is a bus located between the HH and 

the feed-in transformer. The use of voltage limits on these buses can be understood from an 

economical point of view. The voltage difference between the upstream bus (PCC) and the 

consumption point (HH) can be assumed to be constant as a simplified operation and planning 

rule. Therefore, locating only one measurement unit at a PCC instead of a number of them in 

different consumption points is enough to ensure voltage limits at the consumption point. 

Regarding the second aspect, it can be noticed that the voltage limits recommended do not 

correspond to any current standard. This fact confirms the statement that the choice of 

planning level is very dependent on the utilities and countries.  

This guideline is based on the worst case scenario of maximum generation and no load 

when planning the integration of DG units. Under these worst case conditions, the problem 

studied is related to reverse power flow and the risk of over-voltages. An example that shows 

the voltage levels at different buses under different generation and load conditions for a 

specific Swedish DN is included in Appendix A. Nevertheless, this guideline is limited to the 

integration of a first DG unit connecting to a DN. This limitation relies on the fact that a 
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previously installed DG unit would affect the new connection, and vice versa. An example of 

how this guideline can be applied for the connection of the first DG unit to a specific Swedish 

DN is included in Appendix A. Additionally, the limitation of this guideline when solving the 

connection of a second DG unit to the same specific DN is presented in Appendix A.  
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Chapter 4 

4. Guideline for the integration of a large amount 

of distributed generation 

 
In this chapter, a general guideline for the integration of a large amount of DG is 

introduced. First, assumptions considered for the development of the guideline are listed. The 

theoretical background the aforementioned Swedish guideline relies on is presented. Next, 

how the network, the DSO and the customer are integrated as inputs to the guideline is 

shown. After that, the basic principles of the proposed guideline are introduced, followed by 

the general mathematical formulation of the guideline. Additionally, the guideline is divided 

in different steps for a better comprehension. Finally, a physical interpretation of the general 

guideline is included. 

 

4.1  Guideline assumptions 

Following the aforementioned Swedish guideline, the proposed guideline is developed 

under maximum generation and no load condition. Additionally, no reactive power is allowed 

to be neither injected nor consumed by the installed DG units, based on the Swedish standard 

SvKFS 2005:2. Since in LV distribution networks the phase shift between voltages of 

different buses is very low, this phase shift is neglected. All assumptions under which the 

proposed guideline is developed are here listed: 

- Maximum generation and no load. 

- No reactive power at consumption points. 

- Angle shift between voltages is neglected. 

Lines connecting two buses of a LV network are usually shorter than 80 km long. A short 

line equivalent representation can be used. Figure 4.1 represents the short line equivalent used 

for further calculations. This simple equivalent is based on a series impedance denoted as   in 

Figure 4.1. The series impedance consists of a resistance   and a reactance  , which represent 

the resistive and inductive component of the line connecting both buses respectively. Parallel 

branches can be neglected, since losses due to corona effect and currents in the isolators are 

negligible at LV levels [46]. 
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Figure 4.1 Short line equivalent 

 

The voltage difference between two buses can be obtained based on Kirchoff’s second law: 

         (    )    (4.1) 

 

Assume a DG unit connected to bus 2 and no load condition, as shown in Figure 4.2. 

Considering positive the power injected into the line, Figure 4.3 represents the phasor diagram 

regarding voltages and current. The phasor diagram included in Figure 4.3 is drawn for clarity 

and comprehension for the reader, so the angle shift   between voltage and current is 

purposely wider than reality. 

 

 

Figure 4.2 DG connection to bus 2 

 

Figure 4.3 Phasor diagram 

In LV distribution networks, the phase shift   between voltages is very low. Consequently 

the voltage difference between bus 1 and bus 2 is approximated by the difference between the 

projections of both voltages over the horizontal line. 

|   |  |   |          |     |    |     | (4.2) 

 

Voltage in bus 2 is assumed as reference voltage:  

       (4.3) 
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The apparent power injected by the DG unit at bus 2 is given by: 

𝑆        
  ⇒   

𝑆  
 

   
  

𝑆  
 

  
 
    𝑄 
  

 

 

(4.4) 

 

From (4.4) it can be written: 

|     |  
  
  

 

 

(4.5) 

|     |  
𝑄 
  

 

 

(4.6) 

 

Introducing expressions (4.5) and (4.6) in (4.2): 

      
       𝑄 

  
 

 

(4.7) 

 

When no reactive power is neither consumed nor injected by the DG unit, as established 

in the assumptions: 

      
    
  

 

 

(4.8) 

 

Selecting the slack bus as bus 1 and working in per unit: 

           (4.9) 

 

The voltage increase is defined with respect to the slack bus. The slack bus has a constant 

voltage level equals to 1 p.u., which corresponds to the initial voltage level at every bus under 

no load condition. A voltage increase in respect to the slack bus is equivalent to the voltage 

variation experienced with respect to no load condition. For instance, a bus that experiences a 

voltage increase with respect to the slack bus of 0.03 p.u. when a DG unit is connected, 

presents a voltage level of 1.03 p.u. under such conditions. Therefore, the voltage increase is 

defined as: 

          (4.10) 

 

Equations (4.8), (4.9) and (4.10) are combined to obtain the following expression, 

    
    
     

 

 

(4.11) 

 

Equation (4.11) can be written as, 

 

   
   
 
 
(   )

 

 
 

 

(4.12) 
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The second addend in (4.12) represents the losses through a resistance   when it is under 

the effect of a specific voltage variation    . It denotes the active losses through the path of a 

given bus. By contrast, the first addend represents the allowed maximum power in the case 

losses were neglected, leading to the following expression: 

   
    

 
 

 

(4.13) 

 

Equation (4.13) shows a linear relationship between the voltage increase     at a given 

bus and the injected power    into the same given bus. For a given voltage increase    , the 

lower the value of the resistance   the more power    that can be installed. Equation (4.13) 

responds mathematically to the equation of a hyperbola and fundaments the curves 

represented in the Appendix 3 of the AMK-handbook and previously commented in Section 

3.3 of Chapter 3. 

However, the loss-less assumption is removed in the guideline proposed in this thesis. 

When doing so, in order not to lose linearity, let     be defined as, 

         (   )
    (4.14) 

 

Combining (4.12) and (4.14) together, 

   
   
 

 

 

(4.15) 

 

Equation (4.15) shows a linear relationship between variable     at a given bus and the 

injected power    into the same given bus. The power    that can be installed remains 

independent of the inductive component   of the grid. This result coincides with the usual 

assumption in network planning of LV grids, where   is commonly neglected in lines, based 

on the fact     [17]. This assumption has been checked with available data from grid A. 

The ratio between resistance and reactance of lines in grid A is between 2 and 21. On average, 

values of resistances are 13 times higher than values of reactances. A complete description of 

grid A is included in Section 4.2.1. Equation (4.15) is the basic and fundamental equation for 

the guideline further presented. Note that all variables are expressed in per unit. 

Moreover, since the slack bus is assumed to be located at the MV side of the transformer, 

note that reactance of the transformer is also neglected, although transformers mainly present 

an inductive behavior. For instance, the feed-in transformer in grid A presents a reactance 

twice the value of its resistance. However, since no reactive power is neither consumed nor 

injected at consumption points, the reactive power flow through the system is expected to be 

low.  The impact of neglecting the reactance of the transformer is analyzed by solving a 

simple example in Section 6.3 of Chapter 6. In the mentioned example, it is concluded that 

neglecting this reactance does not affect the accuracy of the guideline. 
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4.2  Guideline inputs 

During the planning process, three different elements are distinguished: grid, DSO and 

customer. The interaction between these three elements is summarized in the following 

question:  

As a customer, I would like to install a DG unit at my home. What is the 

maximum power that I can install? 

A customer is willing to install a small scale DG unit at his/her home. Since the grid is 

owned by the DSO, the installation of the DG unit has to be accepted by the DSO. It is DSOs 

responsibility to maintain the reliability, power quality and safety of the electricity supply in 

the grid. The allowed maximum power that can be installed is dependent on the physical 

limitations of the network, the planning scope chosen by the DSO and the location of the new 

DG unit. Consequently, these three elements, grid, DSO and customer, are considered as 

inputs to the proposed guideline. The aim of this section is to present how these three 

elements are considered in this thesis. 

 

4.2.1 Grid: network configuration, load and generation 

 

Every planning procedure in electricity networks is distinguished and based on the 

following factors: existing network arrangement (starting point for the planning), voltage 

level (HV, MV or LV) and components data (transformer size, cross-section of lines and 

cables, impedance values) [30]. All previous factors represent and define the physical existing 

grid. In addition, generation and load are also important in the planning procedure. This 

section presents how network, generation and load have been represented and considered in 

this thesis. 

 

There are a large number of available software tools for power system analysis today. 

User-friendly power system analysis software tools are reviewed in [47]. Two different 

software tools were considered: PSS/E-32 and Power System Analysis Toolbox (PSAT). 

PSS/E is a commercial software tool offered and developed by Siemens. By contrast, PSAT is 

a free-user toolbox developed for Matlab. Initially, a network model was tested by both 

software tools. Results obtained were close enough. However, difficulties were encountered 

in modifying input and output data in PSS/E without using Python. Moreover, PSAT is open 

software, which makes it more free to test and program different methodologies. Since 

performing load-flow simulations in steady-state is the main purpose of simulation in this 

thesis, no special features are necessary. Consequently, PSAT was finally selected. 

 
Network configuration 

 

Two different low voltage Swedish distribution grids are analyzed in this thesis. These 

two grids are further referred as grid A and grid B. Both networks are built in Simulink. The 

different grid components are implemented using the available models in the PSAT Simulink 
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Library. For a detailed comprehension of how different components are mathematically 

modeled, the reader can further refer to [48]. The chosen base values for the per unit system 

are 400 V and 100 kW. Those cables that were not found in standards were substituted by 

ones contained in standards.  

Grid A has a nominal three-phase voltage level of 400 V and consists of a total of 19 

buses and a feed-in transformer 10/0.4 kV with a rated apparent power of 200 kVA. A single-

phase equivalent circuit of the three-phase network is represented in Figure 4.4. The 

transformer is connected to five main feeders. Consumption points are located at the end of 

the feeders. The transformer impedance is obtained from real data. Values of active and 

reactive power, as well as currents through every line, are available. Lines which are only 1 m 

long have been removed due to their expected low influence. The network model has been 

verified with the available data. 

 

 

Figure 4.4 Specific Swedish LV distribution network – grid A  

 

Grid B has a nominal three-phase voltage level of 400 V and consists of a total of 74 

buses and a feed-in transformer 22/0.4 kV with a rated apparent power of 630 kVA. A single-

phase equivalent circuit of the three-phase network is included in Figure 4.5. The transformer 

is connected to four main feeders. Two identical feeders in parallel are merged into one with 

half value of impedance. Consumption points are located at the end of the feeders. The 

transformer impedance is obtained from standard EN50464-1:2007. 
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Figure 4.5 Specific Swedish LV distribution network – grid B 
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Load: consumption points 

Points of a network where consumers are currently connected are referred as consumption 

points in this thesis. Consumption points are also considered as possible potential locations 

for the connection of the DG units. For example, in the case of grid A, potential points where 

DG units might connect are buses 3, 4, 7, 8, 9, 10, 11, 14, 16, 18 and 19. In this thesis, 

consumption points are assumed to represent the point of common coupling of an installation, 

as discussed in the European standard EN 50160. According to this standard, voltage level 

measured in the common coupling point is referred as supply voltage. However, this does not 

imply that only one DG unit is connecting to each consumption point. If household owned 

DG units use one-phase connections, each consumption point can represent the aggregation of 

a number of DG units installed by different households. The voltage variation along the 

customer cable connecting the common coupling point with each household is neglected. 

Neglecting this voltage variation is based on the use of a considerable conservative approach, 

which limits the maximum allowed variation of the voltage supply level at the consumption 

point to half the value established by the European standard EN 50160. 

 
Generation: small scale DG units 

The aim of this thesis is to analyze the integration of a large amount of DG in DNs based 

on voltage constraints. Voltage levels are considered from a steady-state point of view. In 

steady-state and from a grid perspective, the amount of power injected by a DG unit stays 

constant. Therefore, deterministic load flow analysis is sufficient in this thesis. When 

eliminating the variability on the generation side, there is no difference between considering 

intermittent energy sources and controllable energy sources. There is no need of dynamic 

analysis. From the grid point of view, the output power is seen equally when coming either 

from a solar panel, a wind turbine or a diesel-generator set. Under the assumption of 

maximum generation, the output power is considered to be always equal to the rated power of 

the DG unit.  

Therefore, a DG unit can be directly represented as a load consuming negative power. As 

mentioned in Section 3.2 of Chapter 3, reactive power is not allowed to be neither injected nor 

consumed by the DG unit. Consequently, the DG unit is simply modeled as a load consuming 

a negative active power equal to the rated power of the specific PV panel or small scale wind 

turbine. 

 

4.2.2 Distribution system operator: planning scope 

 

It is DSOs responsibility to maintain the reliability, power quality and safety of the 

electricity supply in the grid. The network planning process is performed by the DSO based 

on different codes and standards as discussed in Section 3.2 of Chapter 3. From the short-term 

and steady-state perspective of this thesis, the planning scope is assumed to be defined by the 

planning level and load condition chosen by the DSO. By choosing a planning level, the DSO 

fixes the maximum voltage level allowed in different buses of the grid. More than one 

maximum voltage level can be chosen, as the recommendation given by the AMK-handbook. 
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Load condition is usually chosen as a percentage of the maximum load, as shown in [22] and 

[49]. In the case of over-voltage risk, no load represents the worst case scenario, as 

demonstrated in Appendix A. However, planning under minimum load condition can be a 

choice against the extreme non-realistic no load condition. This way, when considering 

minimum load condition, the loss of integration potential can be reduced. 

 

4.2.3 Customer: household small scale DG unit 

 

The request of the customer who is willing to install a small scale DG unit at his home 

triggers the network planning process. The location of the consumption point, where the 

customer is willing to connect the next DG unit, remains uncertain for the DSO.  

 

4.3  Guideline for the integration of a large amount of DG 

The general guideline further presented in this thesis is mainly based on (4.15), obtained 

in Section 4.1. This equation establishes a direct and linear relation between injected power 

and the variable    , where the latter is related to the voltage increase. This relation is 

exclusively dependent on the resistance. The general guideline is based on these two main 

characteristics: linearity and simple-direct interrelation between injected power and voltage 

increase. The latter is based on the major role of resistances in LV distribution networks. 

 

Equivalent grid representation 

 

Equation (4.15) shows that voltage increases and active power flows can be easily related 

by resistances. Reactances are neglected and the major role of resistances in LV distribution 

networks is emphasized. A simplified schematic representation of a LV network is here 

introduced and denoted as equivalent grid representation. This schematic representation will 

be further used during the presentation of the proposed guideline. Transformer and lines are 

equally represented by a single line. All reactances are neglected, being resistances the only 

variables considered. Figure 4.6 shows the equivalent grid representation of the nine nodes 

LV network presented in Section 3.3 of Chapter 3.  

 

 

Figure 4.6 Equivalent grid representation of the nine nodes LV network 
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Superposition principle 

 

Equation (4.15) is an expression which depicts the linear behavior of the system, a 

strength the guideline relies on. The superposition principle can be applied to any linear 

system. This principle states that the response of a linear system caused by two or more 

stimuli can be obtained as the sum of responses that each stimuli acting individually and 

independently would have caused [50]. This principle is here applied to a system defined as a 

radial LV distribution network and stimuli defined as DG units. An analysis of the linear 

behavior expected in radial LV distribution grids is included in Appendix B for a specific 

Swedish DN.  

For more clarity and without any loss of generality, this principle is applied to the nine 

node LV network presented in Figure 4.7. This nine node LV network is chosen in pursuit of 

clarity for the reader, based on its size and configuration. An example, showed in Figure 4.7, 

where only two DG units are considered is discussed. Let DG1 and DG2 denote the DG unit 

that firstly and secondly connects respectively. DG1 is assumed to be connected at Bus 05 and 

DG2 is assumed to be connected at Bus 09.  

 

 
Figure 4.7 Connection of DG1 and DG2 to Bus 05 and Bus 09 respectively 

 

The superposition principle is applied to the calculation of the relevant voltage increases 

in the different buses of the LV electricity network. Consequently, the connection of the two 

DG units is seen as two different independent problems: on the one hand, when only DG1 is 

connected and, on the other hand, when only the DG2 is connected. Figure 4.8 and Figure 4.9 

show how the original problem can be broken into two independent problems.  
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Figure 4.8 Only DG1 is connected 

 
Figure 4.9 Only DG2 is connected 

 

Let    
  denote the voltage increase at bus   due to the power injected by the DG unit 

connected to bus  . Moreover, let    denote the power injected by a DG unit located at bus i. 

Assume that the steady-state voltage at Bus 07 in the nine node LV network is studied. Figure 

4.8 shows the only connection of DG1. This connection leads to a voltage increase denoted by 

   
 , representing the voltage increase at Bus 07 due to the power injected by DG1 at Bus 05. 

Figure 4.9 represents the single connection of DG2. Similarly, this connection leads to a 

voltage increase denoted by    
 . Applying superposition, the total voltage increase     at 

Bus 07 when both DG1 and DG2 are connected is calculated as: 

        
      

   (4.16) 

 

Let      ( )  denote the voltage limit established for a specific bus  . This planning level 

is established by grid codes and recommendations in order to supply energy with an 

acceptable level of reliability, quality and safety. Therefore,  

          ( )  (4.17) 

 

Based on (4.16) and (4.17), at the limit condition: 

   
      

        ( )  (4.18) 

 

A specific example when two DG units are connected to a LV network has been solved. A 

generalization of the result presented in (4.18) when more than two DG units are considered 

can be directly implied. Equation (4.18) is generalized and applied for the case when more 

than one DG unit is previously installed:  

 

     ( )       
      ∑   

 

 

                     
 

(4.19) 

 

Where       ( ) denotes the planning level for a specific bus  .    
     represents the 

voltage increase at bus   due to the power injected by the last DG unit connected to bus     . 

   
  denotes the voltage increase at bus   due to the power injected by the DG unit connected 
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to bus       represents the set of buses where the previously installed DG units are connected 

to. The number of previously installed DG units in the network is denoted by   . The 

summation comprises a total of    elements. 

 
Simplified calculation of the effect of a DG unit over a specific bus 

 

By observing (4.19) the problem is reduced to calculating the different voltage increases 

   
 . A simple-direct manner of interrelating the injected power and the voltage increase is 

one of the strengths of the guideline here presented. For clarity, an example is presented to 

show how this calculation can be performed. Figure 4.10 shows a DG unit connected to Bus 

05 of the nine nodes LV network under no load condition. Let    
  denote the voltage 

increase caused at Bus 07 by the connection of the DG unit. Under no load condition, all 

buses marked by circles in Figure 4.10 present the same voltage level.  

 

 

Figure 4.10 Effect of power injected by a DG unit into Bus 05 

 

The bus where the paths of Bus 05 and Bus 07 meet is Bus 02. Neglecting the losses 

between Bus 05 and Bus 02, the power injected by the DG unit into Bus 05 is directly moved 

to Bus 02, as shown in Figure 4.10. According to this, the proposed guideline only considers 

the losses of the common path between the pair of buses involved. 

Under these conditions it can be written: 

   
     

   (4.20) 

 

Applying equation (4.15) to Bus 02, the resistance of Bus 02 path is denoted by   , and 

using equation (4.20): 

   
         (4.21) 

 

Equation (4.21) shows that the voltage increase    
  at Bus 07 caused by the connection 

of the DG unit is dependent on the injected power    and the resistance    of the common 

line between the two paths (from the DG unit to the slack bus and from Bus 07 to the slack 
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bus). In order to generalize this idea, a new notation is introduced. Let  (   ) denote the 

resistance of the common line between two paths: from Bus i to the slack bus and from Bus j 

to the slack bus. Using this notation, (4.21) can be generalized: 

   
      (   ) (4.22) 

 

Equation (4.22) shows that the voltage increase    
  at a specific bus   caused by a given 

DG unit connected to bus  , is dependent on the power    injected by the DG unit at bus   and 

the resistance  (   ) of the common line between the two paths (from bus   to the slack bus 

and from bus   to the slack bus). 

This theoretical explanation can be better understood by resembling it to an equivalent 

more simple physical system: a glass of water. This equivalency to a glass of water is 

graphically explained in Figure 4.11. 

Every bus   located in a distribution network with no load condition can be seen as an 

empty glass of water, as shown in Figure 4.11 (a). The capacity of the glass can be related to 

the voltage limit.  At no load condition, voltage at every bus of the network equals 1 p.u. 

Consequently, the capacity of the glass is directly given by the chosen planning level 

     ( ) for every bus  . Every time a DG unit connects, it has an impact on every bus of the 

network given by (4.22). The effect of the connection of the first DG unit located at bus i is 

shown in Figure 4.11 (b). Moreover, every time a DG unit connects, every glass at every bus 

of the network is filled up with a certain amount of water. The impact of the connection of the 

second DG unit located at bus   is depicted in Figure 4.11 (c).  

 

 
(a) 

 
(b) 

 
(c) 

Figure 4.11 Physical equivalency of the guideline on an over-voltage basis 

 

 

However, different buses are filled up with a different amount of water for the same 

power injected by a DG unit. This effect is reflected in (4.22), since the voltage variation 

caused by an injection of power is dependent on the resistance of the common path of the pair 

of buses involved. Therefore, the effect depends on the bus where the DG unit is connected 

and bus  . The more and more DG units connect, the lower the distance to the over-voltage 

limit is. For any bus  , no more power is allowed to be connected when the capacity is 
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reached. This is the idea further reflected by (4.27), where the injected power is translated to 

voltage variation by using (4.22). 

 

Figure 4.12 visualizes the voltage impact of the same scenario depicted in Figure 4.10, 

where a DG unit is connected to Bus 05. All buses are represented by glasses of the same size, 

assuming they all have the same voltage limit. The slack bus is not represented since its 

voltage remains constant. It is shown how the power injection into Bus 05 leads to different 

voltage increases in different buses. The bus that experiences the highest voltage increase is 

Bus 05, where the power is injected into. Buses that share the same common path with Bus 05 

experience the same voltage increase. For instance, Bus 03 and Bus 06 experience the same 

voltage increase, given by the resistance of Bus 03 path. Identically, Bus 02, Bus 04, Bus 07, 

Bus 08, and Bus 09 present the same voltage increase, given by the resistance of Bus 02 path. 

The lower the path resistance is, the lower the voltage increase is, as stated in (4.22). 

 

 

Figure 4.12 Physical interpretation of the connection of a DG unit to Bus 05 

 

This physical interpretation translates power injected by a DG unit to the voltage increase 

it causes on every bus in the network. In the next section, the concept of equivalent power is 

introduced. Introducing this concept allows a comprehension of the guideline and the physical 

behavior of the network mainly based on power increases instead of voltage increases.  

 

4.3.1 General formulation of the guideline 

A general guideline to solve the connection of a determined amount of      DG units 

can be demonstrated from (4.19) and (4.22). From now on, the term target bus refers to the 

bus the study focuses on as possible limiting bus and it is denoted as bus  . Equations (4.19) 

and (4.22) are applied to the study of a specific bus   located in a LV distribution grid where 

   DG units have previously been installed, 
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     ( )           (      )   ∑    (   )

 

                     
 

(4.23) 

 

The maximum allowed power to be installed by the last DG unit applying for connection 

is then, 

       
 

 (      )
 (     ( )  ∑    (   )

 

)                      

 

(4.24) 

 

Equation (4.24) permits the calculation of the maximum allowed power       installed by 

the latest DG unit depending on the power    already installed by all existing DG units up to a 

number of   . The relation between powers installed by the latest DG unit and the existing 

ones,       and    respectively, is dependent on the planning level, fixing the value of 

     ( ); and resistances  (      ) and  (   ) of the common line between different pairs 

of paths: paths of last DG unit and bus  ; and paths of each existing DG unit located at its own 

bus   and bus  , respectively.  

This equation represents numerous equations at the same time depending on which bus is 

considered as bus  . Therefore, a better formulation of (4.24) is the following one, 

     ( )   
 

 (      )
 (     ( )  ∑    (   )

 

)                      

 

(4.25) 

 

This formulation is used to draw the attention of the reader to the fact that the maximum 

allowed power to be installed by the latest DG unit is dependent on the bus   studied. This 

dependency is denoted by      ( ). Therefore, (4.25) can be solved for every bus of a grid.  

Equivalent power 

 

The general formulation of the guideline, expressed in (4.25), can also be written as: 

 

     ( )   
     ( )

 (      )
    ∑   

 (   )

 (      )
 

                     
 

(4.26) 

 

This way, the guideline can be interpreted on a power basis. The first addend in (4.26) 

represents the total power a bus can originally accommodate and the second addend denotes 

the effect of the already installed DG units. Therefore, the difference between both gives the 

integration potential of a bus. The equivalency to a glass of water on a power basis is 

graphically explained in Figure 4.13. Figure 4.13(a) shows the initial conditions at a specific 

bus  : no load and no DG unit connected. Figure 4.13(b) represents the effect of the 

connection of a first DG unit over the power level of bus  . The impact of the connection of a 

second DG unit is depicted in Figure 4.13(c). The number of DG units connecting can be 

gradually increased. It is seen that the more and more DG units connect, the lower the 
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distance to the power limit is. For a specific bus  , no more power is allowed to be connected 

when the maximum power is reached. This is the idea reflected by (4.26). Note that during 

this interpretation the latest DG unit is assumed to be connected to bus t. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 4.13 Physical equivalency of the guideline on a power basis 

 
 

In relation to the first addend of (4.26), the capacity of the glass is directly related to the 

strength of the bus. A variable that measures the strength of different buses is defined. A 

stronger bus allows more power to be injected. Let     ( ) refer to the power that can be 

injected by a DG unit connected to bus   inherently due to the location of bus   in the network 

and the chosen planning level. This value is obtained by application of (4.22): 

 

    ( )  
     ( )

 (   )
 

 

(4.27) 

 

Equation (4.27) shows that the strength of a bus   depends on the planning level, which 

relates to the value of       ( ), and the resistance of the bus   path,  (   ). The higher the 

value of     ( ) for a given bus  , the stronger it is considered to be. The capacity of the glass 

is fixed and established by the value     ( ). This value represents how much power a bus 

can accommodate.  

In relation to the second addend of (4.26) and in order to understand the effect of the 

power injected by a DG unit over other buses on a power basis, the concept equivalent power 

is introduced. This concept is demonstrated by an example. Assume a DG unit DG1 

connected to Bus 05 as shown in Figure 4.14, where the nine node LV network is used.  
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Figure 4.14 Effect of DG1 located Bus 05 over Bus 09 

 

Figure 4.15 Effect of DG2 located Bus 09 over Bus 09 

 

The connection of DG1 originates voltage increases in all buses of the network. Bus 09 is 

selected as an example in order to understand the effect over Bus 09 on a power basis when 

injecting power into Bus 05. The voltage increase    
   is given by, 

   
        (   ) (4.28) 

 

Assume now a DG unit named DG2 connected to Bus 09 as shown in Figure 4.15. 

Similarly, the connection of DG2 originates voltage increases in all buses of the network as 

well. In this case, the    
  caused in Bus 09 by DG2 located at Bus 09 is given by, 

   
        (   ) (4.29) 

 

Notice that  (   ) is the path between Bus 09 and slack bus,  (   ). To create the same 

voltage increase on Bus 09 due to DG1 and DG2, the relation between the power from DG1 

and DG2 is as follow:  

    
 (   )

 (   )
    

 

(4.30) 

 

Therefore, a DG2 located at Bus 09 injecting a power    given by (4.30) causes the same 

voltage increase at Bus 09 as a DG1 located at Bus 05 injecting a power   . In other words, 

when a DG unit injects a power    into Bus 05, this power injection seen from Bus 09 is 

equivalent to inject    into Bus 09. This concept can be generalized, 

       
 (   )

 (   )
    

 

(4.31) 

 

The voltage increase caused at bus   by a DG unit injecting a power    into bus  , is the 

same as the voltage increase caused at bus   by a DG unit injecting a power       into bus  , 

when       is obtained base on (4.31).        is the equivalent power of    from bus   point of 

view. 

Bus 09

Bus 08

Bus 07

Bus 06

Bus 05

Bus 04

Bus 03

Bus 02

Bus 01

Bus 09

Bus 08

Bus 07

Bus 06

Bus 05

Bus 04

Bus 03

Bus 02

Bus 01

   

   

DG1 

DG2 



40 
 

Coming back to (4.26), isolating the second addend: 

∑         ∑   
 (   )

 (      )
 

                     
 

(4.32) 

 

By comparing (4.32) to (4.31), it can be observed that the second addend of (4.26) 

represents the equivalent power of all previously installed DG units from a bus   point of 

view, in the case the latest DG unit is assumed to be connected to bus  . This term is defined 

as equivalent previously installed DG power. Therefore, the impact of an existing DG unit is 

not only dependent on the power injected into the grid but also on its relative location in 

respect to bus  . It is the author’s intention to draw the attention to the importance of the 

location of the different DG units. A new concept named as equivalent installed DG power is 

defined and compared to the so called penetration level in Section 6.1 of Chapter 6. 

 

4.3.2 Guideline steps 

By observation of (4.25), the guideline is divided in the following steps: 

 

Step 1: Select set of possible weak buses   

Bus   plays a major role in equation (4.25). Theoretically, every bus in the grid could be 

considered as bus  , and, consequently, as a potential limiting bus. Practically, it is sufficient 

to just analyze the most critical ones, usually the ending buses. Buses located at the end of 

feeders experience the highest voltage variation, as shown in the example given in Section 

2.6.1 of Chapter 2. If the chosen planning scope is based on a unique planning level, analysis 

of the ending buses is sufficient. By contrast, if more than one planning level is chosen, as 

AMK recommendations, other non-ending buses, such as the ones denominated as PCCs, 

have to be analyzed too. Therefore, calculations are not done to every bus in the grid, but just 

to the most critical ones due either to their location or their special condition. These critical 

buses define the set of possible weak buses  , from now on denoted as θ. 

 
Step 2: Calculate the voltage increase caused by previously installed DG units at every bus   

The summation included in (4.25), can be written, based on (4.22), as: 

∑    (   )

 

   ∑   
 

 

                               
 

(4.33) 

 

It is reminded that   represents the set of buses where the previously installed DG units 

are connected to. Consequently, this summation denotes the impact of the power injected by 

all previously installed DG units on the voltage level of bus  . This summation is calculated 

for every bus   included in θ. 
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Step 3: Calculate the voltage gap at every bus   

The voltage gap is defined as the potential voltage increase left at a bus after considering 

the impact of the previously installed DG units. This concept is represented in (4.25) by the 

elements included in the parenthesis. Let     ( ) denote the voltage gap at a given bus  , 

then, 

    ( )          ( )  ∑    (   )

 

                                
 

(4.34) 

 

This voltage gap is calculated for every bus   included in θ. 

 
Step 4: Calculate the allowed power to be injected at every bus   

The potential voltage increase given by the voltage gap is then translated to potential 

power to be injected. The translation from voltage increase to power is done based on the 

basic equation (4.15), as following: 

     ( )  
    ( )

 (      )
                  

 

(4.35) 

 

The allowed power to be injected is calculated for every bus   included in θ. 

 
Step 5: Select the minimum value of all powers obtained in step 4 

From all values of power obtained in previous step 4, the minimum value is chosen as 

maximum allowed power to be installed by the latest DG unit: 

              (     ( ))           (4.36) 

 

This minimum value corresponds to a specific bus  . This bus   is identified as the weak 

bus under certain conditions. The allowed power to be injected by the latest DG unit is limited 

by this weak bus. This weak bus is the bus that first breaks the chosen planning level under 

certain conditions. Identification of this bus is of interest if reinforcement is needed. 

Figure 4.16 shows a flowchart of how the network planning process is carried out when 

application of the proposed guideline. The different elements involved in this process are 

considered as inputs to the guideline: the grid, the DSO and the customer.  The grid is defined 

by the network configuration, the load and the generation data. The DSO chooses the 

planning scope by defining one or more planning levels, and the load condition. Finally, the 

customer defines to which bus is the latest DG unit connected. By application of the proposed 

guideline, the maximum allowed power that can be installed by the latest DG unit is 

calculated. Additionally, the weak bus under these conditions is identified. 
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Figure 4.16 Network planning process based on the proposed guideline 
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Chapter 5 

5. Case studies: integration of large amount of 

small scale DG in Swedish LV distribution grids 

 
In this chapter, different case studies are presented to the reader. Case studies A-1 and A-

2 are performed in grid A, while case study B is performed in grid B. First, a detailed 

description of the background of the different case studies is included. Next, the simulation 

structure is presented step by step: initial conditions, generation of scenarios and solving 

method. Additionally, the suitability of the selected scenarios is analyzed. Finally, results of 

the application of the proposed guideline to the three different case studies are evaluated. 

 

5.1  Background of case studies 

Two different case studies are performed in order to validate the application of the 

proposed guideline. It is assumed that a fix number of DG units have been previously 

installed in the grid. These DG units present different locations within the network. A new 

customer is willing to install a new DG unit. In pursuit of generality, different scenarios are 

created. Scenarios differ from each other in the following characteristics: location of the 

previously installed DG units, power installed by each of the previously installed DG units 

and location of the last DG unit. In this thesis, results are considered acceptable if the voltage 

level remains under the selected planning level plus 0.1%, i.e. if a 5% planning level is 

selected, all voltage levels below 1.051 p.u. are considered acceptable. This means that an 

error of 2% in the calculations is accepted.   

Creation and selection of scenarios is performed to ensure that realistic conditions are 

analyzed. From the short-term planning perspective of this thesis, it is reminded that no 

reinforcement of any of the grid components is considered. According to this, all scenarios 

must meet the following two conditions. First, the total installed power after connection of the 

last DG unit cannot exceed the limit established by the feed-in transformer rated power. No 

overload of the transformer is allowed. The possibility of upgrading the transformer power 

rate is not considered in this case study. Additionally, no upgrading of fuses is neither 
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considered. Therefore, no more than 43.5 kW power is allowed to be injected into a single 

consumption point. Establishing this limit is coherent with the current Swedish framework, as 

discussed in Section 3.2 of Chapter 3. In addition to these two conditions, the power installed 

by the existing DG units is kept within the limits established by the chosen planning level. 

Different flowcharts explaining how scenarios have been created and how simulations have 

been performed are included in the next section, Section 6.2.  

The case study performed in grid A analyzes the connection of a fifth DG unit. No load 

condition is considered. It is assumed that four DG units have been previously installed in 

grid A. The feed-in transformer of grid A is allowed to handle a maximum active power of 

200 kW. No more than 43.5 kW power is allowed to be injected into a single consumption 

point. Two different planning levels are chosen. First, only a planning level of 5% is 

considered. Second, recommendations given by the AMK-handbook are applied: a 3% 

planning level for buses with PCC condition and a 5% planning level for buses with HH 

condition. This case study is divided in case study A-1 and case study A-2, depending on the 

chosen planning level. It is reminded to the reader that grid A is described in Section 4.2.1 of 

Chapter 4, where a representation of the network arrangement is also included. 

The case study performed in grid B analyzes the connection of a tenth DG unit. No load 

condition is considered. It is assumed that nine DG units have been previously installed in 

grid B. The feed-in transformer of grid B is allowed to handle a maximum active power of 

630 kW. No more than 43.5 kW power is allowed to be injected into a single consumption 

point. Only a planning level of 5% is considered. This case study is further referred as case 

study B. It is reminded to the reader that grid B is described in Section 4.2.1 of Chapter 4, 

where a representation of the network arrangement is also included. 

The characteristics of the different case studies performed in this thesis are summarized in 

Table 5.1: 

 

Table 5.1 Analyzed case studies 

Case study Grid Number of previous DG units Planning level Load level 

A-1 A 4 5 % No load 

A-2 A 4 AMK recommendation No load 

B B 9 5 % No load 

 

5.2  Simulation structure 

Case studies performed in this thesis are designed and solved following the same 

structure. The different steps carried out for each case study are schematically represented in 

Figure 5.1.  A total of four steps are taken: selection of initial conditions, creation of the 

different scenarios based on fixed initial conditions, resolution of each scenario and storage of 

the results for further analysis. 
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Figure 5.1 General structure of simulations 

 

5.2.1 Initial conditions 

Each case study is defined by the selected initial conditions. Initial conditions are imposed 

by the grid and the DSO. The network where the case study is performed is chosen. For a 

given network, DG units are only allowed to be connected in buses referred as consumption 

points in this thesis. Therefore, consumption points are the only buses considered as potential 

connection points for DG units in a given distribution grid. Each case study is defined by the 

number of DG units previously installed, defined as the ones located before a new costumer 

applies for the connection of the latest DG unit. The planning scope is decided by the DSO. 

The planning level determining the capacity of the latest DG unit is chosen in this early stage. 

The value of the maximum over-voltage is fixed. One or two different planning levels can be 

chosen. Load conditions are also selected. Finally, it is decided the number of initial scenarios 

desired to be created for each case study. All these parameters which are needed to be fixed as 

initial conditions for each case study are grouped together and depicted in  Figure 5.2. 

 

 

Figure 5.2 Parameters defining the initial conditions of a case study 

 

Different initial conditions are chosen for the different case studies. Figure 5.3 depicts 

schematically the selected initial conditions for each case study. Figure 5.3 (a), Figure 5.3 (b) 

and Figure 5.3 (c) represent the initial conditions of case study A-1, A-2 and B respectively. 
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(a) 

 
 

(b) 

 
 

(c) 
 

Figure 5.3 Initial conditions of the case studies 

 

5.2.2 Generation of scenarios 

Scenarios are created based on the previously fixed initial conditions. The selected value 

of total number of scenarios is generated. Each scenario is defined by the location of the DG 

units, both the existing DG units and the latest, and by the power installed by the existing DG 

units. Buses where existing and latest DG units are located are chosen randomly. It is 

reminded that only consumption points are considered as potential connection points. 

Additionally, two different DG units are not allowed to be installed in the same bus. This is 

done in pursuit of solving the most complex scenarios. In the case buses could be repeated, if 

two DG units connect to the same bus, solving this case would be totally equivalent to 

considering just one DG unit with a capacity equal to the sum of both. Consequently, a 

scenario with five existing DG units could be equivalent, for example, to a scenario with four 

existing DG units, which is not the purpose of study if it has been decided that impact of five 

existing DG units is desired to be analyzed.  

Location of different DG units is simply randomized, as previously mentioned. Selection 

of power installed by the existing DG units represents the most complex step. The capacity of 

each existing DG unit is randomized within limits. It must be ensured that scenarios that 

already break the voltage limits before the latest DG unit connects are not created. These 

scenarios would represent planning failures in the past. To ensure a correct generation of 

scenarios, the logic presented in Figure 5.4 is followed. This logic is repeated a total number 

of    times for each scenario, fixing the capacity of previously installed DG units. The 

capacity of each existing DG unit should respect three different power limitations: a first one 

imposed by the selected planning level and the capacity of previous existing DG units 

(application of the proposed guideline), a second one imposed by the transformer rated power 

and the capacity of previously installed DG units, and a third one imposed by the maximum 

power the fuse is able to handle. 

 

No load 

 

4 

 

Grid A 

107 

 

[3,4,7,8,9,10,11,14,16,18,19] 

 

 

5 % 

 

 

No load 

 

4 

 

Grid A 

107 

 

[3,4,7,8,9,10,11,14,16,18,19] 

 

 

AMK - recommendations 

 

 

No load 

 

9 

 

Grid B 

139 

 

[8,9,10,11,12,14,15,19,23,24,25

,26,27,28,31,32,33,34,36,37,…] 

 

 

5 % 

 



47 
 

 

 

Figure 5.4 Flowchart to select the capacity of previously installed DG units in one scenario  

 

Created scenarios are briefly analyzed to ensure their suitability for the purpose of the 

case studies. Selection of suitable scenarios is necessary to draw valid and general 

conclusions and, at the same time, minimize the dependency between conclusions and the 

sample of scenarios studied. 

Case studies A-1 and A-2 employ the same scenarios. A total of 107 scenarios are selected 

in grid A. Figure 5.5 depicts the number of times a DG unit is connected to a consumption 

point or potential bus. It is seen that in selected scenarios all potential buses where DG units 

might connect are considered and no bus is clearly predominant. This fact confirms the 

generality of the selected scenarios. Moreover, Figure 5.6 represents the total capacity of 

previously installed DG units in the network. Scenarios selected present a total existing DG 

capacity between 20 and 100 kW. Therefore, scenarios presenting a penetration level between 

15% and 71% are analyzed. Penetration levels higher than the 20% objective for 2020 are 
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considered. Thus, these scenarios are considered suitable for the analysis of the impact of a 

large integration of small scale DG in a distribution grid. 

 

 
Figure 5.5 Number of times DG units are connected 

to consumption points in grid A 

 
Figure 5.6 Existing total DG capacity of the selected 

scenarios in case study A 

 

A total of 139 scenarios are selected in case study B. Figure 5.7 depicts the number of 

times a DG unit is connected to a consumption point. All potential buses where DG units 

might connect are considered and no bus is clearly predominant. Moreover, Figure 5.8 

represents the total capacity of previously installed DG units in the network. Scenarios 

selected present a total existing DG capacity between 60 and 220 kW. Therefore, scenarios 

with a penetration level between 12% and 44% are analyzed. Penetration levels higher than 

the 20% objective for 2020 are considered. Thus, these scenarios are considered suitable for 

the analysis of the impact of a large integration of small scale DG in a distribution grid. 

 

 
Figure 5.7 Number of times DG units are connected to 

consumption points in grid B 

 
Figure 5.8 Existing total DG capacity of the selected 

scenarios in case study B 
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5.2.3 Resolution of scenarios  

The resolution of the different scenarios in each case study is performed following two 

different methods: application of the proposed guideline and iteratively running load-flow 

simulations. Figure 5.9 represents a flowchart of how calculations are carried out. Each 

scenario is first solved by the proposed guideline. After that, a 90% of the value obtained by 

the guideline is used as initial value of the iterative process using PSAT. These calculations 

are repeated a total number of times equal to the total number of scenarios    selected in each 

case study. 

 

 

Figure 5.9 Flowchart for the resolution of all scenarios of a case study 
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5.3  Results of case study A-1 

The planning question previously mentioned in Section 4.2 of Chapter 4, is answered for 

the 107 scenarios created in grid A based on a 5% planning level under no load condition. 

This question is here reminded to the reader: 

As a customer, I would like to install a DG unit at my home. What is the 

maximum power that I can install? 

Figure 5.10 shows the voltage level at every bus of grid A when the fifth DG unit installs 

the value of power obtained by application of the proposed guideline. Each individual line 

represents one scenario. The planning level is broken in 75% of the studied scenarios. 

However, the maximum voltage level obtained is 1.0502 p.u., which is acceptable. 

 
Figure 5.10 Voltage level at every bus after application of the guideline to case study A-1 

 

The accuracy of the results obtained by the proposed guideline is analyzed. The accuracy 

is here based on the difference between the value of power given by the guideline and the 

value obtained by iterative load-flow simulations with PSAT. This difference is from now on 

denoted as error estimate. The higher the absolute value of the error estimate, the less 

accurate the guideline is. If the error estimate is negative, the guideline leads to conservative 

results, and, consequently, to a higher loss of DG integration potential. By contrast, if the 

error estimate is positive, the guideline is not conservative anymore and the selected planning 

level is broken. Moreover, the relative error estimate, defined as the ratio between the error 

estimate and the value of power obtained by the proposed guideline, is calculated in 

percentage for a better measurement of the accuracy of the guideline. The relative error 

estimate is obtained following (5.1), 

 𝑒     𝑒 𝑒𝑟𝑟 𝑟 𝑒      𝑒 ( )   
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 𝑢 𝑑𝑒   𝑒(  )
     

 

(5.1) 

 

0 2 4 6 8 10 12 14 16 18 20
1

1.01

1.02

1.03

1.04

1.05

1.06

Bus number

V
o
lt
a
g
e
s
 (

p
.u

.)

107 scenarios 



51 
 

The error estimate obtained after application of the guideline is presented in Figure 5.11. 

It is concluded that 100% of the studied scenarios present an absolute error below 1.5 kW. 

Positive error estimates have been obtained for most scenarios. However, as previously 

mentioned, voltage levels are acceptable. The relative error estimate is depicted in Figure 

5.12. It is observed that for 90% of the studied scenarios the relative error estimate is below 

1%. The accuracy of the guideline is acceptable, leading in most of the cases to a relative 

error estimate below 1%. A maximum relative error estimate of 5.5% is obtained. 

 
Figure 5.11 Error estimate against total installed DG 

power in case study A-1 

 
Figure 5.12 Relative error estimate for every scenario 

in case study A-1 

 

5.4  Results of case study A-2 

The same planning question is answered for the 107 scenarios created in grid A, under no 

load condition and following AMK recommendation: 5% planning level for buses with HH 

condition and 3% planning level for buses with PCC condition. Figure 5.13 shows the voltage 

level at every bus of grid A when the fifth DG unit installs the value of power obtained by 

application of the proposed guideline. Each individual line represents one scenario. Possible 

buses with PCC condition have been marked. It is observed that resultant voltage levels are 

acceptable according to both planning levels used for HHs, 1.05 p.u., and PCCs, 1.03 p.u. 

These results show the flexibility of the proposed guideline, with which planning scopes with 

more than one chosen planning level can be employed. The flexibility of the guideline is here 

confirmed. 
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Figure 5.13 Voltage level at every bus after application of the guideline to case study A-2 

 

Values of the allowed power to be installed by the latest DG unit obtained in case studies 

A-1 and A-2 are compared in Figure 5.14. Results differ in only 2 out of the total 107 studied 

scenarios. These two scenarios are marked on the figure with two arrows. Therefore, in less 

than 2% of the scenarios is the allowed power to be installed by the latest DG unit limited by 

a bus with a PCC condition. The planning level at buses with HH condition is more restrictive 

than the planning level at buses with PCC condition if the AMK recommendations are 

followed. In other words, the connection of a DG unit is more limited by the connection bus 

than by its corresponding PCC. On the other hand, in the two scenarios that lead to different 

results, the allowed power is lower when AMK recommendations are followed. As expected, 

introduction of an additional planning level leads to more restrictive results.  

 
Figure 5.14 Comparison of allowed power depending on the chosen planning scope  
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the tenth DG unit installs the value of power calculated by application of the guideline is 

represented in Figure 5.15. Each individual line represents one scenario. The planning level is 

broken in 100% of the studied scenarios. However, the maximum voltage level obtained 

corresponds to a value of 1.0503 p.u., which is acceptable. 

 
Figure 5.15 Voltage level at every bus after application of the guideline to case study B  

 

The error estimate obtained after application of the guideline is presented in Figure 5.16. 

It is concluded that 99% of the studied scenarios present an error estimate below 1 kW. No 

error estimate higher than 5 kW is obtained when application of the proposed guideline. 

Positive error estimates have been obtained for all scenarios. However, as previously 

mentioned, voltage levels are acceptable. The relative error estimate is depicted in Figure 

5.17. It is observed that for 80% of the studied scenarios the relative error estimate is below 

4%. The accuracy of the guideline is acceptable, leading in most of the cases to a relative 

error estimate below 4%. A maximum relative error estimate of 10% is obtained. 

 

 
Figure 5.16 Error estimate against total installed DG 

power in case study B 

 
Figure 5.17 Relative error estimate for every scenario 

in case study B 
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Chapter 6 

6. Discussion 

 
The aim of this chapter is to discuss and evaluate other facts that have not been included 

as part of the previous case studies. First, the applicability of the concept of penetration level 

in network planning is evaluated. After that, the impact of including the load in the planning 

process is discussed. Next, the role of the MV/LV feed-in transformer is analyzed. 

Additionally, the application of the proposed guideline to single-phase connections is 

included. Finally, a small modification of the guideline included in the AMK-handbook is 

recommended. 

 
6.1  Penetration level and equivalent installed DG power 

The definition of penetration level is problematic [27]. The definition employed in this 

thesis is based on [29] and it is given in (A.1) in Appendix A. Penetration level is here defined 

as the ratio between the total DG capacity and the maximum annual load. However, other 

definitions can be found. A total of three different definitions of penetration level are given in 

[51] from the distribution system point of view. In these definitions, the DG capacity is 

compared against the peak load of the feeder, the minimum load and the transformer rating. 

However, all these definitions share a common factor: the total DG capacity is the measure 

employed. 

The penetration level is commonly used to define the hosting capacity of a network [10]. 

The hosting capacity represents the allowed maximum penetration level based on the limit 

established for a performance index. Voltage rise, harmonics or overloading are performance 

indexes commonly used [10]. According to [52], the hosting capacity is formally defined as: 

“The maximum distributed generation (DG) penetration for which the distribution 

network still operates according to design criteria and network planning practices 

based on the European standard EN50160.” 

Nevertheless, determination of the hosting capacity of a network based on the total DG 

capacity is not recommended when grid planning. If only the total DG capacity is considered, 



55 
 

regardless the location of the DG units, interaction between DG units is neglected. Guideline 

and results in this thesis presented have shown the importance of taking into account the 

mentioned interactions. Consequently, the location of the different DG units and their relative 

position to each other cannot be neglected.  

An example is here performed in order to analyze the suitability of developing simple 

guidelines for grid planning exclusively based on the total DG capacity. Eight DG units are 

assumed to be connected to grid A. A new customer applies for the connection of a ninth DG 

unit. The latest DG unit is located in Bus 19. A total of 100 scenarios are analyzed. For each 

scenario, location and capacity of the eight existing DG units are chosen randomly following 

the logic presented in Section 5.2.2 of Chapter 5. The capacity of the latest DG unit 

connecting to Bus 19 is randomized between 2 and 25 kW for every scenario. All scenarios 

are solved under no load condition. Conditions under which example is solved are 

summarized together in Figure 6.1. 

 

 

Figure 6.1 Conditions of the example performed to analyze the penetration level  

 

Additionally, a variable called equivalent installed DG power is calculated for every 

scenario. The calculation of this variable is based on the concept of equivalent power 

presented in Section 4.3.3 of Chapter 4. Based on (4.35), the equivalent installed DG power is 

obtained from a bus   point of view as,  

      ∑
 (   )

 (   )
   

  

 

 

 

(6.1) 

 

In (6.1), the variable    includes all existing DG units and the latest one applying for 

connection. Results obtained for the 100 analyzed scenarios are presented in Figure 6.2 and 

Figure 6.3. Figure 6.2 represents the total DG capacity obtained in each of the scenarios after 

installation of the latest DG unit, while Figure 6.3 depicts the equivalent installed DG power 

for the same scenarios. The equivalent installed DG power is calculated from Bus 19 point of 
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view in every case. The green dots represent scenarios where voltage levels remain acceptable 

after connection of the latest DG unit. By contrast, the red dots represent those scenarios 

where the connection of the latest DG unit results in not acceptable voltage levels, i.e. voltage 

levels over 1.05 p.u. Figure 6.2 shows that no fixed value of total DG capacity can be chosen 

in order to distinguish between acceptable and not acceptable scenarios. However, this 

distinction is evident when referring to the equivalent installed DG power in Figure 6.3. 

 

 
Figure 6.2 DG capacity in each scenario 

 
Figure 6.3 Equivalent installed DG power in each 

scenario 

 

Figure 6.4 and Figure 6.5 have been included for more clarity. Acceptable scenarios are 

given the value 1 and are depicted in green, while not acceptable scenarios are given the value 

0 and are represented in red. Figure 6.5 clearly shows that distinction between acceptable and 

not acceptable scenarios is defined by a value of equivalent installed DG power of 20.29 kW. 

By contrast, in Figure 6.4 no value can be stated. Moreover, it is interesting to notice that the 

value of 20.29 kW is very close to the value of the power that can be inherently injected by a 

DG unit connected to Bus 19, which can be obtained based on (4.31). 

 

 
Figure 6.4 Level of acceptance based on DG capacity 

 
Figure 6.5 Level of acceptance based on installed DG 

power 
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The difficulty of developing simple guidelines exclusively based on the total DG capacity 

is shown with this example. Additionally, the attention is drawn to the newly defined variable 

equivalent installed DG power, which could be used as a possible measure in the development 

of future simple guidelines. Results here presented are promising due to the fact that Bus 19 is 

the bus limiting the connection of the latest DG unit in all analyzed scenarios. In other words, 

Bus 19 is the weak bus in every scenario. This fact confirms the importance of a correct 

identification of the weak bus for the development of useful simple guidelines. In this 

identification, considering the interaction between the different DG units plays a major role.  

A simple way of identifying the weak bus for given conditions, defined by the location 

and capacity of the existing DG units and the location of the latest one, has not been found. 

This correct identification would reduce considerably the number of calculations of the 

proposed guideline and the value of equivalent installed DG power would play a major role in 

grid planning. A guideline as the one presented at the end of Section 4.3.3 of Chapter 4 could 

be developed, but instead of studying a set of possible weak buses, only one weak bus would 

be studied. 

On the other hand, the total DG capacity can be employed as a simple guideline, which 

represents a particular case of a possible more general guideline based on the equivalent 

previously installed DG power. It can be assumed that all DG units are connected to the 

weakest bus of a given network, regardless of their real location. In this thesis, the weakest 

bus refers to the bus that inherently allows the lowest injection of power into itself, i.e. the bus 

that leads to the lowest value of power when applying (4.31). Let     (𝑤𝑒  𝑒  ) denote the 

value of this power. The maximum penetration level or hosting capacity of a network can then 

be established by its weakest bus. If the total DG capacity stays below     (𝑤𝑒  𝑒  ), the 

voltage level at every bus will be acceptable. For instance, Bus 19 is the weakest bus in grid 

A. The injection of power into Bus 19 is inherently limited to a value of 20.41 kW. 

Consequently, if the total DG capacity installed in grid A stays below 20.41 kW, regardless 

how it is distributed and located within the network, the voltage level at every bus of grid A 

will be acceptable. This simple guideline is limited to cases with low DG penetration level. 

For example, it is applicable in grid A only for penetration levels below 15%. This simple 

guideline is not applicable to practically any of the scenarios analyzed in case studies A-1 and 

A-2. 

 

6.2  Evaluation of the load impact 

The guideline presented in this thesis has been developed under the assumption of no load 

condition. Together with maximum generation, it represents the worst case scenario when 

considering over-voltage risk, as shown in Section A.2 of Appendix A. Assuming no load 

condition allows obtaining the proposed guideline based on simple calculations. The Swedish 

guideline included in the AMK-handbook [13] is also based on assuming no load condition. 

However, no load condition is an extreme case that might be far away from reality. Therefore, 

the impact of load on the integration of a large amount of small scale DG in DN is in this 

section evaluated. The impact of the load on the allowed power to be installed by the latest 
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DG unit, as well as how the proposed guideline is able to include this impact is here 

presented.  

The load impact is analyzed by the resolution of an example. One of the scenarios studied 

in grid A is chosen. Four DG units are previously installed in grid A when a new DG unit 

applies for connection to Bus 11. Location and capacity of the existing DG units of the 

selected scenario are presented in Table 6.1. 

 

Table 6.1 Scenario selected to study the impact of the load 

Connection bus Installed power (kW) 

18 16.76 

14 2.06 

16 26.27 

19 7.41 

 

Load data regarding maximum load condition is available. The amount of active and 

reactive power consumed at each consumption point under maximum load condition is 

known. From an over-voltage perspective, it is interesting to study the impact of the load 

under minimum load condition. This way, the no-load extreme case is avoided, considering a 

more realistic scenario. Selection of the value of minimum load condition is not of importance 

from this thesis perspective. When planning, this value might be grid dependent and rely on 

the decision of the corresponding DSO. Selecting the level of load that is considered as 

minimum load is a matter of fixing a constant value for each case. In this case, a minimum 

load equals to 20% of the maximum load is selected. Consequently, all loads corresponding to 

maximum load condition are scale down to a fifth of their value. This choice is based on 

typical figures employed in other reports. Reference [49] considers a minimum load equals to 

20% of the maximum load in its calculations. Additionally, in [22], a minimum load of 25% 

of the maximum load is considered. Choice of another load level could be done. The 

conclusions and results further presented would remain the same from a qualitative point of 

view.  

Initially, load-flow simulations are applied to the resolution of this example. The DG unit 

connecting to Bus 11 is assumed to install the value of power obtained under no load 

condition. After that, load-flow simulations are applied to the selected scenario under three 

different conditions: no load (solid line), minimum load with consumption of both active and 

reactive power (dashed line with markers), and minimum load assuming no reactive power is 

consumed (dashed line). The voltage level at every bus of grid A obtained when solving the 

selected scenario under the three mentioned conditions is presented in Figure 6.6. Evaluating 

the latest condition, where only active power is consumed by loads, is based on the fact that 

the guideline in this thesis presented does not take into account the reactive power flowing 

through the network. Therefore, results when considering that loads are also consuming 

reactive power cannot be obtained based on the proposed guideline. Additionally, introducing 

this condition permits an evaluation of the role the reactive power flow is playing.  
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Figure 6.6 Voltage levels in grid A under different load conditions 

 

Maximum voltage levels are obtained under no load condition. As expected, no load 

condition represents the worst case scenario from an over-voltage perspective. Inclusion of 

the load leads to lower voltage levels at every bus of grid A. When assuming that no reactive 

power is consumed by the loads, voltage levels increase slightly in comparison to the case in 

which reactive power is consumed. Consumption of reactive power leads to lower voltage 

levels. Nevertheless, it is observed that the major impact when including the load is caused by 

the active power. It is reminded that in LV distribution networks, the imaginary part of the 

impedance, the reactance, is usually negligible against the real part, the resistance [17]. 

Therefore, voltage variations are more dependent on active power flows. Moreover, under 

minimum load condition, the active power flowing through the feed-in transformer is three 

times higher than the reactive power. A major impact from active power is expected. 

The relationship between voltage levels and capacity of the latest DG unit is analyzed. 

The maximum allowed power to be installed by the latest DG unit connecting to Bus 11 in the 

selected scenario is obtained by load-flow simulations under the three different conditions. 

Results are presented in Figure 6.7. As expected, the introduction of load increases the 

maximum allowed power to be installed by the latest DG unit. The maximum capacity is 

obtained for the case where loads are assumed to consume both active and reactive power, 

condition that led to the lowest voltage levels. Under this minimum load condition, the 

integration potential of Bus 11 for the selected scenario is increased a 23% in comparison to 

no load condition. This possible loss of potential motivates the need of including the load as 

part of the planning process when integrating a large amount of small scale DG units in DN. 
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Figure 6.7 Allowed power to be installed by latest DG unit under different load conditions 

 

The guideline presented in this thesis can be applied in the case load is desired to be 

considered as part of the planning process. Introduction of load in the calculations is simply 

done by redefinition of two variables employed by the guideline. The equation representing 

the guideline is here reminded, 

     ( )   
 

 (      )
 (     ( )  ∑    (   )

 

)                      

 

(6.2) 

 

The redefined variables are the following ones:    and   . The first one,   , represented in 

the proposed guideline the buses where DG units are located at. When load is desired to be 

introduced,    represents the buses where loads, DG units or both at the same time, are 

located at. The second variable,   , denoted in the proposed guideline the capacity of the DG 

units, both the existing ones and the latest. When load is desired to be introduced,    refers to 

the following definition, 

     𝑔                           (6.3) 

 

In (6.3),  𝑔  represents the capacity of DG connected to bus  , while     represents the 

active power demanded by loads located at bus  .  𝑔  equals zero in the case no DG unit is 

installed in bus  . Similarly,     equals zero if no load is connected to bus  . 

Considering the redefinition of these two variables, the proposed guideline is used to 

calculate the maximum capacity of the latest DG unit connecting to Bus 11 in the selected 

scenario. The guideline is applied both under no load and minimum load condition. Results 

are shown in Figure 6.8 in comparison to the value obtained by load-flow simulations under 

minimum load condition, in the case loads are consuming both active and reactive power. The 

guideline including load still leads to a conservative result. The error estimate in kW between 

including the load in the calculations and not including it is decreased in more than six times. 

Including the active minimum load as part of the planning process reduces the loss of 
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integration potential from a value of 23% to a value of 3%. As expected, the value obtained 

when applying the guideline under minimum load conditions is very close to the value 

obtained by load-flow simulations when neglecting reactive power consumption. 

Consequently, the 3% loss of potential left is due to not taking into account the reactive 

power. 

 
Figure 6.8 Comparison between results of the guideline under no load and minimum load condition 

 

6.3  Feed-in transformer 

As mentioned in Section 2.1 of Chapter 2, transformers present in DNs are normally 

equipped with manual off-load tap changers instead of automatic ones [22]. In this thesis, the 

feed-in transformer is assumed to maintain a ratio equal to one, so no modification of the 

voltage level takes place through the use of different tap changer positions. Additionally, the 

slack bus is located on the MV side of the feed-in transformer, so the voltage variation along 

the MV distribution feeder is neglected. Therefore, the voltage level on the MV side of the 

transformer is considered as the reference voltage and constantly equal to 1 p.u. The aim of 

this section is pointing out this fact and discuss about its possible impact on the results. 

Additionally, the possible impact of neglecting the reactance of the transformer is analyzed 

under no load condition. 

The guideline presented in this thesis is based on voltage increases. Consequently, once a 

voltage limit is established, a bus with a reference voltage to compare to is needed. The 

reference bus can be freely chosen. A change of the reference bus can be easily handled by 

the guideline. The only modification is to consider the new path as the path between a specific 

bus and the new reference bus, instead of the path between the same specific bus and Bus 1, 

which is the old reference bus. In the proposed notation, parameters that used to be defined in 

the form of  (   ) are modified to  (   ), denoting   the new reference bus. Therefore, 

moving the reference bus, for example, to the LV side of the transformer can be easily done. 

Additionally, the impact of choosing different tap changer positions in the MV/LV 

transformer can also be included in the guideline. The tap changer position introduces a 

voltage variation. The flexibility of the guideline regarding different values of planning level 

has been shown in case study A-2. The voltage variation due to the tap changer position can 
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be included by simply increasing or decreasing the planning level considered when applying 

the proposed guideline. For example, let us consider the reference voltage located at the MV 

side of the transformer and the tap changer position located in +1.5%, being the planning 

level of 5%. Solving under these conditions is equivalent to considering the reference voltage 

located at the LV side of the transformer and a planning level of 3.5%. 

To sum up, the proposed guideline is flexible enough to be applied to different case 

studies where the location and value of the reference voltage, as well as the position of the tap 

changer of the feed-in transformer is modified. This way, different conditions can be analyzed 

and the impact of the chosen tap changer as well as the voltage variation at the MV side can 

be considered. 

On the other hand, the proposed guideline is mainly based on (4.15), where, due to the 

assumption of no reactive power neither absorbed nor injected at the consumption point, 

reactances on the path are neglected. Neglecting reactances in LV lines, which are mainly 

resistive, is acceptable and has been previously quantitatively demonstrated on grid A in 

Section 4.1 of Chapter 4. However, transformers are electrical machines with a mainly 

inductive behavior. For instance, the feed-in transformer in grid A presents a reactance twice 

the value of its resistance. The impact of neglecting the reactance of the transformer when 

applying the proposed guideline is here analyzed by solving a simple example.  

This example is performed under similar conditions as case study A-1, which has been 

discussed in Chapter 5. It is assumed that four DG units have been previously installed in grid 

A. These DG units present different locations within the network. A new customer is willing 

to install a new DG unit. Location of the new DG unit is chosen randomly. In pursuit of 

generality, a total of 88 different scenarios are created. No load condition is considered. The 

capacity of the new DG unit is calculated by the proposed guideline, considering a unique 

over-voltage limit of 5%, and under two different conditions: slack bus located in the MV side 

of the transformer (condition A); and slack bus located in the LV side of the transformer 

(condition B). Condition B is equivalent to removing the transformer, and therefore, removing 

the impact of its impedance. Conditions under which this example is solved are summarized 

together in Figure 6.9. 

 

Figure 6.9 Conditions of the example performed to analyze the impact of the transformer 
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Results when solving the scenarios under conditions A and B are presented in Figure 6.10 

and Figure 6.11 respectively. Both figures plot the error estimate against the total previously 

installed DG power. In both cases, the absolute value of the error estimate remains below 0.2 

kW in most of the scenarios. Therefore, the accuracy of the guideline is not modified under 

these two different conditions. In this case, neglecting the reactance of the transformer has not 

a considerable impact on the results.  

 

 
Figure 6.10 Error estimate under condition A 

 

 
Figure 6.11 Error estimate under condition B 

This last statement is coincident with results shown in Figure 6.12, where the relative 

error estimate under conditions A and B is depicted. Results under condition A are plotted 

using black crosses, while results under condition B using purple diamonds. It is observed that 

under both conditions, the guideline leads to error estimates below 1% in almost all scenarios. 

Accuracy of the guideline is independent of the transformer reactance. The difference when 

solving under both conditions is presented in Figure 6.13, where the maximum power the new 

DG unit can install is plotted against the total previously installed DG power. The same colors 

reference as before is used. Under condition B, more power can be installed by the new DG 

unit for every scenario. Removing the transformer implies removing its resistance also. 

Therefore, under condition B, the resistance of the path of every bus in grid A is lower than 

under condition A. The lower the resistance of the path, the more power can be injected into, 

as stated in (4.22), when fixing the value of the over-voltage limit. All conclusions here drawn 

are valid under no load condition. 
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Figure 6.12 Relative error estimate under condition A 

and condition B 

 
Figure 6.13 Maximum allowed power installed by the 

new DG unit under conditions A and B 
 

 

6.4  Single-phase connections 

The guideline presented in this thesis deals with three-phase connections. The purpose of 

this section is analyzing the applicability of the proposed guideline to single-phase 

connections. Relation between power injected by three-phase and single-phase connected DG 

units is analyzed. 

According to [13], the active power flowing between two buses, bus 1 and bus 2, of a LV 

network where reactances and losses are neglected is given by,  

    
(
  
  
)    

  

 
 

 

(6.4) 

 

In the case of three-phase connections,    denotes the line-to-line voltage and   the line 

resistance per phase. When applying (6.4) to single-phase connections, phase voltages and the 

resistance of the neutral cable are considered, leading to the following expression, 
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(6.5) 

 

From (6.4) and (6.5) it can be derived, 

          (6.6) 

 

Therefore, allowed power to be installed in the case of single-phase connections can be 

directly derived from the proposed guideline. The proposed guideline is first applied and the 

value obtained is afterwards divided by a factor of six. 
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6.5  Possible modification of the AMK-handbook 

Based on the results presented in the different case studies, the proposed guideline leads to 

acceptable results regarding the calculation of the maximum capacity of the latest DG unit. In 

comparison to the AMK-handbook, the proposed guideline removes the loss-less assumption 

by consideration of the variable      . Based on this variable, a simple modification can be 

applied to the obtaining of the graphs that relate the maximum capacity of a first DG unit 

connecting to a DN with the loop-impedance of its connection point, as presented in the 

AMK-handbook. Figure 6.14 and Figure 6.15 depict how the graphs presented in the AMK-

handbook would be modified both for the single-phase and three-phase connection. The 

modification is more important in the case of three-phase connections than in single-phase 

connection due to the higher amount of power considered. It is observed that modifications of 

the graphs are not considerable, but it is a simple way to avoid losing integration potential. 

 
Figure 6.14 Maximum power installed by a DG unit 

with single-phase connection 

 

 
Figure 6.15 Maximum power installed by a DG unit 

with three-phase connection 

 

  

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

5

10

15

20

25

Single phase connection

Förimpedans (Ohm)

E
ff

e
k
t 

(k
W

)

 

 

Anslutningspunkt

Sammankopplingspunkt

Corrected Anslutnings.

Corrected Samman.

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

5

10

15

20

25

30

35

40

Three phase connection

Förimpedans (Ohm)

E
ff

e
k
t 

(k
W

)

 

 

Anslutningspunkt

Sammankopplingspunkt

Corrected Anslutnings.

Corrected Samman.



66 
 

 

 

 

 

 

Chapter 7 

Conclusions 

 
In this chapter, the main conclusions of this thesis and possible future work from the 

author’s point of view are presented to the reader. First, general conclusions regarding the 

proposed guideline for network planning with a large amount of small scale DG are given. 

After that, the three main lessons learned during this thesis are emphasized. These are 

presented as recommendations for the development of future simple guidelines. Finally, 

suggestions for possible future work are included. 

 
7.1 General conclusions  

Network planning is a complex process DSOs face. Complexity of this process increases 

with a high penetration of DG. This thesis focuses on the design of a network planning 

guideline to assist DSOs in the planning process. Integration issues of DG in distribution grids 

are reviewed. Furthermore, different case studies are performed in two Swedish LV 

distribution grids in order to validate the proposed guideline. 

The review of the integration issues shows that steady-state voltage constraints are the 

most relevant issue when integrating a large amount of small scale DG in the DN. A simple 

Swedish guideline for the connection of a single DG unit, published by Svensk Energi, serves 

as a starting point. Following this report, the proposed guideline is developed under maximum 

generation and no load condition. Additionally, no reactive power is neither consumed nor 

injected at consumption points, and phase shift between voltages is neglected. The proposed 

guideline takes into account the interaction between all DG units, the existing ones and the 

new one applying for connection, referred as the latest. Based on the superposition principle 

and typical radial configuration of DNs, the proposed guideline calculates the maximum 

allowed power to be installed by the latest DG unit. The capacity and location of the 

previously installed DG units are considered during these calculations. 

 The guideline is validated by three case studies performed in two different Swedish LV 

distribution grids under no load condition. Case studies A-1 and A-2 evaluate the connection 
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of a fifth DG unit to grid A, while case study B evaluates the connection of a tenth DG unit to 

grid B. Scenarios with penetration levels between 12% and 71% are solved. Application of 

the guideline leads to acceptable results. The absolute error estimate is below 1.5 kW for all 

scenarios in case study A-1, and below 1 kW for 99% of all scenarios in case study B. 

Therefore, the proposed guideline is capable of assisting the DSO when planning with a large 

amount of small scale DG. This guideline can be applied with different planning levels, as 

shown in case study A-2, and its applicable to grids with a considerable number of buses, as 

shown in case study B. 

Planning under minimum load condition is recommended against the extreme non-

realistic no load condition. This way, the loss of integration potential is reduced. The 

guideline is demonstrated to be sufficiently flexible to include the load impact in the planning 

process. By contrast, the proposed guideline does not handle the impact of reactive power. 

Therefore, the loss of integration potential cannot be reduced to zero. However, this ensures 

that results obtained by the guideline are conservative, which is of interest of the DSO, who 

aims to have a safety margin. The use of the penetration level as a possible planning rule 

based on the total DG capacity is limited to scenarios with low amount of small scale DG. 

With higher penetration levels, the location of the different DG units is of major importance. 

Considering the location of the previously installed DG units leads to the introduction of the 

concept equivalent installed DG power. 

In addition, the impact of voltage variations at the MV side and modifications of the 

position of the tap changer of the MV/LV feed-in transformer can also be studied with the 

proposed guideline. Moreover, the guideline is applicable to the solution of single-phase 

connections. Finally, a small modification is recommended in order to improve results 

obtained when applying the simple guideline included in the AMK-handbook. 

 

7.2 Main lessons learned 

The objective of this section is pointing out the three main lessons learned during this 

thesis from the author’s point of view. These ideas are recommended to be considered when 

developing future simple planning guidelines: 

 The location of the DG units and relative position between each other is important. 

 

 The penetration level based on the total DG capacity has a limited application. 

 

 A correct identification of the weak bus is necessary. 
 

 

7.3  Future work 

The difficulty of finding simple guidelines to assist DSOs when planning with a large 

amount of small scale DG is considerable. Therefore, further efforts need to be invested in 

this topic. The guideline in this thesis presented leads to acceptable results and can be taken as 
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an initial point for future guidelines. The following recommendations are given for future 

work and improvement of the proposed guideline: 

- Including more constraints regarding other integration issues. According to [53], 

voltage rise and thermal capacity are the limiting issues when integration of RES in 

weak rural networks. Therefore, thermal limits could be the next integration issue to 

be included in the guideline. 

 

- In the case of DG based on RES, the statistical variations of the production should be 

included by the use of probabilistic load-flow simulations. Additionally, the statistical 

variation of loads could also be included. An idea of how to implement this can be 

obtained from [14]. 

 

- Better understanding of the concept equivalent installed DG power and its possible 

application as part of a simple guideline. 

 

- Evaluating the possibility of applying the proposed guideline to non-radial networks. 

 

- Developing guidelines for an optimal connection of DG units in a specific DN. 

  



 
 



69 
 

 

 

List of References 
 

[1]  "BP Statistical Review of World Energy," bp - british petroleum, London, June 2012. 

[2]  J. G. J. Olivier, G. Janssens-Maenhout and J. A. H. W. Peters, "Trends in global CO2 

emissions. 2012 report.," PBL Netherlands Environmental Assessment Agency, The 

Hague, 2012. 

[3]  "A European Strategic Energy Technology Plan (SET-Plan)," Comission of the European 

Communities, Brussels, November 2007. 

[4]  J. Wilkes, J. Moccia and M. Dragan, "Wind in power. 2011 European statistics," EWEA 

- the European Wind Energy Association, February 2012. 

[5]  G. Masson, M. Latour and D. Biancardi, "Global market outlook for photovoltaics until 

2016," EPIA - the European Photovoltaic Industry Association, May 2012. 

[6]  S. Sawyer and K. Rave, "Global Wind Report. Annual market update 2011.," GWEC - 

Global Wind Energy Council, March 2012. 

[7]  R. Passey, T. Spooner, I. MacGill, M. Watt and K. Syngellakis, "The potential impacts of 

grid-connected distributed generation and how to adress them: A review of technical and 

non-technical factors," Elsevier LTd., 2011. 

[8]  A. D. Little, "Distributed Generation: Understanding the Economics," White Paper, 

1999. 

[9]  H. B. Püttgen, P. R. Macgregor and F. C. Lambert, "Distributed generation: Semantic 

hype or the dawn of a new era," IEEE Power Energy Magazine, vol. 3, pp. 22-29, 

Jan./Feb. 2003.  

[10]  M. H. Bollen and F. Hassan, Integration of Distributed Generation in the Power System, 

Wiley - IEEE Press, 2011.  

[11]  E. Thorstensson, "Small-scale Wind Turbines. Introductory market study for Swedish 

conditions.," Chalmers University of Technology, Sweden, 2009. 

 



70 
 

[12]  J. Lindhal, "National Survey Report of PV Power Applications in Sweden 2011," 

Swedish Energy Agency, Uppsala, May 2012. 

[13]  "Anslutning av mikroproduktion till konsumtionsanläggningar - MIKRO," Svensk 

Energi - Swedenergy - AB, Sweden, December 2011. 

[14]  S. Conti and S. Raiti, "Probabilistic load flow using Monte Carlo techniques for 

distribution networks with photovoltaic generators," Solar Energy, vol. 81, pp. 1473 - 

1481, 2007.  

[15]  Y. Huang and H. Olsson, "Market concepts and regulatory bottlenecks for smart 

distribution grids in EU countries," Royal Institute of Technology, Stockholm, 2011. 

[16]  E. Veldman, D. A. Gledtmeijer and H. Slootweg, "Smart grids put into practice," in 12th 

Annual International Conference on Economics and Infrastructures, Delft, 2009.  

[17]  E. Lakervi and E. J. Holmes, Electricity Distribution Network Design, 2nd ed., London, 

United Kingdom: IET - The Institution of Engineering and Technology, 1995.  

[18]  L. Söder and M. Amelin, Efficient Operation and Planning of Power Systems, 

Stockholm: Royal Institute of Technology - Electric Power Systems Lab, 2011.  

[19]  "Economic regulation of electricity grid in Nordic countries," NordREG - Nordic Energy 

Regulators, Denmark, July 2011. 

[20]  L. Ström, M. H. J. Bollen and R. Kolessar, "Voltage quality regulation in Sweden," in 

CIRED 21st International Conference on Electricity Distribution, Frankfurt, June 2011.  

[21]  M. Cavlovic, "Challenges of Optimazing the Integration of Distributed Generation into 

the Distribution Network," in 8th International Conference on the European Energy 

Market (EEM), Zagreb, 2011.  

[22]  A. F. Povlsen, "Impacts of Power Penetration from Photovoltaic Power Systems in 

Distribution Networks," IEA PVPS - International Energy Agency Implementing 

Agreement on Photovoltaic Power Systems, Denmark, February 2002. 

[23]  "Small-scale distributed electricity generation - Fortum's position," Fortum, Sweden, 

December 2012. 

[24]  W. G. 37.23, "Impact of Increasing Contribution of Dispersed Generation on the Power 

System," CIGRE, 1999. 

[25]  F. Gonzalez-Longatt and C. Fortoul, "Review of the Distributed Generation Concept: 

Attempt of Unification," in International Conference on Renewable Energy and Power 

Quality (ICREPQ'05), Spain, 2005.  



71 
 

[26]  M. J. N. van Werven and M. J. J. Scheepers, "DISPOWER. The Changing Role of 

Energy Suppliers and Distribution System Operators in the Deployment of Distributed 

Generation in Liberalized Electricity Markets," ECN - Energy research Centre of the 

Netherlands, Netherlands, June 2005. 

[27]  T. Ackermann, G. Andersson and L. Söder, "Distributed generation: a definition," 

Electric Power Systems Research, vol. 57, pp. 195-204, 2001.  

[28]  E. J. Coster, "Distribution Grid Operation Including Distributed Generation," Eindhoven 

University of Technology, Netherlands, September 2010. 

[29]  V. Knazkins, "Stability of Power Systems with Large Amounts of Distributed 

Generation," Royal Institute of Technology, Stockholm, 2004. 

[30]  S. Conti, S. Raiti and G. Tina, "Small-scale embedded generation effect on voltage 

profile: an analythical method," Generation, Transmission and Distribution, vol. I, no. 

1150, pp. 78-86, 2003.  

[31]  S. Conti, S. Raiti and G. Tina, "Integration of multiple PV units in urban power 

distribution systems," Solar Energy, vol. II, no. 175, pp. 87-94, 2003.  

[32]  E. J. Coster, J. M. A. Myrzik, B. Kruimer and W. L. Kling, "Integration Issues of 

Distributed Generation in Distribution Grids," IEEE Journals & Magazines, vol. 99, 

January 2011.  

[33]  "Solar Energy Grid Integration Systems "SEGIS": Program Concept Paper," US 

Department of Energy and Sandia National Laboratories, October 2007. 

[34]  A. F. Povlsen, "Overcoming PV grid issues in the urban areas," IEA PVPS - International 

Energy Agency Photovoltaic Power Systems Program, Japan, October 2009. 

[35]  J. F. Manwell, J. G. McGowan and A. L. Rogers, Wind Energy Explained, United 

Kingdom: John Wiley & Sons Ltd., 2009.  

[36]  K. K. and L. Kumpulainen, "Impact of distributed generation on the protection of 

distribution network," in 8th IEEE Conf. Develop. Power Syst. Protection, 2004.  

[37]  S. M. Brahma and A. A. Girgis, "Development of adaptive protection scheme for 

distribution systems with high penetration of distributed generation," IEEE Trans. Power 

Delivery, vol. 19, January 2004.  

[38]  L. Kumpulainen and K. Kauhaniemi, "Analysis of the impact of distributed generation on 

automatic reclosing," in IEEE Power Eng. Soc. Power Syst. Conf. Exhib., 2004.  

 



72 
 

[39]  R. A. Whitaker, J. Newmiller, M. Ropp and B. Norris, "Renewable Systems 

Interconnection Study: Distributed Photovoltaic System Design and Technology 

Requirements," Sandia National Laboratories, 2008. 

[40]  M. McGranaghan, T. Ortmeyer, D. Crudele, T. Key, J. Smith and P. Barker, "Renewable 

Systems Interconnection Studies: Advanced Grid Planning and Operations," Sandia 

National Laboratories, 2008. 

[41]  E. J. Coster and D. van Howelingen, "Integration of DG in MV-grids: Challenges 

encountered by the grid operator," in CIGRE / IEEE PES Joint Symp. Integr. Wide-scale 

Renewable Resources into the Power Delivery Syst., Canada, 2009.  

[42]  P. Werelius, "Development and Application of High-Voltage Dielectric Spectroscopy for 

Diagnosis of Medium Voltage XLPE Cables," Royal Institute of Technology, Stockholm, 

December 2001. 

[43]  "Anslutning av mindre produktionsanläggningar till elnätet - AMP," Svensk Energi - 

Swedenergy - AB, Sweden, November 2011. 

[44]  "Draft Application Guide for IEEE Standard 1547 - Standard for Interconnecting 

Distributed Resources with Electric Power Systems," IEEE - Institute for electrical and 

electronics engineers, June 2007. 

[45]  H. Markiewicz and A. Klajn, "Voltage Disturbances. Standard EN50160 – Voltage 

Characteristics in Public Distribution Systems," Wroclaw University of Technology, 

Poland, July 2004. 

[46]  H. Saadat, Power System Analysis, 3rd ed., PSA Publishing, June 2010.  

[47]  L. Bam and W. Jewell, "Review: Power System Analysis Software Tools," in Power 

Enginnering Societey General Meeting, 2005.  

[48]  F. Milano, PSAT Power System Analysis Toolbox. Documentation for PSAT version 

2.1.6, 2010.  

[49]  J. Paatero and P. D. Lund, "Effects of large-scale photovoltaic power integration on 

electricity distribution networks," Renewable Energy, vol. 32, pp. 216 - 234, 2007.  

[50]  T. E. Reilly, O. L. Franke and G. D. Bennett, "The principle of superposition and its 

application in ground-water hydraulics," in Applications of hydraulics, USGS - United 

States Geological Survey, 1987.  

[51]  A. Ellis, "Grid Operations and High Penetrations PV," Sandia National Laboratories, 

Arizona, November 2010. 



73 
 

[52]  T. Fawzy, D. Premm, B. Bletterie and A. Gorsek, "Active contribution of PV inverters to 

voltage control - from a smart grid vision to full-scale implementation," Elektrotechnik & 

Informationstechnik, pp. 110 - 115, 2011.  

[53]  A. Alarcón-Rodríguez, G. Ault and S. Galloway, "Multi-objective planning of distributed 

energy resources: A review of the state-of-the-art," Renewable and Sustainable Energy 

Reviews, vol. 14, pp. 1353-1366, 2010.  

[54]  P. Jorgensen, J. S. Christensen and J. O. Tande, "Probabilistic load flow calculation using 

Monte Carlo techniques for distribution network with wind turbines," in 8th 

International Conference on Harmonics and Quality of Power, Athens, Greece, October, 

1998.  

[55]  A. Zervos, C. Lins and L. Tesnière, "Mapping Renewable Energy Pathway towards 

2020," EREC - European Renewable Energy Council, Brussels, March 2011. 

[56]  J. Enslin, "Grid Impacts and Solutions of Renewables at High Penetration Levels," 

Quanta Technology, North Carolina. 

[57]  T. Ackermann, "Small Wind Turbines and Wind Pumps," energynautics, Stockholm, 

2012. 

[58]  S. Lewis, "Carnarvon. A Case Study of Increasing Levels of PV Penetration in an 

Isolated Electricity Supply System," Australian Solar Institute, Australia, April 2012. 

[59]  J. S. Stein, "Renewable Energy Integration Case Studies," Sandia National Laboratories, 

Burlington, July 2011. 

  

  

  

  

  

 

 

 
  



 
 



74 
 

 

 

 

 

 

Appendix A 

A. Limitation and worst case scenario of the 

guideline given by the AMK - handbook 

 
Summary of the whole chapter 

 
A.1 Application of the AMK-handbook to a single DG unit and its 

alberlimitation for more than one DG unit connection 

The guideline included in the AMK-handbook is applied to the case two DG units are 

connected to grid A. Grid A is described and depicted in Section 4.2.1 of Chapter 4. The first 

DG unit is connected to Bus 18 and the second DG unit is connected to Bus 19. DG units 

apply for connection in the order established. The DG unit connecting to Bus 18 is the first 

one in all grid A, while the DG unit located at Bus 19 is connected once the DG unit at Bus 18 

has already been installed. The terminology introduced in Section 3.3 of Chapter 3 based on 

the AMK-handbook is here used. In the case of the first DG unit, Bus 18 is the HH and Bus 

05 is the PCC. In the case of the second DG unit, Bus 19 is the HH and Bus 13 is the PCC. As 

a reminder to the reader, the AMK-handbook establishes as planning level 3% for buses with 

PCC condition and 5% for buses with HH condition. 

 

A.1.1 Connection of the first DG unit 

The buses in matters during the connection of the first DG unit are Bus 18 and Bus 05. 

Table A.1 contains the net short-circuit impedance for both buses and the maximum allowed 

power read from Figure 3.3 in both cases. 

 

Table A.1 Data for the study of the connection of the first DG unit 

Bus name Förimpedans (Ohm) Effekt (kW) 

Bus 18 0.2265 x 2 35 

Bus 05 0.06 x 2 80 
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According to the results shown in Table A.1, a maximum power of 35 kW can be installed 

by the DG unit connected to Bus 18. Figure A.1 represents the voltage profile when 35 kW of 

power are installed at Bus 18 under no load condition. Neither Bus 18 breaks its 1.05 p.u. 

limit as a HH, nor does Bus 05 break its 1.03 p.u. limit as a PCC. Application of the AMK-

handbook works for the connection of the first DG unit.  

 

 
Figure A.1 Voltage profile when 35 kW are installed at Bus 18 

 

A.1.2 Connection of the second DG unit 

The buses in matters during the connection of the second DG unit are Bus 19 and Bus 

13. Table A.2 contains the net short-circuit impedance for both buses and the maximum 

allowed power read from Figure 3.3 in both cases. 

 

Table A.2 Data for the study of the connection of the second DG unit 

Bus name Förimpedans (Ohm) Effekt (kW) 

Bus 19 0.4115 x 2 20 

Bus 13 0.0942 x 2 51 

 

According to the results shown in Table A.2, a maximum power of 20 kW can be installed 

by the DG unit connected to Bus 19. Figure A.2 represents the voltage profile when 35 kW 

and 20 kW of power are installed at Bus 18 and Bus 19 respectively, under no load condition. 

Bus 19 breaks its 1.05 p.u. limit as a HH. Therefore, the guideline given by the AMK-

handbook cannot be applied to the connection of the second DG unit. In the AMK-handbook 

the effect of the first DG unit is not considered. Based on these results, this effect has to be 

considered when the second DG unit applies for a connection to the same grid.  
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Figure A.2 Voltage profile when 35 kW and 20 kW are installed at Bus 18 and Bus 19 

 

A.2 Determining the worst case scenario 

In traditional network planning, the following four cases are analyzed when performing 

load flow studies according to [54]: 

A) Minimum load and no generation. 

B) Minimum load and maximum generation. 

C) Maximum load and no generation. 

D) Maximum load and maximum generation. 

A brief study is performed on grid A to decide the worst case scenario when integrating 

DG units. Based on the available load data for grid A, Table A.3 shows the maximum and 

minimum load condition experienced in the network during a year. Measurements here 

presented are taken at the MV side of the feed-in transformer. 

 

Table A.3 Maximum and minimum load condition in Grid A during a year 

Maximum load (kW) 114.8 

Minimum load (kW) 6.04 

 

Generation conditions are thoughtfully chosen. Europe is willing to achieve a 20% 

penetration of renewable energies by 2020 following the European Strategic Energy 

Technology (SET) [3]. In some particular cases, these expectations are even higher, such as 

Sweden, where the Swedish Parliament raised this objective to a 50% penetration level [55]; 

or California, where a goal of 33% penetration of renewable energies by 2020 was established 

[56]. Penetration level is defined following [29] and denoted as a percentage. Equation (A.1) 

shows the definition of penetration level used, 
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(A.1) 

 

In (A.1),     stands for the total active power installed within all DG units connected to 

the network and       represents the maximum active power load during a year. 

Studying scenarios with a large amount of small scale DG based on RES is the aim of this 

thesis. Therefore, a penetration level higher than the expectations in 2020 has been chosen. It 

is assumed that five DG units are connected to grid A at the following buses: Bus 08, Bus 10, 

Bus 11, Bus 19 and Bus 14. The installed power in each connection bus is chosen considering 

the two following assumptions, based on [12], [57], [58] and [59]: 

- At connection points with individual DG units, the rated power is within the range of 2 

and 10 kW. 

- At connection points with more than one DG unit, the total installed rated power does 

not exceed 43.5 kW. 

Table A.4 contains all data regarding the generation: kind of DG unit, bus where it is 

connected to and its rated power. WT responds to wind turbine, while PV responds to solar 

photovoltaic panels. For the chosen generation conditions, the penetration level is 50%. 

 

Table A.4 Generation data for the study of the worst case scenario 

Type Connection Bus Installed Power (kW) 

WT 08 5 

PV 10 8 

2xWT 11 10 

WT and PV 19 15 

WT and PV 14 20 

 

The voltage profile is obtained under cases A, B, C and D. As a simplification, the 

minimum load is considered as no load condition. Voltage profiles are represented in Figure 

A.3, Figure A.4, Figure A.5 and Figure A.6 for cases A, B, C and D respectively.  
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Figure A.3 Case A: no load and no generation 

 

 

Figure A.4 Case B: no load and maximum generation 

 

 

Figure A.5 Case C: Maximum load and no generation 

 

Figure A.6 Case D: Maximum load and maximum 

generation 

 

The higher voltage variations are obtained in cases B and C. Case C corresponds to no 

generation, so voltage variations are due to the load impact. The aim of this report is planning 

the generation and not the load. Therefore, the worst case scenario to be considered is case B, 

corresponding to no load and maximum generation. Under these conditions, the problem 

studied is related to reverse power flow and the risk of over-voltages. This worst case scenario 

is also applied in the AMK-handbook. 
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Appendix B 

B. Linear behavior in radial distribution grids 
 

B.1 Observation of the linear behavior  

Results presented in section A.1.2 from Appendix A showed that in a grid where one DG 

unit has already been installed, it is not enough to study the voltage variations by just focusing 

on the connection of the second DG unit. The effect of the first DG unit over the connection 

of the second DG unit has to be considered. This conclusion is supported by load-flow 

simulations performed with PSAT, as the one presented in Figure B.1. Results correspond to 

grid A, where a first DG unit is located in Bus 18 and a second DG unit is connected to Bus 

19. These results show that the power installed by the first DG unit has a considerable effect 

after a certain power level. Therefore, the influence of the previously installed DG unit has to 

be studied and cannot be neglected. 

 

 
Figure B.1 Relation between power installed by DG units at Bus 18 and Bus 19 in Grid A 
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Let DG1 denote the DG unit that first connects to Bus 18 and DG2 the one connecting to 

Bus 19. Figure B.1 shows the allowed maximum capacity of DG2 depending on the capacity 

of DG1. The maximum allowed power is restricted by the chosen planning level. A 5% 

planning level is used in this case.  

 

The graph can be clearly divided into two different areas, showing both a linear behavior, 

with a breaking point between them. From now on, these areas are respectively referred as 

Area L and Area R, in relation to their location with respect to the breaking point from the 

reader perspective: left and right. This division is graphically presented in Figure B.2. It is 

noted that the impact of the capacity of DG1 is very low in Area L in comparison to its impact 

in Area R. 

 

 
Figure B.2 Analysis of the graph relating the power installed by DG1 and DG2 

 

A more detailed analysis of this graph is performed. The division of the graph into two 

areas is a direct consequence of a change of the bus that first reaches its planning level. It is a 

consequence of a change of weak bus. Area L comprises points with high power installed by 

DG2. The weak bus in all points belonging to Area L is observed to be Bus 19. By contrast, 

Area R contains points with a high power installed by DG1. The weak bus in all points 

comprised in Area R is observed to be Bus 18.  

 

B.2 Comprehension of the linear behavior  

Load-flow simulations shown in Figure B.1, present a system with a linear behavior. 

These results support the acceptance of the assumptions performed during the calculation of 

expression (4.15). Therefore, application of the linear expression (4.15) to solve the 

interaction between DG units is acceptable. The general guideline proposed in Section 4.3 of 

Chapter 4 is here applied to the solution of the connection of two DG units. From now on, the 

term target bus refers to the bus considered as possible limiting bus in the study. In this case, 
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a specific target bus named Bus   is studied under the connection of DG1 and DG2. 

According to (4.23), for a given Bus  , when DG1 and DG2 are connected to the network, 

     (    )        (    )        ( )  (B.1) 

 

Rewriting (B.1) as, 

     
     ( )

 (    )
  
 (    )

 (    )
     

 

(B.2) 

 

Equation (B.2) permits the calculation of the maximum allowed capacity     of DG2 

depending on the power     already installed by DG1, in the case Bus   is the first bus 

breaking its own limit. The relation between capacities of DG1 and DG2,     and     

respectively, is dependent on planning level considered, fixing the value of      ( ); and 

resistances,  (    ) and  (    ), of the common line between two pair of paths: common 

path between DG1 and Bus  ; and common path between DG2 and Bus  , respectively.  

The expression (B.2) responds to a straight line written on the slope-intercept form. The 

parameters defining this straight line are: 

 

 Interception with y-axis: 

 

     ( )

 (    )
 

 

 Slope:   
 (    )

 (    )
 

 

A negative value of the slope indicates that the more power     that has already been 

installed by DG1 in the network, the less power     can be installed by the new connection 

DG2. This conclusion meets the load-flow simulations previously shown in Figure B.1. 

Equation (B.2) represents a family of straight lines. Each straight line contained in this 

family is defined by Bus  . Consequently, application of (B.2) to a specific weak bus 

originates one straight line, being the weak bus considered as the target bus. As earlier 

commented on the analysis of Figure B.2, for every pair of DG units connected to a network, 

two weak buses are found: one in Area L and another one in Area R. These two weak buses 

can be different or the same ones. Figure B.2 shows that prediction of the capacity of DG2 

based on the capacity of DG1 is reduced to the simple drawing of linear equations when 

application of the proposed guideline. Two straight lines are needed in the case of different 

weak buses between areas, while only one straight line is needed if the weak bus remains the 

same.   
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