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Populärvetenskaplig sammanfattning

Det blir mer och mer vanligt att man installerar solceller hemma. Det är bra för miljön 

och kan samtidigt ge ekonomiska fördelar. Dock kan en del problem uppkomma i 

elnätet när för mycket solceller kopplas in. Styrning av och el-kvaliten i nätet blir 

sämre vilket kan leda till skador i elutrusting samt även personskador. Problem i 

elnäten har man redan idag bl.a. i Tyskland som idag har stora mängder solceller, över 

24.7 GW. Efter en litteraturstudie har det konstaterats att de största problemen handlar 

om överspänningar varför detta projekt har fokuserat endast på detta. 

Innan man kan koppla ihop sin solcell och börja leverera el till nätet måste man, i 

Sverige, få den godkänd av sitt elbolag. Elbolaget har då möjlighet att göra en analys 

av elnätet för att se om det är tillräckligt starkt eller om förstärkningar behöver göras 

innan den kan kopplas in. Idag finns det en del riktlinjer som hjälper elbolagen att fatta 

de besluten och bedöma om det är rätt dimensionering på solcellerna. Dock så gäller 

de inte om det redan finns installerade solceller i sitt närmaste elnät. För att minska 

kostnaderna och snabba på tiden det tar att göra dessa analyser är det bra om det finns 

enkla riktlinjer även för dessa fall. Det här projektet har handlat om att försöka ta fram 

dessa riktlinjer.  

Riktlinjerna behöver vara tillförlitliga och gälla i alla situationer. På grund av detta har 

ett simuleringsverktyg tagits fram med hjälp av mjukvaran Matlab. Där kan man skapa 

olika scenarier där man väljer bl.a. hur stor lasten är, antalet solceller eller hur 

storleken på solcellen skall väljas. Sedan kommer ett antal olika fall att genereras där 

platsen och storleken på solcellen slumpas. Detta gör att man kan verifiera och 

undersöka olika idéer på riktlinjer man har. Simuleringen har använt sig av 

existerande nät.  

En metod har visat sig pålitlig och fungera i alla testade scenarier och fall. Den baserar 

sig på att man förbiser förluster i nätet, reaktansen i kablarna och all eventuell last. 

Detta gör att man förhållandevis enkelt kan räkna ut spänningen i olika intressanta 

punkter i nätet. Genom att göra detta kan man ta hänsyn till hur alla solceller påverkar 

varandra. Resultatet av simuleringarna har visat att inga spänningar överskrids när 

man följer riktlinjen. Dock så kan man i många fall installera mer än vad riktlinjen 

visar. Detta betyder att så snart någon vill installera mer än vad riktlinjen föreslår 

behöver man genomgöra en mer detaljerad studie av elnätet. Hur väl riktlinjen 

stämmer med verkligheten har visat sig bero till största delen på den minsta lasten som 

kan förekomma i nätet. Därför skulle ett framtida arbeta kunna försöka utveckla en 

metod för att ta reda på den minsta möjliga lasten i ett nät. 

Ett vanligt sätt att definiera hur starkt ett nät är idag är genom penetrationsnivån där 

den totala installerade effekten sett i förhållande mot till exempel den maximala lasten 

eller transformatorns märkeffekt. Att kunna använda penetrationsnivån som riktlinje 

hade varit enkelt och smidigt. Dock har simuleringar visat att det kan vara svårt. Från 
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resultaten i den här studien har endast en variant baserad på penetrationsnivån lämpat 

sig för att användas som riktlinje. Genom att hitta den absolut svagaste punkten bland 

de installerade solcellerna kan man få fram en maximal nivå för penetrationsnivån då 

inga vidare analyser behöver göras. Dock är denna nivå oftast mycket låg och nätet 

klarar ofta av flera gånger mer effekt, varför den kan ha begränsad nytta i 

verkligheten.  

För att verifiera den föreslagna riktlinjen behöver fler analyser göras. Dels bör man 

undersöka att det inte finns risk att ledningarna överbelastas och dels bör man 

undersöka hur den fungerar för enfasiga anslutningar. 
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Terminology and abbreviation 

AMK Anslutning av mikroproduktion till konsumentanläggningar. A 

handbook for new installations of distributed generation 

Common path The shared path of two different nodes in a grid. Used to get the 

resistance to the point that is closest common point of two nodes. 

Critical node A point in the grid that that has a possibility to break the voltage 

limits. 

DG Distributed generation 

DN Distribution Network 

DSO Distribution System Operator 

Feeder Electric line supplied from one end only 

HH Household. The connection point of a customer 

Limiting node The point in the grid that will first break the voltage limit, 

according to guideline 

LV Low Voltage, voltage levels below 1 kV  

PCC Point of common coupling. The point in a network that is 

electrically closest to other customers  

Penetration level A relation to determine how much power is installed in a grid. 

Can have several definitions. In this report it is the relation 

between the total installed DG power and the transformer power 

rating 

PSAT Power System Analysis Toolbox (PSAT) for MATLAB.  

PV Photovoltaic 

PV-DG Photovoltaic distributed generation 
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1 Introduction 
Today, more and more people are becoming aware of the urgency to create a more 

sustainable society. But the use of fossil fuels and the energy demand are still ever 

increasing [1].  However, there is a trend towards more use of renewable energy and 

during 2011 71.3% of the new power installation in EU was from renewable energy 

sources [2]. 

The increase in installed photovoltaic power (PV) has been rapid over the last few 

years. In 2011 the total global installed PV power was around 69 GW and it could 

produce 85 TWh/year, with an estimated growth rate of 70 % [3].  For the 2020 the 

current prognoses for installed power are in the interval of 200-800 GWp [4]. Both 

Germany and Italy have both had an incredibly rapid increase of PV connections [3], 

which has already led to new challenges and problems for the electricity grid. In 

Sweden there is a quite high public support for the technology [5] and currently you 

can in Sweden get subsides when investing in new PV installations. Because of these 

reasons it can be expected that Sweden might also experience a large increase of PV 

when the political and legal framework is more favourable.  

The increasing number of PV systems and other types of distributed generation (DG), 

like small scale wind power, is changing the distribution network (DN) from passive 

to active [6]. Traditionally the power has only flowed in one direction, from the 

generating power plants through the transmission grid and finally to the distribution 

network where the consumers are. The trend of the consumption is well known and it 

has been easy to regulate and control the flow [7], thus making planning relatively 

easy.  

Larger installations often follow a detailed analysis of the grid and require new 

connection points and/or reinforcement of the existing grid. But small scale 

installations are just connected to the existing connection point of the owner. The 

distribution system operators (DSOs) are required to accept new installations but are 

also responsible for maintaining power quality. This has generally been no problem 

but with increasing amount of DG, planning and control to maintain the power quality 

in the grid will be more difficult.  

Very few guidelines have been found for short term planning with DG, i.e. knowing if 

a DG can be connected or not. In Sweden a handbook called AMK presents guidelines 

for connection of one DG; however the current version has no guidelines for how to 

account for already installed DG. The aim of this project is to find simple tools to aid 

the DSOs in this case. This will reduce the need of expensive and time-consuming 

detailed analysis of the grids. However, a detailed analysis will have to be made in 

cases where the limits from the guidelines are exceeded. In the future the so-called 

smart grid will make it easy to control the DN, but until then simple guidelines have to 

exist to help the DSOs to decide if a DG can be installed or if reinforcement is needed. 
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1.1 Problem definition and limitations 

The aim of this project is to develop planning rules and dimensioning criteria in 

distribution grids with a large amount of photovoltaic distributed generation (PV-DG). 

Different problems with a large amount of PV-DG will be assessed and analyzed. The 

aim is to develop a guideline that can help the DSOs when planning for connection of 

new DG units in existing grids. Strengths and weaknesses of the developed guideline 

will be analyzed. Only slow voltage variation problems will be considered in the 

simulation.  

 

1.2 Objectives 

The objectives of this project are to 

 Define and analyze the problems that occur when connecting large amount of 

PV-DG to the distribution network and determine which problems are most 

significant and need to be considered.  

 Develop a simulation toolbox including grid data, generation and load that 

allows simulating and randomizing different scenarios.  

 Find easy and simple guidelines for short-term planning when integrating a 

PV system in a grid with a large amount of DG.  

 Verify the guidelines using the developed simulation tool. 

1.3 Methodology 

To obtain the necessary knowledge the project started with a literature review of the 

issues when connecting PV-DG. A lot has been written about this and the accessible 

information is huge in this area. To learn more about the planning process and the 

guidelines used today, a visit was made to Vattenfall Eldistribution AB in Trollhättan, 

which proved to be very valuable. 

The literature review will determine which issues are most important and will be 

simulated.  

An important decision for the project was which simulation software to use, and the 

final decision in favour of Matlab and PSAT felt like a good choice. A lot of time has 

been put into understanding the basic theory of low voltage grids. It took longer than 

expected to develop the simulation tool, but the invested time was well worth it. The 

simulation can generate several different cases where a new DG is to be connected to 

a grid with several DG units already connected. This made it easy to look for 

relationships and rules of thumb that could be used in the planning progress. It could 

also be used to verify suggested guidelines. 

Different ideas were tested during the development of the simulations tool, and in the 

end one method proved to be the best. A lot of time was spent on visualizing the 

results from the simulation and hopefully the toolbox can be used for further studies.  
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1.4 Overview of project 

Section 2 explains the theory of Sweden’s power system, distribution network and 

distributed generation. The Swedish standards and regulations that ensure that we have 

good power quality are also explained.  

A short summary of PV-DG integration issues is presented in Section 3. It will 

motivate the limitations of this project and why only slow voltage variations are 

considered. 

Section 4 describes the guideline currently used by DSOs to plan for installation of 

DG units in the DN. It introduces important terminology used throughout the report. 

The theory and assumption for the guideline is also explained. In the end the proposed 

guideline for several DG units will be described.   

The assumptions for load and generation used in the simulation are explained in 

Section 5 together with a brief explanation of the networks used in the study. Section 

5.2 describes how the simulation process is carried out. 

The results from the simulation are found in Section 6 and a final discussion is 

presented in Section 7. 

A short summary and conclusion of the project is presented in Section 8 and Section 9 

presents suggestions for further work. 
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2 Theory and background 

2.1 The Distribution Network 

The electric power system consists of three major components, generation, 

transmission and distribution where the power consumption is. Traditionally the 

power system has only had one directional power flow; from big power plants through 

the transmission grids and via the distribution network to the consumers [1]. The 

Distribution Network (DN) has been passive without need for detailed information, 

which has made it relatively easy to plan and operate. For example the voltage level 

has been quite easy to approximate. However, now it is changing towards an active 

part of the grid and to maintain stability more advanced models and information are 

required [7]. 

The distribution network consists of two major parts, generally defined as medium 

voltage (MV) 36kV-1kV and low voltage (LV) including everything below 1 kV [8]. 

This is the definition used throughout this report and the LV is the most common last 

level in the DN [9]. A high voltage minimizes the losses but is less safe and requires 

more insulation, and consequently is more expensive to build. Therefore, the voltage 

is reduced in different steps to the voltage level of 400 V that we have connected to 

our homes. The phase voltage in our wall socket is 230V (± 10%). Today’s grid is 

strong and usually the voltage level stays within the allowed limits even if variations 

in load and generation occur. Most of the transformers providing the MV grid have 

remotely controlled tap-changers. Tap-changers change the wiring in the transformer 

and can therefore regulate the voltage level. However, the transformers in the DN are 

more commonly equipped with only manually controlled tap-changers [8] [10]. 

Distribution networks are normally operated with radial feeders going from the 

transformer substations to the users at the end of the line and provide electricity to the 

customers along the way [2]. The design of DNs can generally be divided into two 

different environments, urban or rural with different characteristics. Rural networks 

generally consist of longer MV lines and smaller LV networks. Because of long 

feeders rural networks tend to be weaker and have larger voltage drop compared to 

urban networks.  

This report will focus both on urban and rural distribution networks at LV level.  

2.2 Distributed Generation 

Distributed generation can be defined as electric power generation within distribution 

networks or on the customer side of the network. [11]. The technology behind the 

generation can vary from combined heat and power units to renewable sources like 

small-scale hydro plants, wind power plants and photovoltaic (PV) systems [12]. As 

will be explained in next section DG or micro production will in this report be defined 

as having a power of maximum 43.5 kW connected at the 230/400V voltage level.  
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2.3 Standards and regulations 

In Sweden DSOs are required to allow connection of DG units. However, the DSO has 

to accept the DG unit before it is connected to the grid even if it is within the 

customer's own facility. This is because the DSO has to be able to upgrade the energy 

meter so both consumption and production can be measured. Another reason is that 

the DG owner has limited liability for damages caused by the current from the 

generator. Therefore, it is reasonable that the DSO, that is most likely responsible, 

have to be notified before connection [13]. In most other European countries, not 

including Germany, Italy and Spain, a different approach is used, where you can 

install your DG before it has been approved by the DSO. However, you are still 

required to notify the DSO. This procedure is known as “Inform and Fit” [13]. 

In Sweden the Electricity Act, Ellagen (1997:857) regulates all electrical facilities, 

electrical trade and in some cases electrical safety. However most of this legal 

framework is basic and in general terms. To make the laws easier to follow and apply 

different standards have been written. Svensk Elstandard, SEK, is responsible for the 

Swedish standardisation in the field of electricity. For example the standard SS-EN-

50160 [14] regulates the voltage quality in DNs. The allowed slow voltage variation 

for LV is seen in Table 1. 

Table 1: Allowed slow voltage variations 

 

Currently there are many standards regulating different parts of the electricity system. 

What is relevant to know when you want to install a DG unit can be difficult and 

expensive if you have to buy and read all the standards. Therefore, Svensk Energi has 

published a handbook that will help both the DSO and the DG installer to know which 

standards are relevant. Anslutning av mikroproduktion till konsumentanläggningar 

(AMK) is for new installations of generation with a maximum of 43.5 kW to a 

230/400V consumer at max 63 A [15]. However, the current version has no guidelines 

for how to account for already installed DG. The aim of this project is to find simple 

tools to aid the DSOs in this case. 
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The AMK refers to the necessary standards and can also suit as a contract between the 

DSO and the DG owner. For example, the AMK specifies which specification and 

safety settings anything connected to the grid is required to have. This information is 

found in the regulation document SS EN  50438 [13]. It specifies for example 

protection settings for DG units seen in 

. The limits presented in Table 1 and 

 always needs to be met. 

Table 2: Protection settings for distributed generation.  

Table 3: Allowed voltage variation 

2.3.1 Planning levels 

AMK describes a way of determine the strength of a low voltage grid, defined by the 

resistance of the LV feeder and the impedance of the distribution transformer. Using 

this, a guideline can be developed by studying the voltage difference when a load or 

generator is connected or disconnected. The allowed variations are seen in Table 3 and 

as can be seen, lower than the ones in Table 1 and  

. This is because the DSO have to define a planning level to leaving space for 

unpredictable events and make sure. The planning levels for DSOs are usually lower 

than the allowed variations seen in Table 1 and according to ref [10] the limit of 5% is 

in the range of other countries´ planning levels as well. AMK also present 

recommendations for planning levels of slow voltage variations between the two 

extreme cases, max load and no production and minimal load and max production. 

Between these two cases the voltage difference should not vary more than 5%. If the 
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variations in the MV networks are included it can vary up to 8%. Planning limits 

considering these two extreme cases have not been studied in this paper.  

These different limits and guidelines are all important to consider when developing a 

new guideline. Choosing the overvoltage limits i.e. the planning levels will strongly 

affect the amount of DG that can be installed in a network. In this report analyses have 

been made with both the limits in Table 3 and with only 5% as the maximum voltage 

variation, not including a lower limit for common connection points. This will leave 

some margin up to the protections setting in Table 2. 

2.3.2 Loop impedance and one/three-phase connections 

There is a difference when planning for one or three-phase connections. The most 

common way to describe the impedance in a LV network is to use loop impedance 

(Sv. Förimpedans). The loop impedance can be obtained with the values for the 

impedance in the phase conductor, the return conductor and the impedance in the 

feeding network, the impedance in the feeding transformer and the one-phase earth 

fault zero-sequence impedance in the transformer [16]. The DSO are required to give 

the value of the loop impedance up to the connection point of a customer so a correct 

electrical dimensioning of for example a new DG unit can be made.  

When a new, one phase connection is to be made, it is the loop impedance that is 

relevant, however, for a three phase connection it is the short-circuit impedance that is 

relevant. Since the loop impedance is the most commonly used quantity for impedance 

in LV networks AMK presents a way of calculating an approximate value of the short-

circuit impedance based on the loop impedance.  

This report will only focus on three-phase connections and the impedance used in this 

report includes the impedance in the cables as well as the feeding transformer. The 

impedance in the feeding network has not been included.  
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3 Integration problems for PV-DG 
This chapter will briefly describe a few of the issues that occur when integrating PV-

DG in the distribution network. It will also explain why this report only focuses on the 

voltage level. 

3.1 Voltage control 

3.1.1 Voltage level 

Traditionally the voltage level drops constantly along the feeder due to the impedance 

in the lines. This makes it easy to adjust the required voltage at the transformer so that 

the voltage stays within the required limits. When more DG are integrate along the 

feeder it will become more difficult to know the voltage at different positions. Figure 

1 shows schematically the voltage level along a feeder with integrated DG.  

 Figure 1: Voltage level along a feeder with installed DG units.  

When the generation is less than the load of the feeder there will be a reduction of the 

voltage drop and it will not cause many problems. However, if the generated power 

exceeds the load the voltage can rise above the specified voltage limits. [6] The 

voltage drop from the last controllable transformer to the end of the feeder is usually 

around 5-10% [17]. If the voltage drop at the end of a feeder is too high tap-changers 

at the transformer can increase the voltage level, as long as the customers close to the 

transformer does not experience to high voltage. The transformers at LV are rarely 

remote-controlled so in weak networks the voltage level can be set slightly above the 

nominal voltage [8] [10]. In an extreme case with very little load the voltage levels 

could be very close to a no load scenario. In Sweden LV tap-changers are set to 

increase the voltage, in order to avoid voltage dips during wintertime [18]. 
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The problem with overvoltage is most significant when the load is at a minimum and 

the generation is at its maximum. One way to reduce the voltage rise is to reduce the 

output from the DG when the voltage level is too high. However, the owner will then 

lose income which is not appreciated [17]. Another way is to reduce the voltage at the 

primary substation, using the tap-changers, but since they are usually manually 

changed it is difficult to compensate for short-term variations. Furthermore, if there 

are several feeders connected to the same substation the ones without DG may now 

experience too low voltage [6]. Since the voltage drop occurs due to the impedance 

this could be reduced to improve the voltage level.  

The voltage level is relatively easy to simulate and is one of the most important issues 

when integrating many PV-DG. In [19], [20] and in [18] overvoltage and overload are 

identified as the major limiting factors for large integration. This is also the conclusion 

drawn for a number of interviews with power utilities around Europe [21]. 

3.1.2 Voltage unbalance 

Because of the small size of many PV installations it is common to connect them on 

one phase. The inverters are usually cheaper for one phase connections as well. 

However, when the load or generation is not balanced between the three phases the 

amplitude in each phase can be different and/or the phase difference might not be 

exactly 120° [17]. This unbalance can lead to damage in control systems or 

transformers, motors or power electronic devises. So when installing DG units it is 

important to distribute the generation equally on all the phases. It is most likely that 

the problems will occur at the end of the feeder. Ref [22] suggests a few methods to 

improve the voltage imbalance. This can be done either by reducing the resistance in 

cables, installing capacitors or have PV inverters that can also control the injection or 

consumption of reactive power. 

Since all these improvements will increase the cost of installation it would be 

interesting to know how to deal with the problem already when a customer applies for 

connection. Due to time constraint only three phase simulations have been analysed 

and therefore not voltage unbalance. 

3.1.3 Reversed power flow 

When the generation in DNs becomes too high it can lead to reversed power flow 

through the lines and the transformer substations. This may affect the overcurrent 

protections as well as overload limits [23]. This has been taken into account by 

limiting the total amount of DG power that is installed. For example the total amount 

of DG power can be set to never exceed the transformer rating. 

3.2 Power quality and inverter related issues 

PV generates a direct current (DC) that has to be converted to alternating current (AC) 

for the grid, by using an inverter. This means that a lot of problems with the output 

power of PVs are related to these inverters. Based on the reports [24] and [25] it 
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should be urgent to update the requirements for the inverter manufactures to improve 

the power quality in the grid. Power quality is an important issue, but due to limits in 

the simulation tools available and the complexity of power quality issues this have not 

been simulated in this project.  

3.2.1 Frequency control 

Frequency variation is due to a difference between the power supply and the demand. 

If the generation exceeds the demand the frequency will increase. In order to protect 

the network the inverters are programmed to disconnect when the frequency reaches a 

certain threshold value. However, if the total amount of PV-DG is substantially large 

it can be a problem if all the PV inverters disconnect at the same time [25]. For 

example, Germany had at the end of 2011 a total PV capacity of 24.7 GW [3] and the 

inverters are currently programmed to disconnect all DG units at a single specified 

frequency limit of 50.2 Hz.    

3.2.2 Harmonics 

Due to the power electronics in the DC to AC inverter harmonics will be generated. 

Harmonics are currents or voltages with frequencies that are integer multiples of the 

fundamental power frequency [17]. With the fundamental frequency at 50Hz 

components of 100 Hz (2
nd

 order harmonics), 150 Hz (3
rd

 order) and so on, can occur. 

Problems that can arise are, flickering of TV monitors and fluorescent lamps, 

overheating in transformers and disturbing electric control devices. The importance of 

harmonics when integrating large amount of DG-PV varies and some studies consider 

the harmonics to be a minor problem [17] while others conclude that it can be a 

problem that needs to be considered [24] [20].  

3.2.3 Islanding 

An important issue for safety occurs when DG units deliver power to a network that is 

disconnected to the rest of the grid [17]. The reason for disconnection can be a fault or 

maintenance. If the DG continues to deliver power this might lead to severe safety 

issues for both people and equipment. Because of these problems inverters are 

equipped with islanding detection. In most cases the frequency, voltage level and the 

current will change and make detection possible. However, there is a risk that a 

balanced condition when load and generation is equal, both for active and reactive 

power, will make detection impossible. But [26] conclude that the risk for balanced 

conditions is very low for low, medium and even high penetration levels of PV.  
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4 Proposed method for DG connections 
This chapter will first explain terminology describing different points in the network. 

An overview of the theory behind both the current guideline and the new guideline are 

then presented. Based on the theory the next section will first describe the current 

guideline for connecting a DG unit. After that, the new, proposed method which has 

been developed for analyse connection of several DG units will be explained. In 

Section 6 simulations and evaluation of the proposed method will be presented.  

4.1 Terminology describing the network 

Household (HH) is a point in the network where a customer is connected. Generally 

in this report only HHs with a PV connected are considered and all other HHs are 

neglected.  

Point of common coupling (PCC) is the point where a HH is electrically closest to 

other customers. For example; if a PV is to be installed on Bus 7 in the network in 

Figure 2 that bus will be called HH 7. PCC for HH 7 is Bus 4 and the PPC for HH 3 is 

Bus 2. In most cases PCC and HHs are only considered if a DG is connected to them. 

The common path (CP) between two points (HHs or PCCs) is used to determine the 

resistance to the closest common point for two buses. The common path for Bus 3 and 

Bus 6 is from the slack bus to Bus 2.  

The penetration level is in this report defined as the ratio of the total installed DG 

power in the LV network to the transformer power rating. Several other definitions of 

the penetration level exist [23]. 

The limiting bus is the point in the network where the voltage level is assumed to 

break first. 

The critical bus is a point in the grid that the guideline defines as a potential limiting 

node. All critical busses need to be studied using the proposed method to ensure they 

are kept below the voltage limit. 

 

Figure 2: A small schematic LV network. 
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4.2 Theory behind the guidelines  

Figure 3: Short line equivalent representing a distribution line 

The lines in a DN are usually less than 80 km so a short line equivalent can be used as 

seen in Figure 3 [27]. Only the series impedance needs to be considered so the voltage 

between two nodes can be calculated using Kirchhoff’s second law; 

  (1) 

R is the resistance, X is the reactance and I the current flowing in the line. U is the 

voltage at each bus and the second term represent the voltage drop over the line. If a 

generator is connected, instead of a load, there is a voltage increase over the line. 

Considering a generator, with power factor 1(no reactive power) at bus 2 the sign in 

Eq (1) will be positive and rewriting the current I, the voltage difference between the 

buses can be calculated as 

 

P is the power injected by the generator. If we neglect the losses in the lines the power 

injected at bus 2 will be equal to the power injected at node 1. This assumption will be 

further analyzed in Section 6.  The current can now be expressed as  

 

and we get the following expression for the voltage difference, 

 

The difference in percent is obtained by 

 

which is used in [15] and [10]. This expression can now be used to estimate the 

voltage difference a DG causes when it is connected and disconnected. If no load or 

other DG unit are considered,  will be the nominal voltage, . Under the 

assumption that there are no losses in the lines the voltage increase given by Eq (5) 

will always be higher than a real situation.  
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In a LV network the reactance can usually be neglected compared to the resistance. 

This can be verified by looking at the datasheet for common cables in LV DN. The 

resistance is usually several times higher than the reactance [16]. In Section 6 this will 

be further discussed and analyzed.  Also currently most DSOs in Sweden are not 

allowing DG units to inject reactive power in the grid [28][29]. If we work in per unit 

(pu) the nominal voltage will be 1 pu,  

           (6) 

 Neglecting reactance X, and by using Eq (5) and Eq (6) the following simplification is 

obtained  

        (7) 

The result is a simple linear relation between the voltage difference and the injected 

power. R denotes the resistance between the slack bus and the bus where the DG is 

connected. The total resistance is a series connection of all resistances belonging to all 

the lines connecting the two buses. Thus R is the sum of all the lines connecting the 

considered buses. The resistance also includes that of the transformer. 

Using Eq (5) or Eq (7) will always keep you on the safe side of the voltage limits. If 

the DSO does a more detailed analysis of the network it might find that more power 

can be installed. The purpose with the assumptions is to make the calculations as easy 

and quick as possible. 

4.3 One PV connection  

Section 2.3 introduced the AMK that provides guidance when connecting DGs. This 

section will describe more in detail the practical principles presented in AMK.  

The strength of a low voltage grid can be defined by the transformers and the 

resistance in the grid. Using this, a guideline can be developed by studying the voltage 

difference when a load or generator is connected or disconnected. The allowed 

variations given in [15] are for HHs 5% and for PCCs 3% presented in Section 2.3.1  

By using the resistance the maximum allowed power at a given location can be 

calculated based on Eq (5). 

Example: A customer wishes to install a 12 kW three phase PV panel. The grid and the 

resistance for the cables are seen in Figure 4. 

Figure 4: A grid equivalent when considering one PV connection. 
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The resistances can be calculated as follows 

 

Using Eq (5) and neglecting the reactance gives for the PCC  =1.62 % 

and for the HH =5.37 %. 

If the HH wants to install this amount the grid has to be reinforced since the voltage 

variation at the HH is more than 5%. However, Eq (5) can also give the maximum 

allowed power, by writing 

 

the limit at the HH is obtained.  

This maximum allowed power can also be obtained by simply plotting the above 

expression, see Figure 5. 

Figure 5: Finding allowed power based on the resistance 

4.4 More PV connections 

This chapter will explain the new, proposed method for installing several PV systems. 

The next chapter will show results and analyze the proposed method for determining 

the maximum allowed power a new installation can have. Using the same idea and 

simplifications as for one DG unit the voltage difference due to other PV systems can 

also be considered. The idea is to sum up all the voltage differences which will be 

explained in three steps below. The method is an analytical calculation of the voltage 
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level with the assumptions of no load and no losses or reactance in the lines. Therefore 

the voltage limit you choose is quite significant for the end result.  

Two types of analysis are considered. One where the PCC are given a specific voltage 

limit, lower than the one at the HHs. This can be good if you want to have a better 

margin in the network for example. However since the standards usually don’t make a 

difference of were in the network the voltage limit is critical, the HH will always have 

higher voltage than its PCC. Therefore it also makes sense to only consider the HH 

and not the PCC.  If step 1 in the presented method below is skipped only the voltage 

at the HHs will be analysed. 

4.4.1 Step 1 A – Check the voltages at the critical PCCs  

The critical PCCs are the ones that are furthest away from the transformer. Even if 

there are several DG units connected to a feeder the PCC (with a DG) closest to the 

end will always be most critical. This has been discussed in Section 3.1.1. For 

example, if PV systems have been installed on Bus 3, 8 and 14, in grid A and a new 

PV on Bus 18 applies for connection. The critical PCCs are Bus 5 and 6, see Figure 6.  

Figure 6: Grid A, showing a case with 3 connected DG units and the critical PCCs. 

Both of the critical PCCs need to be analysed by calculating their total voltage 

difference due to the other DGs. For each PV i in the network, this can be calculated 

according to Eq (7). 

The voltage impact on Bus 5 due to the PV connected at Bus 3 can be estimated to be 

the voltage impact the PV has on Bus 2.The resistance in Eq (7) should therefore be 

that of the path from the slack bus to Bus 2. This could also be explained as; the 

resistance in Eq (7) is the resistance of the common path between the considered PV 

and the critical PCC. To clarify this Eq (7) can be written  

 (7) 
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were i is one of the connected PVs, j is one of the critical PCCs and CP is the common 

path between the connected PV i and the critical PCC j. 

Doing this for all connected PVs and summing up all  will give the total voltage 

difference at the critical PCC. For a PCC the total voltage impact is limited to 3%, so 

the new PV is restricted and will have a lower voltage impact limit;  

 (8) 

nrPV represents the number of already connected PVs in the network. Using this new 

voltage limit and Eq (7) the maximum allowed power that can be connected at a new 

location can be calculated as  

 (9) 

R refers to the resistance of the common path between the critical PCC and the new 

PV. 

This calculation has to be done for all critical PCCs. For the example above two 

maximum powers for the new DG will be obtained. One maximum power ensures that 

Bus 5 is within limits and one power ensures that Bus 6 is within limits.  

4.4.2 Step 1 B – Check which HHs can break before the PCC 

The voltage limits of household buses need to be checked separately. However, due to 

the given limits in Table 3 and that the voltage drops linear along a line it is possible 

to determine when a HH can break before its PCC. This will reduce the calculations 

and the number of critical PVs.  

Consider a connection of a PV at a given bus. Its maximum allowed power will either 

be due to the PCC or the HH voltage limits. Using Eq (7) the following relationship is 

found 

 (10) 

which can be rewritten to 

 (11) 

If the expression in brackets is greater than 1 the power due to the HH limit will be the 

limiting power, i.e. . This is gives the following expression 

 (12) 
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and by inserting the voltage variation limits (3% and 5%) the general rule for finding 

critical HHs is obtained 

  (13) 

It is concluded that a HH can break before its PCC if and only if Eq (13) is fulfilled. 

Using the above rule it is possible to determine which of the HHs, with a PV system 

that are critical and needs to be checked.  

4.4.3 Step 2– Check the voltages at the HH buses 

The same procedure as for the PCCs is carried out using Eq (7) 

 (7) 

to calculate to total voltage impact at the HH. Here j represents each HH with a PV 

and i all the connected PV, including the one at the same HH. For each critical HH the 

maximum allowed power is limited by  

  (14) 

Here  is the voltage drop on HH j due to the already installed PVs.  

4.4.4 Step 3 – Obtain the maximum 

After all the calculations in Step 1 and Step 2, the maximum allowed installed 

capacity without any reinforcement in the network is the minimum of all the . A 

flowchart of the proposed method is seen in Figure 7 and Figure 8. An example that 

shows how to use the proposed method can be seen in Appendix A. 
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Figure 7: Flowchart for the proposed guideline.   
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Figure 8: Flowchart for the proposed guideline.   
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5 Simulation methods and assumptions 
In the previous chapter the proposed guideline for connection of DG units has been 

explained together with the assumptions that the guideline is based on. In order to see 

what will happen if the guideline is applied in “real” conditions a power flow 

simulation software will be used for comparison. The idea is to use the guideline in 

random cases were several DG units are already connected. This chapter first explains 

the software that is used and how the developed simulation toolbox works in more 

detail. Afterwards the assumptions (load and generation) for the scenarios, which the 

power flow studies are based on will be discussed and explained. The difference 

between scenarios can for example be the number of DG units, voltage limits, load 

condition or how the power of the already connected DG units is decided. Each 

scenario will result in several cases where each different case will randomize the 

location and installed power of the DG units.  

5.1 Choice of simulation software 

There are many programs for simulating power flow. Both Siemens PTI’s PSS/E and 

the Power System Analysis Toolbox (PSAT) for MATLAB, have been considered. 

After initial testing it was found that both software gave the same result for voltage 

levels in a power flow analysis. PSS/E is much faster than PSAT, however, there are 

more limitations in what you can do and how to analyse the data. When using PSAT 

everything is done in MATLAB and it is easy to develop customized functions for 

controlling the load and the power of the PV systems. It also proved easier to handle 

the data and analyze the results. PSS/E can be controlled using scripts written in 

Python; however, it felt easier to use the more familiar MATLAB. For some scenarios 

the speed turned out to be slightly limiting with some running for a few hours, 

however improving the code might increase the speed significantly.  

5.2 Simulation setup 

In order to study how the proposed guideline works and to search for relationships that 

can be used when planning, a simulation toolbox has been developed. First a scenario 

is specified, for example, defining which grid will be simulated and how high the load 

will be. Then different cases will be generated based on the scenario settings. For each 

case a few parameters are changed, for example the location of the DG units and their 

installed power can be randomized. The last DG in each case will install the maximum 

power given by the proposed guideline. For example, it is specified in the scenario 

settings that 5 DG units will be connected and it will simulate 500 cases. For each case 

the location of the 5 DG units will be randomized as well as the power of the four first 

DG units. The last DG unit, will install the maximum allowed power given by the 

guideline. How the guideline works and if the voltage levels stays within the limits in 

different cases and for different scenarios can now be studied. The real maximum 

power the grid can handle is obtained by iteratively adding a small amount of power to 

the last DG until the voltage limit is broken.  
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To ensure that the voltage is below the limits “before” the last DG connects the power 

randomization of the already connected DG are done in different steps. First it starts 

by connecting one DG and by using the proposed guideline it is possible to know the 

maximum power that is allowed. In the scenario setting it can be specified how much 

of this max power that should be installed. For example, it can be specified to 

randomize a value between 10 and 80% of the maximum allowed power. The second 

DG to be connected also follows the same procedure; using the proposed guideline, 

taking into account the first DG, to find max allowed power and then specifies a lower 

value. This is done for each of the connected DG units, one by one. This ensures that 

the last DG, which will install the max allowed power given by the guideline, does not 

connect to a grid that is already violating the voltage limits. The flowchart of the 

simulations process is seen in Figure 9. 

The above described way of randomizing the power sometimes results in unrealistic 

high values, not accepted as DG units. Therefore, another way of randomizing the 

power was developed. It randomized a power value for each case instead of 

randomizing for each individual DG unit. For example, in the scenario settings it 

could be specified that in each case the DG power for all connected DG units would 

be randomized between 1 and 20 kW. The same power is then used for all DG units 

except for the last DG, which as always installs the max allowed power. Both ways of 

randomizing the power have been used. 

When all the DG units are connected a power flow is run so the voltage in the grid can 

be analyzed. The simulation also calculates the max allowed power the grid can 

handle at the location of the last DG, without using any guideline. For each simulated 

scenario all the information of power and resistances for each case are stored. Because 

of this the toolbox provides possibilities to study relationships that can be useful when 

planning for new DG units.  
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Figure 9: Flowchart of the simulation  
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5.3 Network model and voltage limit 

Two low voltage grids have been studied; a rural grid, Grid A and an urban grid, Grid 

B. Grid A has 11 consumers and is fed by a 200 kVA transformer. It is shown in 

Figure 10. Grid B has 51 customers and is fed by a 630kVA transformer, see  Figure 

11. The reason why these grids have been chosen is because there are a limited 

number of available grids with load data.  

 

Figure 10: Grid A. A rural LV distribution network 

 

 

  

 Figure 11: Grid B. An urban LV distribution network 
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5.4 Load assumptions 

When trying to develop new guidelines a simplification has been not to consider any 

loads in the grid.  The benefits of this are that the theory becomes much easier and that 

the information needed for each specific grid is reduced.  Another reason for trying to 

develop a guideline based on no-load is that generally the DSO has no information 

about the load profiles at the individual customers and traditionally most likely only 

have a maximum load scenario when planning. So, by using a no-load scenarios is 

very simple but using a minimum load scenario is more accurate and is less 

conservative; considering overvoltage problems more power can be installed 

compared to a no load scenario. Due to the difficulties of finding the minimum load 

most focus will be on a no load scenario which also could be considered as the worst 

extreme case. Since the guideline is supposed to be simple and about determining if a 

new connection of a certain power is acceptable or not, a no-load scenario is still 

useful. 

In some grids a minimum load scenario might the same as a no-load scenario. This 

depends on the load profile (type of customer), the tap settings on the transformer and 

the type of DG. The tap-changer is usually set so the voltage at the LV side is slightly 

higher than the nominal voltage. The reason for this is to compensate the voltage drop 

along the line, further explained in Section 3.1. Different types of DG units will have 

different power output profiles and the minimum load condition should occur when it 

is likely that the output power reaches its maximum. For example the output power 

from PVs will never occur in the night when the load is at a minimum. However, for 

other types of DG units this might be possible.  

To show what happens if minimum load is considered the load profile from grid A has 

been studied. The minimum load scenario will be in relation to the PV systems which 

are assumed to have their peak output power around midday in the summer. For grid 

A the total active load in the transformer has been given hourly for one year. A case 

with maximum power in each line has also been given. This has then been used to 

distribute and scale the hourly data to correspond to each household. For example if 

the load in the transformer is 50% of the maximum, all load in the HHs are reduced by 

50%. This means that all HHs follows the same load pattern as the sum of all HHs. 

This will remove the individual load patterns of each HHs and they will all have the 

same load pattern as the transformer. However this assumption is sufficient for the 

purpose of finding the minimum load condition.  Looking at the load data in June, 

shown in Figure 12, it can be seen that for this grid the load at midday can be as low 

as 20 kW for the whole grid. The red dots represent the load at midday.  Assuming 

that at this time and in this season we can expect the highest production from the PV 

systems this load can now be considered as the minimum load condition for Grid A. 

The maximum power in the grid is 116 kW so the load in each household will be 

reduced to 20/116= 17% of the original max value.  
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Note that the aim is to develop general guidelines so an exact value of the minimum 

load is not necessary.  The purpose of using this minimum load  is about showing 

what happens with the guideline when the minimum load is far away from the no load 

condition. As explained before, the minimum load condition depends on several 

different factors. It can be seen in Figure 12 that the load in some cases get as low as 

10 kW which might be a better value if considering other types of DG.  

The minimum load scenario has here been defined as 20 % of the maximum load. This 

will be used in simulations to see how accurate the guideline is when including load. 

Note also that this value is quite high for a minimum load condition and eventual tap-

changing has not been considered in the simulation.  

 

Figure 12: The total load during a few days in June with the load at midday marked in red. The 

load is measured at the transformer in grid A. 

By considering no load, the proposed guideline will always give the critical PCC at 

the end of the feeders. When including load this might not always be true. However 

according to [20] it still seems to be the most likely place where the voltage will 

exceed its limit.  

5.5 PV and DG assumptions 

This study has only considered the total output power of PV systems. No advanced PV 

model considering orientation, roof sizes, solar radiation and so on has been used. 

Because of this and that no load has been considered the simulation results cannot be 

used to determine how often a special case can occur; just that it can occur. Since the 

simulation takes into account all possible cases it can be seen as very general and 

applicable in all cases. The reason why no PV model is used is to make the guideline 

more general, so it can be applied to other types of DG units.  
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The connected DG power has been randomized so a general theory for integration of 

DG units can be studied.  By doing this it is ensured that the guideline will be valid 

both in cases when households install a few kW of PV power together with small 

enterprises installing up to 30-40 kW in the same grid. However, one could argue that 

someone installing that amount of power probably also have a significant load. But for 

example, if a HH is strong (low resistance) and installs 40 kW, considering the voltage 

level it can be seen as several HHs installing smaller PV units that sum up to be 40 

kW. This makes the proposed guideline less grid dependent when simulating. 

Installing a PV is represented by connecting a negative load in the network model. 

No reactive power is considered since currently DG units are in Sweden generally not 

allowed to feed reactive power to the grid in normal operation. This is decided by each 

individual DSO, for example Vattenfall Eldistribution AB [28] or Fortum Distribution 

AB [29]. Furthermore most of the inverters on the market have a power factor of 1.  

Only three-phase connected DG units are considered, even if PV systems are more 

common to be connected on one-phase compared to three-phase connection. One-

phase PV inverters are generally cheaper. This might make it difficult to relate to the 

discussed power in the results section. When connecting to one-phase the allowed 

power is less than for three-phase connections. A survey carried out in Sweden by Ny 

teknik 2012 [30] concluded that the average installed power of DG units are 4.25 kW 

(including small scale wind and water power). Most of these DG units are assumed to 

be connected at one phase. Therefore it is difficult to directly compare it to the 

simulated power when using PV systems connected to three phase.  

It can be noted that the power that the PV-DG feeds to the grid is usually lower than 

the rated PV power, kWpeak.  An example from [12] shows that a PV system on a clear, 

early summer day in Stockholm, Sweden has a normalized power output kW/kWpeak, 

of around 0.8. This means that a 3 kWpeak panel might under realistic condition only 

produce 2.4 kW. However, the author also states that it is possible, under certain 

circumstances, that the output power can even be higher than the rated power. But the 

inverter always makes the upper output power limit. These factors can be important to 

know when considering applications for connections of new PV-DG. 
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6 Simulation results 
This section presents the results and findings based on the simulations. First the 

complex behaviour of a grid with DG units will be exemplified with only two units 

connected. Then the proposed guideline will be examined. First it will be verified that 

by following the guideline the voltage limits will never break. Then the maximum 

allowed power given by the proposed guideline and the real maximum power will be 

compared. This will show how far the assumptions, for the proposed guidelines, are 

from reality. If the difference is large it will mean there is a large amount of 

“uncounted power” and the usefulness of the guidelines will be less. Different 

scenarios, studying both different voltage limits and different grids, will be used in 

order to analyze and understand the guidelines and the uncounted power. 

 A section analyzing the penetration level will see to what extent it can be used for 

short term planning.   

Due to the assumptions made in Section 5.5 the results will be presented as general for 

all types of DG units. However it should be noted that the studied literature, to 

conclude that the voltage level was most critical, focused mostly on PV-DG. 

Furthermore, the assumptions for the minimum load scenario are also based on PV-

DG systems.  

6.1 Looking at two DG units 

To show the complex behaviour when integrating DG units in a grid, a special case 

with only two DG units will first be explained. The last DG is always connected at 

Bus 18, see grid A in Figure 10. The voltage limit is set to Unom + 5% for the whole 

grid. The location of the first DG unit is randomized and will have a power between 1 

and 100% of the maximum allowed power, according to the guideline for one DG 

connection. The allowed power at Bus 18 is depending on the power of the first 

installed DG as can be seen in Figure 13. The colours represent the resistance to the 

first DG unit so it can be seen that each line represents one of the possible buses for 

the first DG. However, there are a total of 11 HHs connected to the grid so it could be 

expected that it would be 11 different lines, but some of them have very similar 

resistance and therefore will appear on the same line. Knowing which line correspond 

to the first DG and the power installed will give the allowed power at Bus 18. For 

example; the turquoise line corresponds to Bus 16, if 57 kW is connected at that bus, 

Bus 18 can install around 15 kW. But if 50 kW is connected at Bus 16 the maximum 

allowed power at Bus 18 is 34 kW. 

This big difference has to do with which point in the grid the voltage limit will break 

first. It is possible from Figure 13 to know which bus is the limiting one. The 

breakpoints, one is pointed at in the figure, are due to a change of the limiting bus. 

Before the break point it is always Bus 18 that will be the limiting bus and after the 

breakpoint it will be the bus of the first DG unit. The slope of the different lines is 
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depending on the resistance to the two DG units. Before every breakpoint the allowed 

power follows one of the two major lines, seen as the lines that have a combination of 

several resistances. The difference in the slope of these lines has to do that with how 

long the common path is between the two connected DG units.  A longer common 

path will lead to a steeper slope, for example the lower of the two major lines, which 

consist of the HHs connected at Bus 5. So in this case the common path between the 

first and the second DG unit will always be Bus 5. Note that Bus 8 and 9 have roughly 

the same resistances so they will appear as one line. So it can be seen that the lower 

major line consist of 3 different lines. 

This shows the complex behaviour of the grid, the importance of knowing which bus 

is limiting and the resistance to the different buses.   

Figure 13: Simulation with two DG units. The location of the first DG is randomized and the last 

DG is always connected to Bus 18.  

It can be seen in Figure 13 that the first DG unit never installs its maximum amount of 

power. If it did the last DG would not be allowed to install any power at all. This is 

due to the current guideline that use simplification and will always be on the safe side. 

The power values on the y-axis are values obtained from the power flow simulations 

and not based on simplification or assumptions.  

6.2 Proposed method to find maximum allowed power 

Since the proposed method does not consider load or losses the given allowed power 

will always result in a voltage level less than the overvoltage limits. The load will 

make the overall voltage lower and neglecting the losses in the lines gives higher 

voltage drop compared to including the losses. The proposed method it therefore 

always on the safe side and following it will never violate the voltage limits.  

- breakpoint 
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The voltage level at each bus in Grid A can be seen, for different scenarios, in Figure 

14, Figure 15 and Figure 16. The three scenarios are presented in Table 4. In none of 

the three figures the overvoltage limits are broken. In Figure 14 both the voltage limit 

for the PCC (Unom+3%) and for the HH (Unom+5%)   are used. From this figure it is 

also possible to validate Eq (9) that says that due to the resistance to the PCC and HH 

not all HHs can break before the PCC. This can be seen as only a few HHs are close to 

the 5 % voltage limit, i.e. the ones that fulfil Eq (9). In Figure 16 the maximum load 

and the minimal load is seen as the green lines. 

Table 4: Settings for Scenario 1. In Scenario 1a, the voltage limits are for the PCCs and the 

HHs. For scenario 1b and 1c the voltage limits are for the whole grid. The minimum load 

scenario is presented in Section 5.4 

 

Figure 14: Voltage level at each bus when using scenario 1a. Red dots are the PCCs.  



   

   

 

 Page 37 (65)  

 

 

Figure 15: Voltage level at each bus using scenario 1b. Red dots are the PCCs. The voltage 

limit is set to 5 % 

Figure 16: Voltage level at each bus when using scenario 1c. The green lines represent the 

maximum load and the minimum load 
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6.2.1 Error estimate 

If the guideline was completely accurate the voltage levels in Figure 14, Figure 15 and 

Figure 16 would always be at the voltage limits. As can be seen they are not and there 

is a gap up to the voltage limits. This gap can be “filled” by the last connected DG, in 

other word there will be “uncounted power”. To make a useful guideline it is 

important to know how far away the guideline is from reality. This will be the 

uncounted power and is the error estimate defined as the difference between the real 

maximum and the guideline maximum. If the difference is low or if it is easy to 

estimate the error, the guideline is more useful. This section will analyze the error 

estimate. 

A HH with low resistance can install more power without changing the voltage 

significantly compared to a HH with high resistance, see Eq (7). Therefore the error 

will be higher for lower resistances as shown in Figure 17a. The simulation takes into 

account all possible position of DG units but the result is always in the same error 

estimate range, Figure 17b. The results are based on Scenario 2 (Table 5).  

Since the error is quite constant it can be expected that the voltage at the limiting bus 

is also quite constant which can be seen in Figure 18. The limiting node is obtained by 

the guideline and the voltage is measured after connection of the maximum power 

suggested by the guideline. The penetration level is used on the x-axis and it can be 

seen that the guideline works equally well independent of  the penetration level. This 

can be seen since the voltage level is quite constant. 
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Table 5:  

 

Figure 18: Voltage level after using the proposed guideline. It is plotted against the penetration 

level obtained before connecting the last DG.   

Figure 17: Error estimate. The uncounted power that can be installed but is not considered in 

the guideline. Figure a show how the error is related to the resistance to the last DG and 

figure b show the error in relation to its case/simulation number. 
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In Scenario 2 (Table 5) the power of 

the connected DG units has been 

quite small since the power is only 

randomized between 1 and 10 % of 

the maximum allowed power. This 

can be visualized in a histogram, seen 

in Figure 19. It shows the total 

number of DG units, in Scenario 2, 

with a specified power.  Since the 

power is non-integer randomized the 

histogram rounds the power to the 

nearest integer. That also explains why 

sometimes there is a power of 0 kW 

installed. 

Considering three phase PV connections most of the installed powers in Scenario 2 are 

quite low. A different power distribution with higher power per installation will result 

in higher error. A new scenario is simulated with the settings seen in Table 6, Scenario 

3. Note that in this scenario the voltage limit is set for 5% in the whole grid. The 

power distribution is significantly higher as can be seen in Figure 20. The simulated 

grid has a few HHs with very low resistance which means that they can install very 

high power without changing the voltage significantly. Because of this a few cases 

will have unrealistic PV-DG installation and in fact exceeding the allowed power for 

DG units. However, using these powers will help in understanding the grid and the 

guidelines during extreme condition where the location of the DG units are very 

important.  

Table 6:  

Figure 19: Power distribution for Scenario 2. 

Frequency is the total number of DG units of a 

specified power used in the scenario. 
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Figure 20: Power distribution for Scenario 3. Frequency is the total number of DG units of a 

specified power used in the scenario. 

 

The error estimate for Scenario 3 is seen in Figure 21. The spread in the vertical lines 

is much more distinguishable compared to Figure 17. Also the error estimate can in 

many cases be more than two times as high. From these two scenarios it can be seen 

that the error depends greatly on the power distribution that is installed. This means 

that the importance of the location of the installed power is significant. Perhaps more 

relevant is to plot it against the resistance of the common path instead of the resistance 

of the last DG. This relation can be seen in Figure 22, high error is almost always 

because of a low resistance of the common path. This is more relevant since the 

guideline use the resistance of the common path between the new DG and the limiting 

bus to define the max allowed power.  

In Figure 23 the voltage is shown for the limiting bus and it can be seen that it is quite 

constant proving that the method is reliable. The variance can be related to the total 

losses in the grid as indicated by the colour code. With low losses the error of the 

voltages gets less which is expected since it is closer to the no losses assumptions. One 

other reason for the increased spread might be because it is more likely that the 

limiting bus is further away from the last DG. If this is the case one can install more 

without increasing the voltage at the limiting bus.   

The gap up to the limit of 5% is because the guideline is neglecting losses in the lines 

and the reactance. The guideline sees the transformer only as a resistance, a 

simplification which adds to the inaccuracy of the proposed method. However it can 

be concluded that in most cases the inaccuracy is quite small and since the voltage 

level is quite close to its limit the guideline can be considered useful.  
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Figure 21: Error estimate with a high power distribution 

Figure 22: Error estimate based on the resistance of the common path 
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Figure 23: Voltage level at limiting bus. Lower losses mean that the voltage is closer to the 

voltage limits so the proposed method is more accurate in those cases. 

6.2.2 Scenarios with load 

Minimum load is not always equal to a no load condition. To compare the results with 

a minimum load condition, cases based on the scenario settings in Table 7 has been 

analyzed. As can be expected the error estimate becomes much higher, see Figure 24. 

In Figure 25 we see the voltage level for different cases. The x-axis is the total amount 

of power that is installed when following the proposed guideline and the colours 

represent the resistance to the limiting bus. Looking at the colour tells us that the 

accuracy depends on the limiting bus. As have been seen earlier this is because a bus 

with higher resistance will also experience a greater voltage drop.  

Table 7: 
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Figure 24: Error estimate for a minimum load scenario. 

 

Figure 25: Voltage level at the limiting bus. 

6.2.3 Proposed guideline compared to current guideline 

In order to see what happens if the current guidelines for one DG presented in 4.3 are 

followed when more DG units are connected, both guidelines have been plotted 

together to see the difference. The comparison is based on the scenario presented in 

Table 5. In Figure 26 we see that the proposed guideline always give a lower value 

than the current guideline. However, in Figure 27 we see that in many cases the 
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current guideline will give a negative error. Negative error means that more power 

than the grid can handle have been installed based on the allowed voltage variations 

for HHs and PCCs. 

 

Figure 26: Comparison between the proposed guideline and the case if all other DG units were 

neglected. 

 

Figure 27: Comparison between the proposed guideline and the case if all other DG units were 

neglected. 
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6.3 Penetration level 

Penetration level is an easy way to determine how much DG power is installed in a 

grid. In this report it has been defined as the ratio of the total installed power and the 

transformer rating. A guideline based on penetration level would be very 

advantageous if it could approximate the maximum allowed power for a new DG. 

Looking at the penetration level before the last DG to see if any relation with the 

maximum power the last DG can install exists. If a relationship exist this would be a 

much easier planning tool than the proposed method for DG connections. Using the 

scenario settings from Table 5 and Table 6 the results are shown in Figure 28. 

 

Figure 28: Max allowed power with a) low power per installation and b) with higher power per 

installation. 

It is quite clear that just by looking at the penetration level it is impossible to know the 

amount of power that can be installed. The upper right empty area in fig b) is due to 

the transformer limit, which has a power rating of 200 KVA. The difference between 

the two scenarios is the dependency for the location of the DG. In fig b) large units is 

installed and thus the location is more important than several units of smaller size. 

However, perhaps the penetration level can be used combined with something other 

factors. The horizontal lines (more obvious in figure a) each represent a HH bus. This 

means that it is more the resistance to the last bus than the total penetration level that 

is important.  

To better analyze the situation the scenario settings are changed. Before, the installed 

power was randomized for each DG unit based on the maximum allowed power. But 

if all DG units install the same randomized amount, the result will be more dependent 

on the total penetration level than each individual DG unit location, described in 

Section 5.5.  If we connect DG units on all available HHs the dependency on the 

location of the already connected DGs are further decreased. This scenario setting will 

increase the relationship of the penetration level. The settings for Scenario 5 are seen 

in Table 8. Note that the proposed guideline is still used if the value to be installed is 
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too high for the grid. The result is shown in Figure 29, where the colour code 

represents the resistance to the last connected DG.  

Table 8:  

 

Figure 29: Allowed power in relation to the penetration level and the resistance to the last DG. 

To show the more interesting part in the plot the limit on y-axis is set to the transformer limit at 

200 kVA. 

It can be seen that the maximum allowed value is decreasing as the penetration level 

increases. However, the exact relationship is hard to find and is most likely grid 

dependent. We also see that the penetration limit for this scenario is about 65 %. 

However, note also that the max allowed power on the y-axis is not included in the 

penetration level presented on the x-axis. Since some of the HHs in the grid are really 



   

   

 

 Page 48 (65)  

 

strong they alone could install more than 200 kW, so the penetration level can exceed 

100 % depending on the scenario settings. 

If we decrease the number of installed DG units the dependency of their location will 

increase. Table 9 presents the scenario settings for the simulation in Figure 30. The 

clear and distinctive lines seen in Figure 29 are now replaced with unpredictable dots. 

Also note how the limit on the x-axis has changed.  

Table 9:  

Figure 30: Penetration level for scenario 4 

In a bigger grid like grid B, the dependency of the location of the installed DG will be 

even more significant. In Figure 31 we see grid B with scenario settings seen in Table 

10. Because there are many possible HHs in the grid the location of the DGs becomes 

more important. If the power distribution was higher or the grid was larger the 

variance and uncertainty would become larger. When the dependency on the location 

of the DG units get bigger it gets harder to predict the lines. 
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Table 10:  

 

Figure 31: Penetration level based on Scenario 7 

6.3.1 A general rule based on the penetration level 

The only general rule that has been found in relation to the penetration level is to find 

the weakest HH, with a connected DG. The maximum allowed power on that point is 

the total installed power that can be installed in the grid without calculations. For 

example in grid A the weakest bus is 19 and can have a DG unit with a maximum of 

20 kW. This means that the grid can handle up to 20kW no matter where it is installed. 

Even if everything is installed at the weakest point, the grid will handle it. For this grid 

it means that up to 10 % penetration level everything can be accepted. Note that this 

value is strongly grid dependent. 
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This can also be visualized in a graph which makes it is easy to determine which of 

the connected DG units are weakest and will set the maximum allowed penetration 

level. Knowing the installed power and the resistance to the DG one can use Figure 32 

to find the voltage rise. The DG with highest voltage rise will set the maximum 

allowed penetration level. This means that by imagining that all power is installed at 

the weakest point no voltage limits are broken. Looking at Figure 5 the maximum 

allowed power at the weakest HH can be decided. As long as the total amount of 

power is not exceeding this value no further studies are needed. However, when the 

total power is beyond that limit a more detailed analysis like the proposed method to 

find the maximum allowed power is needed. In Appendix B an example is seen on 

how to use this method. 

 

Figure 32: Graph to find the weakest bus among the connected DG units 

6.3.2 Penetration level and the proposed guideline  

Going back to the proposed guideline the increase of errors when using a higher power 

distribution can be further analyzed. In Figure 29 the maximum allowed power was 

seen as a relation of the penetration level (the total installed power). In Figure 33 the 

same simulation is shown but with the max allowed power according to the guideline 

marked in red. The error is the difference between the two lines exemplified by the 

two “ ” in the figure. Looking at the error before and after the breakpoint, as marked 

in the figure, it is clear that the error estimate is better before the breakpoint. However, 
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a way of knowing where the breakpoint is has yet to be discovered. Another important 

thing that can be seen in the figure is the colour code that represents the ratio of the 

resistance to the limiting bus and the last DG. Before the breakpoint the limiting bus is 

the same as the last DG, seen as they are all 1 and marked as red. After the breakpoint 

the limiting bus will be different from the last DG. 

Figure 33: Guideline and real max allowed power. The marking represent the error for two 

different cases, before and after a breakpoint.   
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7 Discussion 

7.1 Literature review 

Some sources have determined guidelines based on the penetration level like the PV 

UPSCALE project [20]. However, it is hard to determine how general these guidelines 

can be since they are only based on 4 different sites. According to the simulations 

there are always possibilities that “bad location” of PV-DG result in much lower 

penetration limits. Since it is not only the installed power that matters but also the 

location of the connection it is hard to validate if a specific case will work or not. 

However, only voltage level has been considered in this project and the penetration 

level might be more relevant for other problems. 

In [26] a literature review of problems with grid-connected PV systems is carried out. 

The results show the maximum allowed penetration level according to a few 

problems. For PV-DG it can be as low as 5 % for some specific issues and higher for 

some other issues. This is also the impression from my own literature studies that it is 

quite common to use the penetration level when defining how serious different issues 

are. However, even when considering the same issues, for example overvoltage issues 

the studied literature provides different answers that are most likely grid dependent. 

Considering this it might not be the best definition to use when doing short term 

planning, since it is not general enough. 

A new European funded project called the PV GRID project (http://www.pvgrid.eu) 

seems to be aiming on making integration of PV easier for both DSO and private 

users. They also try to establish a database on how the procedure of connection of DG 

is done in different European countries.  

7.2 Penetration level 

It has been shown that the penetration level alone is difficult to use as a mean of 

determining the maximum allowed power. Since it does not consider the location of 

the already connected DG units it is difficult to base a guideline on it. However, a 

general rule, as suggested in Section 6.3.1, to find the weakest bus and in some sense 

“imagine” that all installed power is installed at that point is the most general rule 

regarding penetration level found in this project. How useful it is applied in real life is 

unknown but it is an easy and a quick way to determine if a connection in a low 

penetration grid should be allowed or if the more complicated, proposed guideline 

needs to be used. 

It might be possible to determine a guideline based on the penetration level and the 

resistance to the last DG. The slopes, seen in Figure 29, are hard to determine and are 

most likely depending on the grid and the different resistances. It looks like it should 

be possible to find a relation, however it is hard to find it precise enough so one can 

tell when it is valid or not. Attempts have been made to find an expression but it 
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always comes down to a constant that is grid dependent or depending on the diversity 

of location of the DG units. We also see in Figure 30 that when the diversity of the 

DG units is higher the lines get more diffused. However, from that figure it can be 

argued that the maximum allowed power at least for the HH with high resistance is 

quite independent on the total penetration and mostly on the resistance. It can be 

important to know this but to use it as a general rule requires more studies. 

Perhaps after more extensive studies of LV grid in Sweden a better guideline based on 

penetration level can be developed. However it will be hard to make it completely 

general. Probably it will need some kind of factor or constant that represents the grid 

and/or the diversity of the DG units. The diversity should consider both the location 

and the connected power.  

7.3 Error estimation 

It is clear that in extreme scenarios the error can get quite high. It is also difficult to 

estimate it and determine the exact reason for it. Comparing the no load scenario with 

the minimum load it can be concluded that even if it exists a simple way of taking the 

error into account it is mostly depending on the minimum load condition. If the 

minimum load is known this can be used and compensated for when determine the 

voltage limit.  

It has been proved that up to the breaking point where the limiting bus is changing 

from the last DG to a different bus, the assumptions made in the guideline (no losses 

and neglecting reactance, Section 4.2) are quite good and accurate. However, after the 

breakpoint the prediction gets worse, Figure 33. We have also seen that with higher 

losses in the grid the prediction will be worse. The worst assumption is as expected the 

no load assumptions and all other assumptions is likely to be neglected compared to 

this. Finding a general guideline for minimum load condition would be very good. 

Perhaps something similar to the Velander formula, (used to estimate the maximum 

load based on the yearly total consumption) but instead use it to find the minimum 

load.  However no way of doing this has been found yet.   

Why is the spread much more notable for low resistances? Two reasons; first, since it 

has very low resistance a very small voltage difference will result in a very high power 

variation. Small variation in the voltage estimation will then greatly be amplified by 

the fact that the resistance is low so more power can be installed. Secondly, the error 

due to the assumptions at this point will be most significant. Based on the proposed 

guideline all the losses in the lines from the DG to the end point of the common path 

will be neglected. If it is high resistance from the common path to the DG it will mean 

a bigger error. If the common path have a low resistance it is much more likely that 

the DG units that are considered are further away from each other thus resulting in 

more losses that are neglected. This can also be seen as the neglected losses are more 

significant than to neglect the reactance in the common path.  
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7.4 The proposed method  

It has been shown that the guideline provide a quite accurate voltage estimation in the 

grid at no load.  

To find the max power the guideline migth be inaccurate. However, to determine if an 

application of a DG is acceptable or not it can useful.  If a HH wants to install more 

than the guideline allows a more detailed analysis is necessary. 

The simulations in this study have sometimes resulted in, for PV-DG, unrealistic high 

powers. However going down to one-phase will decrease the power and perhaps make 

it easier to relate.  

7.5 Voltage limits  

It can be stated that when studying grids with two different voltage limits, it quickly 

gets much more complicated to analyze and understand the behaviour of the grid. The 

limiting bus obtained from the proposed guideline is not always the bus that will break 

first. This is more common when using two voltage limits compared to just use one.  

A strange thing with the proposed guideline is how the accuracy of the method 

changed when going from two voltage limits to only check one voltage limit for the 

whole grid. The accuracy with one limit was much better as can be seen when 

comparing for example the voltage levels in Figure 14 and Figure 15. They should be 

able to get equally close to the voltage limit of 5 %. No explanation for this has been 

found. It could be how the scenario settings are used or perhaps a bug in the code 

because a theoretical explanation has not been found. 

7.6 Other methods 

Attempts have been made to find the limiting point in an easy way, different from the 

proposed guideline. For example, it has been studied if it is possible see if the HH that 

is weakest when neglecting all other DG units are also most likely to be the limiting 

bus. One way of solving this problem is to find the extreme point in the grid and 

compare this point to the new PV. It has also been studied if it is possible to only 

study what is “downstream” of a given PCC. However, neither of these methods has 

proven sufficiently reliable. In most cases it worked but in non-neglectable times this 

assumption was incorrect. It could also not be defined in which cases it worked except 

when the total amount of power exceeded that of the maximum allowed power at the 

weakest node as described in Section 6.3.1. Because of this the idea of finding the 

limiting bus with other methods then the proposed guideline was discarded. 

The PVUpscale project has developed software supposed to aid the DN planner. This 

software has been briefly tested. Because it does not exist (or is at least hard to find) 

any documentation about it and its function it was difficult to understand and use. It 

had quite few features and I had some issue when installing and to get it working. 
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8 Conclusion 
Two new methods for planning rules in distribution girds with a large amount of 

photovoltaic have been presented. Studies of earlier works have shown that 

overvoltage issues are the most dominant problem that occurs. Therefore the proposed 

method for short term planning has been studied in relation to voltage level problems.  

A simulation tool has been developed to analyze the voltage levels in grids for various 

cases with connected DG units. The toolbox has been developed in MATLAB and 

uses PSAT for the powerflow calculations. Models for simulating the output power of 

PVs or HHs load fluctuation has not been implemented. Instead, focus is on choosing 

the power distribution of generation and load in the grid and finding the extreme 

cases. The studied extreme cases are max generated power together with no load or 

minimal load for two different grids. By studying the current guidelines when 

connecting one DG it has been found that the suggested limits are Unom + 5 % at the 

household and Unom + 3 % at the point of common coupling. However, only consider 

one voltage limit of Unom + 5 % in the whole grid and has been studied as well.  

The first proposed method is based on the same simplifications and ideas as the 

current guideline for connection of one DG unit. By neglecting reactance and losses in 

the grid a simple linear relationship between the voltage levels, the resistance in the 

lines and the installed power is obtained. This relationship is then used to calculate the 

voltage level at critical points in the grid. The simulated results have proven that the 

proposed guideline is very reliable and can be applied in all cases. However, there will 

always be some amount of uncounted power; more power that could have been 

installed without violating the voltage limits. The error due to the assumptions 

(reactance and no losses) for the guideline can be neglected compared to the no-load 

assumptions. It can be concluded that to find the maximum allowed power the 

guideline will sometimes not be so good. But it can still be used to verify if a new PV 

connection can be accepted or not. If a HH wants to install more power than suggested 

by the guideline a more detailed analyze of the grid needs to be carried out.  

To use the penetration level to determine if a connection should be allowed without 

reinforcing the grid can be difficult. It is depending on each specific grid and on where 

the earlier DG units have been installed. However, one simple and quite conservative 

rule can be concluded based on the extreme point and the penetration level. If the total 

installed power never exceeds the given limit at the weakest point the voltage limits is 

always OK. However, the capacity of the grid is generally several times higher than 

this amount of power. Therefore, this second method could be used before the more 

complicated first method is used. 
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The conclusion can be summarized into this table.  

 Only voltage limits have been considered. Further work needs to be done to 

ensure that other problems like unbalance for one-phase connections and 

overload/thermal limits are within limits. 

 The proposed guideline for PV connection is based on calculating the voltage 

level at critical point in the grid. This can be done relatively easy when 

neglecting losses, reactance and no load in the grid.  

 The guidelines are also valid for other types of DG units than PV systems. 

This can be concluded since the simulations are based around cases that are 

also valid for other types DG unit. 

 Using the guidelines will always result in lower voltage than the set voltage 

limits. The error due to neglecting losses and reactance can be neglected 

compared to the no load assumptions. 

 A simpler way that can be used before the proposed guideline is to find the 

weakest of the DG buses and make sure that the total amount of DG power in 

the grid does not exceed the power limit of the bus. 

 Developing a more general rule based on the penetration level, which is not 

that conservative is difficult and has not been found. This is because there is a 

strong relation to where the DG units are installed which is not accounted for 

by the penetration level. 
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9 Further work 
Grid planning with large amount of DG units is a very complex process. Due to time 

limits the scope of this project had to be limited, leaving interesting and important 

topics to further work. 

This study has only considered 3-phase connections. A study, simulating 1-phase 

connections should be carried out as well. The theory is the same so the results, 

regarding voltages, will still be valid, but since many PV-DG systems are connected 

with one-phase inverters it is important to study that as well. To also do analysis 

regarding the unbalance issue is important. The simulations in this study has 

sometimes resulted in, for PV, unrealistic high powers. However going down to one-

phase will decrease the power and perhaps make it easier to relate to more realistic PV 

powers. 

Other issues with large amount of DG are necessary to study in relation to the 

guideline. Most important and perhaps also the most easy to implement in the current 

code is overload and thermal limits. What happens at medium voltage is also 

important and would be interesting and necessary to study. To statistically verify the 

results more grids should be studied. 

This study has only taken into account the maximum generation and minimum load. 

AMK suggest that other extreme cases are considered, like the minimal generation and 

maximum load. Based on these two extreme cases the voltage difference between 

them should be limited. A good and simply way of finding the minimum load 

condition would be very nice. 

The speed of the simulation can be greatly improved if longer simulations need to run. 

The iteration to find the real maximum is extremely basic and slow with many 

possibilities of improvements. 
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Appendix A: Example using the proposed 

method 
The following example use the proposed guideline to calculate the maximum allowed 

power for a new PV connection. In Section 4.4, where the method is described, most 

of the descriptions use per unit calculations. In the following example per unit has not 

been used so the equation can look slightly different. Note also that the installed 

power, which in some case could be unrealistic high for a common PV system can be 

thought of to belong to several HHs. In Example 1 15 kW is installed at Bus 8. 

Considering the voltage level at, for example, Bus 5 and Bus 18 it does not matter if 

the power at Bus 8 is divided among bus 8,9,10 and 11; it will not make a difference.  

Note that if it is only interesting to make sure that no point in the grid should exceed a 

certain voltage limit, Step 2 is sufficient. 

Connecting to a grid with 3 DG units 

Three PVs are already connected at Bus 3, Bus 8 and Bus 14. A new PV has applied 

for connection at Bus 18, as can be seen in the figure. How much can be installed at 

Bus 18 without violating any voltage limits?  

 

 

Required information 

The installed powers are: 

PV 1: 10 000 W at HH 3   

PV 2: 15 000 W at HH 8   

PV 3: 10 000 W at HH 14 
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The necessary resistances are given in the following table 

Solution                                         

Step one: PCCs 

 

Calculating total voltage variation at Bus 5 using  . Note that the 

indexes i and j represent Bus numbers.  

Voltage variation at Bus 5 due to PV 1:  

 

Voltage variation at Bus 5 due to PV 2: 

 

Voltage variation at Bus 5 due to PV 3:  

 

The maximum power that is limited by the voltage at Bus 5 is calculated by  

  

 

The same calculations for Bus 6; notice that it is only the j that is changing. 
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The maximum power limited by the voltage at Bus 6 is given by 

  

 

Step two: HHs 

The critical HHs are the ones that fulfil the expression.   

Note that the new DG also has to be considered. 

PV 1:    Not critical 

PV 2:    Not critical 

PV 3:    Not critical 

new PV:    Critical! 

Voltage variation at Bus 18 due to PV 1: 

 

Voltage variation at Bus 18 due to PV 2: 

 

Voltage variation at Bus 5 due to PV 3:  

 

The maximum power that is limited by the voltage at Bus 5 is calculated by  
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Step three: Compare 

It is clear that the limit will be at Bus 18 where the new PV will be installed. The 

locations of the earlier connected PVs are all stronger (low resistance). Without the 

added terms from the proposed guideline the allowed value based on AMK would be 

34 800 W. It is clear that the proposed guideline ad accuracy in this case. 

In the figure we can see that when the last DG is connected and install the maximum 

allowed power the voltage is close but slightly lower than the limit. 
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Appendix B: Find allowed power based on 

minimum penetration level 

HH 1 has installed a PV of 15 kW and have a resistance of 0.3 ohm. HH 2 has installed 

4 kW and has a resistance of 0.8 ohm. A new PV is to be connected at HH3 that has a 

resistance of 0.5 ohm and has applied for a connection of 6 kW. From the graph below, 

looking at the blue lines and the left y-axis it can be concluded that HH 1 is the 

weakest of the three HHs, since it has the highest increase in votlage. Following the 

red curve and looking at the right y-axis it can be seen HH1´s upper power limit is 

26.7 kW. As long as the total amount of installed power in the grid is below 26.7 kW 

no point in the grid will exceed Unom + 5%. So in this case HH3 can install the power 

that he applied for. Note that if HH3 instead would have wanted to install 8 kW the 

total install power would have exceeded 26.7 kW and a more detailed analyze has to 

be made; for example by using the proposed guideline for finding the maximum 

power. Note that there are no specific relation between the blue and the red curve. 

 

 

 


