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Sammanfattning 
 
Denna rapport beskriver relationen mellan distribuerad generering och 
elkvalitet. Informationen har erhållits från tillgänglig litteratur och rapporter, 
med fokus på den direkta inverkan en ökad mängd vindkraft har på elkvalitet 
och tillförlitlighet i distributionsnät. 

Litteraturstudien grundas på följande informationskällor: 

1. Rapporter framtagna inom EU-DEEP-projektet. 

2. Rapporter framtagna inom CODGUNet-projektet. 

3. Nyligen publicerad litteratur på området som inte togs med i de 
ovanstående två projekten. 

I rapporten studeras den inverkan en ökad mängd distribuerad generering har 
i form av: 

Överbelastning och förluster 

Risken med överbelastning sjunker vid en liten andel DG. Risken för överlast 
kan bara öka om maximal produktion överstiger summan av maximilasten 
och minimilasten nedströms någon punkt längs en distributionsmatningslinje. 
Det kan ske när vindkraftverk ansluts till ett landsbygdsnät.  

Vid en liten andel DG sjunker förlusterna i ett distributionsnät. Förlusterna på 
vissa platser kommer dock att öka vid vissa tider om maximiproduktionen 
från DG överstiger två gånger minimilasten. Väsentligt högre förluster sker 
bara när medelvärdet av DG-produktionen (över tid och över ett stort 
område) överstiger två gånger medelvärdet av lasten. 

Spänningsvariationer och flimmer 

Introducering av DG kommer att ge en genomsnittlig höjning av spänningen i 
distributionsnät, vilket är en positiv utveckling eftersom det kommer att 
motverka underspänningar hos avlägsna kunder. 

Vid en stor andel DG kan överspänningar, över den normalt accepterade 
gränsen, inträffa hos slutkunden. Det förväntas bli ett problem först vid 
anslutning av större DG-enheter till avlägsna delar av 
distributionsmatningslinjer. Risken är högst för vindkraftsanläggningar 
anslutna till landsbygdsnät.  

Undantag gäller för DG-enheter av induktionsmaskinstyp, där konsumtionen 
av reaktiv effekt istället kan leda till en sänkning av spänningen. Eftersom 
spänningsfallet ofta är dimensionerande för distributionsmatningar i 
landsbygdsnät så kan även en liten andel DG orsaka problem i detta fall. 

Variationerna av kraftproduktion i samband med vindkraft kan föranleda en 
högre omkopplingsfrekvens för lindningskopplare i transformatorer. 
Slutkunden påverkas normalt inte av det, men det kan medföra snabbare 
förslitning av lindningskopplare. 

Inverkan av vindkraftsanläggningar på flimmernivån är liten men ej 
försumbar. En höjning av flimmernivån (Pst) med 0,2-0,4 förväntas vid 
vindkraftsanläggningar. Detta blir ett problem endast på platser där 
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flimmernivån är nära gränsen. Någon ytterligare forskning krävs inte 
angående inverkan av vindkraftsanläggningar på flimmernivån.  

Övertoner 

Emission av lågfrekvensövertoner från DG enheter är liten jämfört med 
befintliga emissioner och inga allvarliga problem förväntas. Den kapacitans 
som tillkommer vid anslutning av DG enheter kommer att introducera nya 
resonansfrekvenser och föranleda ett skift av befintliga resonansfrekvenser 
mot lägre frekvenser. Huvudrisken för nya resonansfrekvenser ligger nära 
övertonerna nr 17 och 19 eller 23 och 25. Initiala studier visar på en risk för 
högre distorsionsnivåer i frekvensband över 2 kHz på grund av kraftelektronik 
i DG enheter, t.ex. i DFIG eller i full effekt omriktaresenheter. Mera 
detaljerade studier är nödvändiga för att kvantifiera hur allvarlig denna risk 
är.  

Skyddskoordinering  

I allmänhet går drift och skydd av distributionsnät mot att bli mer likt 
transmissionsnät. Det gäller speciellt för MV distributionsnät. Lösningar som 
vanligtvis tillämpas i transmissionsnät kommer att lösa många av de problem 
som uppkommer i distributionsnät när andelen DG ökar, ödrift introduceras, 
multipel inmatning tillåts eller distributionsnät blir maskade.    

Vid större DG enheter av synkronmaskinstyp, blir problem med reläskydden 
oundvikliga, om enheten är större än 50% av HV/MV transformatorns 
märkeffekt. Vissa koordineringsproblem kan uppkomma redan vid mycket 
mindre andel DG, men de kan med lätthet lösas genom justeringar av 
inställningarna på överströmreläskyddet. 

Tillförlitlighet 

Slutkundens upplevelse av elförsörjningens tillförlitlighet påverkas inte i 
någon hög grad vid anslutning av en mindre andel DG. Påverkan är främst 
positiv då belastningen på systemet minskar när produktionen sker närmare 
lasten. DG enheter med kontrollerad ö-driftförmåga kommer att påtagligt 
förbättra tillförlitligheten för kunderna i närheten, men ett antal problem 
kvarstår och vidare studier behövs.  

En möjliga negativ påverkan, vid en större andel DG, inkluderar en ökad risk 
för felaktiga reläskyddsoperationer. Vid stor andel DG kan nedläggning av 
konventionella kraftverk eller brist på nya konventionella kraftverk öka risken 
för produktionsunderskott. En elmarknadsmodell, i kombination med en 
probabilistisk produktionsmodell, behövs för att kvantifiera risken. 

Driftsäkerhet i Transmissionsnät 

Anslutning av DG har en komplex inverkan på driften av transmissionsnät. 
Kvalitativt är de olika fenomenen kända men kvantitativ analys saknas. De 
två huvudsakliga problemen är svårigheten att förutsäga DG enheters 
inverkan under stora störningar på transmissionsnivå (som ger spännings- 
och frekvensvariationer vid DG enheters terminaler) samt en generell 
försvagning av transmissionsnät när stora konventionella kraftverk ersätts av 
DG-enheter. Kvantifiering av dessa effekter kräver bl.a. framtagning av 
indikatorer för driftsäkerhet i transmissionsnät.    
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Inverkan av DG på driftsäkerhet i transmissionsnät sker bara med större 
andel DG. Så länge andelen DG är mindre än osäkerheten i lastprognoser, är 
denna inverkan sannolikt liten. En kvantitativ studie krävs dock för att 
bekräfta ett sådant uttalande.  

För närvarande har bristen på ingående kunskap om inverkan av speciellt 
större vindkraftsverksinstallationer på drift i transmissions- och 
subtransmissionsnät fört med sig anslutningsanspråk som kan vara alltför 
restriktiva. Detta ökar kostnaden för anslutning av DG och försvårar storskalig 
användning av miljövänliga energikällor. 

Spänningsdippar 

DG enheter med synkronmaskinsgränssnitt (t.ex. medelstor CHP eller 
biobränslesenheter) kommer att minska antalet spänningsdippar som kunder i 
närheten av dessa enheter upplever, under förutsättning att dessa enheter 
kvarstår anslutna i minst en stor del av felbortkopplingstiden. Även DG 
enheter med induktionsmaskinsgränssnitt bidrar positivt, men signifikant 
mindre, till minskningen av spänningsdippar. 

Storskalig introduktion av DG kommer att föra med sig att färre 
konventionella kraftverk ansluts till transmissionsnätet. Antalet 
spänningsdippar kommer att öka i transmissions- och subtransmissionsnät 
samt i distributionsnät utan DG enheter med synkronmaskinsgränssnitt. I 
Sverige kommer spänningsdippfrekvensen att öka när produktion från DG och 
stora vindkraftsanläggningar gör att stora kärnkraftverk kopplas bort från 
nätet under längre tidsperioder. Detta kan redan ske vid en relativt liten 
mängd DG då de flesta felen i transmissionsnät sker sommartid när lasten är 
låg.    

Det är värt att påpeka att några av ovanstående slutsatser är giltiga bara i 
Norden, vissa justeringar är nödvändiga för tillämpning i andra områden, t.ex. 
på kontinenten. 

Författarna av rapporten föreslår, grundat på studien, att följande områden 
prioriteras vid fördjupning: 

• spänningsvariationer i landsbygdsnät; 

• högfrekventa övertoner i låg- och mellanspänningsnät; 

• överbelastning av distributionsnät på grund av vindkraftanläggningar 
med asynkronmaskiner; 

• minskad driftsäkerhet i stam- eller regionnät på grund av brist på 
konventionella kraftstationer och en oförutsägbar distribuerad 
generering. 

Två viktiga förutsättningar för vidare studier av inverkan av distribuerad 
generering är utveckling av stokastiska modeller av kraftproduktion samt 
utveckling av prestandaindex med lämpliga gränsvärden. 
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Summary 
 
This report describes the relations between distributed generation and power 
quality. The information is obtained from available reports and literature, with 
focus on the direct impact of increased wind power penetration on the power 
quality and reliability in distribution networks.  

The survey is carried out based on the following information sources:  

1. Reports from the EU-DEEP project. 

2. Reports from the CODGUNet project. 

3. Latest published literature within the area that are not covered in the 
above studies.   

The impacts of the increased penetration of distributed generation 
investigated in the report are summarized with a focus on the Nordic systems 
as follows: 

Overloading and Losses 

For small amounts of DG the risk of overloading reduces. Only when the 
maximum production exceeds the sum of maximum and minimum load 
downstream of any location along a distribution feeder, the risk of overload 
may increase. This could be the case for wind-power installation connected to 
a rural network. 

For small amounts of DG the losses in the distribution-system will decrease. 
When the maximum amount of DG exceeds twice the minimum load, the 
losses at some locations and some moments in time will increase. The losses 
are expected to increase significantly only when the average production (over 
time and over a larger area) exceeds twice the average load. 

Voltage variations and flicker 

The introduction of DG will result in an overall increase of the voltage in the 
distribution system. This is a positive development, as it will mitigate 
undervoltages for remote customers.  

For larger amounts of DG, the connection of DG will result in voltages with the 
end-users that are above the normally-acceptable limit. This is expected to 
become a problem first for the connection of larger DG units to remote parts 
of distribution feeders. The risk is highest for wind power connected to rural 
areas. 

The exception is formed by DG units with induction-machine interface where 
the reactive-power consumption could actually result in a reduction of the 
voltage. As the voltage drop often determines the length of rural distribution 
feeders, already a small amount of DG could become a problem here. 

The variations in power production associated with wind power could result in 
high switching frequency of the transformer tap changers. This normally does 
not adversely impact the customers, but could result in premature failure of 
the tap changers. 

The impact of wind-power installations on the flicker level is small but cannot 
be neglected. An increase in the flicker level (Pst) by 0.2 to 0.4 due to wind-
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power installations is expected. This will only be a concern for locations where 
the flicker level already is close to the acceptable limit. Overall, the impact of 
DG on the flicker level is not an issue requiring further research. 

Harmonic distortion 

The emission of low-frequency harmonics by DG units is small compared to 
existing emission and no serious problems are to be expected. The additional 
capacitance due to the connection of DG units will introduce new resonance 
frequencies and cause a shift to lower frequencies of existing resonances 
frequencies. The main risk is in new resonance frequencies occurring near the 
17th and 19th or 23rd and 25th harmonics. The initial studies show a risk of 
high distortion levels in the frequency band above 2 kHz due to power-
electronic interfaces as in DFIG or full-converter units. More detailed studies 
are needed to quantify the severity of this. 

Protection coordination 

In general, operation and protection of distribution networks appears to 
develop to become more similar to transmission systems. This is particularly 
true for MV distribution systems. Solutions generally applied in transmission 
systems will solve many of problems encountered in distribution networks 
when the penetration of DG increases, island operation is introduced, multiple 
in-feed is allowed or distribution networks become meshed.  

For large DG units with synchronous machine interface, incorrect operation of 
the protection becomes unavoidable when the unit size becomes larger than 
about 50% of the rating of the HV/MV transformer. Some coordination 
problems may occur already for much smaller levels of penetration, but these 
can be easily solved by changing the settings of the overcurrent protection. 

Reliability 

The reliability of the power supply as experienced by the end users is not 
strongly impacted by the introduction of small amounts of DG. The impact is 
mainly positive, as the loading of the system will be reduced when production 
takes place closer to the load. DG with controlled islanding capability will 
significantly improve the supply reliability of the customers close to DG, 
however a number of challenges remain and further study is needed. 

Possible negative impacts for larger DG penetration include an increased risk 
of incorrect protection operation. With massive DG employment, the closure 
of conventional power stations or the lack of building new conventional 
stations will increase the risk of generation shortage. Models of the electricity 
market in combination with probabilistic models of the production are needed 
to quantify this impact. 

Transmission-system operational security  

The impact of DG on transmission-system operation is complex. The different 
phenomena are qualitatively understood but no numbers are available on the 
actual quantitative impact. The two main impacts appear to be the 
unpredictable behaviour of DG units during major disturbances at 
transmission level (experienced as voltage or frequency deviations at the 
terminals of the DG installation) and the overall weakening of the 
transmission system when large conventional power stations are replaced by 
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DG. Quantifying this impact requires among others the development of a set 
of performance indicators for transmission-system security. 

Impact of DG on the transmission-system operation will occur only with larger 
penetration levels. As long as the amount of DG is less than the uncertainty in 
load prediction, its impact on transmission-system operation will likely be 
small. Of course such a statement requires a quantitative study to be 
confirmed. 

At this stage the lack of solid knowledge of the impact of especially large-
scale wind-power integration on the operation of transmission and sub-
transmission systems has resulted in connection requirements that may be 
overly restrictive. This increases the costs of connecting DG and forms a 
barrier against wide-scale use of environment-friendly sources of energy. 

Voltage dips 

DG units with synchronous machine interface (like medium-sized CHP or bio-
fuel units) will reduce the amount of voltage dips experienced by customers 
electrically close to these units. This assumes that the units remain connected 
for at least a large part of the fault-clearing time. Also DG units with 
induction-machine interface have some positive influence but significantly 
less.  

Introduction of DG units on a large scale will result in less conventional units 
being connected to the transmission system. That will result in an increase in 
the number of dips at transmission or sub-transmission level and in the 
distribution networks without synchronous-machine interfaced DG. In Sweden 
the dip frequency will start to increase once production by DG and large-scale 
wind power results in several of the large nuclear-power units being not 
connected to the grid for longer periods of time. As the majority of faults at 
transmission level occur during the summer period when the load is at its 
lowest, this could happen for relatively low levels of DG penetration. 

It is worthy to point out that some of the conclusions apply only to the Nordic 
countries, certain adjustments are necessary when applying them to systems 
in other countries, such as those in the continental Europe. 

Based on the survey, the authors propose that the following problems be 
prioritized for further investigation: 

• voltage variations in rural networks; 

• high-frequency harmonics in low and medium-voltage networks; 

• overloading of distribution feeders due to wind-power installations with 
induction-machine interface 

• operational security of transmission systems due to lack of 
conventional units and the unpredictable behaviour of DG units. 

Two important general requirements for further study of the impact of 
distributed generation are the development of stochastic models of the power 
production, and the development of performance indices with appropriate 
limits. 
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1 Introduction 

In recent years, substantial changes have happened in the distribution 
networks in a number of countries [1][2][3][4][5]. One of the most 
distinguished changes is the increasing penetration of distributed generation 
(DG), which has evolved to a substantial or significant part of the overall 
power generation capacity, especially by wind power and combined heat and 
power generation (CHP). A further huge increase of DG penetration is 
expected in many parts of the world, both absolutely and relatively. For 
instance, a recent Swedish government public inquiry (Statens offentliga 
utredningar (SOU)) [6] concluded that a substantially larger amount of DG 
can be connected to the network by means of economic stimulus.  

Such changes will inevitably bring many consequences to the planning and 
operation  of the network, as the increased penetration of DG will impact 
power quality and reliability of the distribution network in various ways. Such 
impact is surveyed in this report to find the potential problems with the 
expansion of DG in the distribution network.  Most of the technical information 
in this report comes from: 

1. Reports of the EU-DEEP project 

2. Reports of the CODGUNET project 

3. Several other literature. 

1.1 Distributed generation 
 

While the term “distributed generation” has become very popular recently, 
there is no consensus on its definition. Generally mentioned criteria are: 

• Not centrally planned and dispatched 

• Usually connected to the distribution network 

• With relatively small rating, from less than 100 kW up to several MW. 

Other characteristics mentioned in the literature to distinguish distributed 
generation from conventional generation are: 

• Fluctuations in its production and its production capacity in 
combination with the non-predictability of the production; 

• Based on renewable resources of energy or otherwise more energy 
efficient. 

• Not owned by the traditional players on the electricity but by the so-
called independent power producers (IPP). 

At certain circumstances, the term embedded generation (EG) is used, mainly 
to refer to the previously described distributed generation from a 
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transmission-system viewpoint. The generation is embedded in the load and 
hence not visible as seen by the transmission system. 

Within the EU-DEEP project (next section) the term distributed energy 
resource (DER) is used to refer to the distributed generation plus distributed 
storage. In this report we will use the most commonly used term “distributed 
generation”, often abbreviate as “DG”. 

1.2 EU-DEEP project 
The EU-DEEP project (European Distributed Energy Partnership, see www.eu-
deep.com) is a five-year (2004-2009) effort aimed at removing barriers 
against the large-scale introduction of distributed energy resources. The 
project consists of 39 partners (including STRI and Lund University from 
Sweden) in 15 European countries with a total budget of 30 million Euros. The 
partners and countries involved in the project are shown in  Figure 1-1. 

The  driving force that formed the foundation of the project is the observation 
that there exist a number of barriers against the introduction of distributed 
generation. These barriers include: 

• Technical barriers; 

• Economical barriers; 

• Regulatory barriers. 

 

 

Figure. 1-1 Geographical distribution of EU-DEEP partners 

The emphasis within the project has been strongly on economical and 
technical barriers. Economical barriers have been addressed by identifying 
customer segments where distributed generation would have economical 
advantages compared to conventional sources of energy. This includes both 
electrical energy and heat. Combined heat and power was seen from the 
beginning as an economically attractive alternative for many customers. 
Examples of customer segments that were evaluated are: “domestic 
consumers at Northern Europe”, “primary and secondary education”, and 
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“luxury hotels”. STRI has not been involved in this part of the project, so that 
no results from that can be presented here. 

Technical barriers that have been addressed include those related to the 
integration of distributed generation in the electricity network and in the 
electricity market. This is where STRI has been actively involved. Early during 
the project a legitimate fear was identified among network operators that 
large-scale introduction of distributed generation would intervene with the 
operators’ task to deliver reliable and high-quality electricity to their 
customers at a reasonable cost. The introduction of distributed generation 
should not result in an unacceptable reliability, quality or cost for the non-
generating customers. 

Instead of taking side in the discussion on whether distributed generation 
would cause severe problems or not, it was decided instead to develop 
methods for quantifying the impact of distributed generation on the grid. 
These methods would form a tool in the discussion and help network 
operators in allowing distributed generation “as much as possible”. The 
hosting-capacity approach (see Chapter 3) has been an important basic tool 
in the various studies. 

The EU-DEEP project consists of 9 interaction work packages; 8 of which are 
shown in Figure 1-2 ; work-package 9 is the project management. STRI’s 
involvement in the project has been mainly in work-package 2 from the 
beginning of the project. During the course of the project, STRI also got 
involved much more than originally planned in the development for training 
material in work package 6. 

WP1
Demand 

description and 
modelling

WP7
Dissemination

WP4
Techno. R&D

WP3
Local Trading 

Strategies
WP8 ECG

WP5
Techno. validation

WP6
Training

WP2
Grid & market

integration

 

Figure. 1-2 Work Packages inside EU-DEEP project 
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1.3 CODGUNet project 
The project CODGUNet (“Connection of Distributed Energy Generation Units in 
the Distribution Network and Grid”) was a co-operation project between four 
Nordic countries. The coordinator of the project was Oy Merinova Ab from 
Finland. The research work in each participating country was financed from 
various national sources in each country. The organizations participating in 
the research work were: 

• VTT Processes, Finland 

• University of Vaasa, Finland 

• Vaasa Polytechnic, Finland 

• SINTEF, Norway 

• Lund University, Sweden 

• Vattenfall Utveckling AB, Sweden 

• Elforsk AB, Sweden 

• Eltra, Denmark 

The project was divided into the eight separate work packages (WP’s) where 
the research work was done partly in parallel (Table 1-1) [1]. The project was 
concluded at the CODGUNet seminar that was held in Helsinki, Finland, on 
19th November 2003. 

The aim of the project includes: 

• To identify and specify the issues (problems and possibilities) related 
to more common use of distributed generation in the network, which 
are of interest for the Nordic electricity utilities for their future 
planning. The main topics  include the quality of electricity, control 
system, protection, electrical safety, legal matters, connection terms, 
costs and tariffs. 

• To provide information on technical issues related to the connection of 
DG in the distribution network and grid and make it easier to 
connect/increase DG for network owners. 

• To collect and to evaluate the available information from different 
countries (Nordic countries, Germany, The Netherlands, and UK) on 
present and planned regulations, rules and the experiences gained by 
the network companies. 

• To develop solutions to the technological issues such as the quality of 
electricity with simulation tools and other calculation methods. The 
case studies are specified in particular WP plans. 

• To utilize DG for improving reliability of the network and network 
business. 

• To be a step for knowledge network between specialists of electricity 
network and a pilot project for certain Nordic co-operation projects.  
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Table 1-1 Work packages in CODGUNet project 

Work 
Package 

Work Package Title Work Package 
Coordinator 

WP 1 General overview on the issues related to the 
connection of DG in the network 

VTT Processes 
Risto Komulainen 

WP 2 Present status of DG in Nordic countries 
(possibly also Germany, The Netherlands and 
UK) 

VTT Processes 
Risto Komulainen 

WP 3 Specific characteristics of different generation 
technologies 

VUAB 
Saga Häggmark 

WP 4 Network connection of different types of 
distributed energy generations, technological 
analyses 

Technobothnia 
Kimmo Kauhaniemi 

WP 5 Effects on power system SINTEF 
Anngjerd Pleym 

WP 6 Analysis of large scale DG for network business Eltra 
John Eli Nielsen 

WP 7 Summary and proposal for further studies Merinova 
Sauli Jäntti 

WP 8 Dissemination of results Merinova 
Sauli Jäntti 
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2 Distributed generation and power 
quality 

2.1 Power quality without and with distributed generation 
A number of different definitions of power quality exist in the literature, but 
none of them is generally accepted. In line with the definition used in [13], 
power quality in this report will be considered as covering all deviations from 
the ideal voltage and current waveform. The ideal voltage and current are 
constant-magnitude non-distorted sine waves of nominal frequency and 
magnitude, with the current in phase with the voltage.  

Interruptions are considered as part of power quality, even though they play a 
minor part in the remainder of this report. This viewpoint has been criticized 
as being far too wide. Power quality would under this definition cover almost 
any aspect of power systems. But this definition has shown its value in that 
there are no longer boundary areas and that it allows an integrated study of 
all aspects that involve the customers. Other authors distinguish between 
power quality and reliability, where reliability covers interruptions and power 
quality all other disturbances.  

Power quality concerns the electrical interaction between the network and its 
customers. It consists of two parts: the voltage quality concerns the way in 
which the supply voltage impacts equipment; and the current quality on the 
other hand concerns the way in which the equipment current impacts the 
system [13][14]. Most of the recent emphasis is on voltage quality, with 
voltage dips and interruptions being dominant. The underlying philosophy 
when discussing power quality is the view of the power system as in Figure. 
2-1. The “customers” may be consumers (“end users”), producers or both. 
The aim of the electric power system is to connect consumers and producers, 
thereby transporting electrical energy and maintaining acceptable quality and 
reliability with reasonable costs. 
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Power Grid
(Network Co)

Customers Customers
 

Figure. 2-1 Modern look at electric power systems: network and customers 

When considering distributed generation the situation becomes more 
complex. It makes sense to consider three different power-quality aspects for 
distributed generation: 

• Distributed generation is affected by the voltage quality in the same 
way as all other equipment. The impact of voltage disturbances 
includes a reduction of the lifetime , erroneous tripping and damage to 
the equipment. This issue should be addressed in the same way as for 
large industrial installations: a sharing of responsibility has to be 
agreed between the operator of the generation unit and the operator 
of the grid. An important difference between distributed generation 
units and other equipment connected to the grid is that the erroneous 
tripping of distributed generation units may pose a safety risk: the 
energy flow is interrupted potentially leading to machine over-speed 
and large over-voltages with electronic equipment. The choice of 
immunity level of generators against voltage disturbances is the same 
as for other equipment. The generator units should be immune against 
all variations during normal operation and against all events that occur 
regularly. The immunity of the generator units against not so common 
events like voltage dips is a matter of local economic optimization 
where the costs of improved immunity is traded against the losses due 
to tripping of the generator unit. A description of the voltage quality 
that can be expected at the terminals of a generator unit connected to 
the distribution network can be found in a number of international 
standard documents. An overview of some of these documents was 
made as part of a recent Elforsk project [15]. The impact of voltage 
quality on distributed generation is discussed in more detail in Section 
2.2 of this report. 

• Distributed generation units affect the current quality and through the 
grid also the voltage quality as experienced by other customers. The 
special character of these units and their possible wide-scale 
penetration requires a detailed assessment of this aspect. In Chapter 3 
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of this report a methodology is presented for assessing the impact of 
distributed generation on the voltage quality in a systematic way. The 
same problems occur with normal end-user equipment. For example, 
the large-scale integration of electronics equipment has led to an 
increase of harmonic levels. Despite that, no systematic study has 
been done on their impact before a decision was made on the use of 
this equipment. The situation is different for distributed generation for 
a number of reasons. The most important difference is probably that 
the distribution system is not intended for connecting generator 
sources. It is the task of the network operator to supply its customers 
with reliable electricity of sufficiently high quality. Generator sources 
connected to the distribution network may interfere with this task. The 
impact of distributed generation on current quality will be addressed in 
more details in Chapters 3 through 10, and in Chapter 12. 

• A third and more indirect aspect of the relation between distributed 
generation and power quality is that the tripping of a generator may 
have adverse consequences on the system. Especially when large 
numbers of generator units trip simultaneously, this can have an 
adverse impact on the reliability and security of the system. Such units 
have not been designed to contribute to the control and stability of the 
system. In many cases it is even better that the generator units 
disconnect from the system as fast as possible during a disturbance. 
This prevents that the units interfere with the existing control and 
protection systems. With a large penetration of distributed generation 
such a criterion would lead to severe problems for the system. This 
third aspect will be addressed in Section 5.4 for distribution systems 
and in Chapter 11 for transmission systems. 

The impact of distributed generation on power quality depends to a large 
extend on the criteria that are considered in the design of the unit. When the 
design is optimized for energy production only, massive penetration of 
distributed generation will probably adversely impact quality, reliability and 
security. Several types of interfaces are however capable of improving the 
power quality. In a deregulated system this will require economic incentives, 
for example in the form of a well-functioning ancillary services market. 

 

2.2 Impact of voltage quality on distributed generation 

2.2.1 Variations and events 
Power quality disturbances (voltage disturbances or current disturbances) are 
deviations from the ideal sine wave that potentially affect the network or the 
customer equipment. In most studies on power quality a distinction is made 
between “variations” and “events” (although not always explicitly and not 
always using this terminology). Variations are small deviations from the sine 
wave that occur during normal operation. Examples of variations are  
waveform distortion (harmonics) and voltage (magnitude) variations. Events 
are large deviations that occur e.g. during switching operations and faults. 
The distinction between events and variations becomes clearest when 
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considering measurements. Events are those disturbances that require 
triggering: they are detected when a measurement value exceeds a threshold. 
For instance, a voltage dip is detected by the dropping of the rms voltage 
below a voltage-dip threshold. For more discussion on the differences 
between variations and events, the reader  may refer to [14]. 

2.2.2 Normal operation and variations 
The design of DG units should be such that existing levels of voltage 
variations do not lead to premature failure or disconnection of the unit. A 
higher level of disturbance will typically lead to faster component ageing. A 
very high level may lead to immediate disconnection of the DG unit from the 
grid or even to equipment damage.  

For large installations, the local level of variations may be used in the design. 
Such an approach however runs the risk that the disturbance level increases 
beyond the design criterion. For smaller off-the-shelf equipment a global 
criterion should be used. The design should be such that it can tolerate the 
disturbance level at any location. Available guides on this are the European 
voltage characteristics standard EN 50160, the compatibility levels in IEC 
61000-2-2, and a number of immunity testing standards in Part 4 of IEC 
61000. An additional margin has to be considered to cope with the well-
known fact that 95% levels are given for most variations instead of 100% 
levels. 

The only variation for which EN 50160 does not give useful values is voltage 
fluctuation. A long-term flicker severity equal to 1.0 is given as a limit. But 
this level is exceeded at many locations in the system. The good news is that 
the fast voltage fluctuations that lead to light flicker rarely have an adverse 
impact on equipment. 

In short, the design of equipment immunity against variations is the same as 
for any other end-user equipment. 

2.2.3 Normal events 
In design studies it is further appropriate to distinguish between “normal 
events” and “abnormal events”. Normal events are due to changes in voltage 
and/or current that are a normal consequence of the operation of a power 
system. Abnormal events are events due to abnormal circumstances, either in 
the grid or with the customer. 

Normal events are mainly due to switching actions in the power systems or 
within customer installations. Examples of normal events that may lead to 
problems with equipment are voltage dips due to motor starting or due to 
transformer energizing and capacitor energizing transients. It is important 
that DG units are immune against all normal events to prevent frequent 
tripping of the installation. 

Whereas EN 50160 gives reasonable guidelines for variations, no useful 
information is available for normal events. The best design rule available is 
that the equipment should tolerate the worst normal event. Similar design 
rules are needed for end-user equipment like adjustable-speed drives. The 
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regular tripping of such drives due to capacitor energizing transients shows 
that it is not straightforward to implement these rules. 

The design issues are the same with DG units as with end-user equipment, 
but the consequences of tripping are different. A difference from the viewpoint 
of the unit operator is that tripping of the unit could pose a safety issue. 
Tripping implies that the energy flow from the unit to the grid is interrupted 
immediately. The energy input on the chemical or mechanical side of the unit 
may take some time to stop. The result is a surplus of energy in the unit that 
expresses itself in the form of high overvoltages or overspeed in case of 
rotational machines. Safety measures are obviously needed especially for 
mass-produced equipment. But as any safety measure has a finite failure risk, 
the number of trips should be limited in any case. As normal events may have 
a high frequency of occurrence, it is of utmost importance that the units are 
immune against these events. 

2.2.4 Abnormal events 
The immunity requirements of DG equipment against abnormal events like 
frequency swings and voltage dips will depend on the severity of those 
events. The consequences of abnormal events may be very severe and it is 
not feasible to design DG units that can cope with any such event. The design 
should be such that the unit is not damaged, but it may have to be 
disconnected to prevent damage. In that case the unit will no longer supply 
electrical energy to the network. This will give a loss of revenue to the 
operator of the DG. The immunity of equipment against abnormal events is a 
matter of trade-off between costs and immunity to be made by the DG owner. 

The loss of a large (conventional) generation unit will lead to a frequency 
swing in the whole system. The problem is more severe in Scandinavia and in 
the UK than in the continental Europe because of the size of the 
interconnected systems. The problem is most severe on small islands. Five 
measured frequency swings are shown in Figure. 2-2; the four to the left were 
all measured within a one-week period and should therefore be seen as 
normal events. It is very important that DG stays online, because these 
events happen rather often. The event to the right was measured during the 
blackout in Southern Sweden and Eastern Denmark, on 23 September 2003. 
Such events are very rare and occur only once in 10-20 years. Making DG 
units tolerate such severe frequency swings could place severe cost 
constraints. However with a large penetration of DG units their tripping due to 
severe events will increase the risk of a blackout. We will come back to this in 
Chapter 11.  
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Figure. 2-2 Frequency swings measured in the Scandinavian interconnected 

grid. 

The second group of abnormal events of importance to DG units are short-
circuits and earth faults. Their main immediate impact on DG units is the 
voltage dip at their terminals. Two examples of voltage dips due to faults are 
shown in Figure. 2-3.  
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Figure. 2-3 Voltage dips due to a fault, with fast protection operation (left) 

and due to slow protection operation (right). 

The event shown  to the left in Figure. 2-3 is a moderate dip measured at 10 
kV. The cause was a fault in the transmission system correctly cleared by the 
protection. The duration of the event is less than four cycles and the main 
drop is in one of the three rms voltages. The one to the right is due to a fault 
for which the protection takes almost one second to clear. The slow fault 
clearing makes that the fault develops from a single phase to a three-phase 
fault. The result is a severe dip: its duration is almost one second and the 
voltage drop takes place in all three phases. The residual voltage (lowest rms 
voltage in any of the phases, in percent or pu) is however about the same for 
both events.  

No document exists at the moment that indicates the expected number of 
voltage dips or frequency swings at a location in the power system. Surveys 
have been done for some countries, but the published results in most cases 
only give average values, if any results are published at all. Even when 
measurement results are available, these have a limited predictive value. 
Stochastic prediction methods are needed, similar to the methods used to 
estimate system reliability. Several publications discuss such methods for 
voltage dips and examples have been shown for both transmission and 
distribution systems. A brief overview of such methods is given in Publication 
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xxi.). No such methods have been applied to predict the number of frequency 
swings, but their development would be straightforward as the whole system 
can be modeled as one node for frequency calculations. It will also be easier 
to obtain appropriate statistics for frequency swings than for voltage dips. 

 

2.3 Distributed generation Interface with the network 
 
The effects of the DG unit on the grid and the reverse interaction are 
determined to a large extend by the kind of interface used between the 
source and the grid. Also the size of the individual units plays an important 
role, as one large unit will typically give a different interaction than many 
small units. An overview of the size and type of interface for different energy 
sources is given in [23]. The results are summarized in Table 2-1. It is 
concluded that all different types of interface have to be considered even if we 
only consider sizes up to 10 MW. 

Table 2-1. Overview of grid interfaces and unit sizes for different DER 

sources. 

Source  Size Interface 
Solar 
  solar cell arrays 
  solar thermal 

 
2 W - 500 kW 
1 MW – 80 MW 

 
dc/ac converter 
synchronous machine 

Wind 200 W - 5 MW direct-driven induction 
machine; double-fed induction 
machine; or ac/ac converter 

Geothermal 200 kW - 2 MW synchronous machine 
Ocean 200 kW - 2 MW synchronous machine 
Internal 
combustion engine 

200 kW - 20 MW induction machine; 
synchronous machine or ac/ac 
converter 

Combined cycle 20 MW - 500 
MW 

induction or synchronous 
machine 

Combustion turbine 2 MW - 500 MW induction or synchronous 
machine 

Microturbine 20 kW - 2 MW ac/ac converter 
Micro hydro 25 kW - 1 MW direct-connected induction 

machine; synchronous 
machine; double-fed induction 
machine; or ac/ac converter 

Fuel cell 20 kW - 20 MW dc/ac converter 
 
Different interfaces are also discussed by Jenkins et al. [21], by Dugan et al. 
[22] by Patel [24], by Ackermann et al [25] and in a recent CIGRE report[1].  

Based on the information in these publications and expanded by authors’ own 
experiences, the following types of grid interface can be distinguished and 
commented: 



ELFORSK 
 

13 
 

2.3.1 Induction machine interface 
Direct-connected induction machines are the simplest configuration, and still 
very popular for wind power. With single pole-number embodiments, they 
only allow single-speed operation. At least one major manufacturer of wind 
turbines provides two speeds by using two induction machines with different 
pole-numbers and two input shafts to the gearbox.  Machines with two-pole 
number connections were used some decades ago. 

2.3.2 Synchronous machine interface 
Direct-connected synchronous machines are commonly used for standby 
generators for their simple means of voltage and frequency control. They are 
also commonly used for combined-heat-and-power, CHP, units. 

2.3.3 Full power-electronics converter interface [1] 
DG with full power-electronics converter interface will behave more or less 
identical from the point of view of the network, no matter which type of 
machine is used as the generator. Differences are coming from the 
dimensions of, mainly, the converter and from the characteristics of the 
controllers (for speed/power, for voltage/reactive power, for protection 
purposes, for start/stop operations, for mastering and communication). The 
rotors are freewheeling and their inertial energy can be employed during 
system disturbances. Several possibilities of voltage and/or reactive power 
control are normally available. The largest advantage is that an optimal 
conversion from wind energy to electric energy is achieved. This is a large 
advantage over the less expensive fixed frequency windmills, which nowadays 
are to be considered as obsolete, especially above 750 kW.  

Full converters are also applied in small power plants such as micro-turbines, 
fuel-cells, photo-voltaic systems, energy storage systems as SMES (super-
conducting magnetic energy storage), BESS (battery energy storage system) 
and flywheels. Due to the application of a converter, these small power plants 
are able to limit their contribution to fault currents, to support reactive power 
balance and voltage control, to restore systems after disturbances, to adapt 
to frequency variations, phase angle variations and voltage variations. Thus 
converters have an advantageous influence on the system behavior and 
therefore on the requirements for other components in the network. Besides 
the added costs, one main disadvantage is the generation of harmonics, 
although nowadays converter technologies and mitigation techniques show 
substantial improvements.  

2.3.4 Double fed induction generator interface[1] 
In the double fed induction generator (DFIG) the 3-phase power frequency 
connection to the stator windings is electrically separated from the 3-phase 
variable frequency connection to the rotor windings, as shown in Figure. 2-4. 
The control of the AC/DC and DC/AC converters has been designed and set in 
such a way that the frequency of the rotor supply is equal to the power 
frequency minus the frequency that corresponds to the mechanical speed of 
the rotor (or through the gearing to the mechanical speed of the rotor of the 
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windmill). In other words: the magnetic field rotating along the periphery of 
the rotor has a rotational velocity that consists of the speed of the magnetic 
field with respect to the rotor (and forced by the variable frequency supply of 
the converters) plus the mechanical rotational speed of the rotor itself; the 
total velocity of the rotor magnetic field corresponds to the rotational velocity 
of the stator magnetic field and the phase shift or angle between these two 
magnetic fields determines the torque of the generator. From the perspective 
of the magnetic fields, the induction generator is acting as a synchronous 
machine. 

 

Figure. 2-4 DFIG interface  

 
The construction of the rotor windings, the excitation, the magnetic circuit 
and the magnetic materials, the stray fluxes are very different from those of a 
synchronous machine and hence the machine characteristics are different: the 
reactances and time constants (much lower than the time constants of 
synchronous machines). The behavior of the DFIG under transient conditions 
therefore differs considerably from that of a synchronous generator and even 
an induction generator. Its behavior is to a large extent depending on the 
setting of the control mechanisms. Apart from the complicated actions 
undertaken by the converters and their controls, the power electronics is 
protected by a crowbar that may bypass the rotor-side converter, thus forcing 
the generator to an induction generator mode of operation. However, the 
crowbar will not short-circuit the rotor windings, but add an extra resistance, 
up to 20 times the rotor winding resistance, which is already relatively high 
for wound windings. And the crowbar will not act immediately, but, depending 
on the circumstances and setting, sometimes after several power frequency 
cycles. Moreover, it can be de-activated again and even very fast after 
activating. Besides, the rotational speed of the induction generator can be far 
from the speed corresponding to the power frequency, so that all these 
factors lead to the conclusion that the machine will not act as a normal 
asynchronous generator either. 
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Another specialty of DFIG (and synchronous generators with a full converter) 
during transients is that the rotor of the windmill may freewheel with respect 
to the system frequency, thus serving as a freely controllable source of 
inertial energy. 

 



ELFORSK 
 

16 
 

3 Hosting-capacity approach 

DG units may have an adverse influence on several power-quality 
disturbances. The most-discussed issue is the impact on voltage variations. 
Also increased levels of harmonics and flicker are mentioned as potential 
adverse impact of DG units. But DG units can also be used to mitigate power-
quality variations. This especially holds for power-electronic interfaces that 
can be used to compensate voltage variations, flicker, unbalance and low-
frequency harmonics. The use of power-electronic interfaces will however lead 
to high-frequency harmonics being injected into the system. These could pose 
a new power-quality problem in the future. 

3.1 Basic approach 
To quantify the impact of increasing penetration of DG on the power system, 
the hosting-capacity approach has been developed. The basis of this approach 
is a clear understanding of the technical requirements that the customer 
places on the system (i.e. quality and reliability) and the requirements that 
the system operator may place on individual customers to guarantee a 
reliable and high-quality operation of the system. 

The hosting capacity is the maximum DG penetration for which the power 
system operates satisfactorily. The hosting capacity is determined by 
comparing a performance index with its limit. This limit is the limit of 
satisfactory operation of the power system. The performance index is 
calculated as a function of the DG penetration level. The hosting capacity is 
the DG penetration level for which the performance index becomes less than 
the limit. 

A hypothetical example of a hosting-capacity study is shown in Figure. 3-1. 
The performance index is calculated as a function of the DG penetration level 
for different investment scenarios. Examples of investment scenarios are 
placing additional HV/MV transformers or larger cross-section of lines or 
cables. The result is the hosting capacity as a function of the amount of 
investment (or any other parameter being varied in the study). 
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Figure. 3-1 Performance index for increasing investment (left) and hosting 

capacity as a function of the investment (right). 
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The calculation of the hosting capacity should be repeated for each different 
phenomenon in power-system operation and design since for instance the 
hosting capacity for voltage variations is different from the hosting capacity 
for frequency variations. Even for one phenomenon the hosting capacity is not 
a fixed value. It will depend on many system parameters like the structure of 
the network, the type of DG unit (with or without storage; voltage/power 
control capability, etc), the kind of load and even on climate parameters (for 
example in case of wind or solar power). 

For most phenomena (“power-quality disturbances”) the index value is zero in 
the ideal case (e.g. the total harmonic distortion or THD for waveform 
distortion). The index value versus DG penetration will be as shown in Figure. 
3-2 and the hosting capacity will be the penetration for which the index 
exceeds the limit. 

in
de

x

%DER

Existing level

Improvement

Acceptable deterioration

Unacceptable deterioration

Hosting
capacity  

Figure. 3-2 Hosting-capacity concept for variations. 

3.2 Hosting capacity approach for events 
Where it concerns power-quality events, like interruptions and dips, the 
quality of supply is characterized through the number of events per year with 
certain characteristics. 

It is important to realize that there exist no general objectives for power-
quality events. Some benchmarking studies have been performed, mainly for 
interruptions, but there are no generally accepted limits. Some countries use 
national requirements on the maximum number of interruptions and on the 
maximum duration of an interruption. These could be used as indices and 
limits to determine the hosting capacity for networks in those countries. To 
apply the hosting-capacity approach for events requires the development of 
new limit values. 

Instead of a fixed limit for all networks and all customers, the approach 
proposed here uses a limit that depends on the existing event frequency. The 
proposed limits are presented in Figure. 3-3. The horizontal axis gives the 
existing event frequency (for example the number of dips per year) for a 
given site; the vertical axis gives the event frequency after introduction of a 
certain amount of distributed generation. For points at the diagonal (the solid 
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curve) both event frequencies are the same and the introduction of DG does 
not have any impact. For sites below the diagonal, the quality of supply 
improves; for sites above the diagonal it deteriorates. 
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Figure. 3-3 Hosting capacity concept for events. 

The setting of limits corresponds to subdividing the part above the diagonal 
into "acceptable deterioration" and "unacceptable deterioration". The proposal 
is to use a combination of three limits, according to the dashed line in Figure. 
3-3.  

The basic limit is a maximum percentage increase in event frequency, 100% 
increase in the figure (to twice the existing level): no customer should see 
more than this percentage increase in event frequency.  

Next to this relative limit an absolute limit is introduced to prevent an 
excessively high event frequency for those sites with the highest event 
frequencies in the existing system, 110% of the maximum existing event 
frequency in the figure. 

For sites with a very low event frequency in the existing situation a small 
absolute increase will translate into a large relative increase. To prevent this 
from forming barriers to the introduction of DG, an absolute limit is also used 
for the sites with the lowest existing event frequency. The example used in 
the figure is half of the highest event frequency for the existing sites. 

Note that this approach is fundamentally different from the approach 
proposed for power-quality variations. For power-quality variations only an 
absolute limit is used. The limits for power-quality variations are chosen such 
that a customer will not experience any equipment problems (in EMC terms: 
"no interference") as long as the index value remains below the objective. 
With events the situation is different. Every single event may cause 
interference (depending on the equipment immunity) so that any increase in 
the event frequency will be observed by the customer. Having the same 
maximum limit for all customers could lead to a large number of complaints 
from those customers that have a good supply quality in the existing system. 
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When comparing existing and future event frequency, it is essential that they 
be obtained by using the same methods. As measurements of future event 
frequency are not possible, it is proposed that simulations be used for both 
scenarios. Obviously the simulations have to be such that they result in 
realistic values. 

The limits in Figure. 3-3 refer to individual customers or locations in the 
system ("site indices" in power-quality terminology). Next to those it may also 
be needed to consider the impact of DG on system indices. For system indices 
the same approach as in Figure. 3-2 can be used. 

3.3 Hosting capacity and power-quality objectives 
The hosting-capacity concept, when introduced in the EU-DEEP project in 
2004, was a rather new way of looking at the impact of distributed generation 
on the power grid. It allowed for a systematic approach starting with the 
definition of a number of performance indices and performance objectives. 
This approach was a natural application of the work on power-quality indices 
that had been ongoing at several locations in the work and in a number of 
international working groups. An interesting overview of the state-of-the art 
on power-quality indices and objectives can be found in a CIGRE report 
published in 2004 [16]. 

Without agreement on appropriate performance indices and objectives it is 
not possible to calculate the hosting capacity. In other words, setting fair 
limits to the introduction of distributed generation to the network is only 
possible when there is agreement on performance indices and objectives. The 
Swedish guideline for the connection of small generators (AMP or “Anslutning 
Mindre Produktionsenheter”) is to a large extent based on such indices and 
objectives (mainly borrowed from EN 50160).  

The stricter the (power-quality) requirements on the network operator, the 
less distributed generation can be connected to the network. This could be an 
important but not necessarily intended, consequence of the discussion on 
future power-quality regulation that is currently taking place within CENELEC 
(European Committee for Electrotechnical Standardization www.cenelec.eu) 
and mainly driven by the European energy regulators [17][18][19][20]. 

An important conclusion from the work within EU-DEEP on integration of 
distributed generation to the distribution network is that a wider range of 
performance indices and objectives are needed. 
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4 Overloads and losses 

In many cases the DG unit can reduce the feeder losses. It is possible to site 
the DG units on optimal locations for loss reduction. The principle would be 
the same as finding the optimal location for the capacitor banks. On feeders 
where losses are high, a small amount of strategically placed DG with an 
output of 10-20% of the feeder demand can have a significant loss reduction 
benefit for the system. However, most DG units are not situated based on the 
most beneficial location for the utility, instead it is the DG owners decision. 
One example on the impact on power losses is that wind power on the island 
Gotland increases the feeder losses locally, but decreases the losses for the 
whole system [8](CODGUNET Work package 3). 

The introduction of distributed generation will impact the power flow in the 
distribution network. This will impact the distribution system losses and may 
result in overload of distribution feeders. For large amounts of distributed 
generation also the losses and the loading situation in the transmission 
system will be impacted. 

It should however be noted that distributed generation is connected closer to 
the load than most conventional generation. The result is that the power has 
to be transported less far, so that the losses become less. Also the loading 
situation will improve. 

The most advantageous situation occurs when the DG installation is at the 
same premises as the load. Combined-heat-and-power has in this respect a 
great advantage over for example wind power. 

Small amounts of distributed generation will always result in an improvement 
of the loading situation and a reduction of the losses. For larger amounts of 
distributed generation overloading may occur and the losses may increase. 

4.1 Feeder overloads 
Consider a location along a long distribution feeder, with total downstream 
load equal to L(t) and total downstream generation G(t). For simplicity, the 
reactive power flows are neglected, so that the total power flow at this 
location equals: 

 )()()( tGtLtP −= , (1) 

We may assume that no overloading situation exists before the introduction of 
distributed generation. As long as the maximum power flow after connection 
is less than before, there will be no overload. The condition to be fulfilled is: 

 maxmax LP < , (2) 

In the worst case, the maximum power flow occurs for maximum generation 
and minimum load: 

 minmaxmax LGP −= , (3) 

so that the condition for guaranteeing no overload, is: 
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 minmaxmax LLG +< , (4) 

This criterion should be fulfilled for every location of the feeder. This is a 
sufficient requirement that could be used as a first hosting-capacity level. As 
long as the maximum generation is less than the sum of minimum and 
maximum load, no overloading will occur. When the maximum generation 
exceeds this first hosting-capacity level, additional studies are needed to 
determine a second hosting-capacity level. These additional studies should 
include the correlation between variations in load and variations in generation 
and the actual loading margins at the different locations along the feeder. 

For a more detailed assessment the reactive power should also be included. 
The approach is similar but the calculations become more complicated. A case 
where the difference in first hosting-capacity level could be significant is when 
the interface consists of induction machines. Their reactive-power 
consumption could cause overloads faster than it would be found from the 
above approach. 

From the above reasoning it is concluded that overloading problems are 
expected first in parts of the network that are lightly loaded, e.g. remote rural 
areas. The connection of a generator with a large capacity compared to the 
load downstream of the connection point, could result in overloading of the 
distribution feeder upstream of the connection point. This is often the case 
with wind-power installations in remote rural areas. 

4.2 Transformer overload 
The necessary condition mentioned in the previous section also holds for the 
MV/LV and HV/MV transformers. However there is no need to perform a study 
for the first hosting-capacity level, because the condition is fulfilled for the 
transformer when it is fulfilled for every feeder. 

There is however a more strict requirement for transformers equipped with 
on-load tap changers. The tap changer may experience commutation 
problems when the power flow is reversed. The condition to guarantee that 
this does not occur is that the maximum generation is less than the minimum 
load: 

 minmax LG < , (5) 

This is a more strict condition than for the individual feeders. It should be 
noted however that typically only HV/MV transformers are equipped with on-
load tap-changers, whereas the condition for feeders holds everywhere along 
every low-voltage and medium-voltage feeder and for every HV/MV 
transformer. The minimum load of an HV/MV transformer is typically between 
a few MW and a few tens of MW. 

4.3 Losses 
Estimating the increase or decrease in losses due to the introduction of DG 
requires much more detailed studies than estimating if a possible overload 
may occur. An increase in losses can be compensated by a reduction at 
another moment in time or at another location. What matters are the total 
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losses over all feeders sections and integrated over time. Without distributed 
generation these total losses are: 

 { }∑∫
=

SN

s

T

s tL
1 0

2)( , (6) 

with NS the number of feeder sections and Ls the load downstream of feeder 
section s. With DG present the production Gs downstream of feeder section s 
should also be included, resulting in the following expression for the total 
losses: 
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The reduction in the losses due to the introduction of DG is the difference 
between these two expression, which can be written as: 

 { }∑ −=∆
=
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s
sss dttGtLtGF

1
)()(2)( , (8) 

As long as this expression is positive, the losses are reduced by the 
introduction of DG. As long as 0)()(2 >− tGtL ss , for all t and all s, this is 

certainly the case. However this is an overly strict condition, far below the 
actual hosting capacity (where losses would start to increase). 

Assuming that load and generation have similar behavior in time for all feeder 
sections the following condition can be obtained: 

 meanmean LG ×< 2 , (9) 

In words: as long as the average generation is less than twice the average 
load, no increase in losses is expected. The condition that load and generation 
have the same time behavior may seem rather unrealistic. However the result 
will be valid approximately as long as the generation pattern is not in opposite 
with the load pattern.  

It should also be noted that the need for an exact calculation of the hosting 
capacity is not needed where the losses are concerned. An increase in losses 
by some tens of percent (compared to the existing level of losses) is not really 
a concern, neither from a cost viewpoint (losses are a minor part of the total 
cost of electricity supply) nor from an environmental viewpoint (the gain by 
using renewable or energy-efficient sources is much higher than the increase 
in losses). 

A more detailed study of the losses may however be needed to determine the 
economic impact on the network operator or the specific reduction in losses 
due to one DG unit. Such a study would require detailed information on load 
and generation patterns and their correlation. 
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5 Voltage magnitude variations 

5.1 Voltage variations, fluctuations and flicker 
The voltage magnitude is an important voltage-quality parameter. Too low 
voltage magnitude will result in incorrect operation of equipment and in some 
cases in accelerated ageing of the equipment. Too high voltage magnitude will 
result in equipment damage or incorrect operation. The concern with the 
introduction of distributed generation is the occurrence of too high voltage 
magnitude as well as fast changes in voltage magnitude. The latter is referred 
to as “voltage fluctuations”. 

According to the European voltage-characteristics standard, the 10-minute 
rms voltage shall not exceed 110% of the nominal voltage. There are no 
generally-accepted limits for overvoltages at time scales less than one 
minute; however 110% or possible 115% appear reasonable values down to 
time scales of one second, according to the authors. See also the discussion 
on this in the report from Elforsk project “Elkvalitet II” and the ongoing 
discussion in the Elforsk project “Elektronisk last”. 

Fast changes in voltage magnitude are referred to as voltage fluctuations. 
Their main concern is that they result in a phenomenon called “light flicker” 
with the frequency range between about 1 Hz and 10 Hz. Flicker is a 
sensation of unsteadiness in the light intensity where the observer notices 
that the light is not of constant intensity over a longer period but cannot 
observe the individual changes. Most people experience light flicker as 
uncomfortable even if they not always notice the flicker. Studies have shown 
that even non-noticeable flicker will result in increased activity in certain parts 
of the brain. Long term exposure to flicker will result for example in headache 
and tiredness. The amount of flicker a voltage fluctuation causes for a 
standard incandescent lamp is quantified by the “flicker severity”, Pst, where 
Pst=1 corresponds to a level that is experienced as uncomfortable by 95% of 
persons. 

Light flicker should not be confused with occasional changes or dips in light 
intensity, due to voltage steps or voltage dips. Those are observable for 
voltage steps as low as a few percent of the nominal voltage but are not 
continuous and do not have the same impact as continuous flicker.  

Voltage magnitude variations will be discussed in this chapter; flicker due to 
voltage fluctuations is the subject of the next chapter. 

5.2 Voltage rise due to injected power 
As DG units inject active power into the grid, they may cause a rise in 
voltage. The effect is most severe for lower-size feeders, for low-load 
situations, and for DG units far away from the main substation. The rise in 
voltage is in most cases not more than a few percent, but this limits the 
available margin in voltage, thus requiring a reduction in cable length and/or 
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amount of load per cable. The subject is discussed in several publications, 
among others [21][22][26][27][28][29][30].  

A typical medium voltage feeder and its underlying distribution transformers 
are shown in Figure. 5-1 together with the voltage profile at the secondary 
sides of the distribution transformers, when no DG units are installed. Note 
the tap ratios of the distribution transformers are properly adjusted depending 
on their distance from the feeder, e.g. from 10.5/0.4 to 9.5/0.4. The aim of 
such adjustment is to mitigate the LV voltage drop along the feeder, 
especially under high load. As can be seen from the figure, the voltage 
variation between the high load profile (green curve) and the low load (red 
plot) can be controlled within a reasonable range with the proper adjustment 
of the transformer tap ratios. 

 

  

 
10.5/0.4 

10.0/0.4 

9.5/0.4 

MV 

low load 

high  load 

230 V 

 

Figure. 5-1 LV voltage profile along a MV feeder before the installation of the 

DG unit. Note that that voltage in the bottom figure is given as line-to-neutral 

voltage. 

The voltage profile of the same system with a DG unit installed close to the 
end of the line is shown in Figure. 5-2. Considering the fact that a DG unit has 
relatively large probability of being offline (due to either its own failure or 
tripping following the disturbance in the network), it is necessary to study 
both the DG online case and the DG offline case. This, together with the load 
variation, produces the following four operation modes to be studied:  

1). high load with DG 

2). high load without DG 

3). low load with DG 

4). low load without DG  
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Among the four modes, the two modes with extreme voltage variation are 
shown in Figure. 5-2, i.e. high load without DG (green curve) and low load 
with DG (red curve). The high load without DG case is identical to the high 
load case in the previous figure, while the low load with DG case exhibits a 
rather different voltage profile. This is due to the change of power flow 
pattern in the system with the introduction of the DG unit. A simple 
calculation proceeds as follows: 

 

 

10.5/0.4 

10.0/0.4 

9.5/0.4 

MV 
DG 

low load with DG 

high  load without 

230 V 

 

Figure. 5-2 LV voltage profile along a MV feeder after the installation of the 

DG unit 

 

Assuming the total impedance of the feeder being R+jX and the total load 
P+jQ uniformly distributed along the feeder, voltage drop along the feeder 
becomes: 

 )(2
1 XQRPU +=∆ , (10) 

Adding a unity-power-factor DG unit with production Pgen at the end of the 
feeder gives for the voltage at the end of the feeder 

 ( ) gen2
1 RPXQRPU −+=∆ . (11) 

At the low-voltage side of the distribution transformer with turns ratio 9.5/0.4 
the voltage is, in per unit with 10-kV as a base: 

 ( )[ ]gen2
1

MVLV )052.1 RPXQRPUU ++−×= . (12) 

with UMV the voltage on the low-voltage  side of the transmission transformer. 

If this voltage exceeds 110% of the nominal voltage it should be seen as an 
excessive overvoltage that is to be avoided. Thus the hosting capacity is 
obtained from the inequality: 
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 ( )[ ] 10.1)052.1 gen2
1

MV <++−× RPXQRPU . (13) 

Resulting in the following hosting capacity: 
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R

U
P ×++−< . (14) 

The worst case is to be considered, thus the upper limit of the deadband of 
the tap-changer controller for UMV and the lowest values of P and Q. 

For urban feeders, the cable cross-section is large to accommodate large 
loads, so that the resistance R is small. Voltage drop is thus not a concern in 
urban feeders so that there is no need to put UMV at a large value. Also the 
total active power consumption P is large even at low-load situations. The 
hosting capacity is thus rather large. Further, the connection of large wind 
turbines to urban feeders is not very likely. 

For rural feeders the situation is the more severe however. The tap-changer 
setting is often at a rather high value to allow long medium-voltage feeders. 
Also, the feeder is lightly loaded and often with low cross-section of the line. 
The result is a low hosting capacity.  

For a more accurate approach, the probability distribution functions of the 
load, the generation, and the MV voltage have to be known and combined to 
get the probability distribution function of the voltage in the low-voltage 
network. 

In cases where the DG is located relatively far from the substation, voltage 
regulation issues are often the most limiting for being able to accommodate 
the DG without changes in the network [22]. 

When a DG unit is connected to a grid with line-drop-compensation on the 
transformer tap-changers, the voltage along a distribution feeder may be 
lower or higher than without the DG unit. Connection of the unit close to the 
transformer will give a reduced voltage, whereas connection far away will lead 
to an increase in voltage. The impact depends on the control mode of the line-
drop-compensation relay.  

Some DG shows a strongly fluctuating power output (noticeably solar and 
wind power). If the DG significantly affects the voltage (in this case more than 
about 1%) it will pose an excessive duty on voltage regulating equipment (tap 
changers and capacitor banks) resulting in premature failure of this 
equipment [22]. 

In [36] and [37] a method is proposed to determine the optimal setting of the 
tap-changer (the so-called "target voltage") from the voltages measured in 
several locations in the distribution network.  

Reference [35] also gives maximum size of DG units that can be connected to 
a distribution feeder. This size depends on the fault level of the main bus, the 
distance to the main bus, and the amount of other load connected to the 
feeder. The result varies, for a 22-kV feeder, between less than 500 kW to 
over 10 MW. It is thus not possible to give general rules. 

A stochastic approach to voltage-variations due to wind-power variations is 
introduced in [38], although the authors restrict themselves to calculating the 
expected value of the voltage. A stochastic approach is also used in [39], 
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where the maximum feeder length is calculated that will keep the voltage 
within EN-50160 limits for at least 95% of time. It is shown that this limit on 
the feeder length decreases with increasing penetration of DG. Some changes 
in the DG will however result in a similar maximum feeder length as for a 
system without DG. 

The voltage variations due to variations in generator power may occur in a 
time-scale between the flicker range (1 second and faster) and the 10-minute 
average as in EN 50160 and other standard documents. In [41][42] the 
fluctuations in solar-power generation are studied on time-scales of 1 second 
and longer. Passing clouds may cause fast changes in power output that are 
on the borderline of the flicker spectrum. Further studies are needed on the 
severity of the problem. It may also be necessary to propose regulations for 
the permissible voltage variations between the flicker spectrum (time scale of 
1 second and faster) and the limits in EN 50160 (10-minute averages). 

5.3 Voltage control options for different interface 
The effect of DG on the voltage variations depends strongly on the type of 
interface. With direct-driven induction generators (as sometimes used for 
wind power) no voltage control is possible at all. The reactive power absorbed 
by the machine will typically lead to a reduction in voltage. Voltage control is 
possible for synchronous machines and for voltage-source converter 
interfaces (solar power, fuel-cells, micro-turbines, some wind power). But 
most DG units are operated at zero reactive power or at constant power 
factor. They are viewed too small to control the voltage; there is a risk of 
several small machines fighting with each other for control of the voltage; the 
control by the DG units may interfere with the control by the network 
operator; and DG with voltage control carries an increased risk of 
unintentional islanding [22].  

The use of DG units with VSC-based interfaces for controlling the voltage (and 
for providing other "ancillary services") is proposed in [31]. This remains a 
sensitive issue however as several countries (notably the US) do not allow 
active power control by DG units. But according to [32] some utilities have 
somewhat loosened their requirement that DG units should operate in 
constant-power-factor mode and allow constant-voltage mode operation. This 
statement however seems to refer to rather large DG units (of several MW), 
not to small units. 

A method for controlling the voltage is proposed in [26]. Under the proposed 
method the voltage-source converter injects an amount of reactive power 
proportional to the difference between the actual voltage and the nominal 
voltage: 

 ( )nomUUQ −= α . (15) 

It is shown that this significantly reduces the voltage variations along a 
distribution feeder. By using P-control only (like with power-frequency control 
of generators), the risk of controller fighting is much reduced. The choice of 
the control parameter α remains a point of discussion. 

Note that the regulations in most countries do not allow active regulation of 
the voltage by distributed generation. The US standard IEEE 1547-2003 
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(which applies to "distributed resource technologies with aggregate capacity 
of 10 MVA or less at the PCC”) states that "the DR shall not actively regulate 
the voltage at the PCC". Overvoltages have to be prevented in another way. 
The standard does not allow the DG to cause voltages outside of the normal 
operating range [33]. 

In [35] a control strategy is proposed for the connection of DG units to weak 
distribution networks in South Africa. The DG operates at unity power factor 
for voltage below 105% of nominal. For higher voltage levels the power factor 
may vary between unity and 0.95 inductive. Capacitive operation is blocked, 
as it would imply that the DG unit gives voltage support to the grid. 

5.4 Impact of DG unit tripping on the system 
Tripping of DG units is at first hand a problem for the operator of the unit. 
While the unit is disconnected, it will not deliver any energy to the grid, thus 
there will be a loss of revenue. If these production stoppages are too frequent 
and too long, the loss of revenue will cause financial problems. This is exactly 
the same concern with voltage dips in industrial installations. A difference 
may be that DG units can be reconnected rather quickly, in some cases even 
automatically. 

Any non-controlled tripping of generator units is a potential safety hazard. 
Disconnection of the unit from the grid implies an interruption of the energy 
flow. If the energy flow is not stopped fast enough it will accumulate 
somewhere in the interface. This may be in the form of voltage over a 
capacitor or in the rotational speed of a rotating machine. The result is an 
overvoltage or overspeed situation, respectively. Although there are 
protection devices present, they have a non-negligible probability of failure. 
With increasing numbers of DG units the risk of an accident increases. 

The tripping of DG units due to a fault in the network will make the network 
weaker. Before the fault, DG units supply part of the local load, which 
suddenly, after the tripping of the DG, has to be supplied from elsewhere. The 
situation is shown in Figure. 5-3 for a fault in the distribution network.  
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Figure. 5-3 Impact of a fault on the voltage profile along a feeder  

Before the fault the voltage along the feeder is higher than at the substation 
bus due to the power flow from the generator units back to the transformer, 
as seen from the solid red curve in the figure.  

After the fault, the generator units have tripped leading to a drop in voltage 
for the loads connected to this feeder, as shown by the solid blue curve. If 
other feeders are also equipped with DG units the current through the 
transformer will also increase significantly, leading to a drop in voltage at the 
terminals of the transformer.  This drop will be more severe for DG connected 
to medium-voltage than for DG connected to low-voltage. The impedance of 
an HV/MV transformer is higher (20-30%) than of an MV/LV transformer (4-
5%). The transformer tap-changer on the HV/MV transformer will bring back 
the voltage to its normal level within seconds to minutes (depending on the 
local practice), as illustrated by the dashed blue curve. If the DG units come 
back automatically after several minutes, this will lead to an overvoltage, this 
corresponds to the dashed red curve in Figure. 5-3.  
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6 Voltage fluctuations and flicker 

The term "voltage fluctuations" is used to cover a wide range of changes in 
the voltage magnitude. There is a significant overlap with the term "voltage 
variations". Here we will however limit the use of the term "voltage 
fluctuations" to those changes in voltage magnitude that potentially lead to 
light flicker with incandescent lamps, as defined in the IEC flickermeter 
standard (IEC 61000-4-15 [43]). The severity of voltage fluctuations is 
quantified through the "short-term flicker severity" (Pst) and the "long-term 
flicker severity" (Plt). The definition of the short-term flicker severity is such 
that a level of 1.0 will lead to disturbing levels of flicker being noticed by most 
observers with standard incandescent lamps. 

Voltage fluctuations are almost exclusively a concern for lighting load, so that 
we do not need to consider the impact of voltage fluctuations on DG units. We 
do however need to consider DG units as a potential source of voltage 
fluctuations. 

Voltage fluctuations are due to fast variations in generated power. These are 
a concern for those sources for which the available power strongly varies with 
time (notably wind and solar power). Wind turbines produce a continuously 
varying output. In [21] three time-scales are distinguished:  

• Variations with a frequency of several Hz due to the turbine dynamics; 

• Periodic power pulsations at the frequency at which the blades pass 
the tower, typically around 1 Hz for a large turbine. These are referred 
to as 3p-oscillations for three-blade turbines. 

• Slower variations due to changes in wind speed. 

It is however pointed out in [21] that the increased emission will at least be 
partly compensated by the increase in fault level due to the installation of the 
generators. 

A study of the different fluctuations in the power generated by a fixed-speed 
wind turbine is presented in [44]. Measurements were performed after the 
frequency components in the power fluctuations, between 0.1 and 10 Hz. The 
following components were found, next to a continuous spectrum: 

• A 1.1 Hz fluctuation corresponding to the tower resonance.  

• A 2.5 Hz fluctuation corresponding to the rotational speed of the 
gearbox. 

• Four different components related to the rotation of the blades: 1p, 2p, 
3p and 6p. The 1p-fluctuations are due to unbalance in the rotor 
and/or small differences between the blades. The 3p-oscillations are 
due to the passing of the blades in front of the tower. The 2p and 6p 
components are probably harmonics of the 1p and 3p fluctuations, 
respectively. 

For low wind turbulence (wind from sea in this case), these discrete 
components dominate the spectrum. For high wind turbulence the fluctuations 
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form a continuous spectrum. In [45] additional components are found at 
4p/3, 4p, 14p/3, 5p, 9p, 12p and 18p. 

There is some evidence that the turbines in a wind park may reach a state of 
“synchronized operation” thus amplifying the power pulsations due to the 
tower. The cause of this synchronous operation is not fully clear but it is 
thought to be due to interactions between the turbines through the network 
voltages [21]. Such synchronous operation can only be expected for sites with 
a rather constant wind speed not affected by turbulences due to the terrain. It 
is still not clear how likely this phenomenon is and how strong the coupling 
will be. Nothing about this has surfaced however in the recent discussions on 
large off-shore wind parks. 

Voltage fluctuations are especially a concern for wind turbines and a 
significant amount of literature is available on this subject. Some of the 
results are summarized in Table 6-1. 

Table 6-1 Flicker due to wind turbines - overview of values found in literature. 

type of turbine measurement or simulation flicker 
severity 

source 

fixed-speed induction 
machine 

measured P and Q values fed 
into source impedance; worst 
wind-speed; SCR=20; ψ=45º. 

0.163 [46] 

variable-speed induction 
machine (pitch control) 

same; worst wind-speed 0.1 [46] 

double-fed induction 
generation 

simulation of wind data with 
stochastic model; detailed 
model of machine, power-
electronics and control. Wind-
speed of 12 m/s (worst case); 
SCR=20; ψ=50º; turbulence 
intensity 0.1. 

0.095 [47] 

same same; wind speed 9 m/s 0.0444 [47] 
fixed-speed induction 
generator; 180 kW 
connected to a 7 MVA 
low-voltage bus 

measured P and Q injected 
into source impedance, worst 
case (20 m/s), X/R=0.5 

0.19 [48] 

same same, X/R=2 (this gives the 
lowest values for the P/Q ratio 
of the generator).  Lower as 
well as higher X/R ratios give 
an increase in flicker. 

0.04 [48] 

Sea-based wind-park, 5 
times 500-kW, during 
variable-speed operation, 
unity power factor 

measurement, 10.5-kV, 
SCR=7, X/R=1.5, 5m/s 

0.05 [49] 

same, fixed-speed 
operation 

same, 10 m/s 0.15 [49] 

same, variable reactive 
power 

same, 15 m/s 0.2 [49] 

three 1 MW turbines 
connected to a 40 MVA 

simulations using a model 
verified by measurements, 

0.086 [50] 
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grid worst-case system data. 
330 kW fixed speed simulations from stochastic 

wind-speed data: 13.4 m/s; 
15% turbulence; SCR=20, 
X/R=0.5 

0.5 [51] 

500 kW fixed speed simulations for stochastic 
wind-speed data: 10 m/s; 
30% turbulence; SCR=20; 
X/R=0.6 

0.09 [52] 

500 kW variable speed same 0.04 [52] 
 

Most of the studies referred to in Table 6-1, consider only one wind turbine. In 
case there are several turbines connected close to each other, the flicker level 
will be higher than with one turbine. But fortunately they will not simply add. 
According to IEC 61400-21 the Pst levels should be added by using the 
following expression: 

 ∑
=

=
N

i
iPP

1
,stst , (16) 

with Pst,i the Pst contribution from each individual turbine. With identical 

turbines, the contribution from N units is N  times the contribution from one 
unit. With one exception the flicker contributions are all well below the natural 
limit of Pst=1. However one needs to consider background level as well, so 
that a lower limit is needed. The Swedish and Danish connection rules allow a 
maximum contribution of Pst=0.35. It is not clear if this is the contribution for 
one individual turbine or for all turbines connected to a bus or feeder. 

The major conclusion from the study carried out here is that flicker is NOT 
really a concern with wind turbines nor with any other type of distributed 
generation.  
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7 Harmonics up to 2 kHz 

7.1 Harmonics emitted by power electronics 
The power-electronic interfaces of DG units contribute to waveform distortion. 
The current waveform contains frequency components at integer multiples of 
the power-system frequency and at integer multiples of the switching 
frequency. We will refer to the former as "low-frequency harmonics" to be 
discussed in this chapter and to the latter as "high-frequency harmonics" to 
be discussed in the next chapter.  

The level after connection of the DG unit should not exceed the local planning 
level. The planning level is less than or equal to the voltage characteristics as 
in EN 50160. The actual choice is made by the network operator and/or the 
authorities. The concept of hosting capacity can be applied here to obtain the 
amount of DG units that can be connected to the grid without exceeding the 
limits. The hosting capacity will depend on the existing disturbance level 
(sometimes referred to as the "background level"). 

Voltage-source converters inject only small amounts of low-order harmonics. 
Low-order harmonics due to DG interfaces are not seen as a big problem. The 
emission from end-user equipment is significantly higher. 

A potential problem however is the occurrence of resonances due to the 
increased amount of capacitance connected to the distribution grid. The 
interface with distributed generation often contains a capacitor. This capacitor 
may be involved in series or parallel resonances that cause amplification of 
harmonic distortion produced elsewhere [28]. Manufacturers as well as 
consultants recommend that capacitor banks be installed with small ac 
reactors and be tuned to a resonance frequency lower than the lowest 
harmonics in the actual grid. This problem with occurrence of resonances 
occurs for induction machines, but not for VSC-based interfaces and for 
synchronous machines when they provide reactive power themselves so that 
capacitor banks are unnecessary. 

Various harmonic resonance issues are studied in [53] for a housing estate 
with a large number of photovoltaic inverters. The housing estate contains 
about 200 houses with PV installation, fed from an underground cable 
network. Measurements and simulation show that both parallel and series 
resonances occur, with resonance frequencies between 250 and 2000 Hz. The 
resulting high voltage distortion at the terminals of the inverters resulted in 
tripping of the inverter or in high current distortion. The authors of [53] give 
the following values for the capacitance that should be considered for 
resonance studies: 0.6 - 6 µF per household; 0.5 - 10 µF per PV inverter. As 
the range is rather large it will be difficult to determine resonance frequencies 
without measurements. 

The increased capacitance is however NOT the source of the harmonic 
distortion. The harmonic currents may be generated by the DG units 
themselves, by other local equipment, or by equipment elsewhere. As the 
current generated by DG units does not contain significant low-frequency 
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harmonics, the source is most likely found in other local equipment or in 
equipment elsewhere. Despite this, the potential increase of harmonic voltage 
distortion should be treated as an impact of increasing levels of DG units. 

Parallel resonance occurs between the network capacitance (including also the 
capacitance of the cable and the inverter) and the leakage inductance of the 
power transformer (generally: the supply inductance). The high impedance 
results in high voltage distortion at the PCC (or where the inverter is 
connected to) due to the harmonic currents injected from the inverter. The 
resonance is initiated by the inverter current harmonics. These high-
resonance voltages are damped only by the resistances of the connected 
network and load. The high harmonic level can cause operational problems 
both for the inverter and for the equipment connected to the PCC. When the 
power network is weak. 

Series resonance occurs between the supply inductance and the network 
capacitance. At series resonance the impedance is low resulting in high 
current distortion through the PCC due to the voltage distortion, i.e. the 
generating reason is the presence of voltage harmonics close to the 
resonance frequency. 

However, for VSC based FACTS controllers the series resonance may occur 
also between the power transformer, the VSC transformer and a relatively 
long cable laid between these transformers [54]. In this case the resonance 
circuit is composed of the parallel connected leakage inductance of the power 
transformer’s tertiary winding and the leakage inductance of the VSC 
transformer, as well as the capacitance of the cable. The leakage inductance 
of the VSC transformer is much higher than that of the power transformer. 
Therefore, not only serial but also parallel high order resonance can occur in 
this circuit in a very narrow frequency band. By changing the length of the 
cable, the resonance frequency can be moved to a frequency band with small 
generated harmonics. Another mitigation method can be the installation of a 
harmonic filter on the primary side of the converter transformer. 

Consider a situation where an MV/LV transformer supplies an LV bus to which 
a certain amount of DER is connected. The rating of the transformer is Sk and 
the short-circuit voltage ratio is ε. The amount of DER connected to the LV 
bus is PDER with capacitance C1 per unit power. 

The transformer inductance is equal to: 
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The capacitance connected to the LV bus is equal to: 

 1CPC DERLV = . (18) 

This results in the following expression for the resonance frequency (for 
simplicity by neglecting the already existing LV capacitance, as well as the 
capacitance of the lines/cables to DER): 
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with ΠDER = PDER / Sk the fraction DER with respect to the rating of the 
distribution transformer. High harmonic distortion occurs for fres = n f0 with n = 
5, 7, 11 or 13, and the power system frequency f0. This corresponds to the 
following amount of DER: 
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The capacitance of DER units in the 1-3 kW power range varies between 0.5 
and 10 µF per converter [55]. Assuming that the nominal power of the 
converter is 1 kW, results in C1 = 0.5 ... 10 nF/W. The capacitance of an LV 
cable varies from 0.5 µF/km to 2 µF/km (MV cables: 0.14 µF/km - 1.1 µF/km). 
By supposing a cable length of maximum 500 m for a 1 kW converter, the 
cable contribution is at most 1 nF/W. The equivalent capacitance of a home 
connection at 0.4 kV (household capacitance) ranges between 0.6 and 6 µF 
[55]. For a 1kW converter per household this gives at most 6 nF/W. 

The values n=7, U0=230 V, ε=0.05, and C1=17 nF/W (the upper limit of the 
capacitance ranges given) result in ΠDER = 1.44 for the hosting capacity. Thus 
the amount of DER that can be connected to the LV bus before a harmonic 
resonance at the 7th harmonic order occurs, is 1.44 times the rating of the 
transformer. The already existing (but not yet considered) capacitance 
connected to the LV bus, for example in form of additional cables, power 
electronic equipment and lighting, can further reduce the hosting capacity. 
 
Resonance at the 11th or 13th harmonic order occurs when the amount of 
DER connected to the LV bus is 59% or 42% of the rating of the transformer. 
Note however, that this is the worst-case capacitor value. The conclusion to 
be drawn is that resonances below 1 kHz are unlikely. 
 
A study of a network with large amounts of photovoltaics showed resonances 
close to the 21st and 23rd harmonic [55].  
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8 Harmonics 2 – 9 kHz 

8.1 Introduction 
Studies on harmonic distortion are in almost all cases limited to a frequency 
range up to about one or two kHz. This is the range where the majority of 
problems appear and where existing limits and regulation apply. Harmonic 
levels for higher frequencies have traditionally been low, both for voltage and 
current, and no widespread problems have been reported. 

However, the last several years have seen the introduction of equipment 
injecting increasing amounts of distortion at frequencies above one or two 
kHz. Examples are fluorescent lamps with high-frequency ballast; computers 
equipped with active power-factor correction; adjustable-speed drives with 
active (transistor-based) front-end; and distributed generation (DG) like solar 
cells and micro-turbines with power-electronic interface.  

The amount of information on distortion in the frequency range above 2 kHz 
and its consequences is very limited. Some measurements of distortion at 
higher frequencies are presented and discussed in [56][57].  

Limits on what constitutes acceptable voltage distortion exist in national and 
international standards for frequencies up to about 2 kHz, but no limits exist 
above that. To be able to assess if the introduction of the above-mentioned 
equipment may lead to any problems, it is necessary to know what level of 
voltage distortion is acceptable in this frequency range. 

Here we will start from existing voltage-distortion limits for frequencies below 
2 kHz as defined in international standards. As no widespread harmonic 
problems are reported for locations with a distortion below this limit, it may 
be assumed that these are safe limits. The existing limits are next 
extrapolated to the frequency range 2 to 9 kHz. For this extrapolation a 
number of assumptions had to be made as the existing standards are not in 
all cases complete and not in all cases consistent with each other. However, 
we have tried as much as possible to be consistent with the most recent 
standard documents. 

The resulting voltage distortion limits are next used to estimate if the 
connection of DG units with modern power-electronics interface would result 
in those limits being exceeded. Instead of performing a detailed study for a 
number of locations, general information about the source impedance is used 
so as to obtain general conclusions instead of conclusions valid for a limited 
number of locations only. 

 

 

 

 



ELFORSK 
 

37 
 

8.2 Limits For high-frequency harmonics 

8.2.1  IEC framework for EMC 
The International Electrical Committee (IEC) has published a set of standards 
and technical reports aimed at preventing electromagnetic interference 
between equipment and between equipment and the power grid. Terms like 
“emission” and “interference”, originally used for radiated disturbances at 
higher frequency ranges are being applied to conducted disturbances at lower 
frequencies as well. Where it concerns harmonic disturbances, the “emitter” is 
the equipment that takes a non-sinusoidal current from the grid, whereas the 
term “interference” refers to unwanted effects on other equipment, including 
malfunctioning, accelerated ageing and damage. 

To prevent (electromagnetic) interference a set of limits (often referred to as 
“objectives”) have been agreed upon. IEC 61000-3-2 and IEC 61000-3-4 limit 
emission, i.e. they define maximum-permissible levels of harmonic currents 
that individual devices are allowed to inject into the grid. At the same time 
immunity limits are defined that indicate how much voltage distortion a device 
should be able to tolerate. A third category of limits applies to the power grid 
and gives objectives for the voltage distortion. Three types of limits can be 
distinguished here: voltage characteristics, compatibility levels, and planning 
levels. The latter are levels used by network operators to determine the 
amount of distorting equipment that can be connected at a certain location in 
the grid. The connection of equipment should not lead to the actual distortion 
level exceeding the planning level. Planning levels are internal quality criteria 
for the network operator; they are however strongly related to the voltage 
characteristics, the compatibility levels and the immunity limits of equipment. 
Recommended values (so-called “indicative values”) of planning levels are 
given in a number of IEC documents: IEC 61000-3-6 treats harmonic 
distortion. To be able to use a planning level as a decision tool for the 
connection of distorting equipment, a performance index as well as a 
performance objective has to be defined. The definition of the performance 
index includes all details on its measurement and calculation [16]. 

8.2.2 Performance indices below 2 kHz 
Performance indices below 2 kHz are defined in IEC 61000-4-7 and in IEC 
61000-4-30. The so-called “basic measurement window” has a length of 
about 200 ms (10 cycles in a 50-Hz system; 12 cycles in a 60 Hz system). 
After applying a Discrete Fourier Transform (DFT) this results in a spectrum 
with a frequency separation of 5 Hz. To be able to compare measured voltage 
and current distortion with objective values (e.g. with planning levels or with 
emission limits) the individual values are merged into the so-called harmonics 
groups, harmonic subgroups, interharmonic groups, and interharmonic 
subgroups, containing 9, 3, 9, and 7 frequency values, respectively, in a 50-
Hz system [14][58].  
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8.2.3 Performance indices 2-9 kHz 
An informative annex with IEC 61000-4-7 discusses a characterization method 
for disturbances in the frequency range 2 - 9 kHz [58]. Applying a discrete-
Fourier transform (DFT) algorithm to this 100-ms window results in frequency 
values with 10-Hz separation. The resulting values are grouped into 200-Hz 
bands, using the following grouping algorithm: 
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with Cf the rms value of the frequency component at frequency f. This 
grouping algorithm results in 35 frequency bands centered around 2100, 
2300, .... , 8700 and 8900 Hz. Note that the distortion level per 200-Hz band 
can be obtained independent of the window length. 

8.2.4 Consistency of results above and below 2 kHz 
The choice of frequency bands in IEC 61000-4-7 is based on CISPR 16-1, 
where the same 200-Hz bandwidth is used. The characterization method is 
however not compatible with the method used for harmonic and 
interharmonic distortion below 2 kHz. The grouping algorithms for harmonics 
and interharmonics, as described in IEC 61000-4-7 [58], add the signal 
energy of all frequency components within each group or subgroup. The 
grouping algorithm used in the frequency band 2 - 9 kHz, also adds the 
energy over all components within each frequency band but over a different 
frequency band. For a single-frequency signal (a line spectrum) the result will 
be consistent for both methods. Thus a 1 Volt signal of one single frequency 
(e.g. 1999 Hz or 2001 Hz) will result in a 1 Volt value for the 40th harmonic 
group or subgroup, as well as a 1 Volt value for the 2100-Hz band. 

The situation is different for broadband signals, the kind of signals that are 
more common for the higher frequency ranges. To compare different 
frequency bands it is important to consider Parseval's theorem. Parseval's 
theorem relates the energy of the signal in time domain and in frequency 
domain. For digital (sampled) signals Parseval's theorem reads as: 
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The left hand side is the square of the rms value of the signal, which is 
independent of the sampling rate or measurement window. Doubling the 
measurement window will double the number of frequency components. For a 
broadband spectrum the energy will be spread over the frequency 
components, so that the amplitude of each frequency component will be 
reduced by a factor of square-root two. The basic frequency components 
below 2 kHz are obtained from a 200-ms window; the ones above 2 kHz from 
a 100-ms window. Let the amplitude of a 5-Hz component (obtained from a 
200-ms window) be equal to 1. The amplitude of a 10-Hz component 

(obtained from a 100-ms window) is then equal to 41.12 ≈  and the amplitude 

of a 200-Hz band is equal to 32.640 ≈ . All this assumes a flat continuous 
spectrum within the 200-Hz frequency band.  



ELFORSK 
 

39 
 

Table 8-1 gives the resulting amplitudes for the harmonic and interharmonic 
groups and subgroups in a 50-Hz and 60-Hz system when the 200-Hz band 
results in a value of 1 Volt. 

Table 8-1 Relation between amplitude of groups and subgroups for a flat 

continuous spectrum when the 200 Hz band results in a value of 1 Volt. 

 50 Hz 60 Hz 

Harmonic Group 0.5 V 0.55 V 

Harmonic Subgroup 0.27 V 0.27 V 

Interharmonic Group 0.47 V 0.52 V 

Interharmonic Subgroup 0.42 V 0.47 V 

8.2.5 Performance Objectives below 2 kHz 
Objective values (limits) for voltage distortion are given in a number of 
documents: voltage characteristics for low and medium-voltage networks are 
given in EN 50160 [59]; compatibility levels for low-voltage networks are 
given in IEC 61000-2-2 [60]; indicative planning levels for medium and high-
voltage networks are given in IEC 61000-3-6 [61] and were recently 
confirmed by an international group of experts [16]. Although the three 
different limits serve different purposes, they are in practice strongly linked 
[14][16].  

Technical document IEC 61000-3-6 only gives indicative values for medium-
voltage networks; no planning levels are recommended in any existing IEC 
document for low-voltage networks. However, the voltage characteristics 
according to EN 50160 are the same for low and medium-voltage networks. 
Therefore it appears reasonable to assume the same planning levels for low 
and medium-voltage networks.  

Table 8-2 Indicative planning levels according to IEC 61000-3-6. 

Harm V (%) Harm V(%) 

21 0,20 31 0.60 

22 0.20 32 0.20 

23 0.74 33 0.20 

24 0.20 34 0.20 

25 0.70 35 0.56 

26 0.20 36 0.20 

27 0.20 37 0.54 

28 0.20 38 0.20 

29 0.63 39 0.20 

30 0.20 40 0.20 
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The planning levels as indicated by IEC 61000-3-6 are reproduced in Table 
8-2, for harmonic order 21 through 40. The limits for the highest even and 
triple harmonics are 0.2%. The limits for odd harmonics decay towards 0.2% 
inversely proportional to the frequency. The indicative planning level for the 
highest non-triple odd harmonic (37th) is 0.54% of the nominal voltage.  

8.2.6 Performance objectives above 2 kHz 
As shown earlier, the distortion levels in the range 2-9 kHz cannot be 
immediately compared with the levels for lower frequencies (harmonics 2 
through 40). Harmonics are treated as predominantly a line spectrum 
superimposed on a continuous spectrum. In IEC 61000-4-7 harmonic and 
interharmonic groups and subgroups are defined to separate the harmonic 
spectral lines from the rest of the distortion. 

In the frequency range of 2-9 kHz the spectrum is treated as a continuous 
spectrum. The energy in every 200-Hz band is used as a performance index. 
Note that there is no sharp transition between a line spectrum and a 
continuous spectrum at 2 kHz. The actual change is smoother and may start 
already around 1 kHz. However, in international standards, the change in 
analysis methods is chosen, somewhat arbitrarily at 2 kHz. 

To compare the levels and limits below and above 2 kHz the values in Table 
8-2 should be used. For the extension of the indicative planning levels to 
higher frequency, a constant value of 0.2% has been chosen. When 
translating this value to a value for the 200-Hz bands, the method used for 
obtaining the harmonic distortion becomes important. According to IEC 
61000-4-30, the harmonic subgroups should be used to characterize 
harmonic distortion. Using Table I, a level of 0.2% for the harmonic subgroup 

corresponds to a level of %74.0
27.0

2.0 =  for the 200-Hz band. 

Technical document IEC 61000-3-6 further gives indicative planning levels for 
interharmonics equal to 0.2%. According to IEC 61000-4-30, the 
interharmonic subgroup shall be used to characterize interharmonic distortion. 
Using again Table I, the level of 0.2% for the interharmonic subgroup 

corresponds to a level of  %43.0
47.0

2.0 =  for the 200-Hz band. 

Based on this extension of the limits in IEC 61000-3-6, planning levels 
between 0.4% and 0.75% would be reasonable above 2 kHz. A planning level 
for the frequency range between 2 and 9 kHz is proposed that is equal to 
0.5% of the nominal voltage for each 200-Hz band. 

8.3 Emission by DG units 
An increased penetration of inverter-based distributed generation (DG) will 
likely lead to an increased waveform distortion in the frequency range 
between 2 and 9 kHz. Possible types of DG with inverter-based interface 
include solar panels and domestic CHP (combined heat and power). To 
estimate the severity of such an increase, an estimation was made of the 
number of DG units that can be connected near the same location in the 
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distribution network without exceeding the planning levels in the frequency 
range between 2 and 9 kHz. This number of units is the hosting capacity of 
the network. 

8.3.1 Individual DG units 
An estimation of the expected emission by individual DG units has been made 
by comparing a number of measurements performed elsewhere. The 
measured distortion per 200-Hz group has been summarized in Table 8-3. 
The two deviating results are a laboratory setup and the inverter part of a 
double-fed induction generator (DFIG). From the other results it is concluded 
that the distortion is expected to be between 1 and 5%. Based on the 
information in the table, it was decided to use a current distortion between 1 
and 3% for small single-phase units and between 0.5 and 1.5% for larger 
three-phase units. The latter units, being more expensive, are assumed to be 
equipped with a better filter to reduce the emission. 

Table 8-3 Overview of measured current distortion.  

Estimated 200-Hz group current Description 

1.5% 2250-W PV inverter [63] 

0.3% Laboratory setup aimed at limiting 
harmonic current distortion. [64] 

12%  DFIG inverter. The base current is the 
inverter current. A lower distortion 
index is obtained when the total current 
of the wind turbine is used as a base. 
[65] 

3.3% 100-kW microturbine [66] 

5% 110-W PV inverter [26] 

2.4% 150-W PV inverter [67] 

3.1% 100-kW PV system [68] 

 

8.3.2 Source impedance 
In order to easily estimate the maximum allowable harmonic current emission 
level from the harmonic voltage limits, information about the harmonic 
network impedance is needed. This impedance is usually calculated from 
simulations of the harmonic power network or directly accessible from 
measurements. 

The harmonic network impedance varies considerably between the nodes of a 
power network and also during the day. Measurement results are available for 
the LV network in the frequency range 2-9 kHz in [69]. According to the 
measurements the impedances were higher in overhead systems than in cable 
systems by a factor 3-5. The ratio of “phase-to-phase” impedance to “phase-
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to-neutral” impedance was in range of 1.5-2. The 90-95% probability curve of 
the phase-to-neutral impedance is approximated as: 

 ( ) Ω+= 1
Hz/Ω1000

f
fZ , (23) 

where f is the frequency and Z the impedance. For example the phase-to-
neutral impedance in the LV network at 5 kHz is below 6 Ω for 90 to 95% of 
the connection points.  

Note that expression (23) cannot be used to calculate the source impedance 
at a given location in the network. It can only be used as a reference 
impedance for compatibility studies. 

8.3.3 Multiple DG units 
The emission by a number of units cannot simply be obtained by adding the 
emission of the individual units. The phase angle of the frequency components 
from individual components will typically be different, so that the amplitude of 
the sum is less than the sum of the amplitudes (the well-known “triangular 
inequality”). When the phase angles are fully random, i.e. independent of 
each other, the amplitude of the emission increases with the square root of 
the number of elements. 

Another and much more difficult aspect that needs to be considered is the 
interaction between individual units through the grid voltage. An increasing 
number of units will lead to increasing voltage distortion, which in turn 
impacts the current distortion. For lower harmonic orders this interaction 
leads to a reduction in distortion [70] but for higher frequencies the impact of 
this interaction remains unknown. Detailed simulations of hysteresis control 
presented in [71] confirm a square-root relation with the number of elements, 
whereas simulations presented in [26] point to an increase that’s less than 
according to the square-root law. 

Measurements on fluorescent lamps presented in [72] indicate a linear 
increase for frequencies up to a few kHz and an increase with the square root 
of the number of lamps for higher frequencies. 

8.3.4 Calculating hosting capacity 
When both the harmonic current spectrum of an inverter and the allowed 
voltage emission level at the PCC (i.e. the planning level) are known at a 
considered frequency then the hosting capacity of this type of inverters can be 
estimated. Calculating the emission by multiple units from the emission of 
individual units is not straightforward. As this study involved an estimation, it 
was decided to assume random sources of emission so that the square-root 
summation law would hold. According to this summation law the current 
distortion is proportional to the square root of the number of units.  

The harmonic voltage level due to a single inverter with relative harmonic 
current Ifrel in the frequency band with center frequency f is equal to: 

 nomfrelff IIZV = , (24) 
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where Zf is the network impedance at frequency f and Inom is the nominal 
current. For N identical inverters with random emission the resulting voltage 
at the PCC is: 

 nomfrelfffN IIZNVNV ×=×= , (25) 

By supposing that the resulting voltage VfN is equal to the maximum 
permissible voltage emission level nomfrel UE ×  for the frequency band with 

centre frequency f and nominal phase voltage Unom, the hosting capacity can 
be calculated: 
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For the LV network and frequency band 2-9 kHz this equation can be written 
as: 
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The value of N is at its lowest value when frelf IZ  has its maximum, where Zf 

is the "reference impedance" as in (23). The frequency at which this occurs is 
the "critical frequency" for the hosting capacity, i.e. the voltage-distortion 
limit will be exceeded first at this frequency. In the forthcoming sections, the 
hosting capacity is calculated as a function of this frequency.  

From the above discussion on performance indices and limits, a limit of 
Efrel=0.5% was concluded for the voltage distortion per 200-Hz group. This 
value, together with the values for the current distortion per 200-Hz group 
can be used to estimate the hosting capacity. 

8.3.5 Single-phase units 

Consider as an example a 1-kW, 230-V, single-phase unit (Inom = 4.34 A). The 
resulting hosting capacity is shown in Figure. 8-1 as a function of the critical 
frequency. The current distortion at the critical frequency was assumed to be 
between 1% and 3% for individual units. The decrease in hosting capacity 
with frequency is due to the linear increase in source impedance with 
frequency.  

For a 1% current distortion (per 200-Hz group) the hosting capacity is more 
than 50 around 2 kHz but decreases to less than 10 around 9 kHz. For higher 
current distortion the hosting capacity becomes close to unity, implying that 
even one single unit would result in voltage distortion close to or exceeding 
the planning level. 

The decrease in hosting capacity with frequency makes that especially the 
distortion at higher frequencies should be damped to obtain an appropriate 
hosting capacity. 
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Figure. 8-1 1-kW single-phase units for current distortion of 1% (solid), 2% 

(dashed) and 3% (dotted).  

8.3.6 Three-phase units 
The calculations have been repeated for a 10-kW three-phase unit  (Inom = 25 
A). The current distortion for such a unit is assumed to be between 0.5% and 
1.5%. It appears reasonable that for a larger unit more investment in filtering 
and switching technology is economically feasible in order to reduce the 
distortion. The results are shown in Figure. 8-2. Even for those reduced 
distortion values, the connection of two units close to each other is often not 
possible. 
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Figure. 8-2 10-kW three-phase units for current distortion of 0.5% (solid), 

1% (dashed) and 1.5% (dotted). 

It is important to note that the source impedance used in the calculations is 
the upper limit value for 90 to 95% of locations. Thus the hosting capacity is 
even less than the value given here for 5 to 10% of locations. It should also 
be noted that random phase between the individual sources is assumed. It 
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remains unclear if this is a correct model for DG inverters. When correlation 
exists the distortion of multiple inverters may be higher and the hosting 
capacity less. 

Even for the reduced distortion values assumed for three-phase units, the 
connection of two units close together is not always possible.  

8.3.7 Further calculations 
A number of assumptions had to be made in the earlier parts of this section to 
be able to obtain a value for the hosting capacity of a low-voltage grid against 
distortion in the frequency range between 2 and 9 kHz. These assumptions 
make that the resulting hosting capacity should only be treated as an 
indicative order of magnitude. The method should not be used to decide if a 
certain number of units could be connected at a certain location. For such a 
study and to get more accurate estimations of the hosting capacity, additional 
investigations are required. 

• For frequencies in the 2 – 9 kHz range higher harmonic cancellation 
levels are expected than for lower-order harmonics. The square-root 
law used in this study is often mentioned. However some 
measurements point to a faster or lower increase with the number of 
units. This will have an impact on the hosting capacity and needs 
further investigation. 

• Also the limited conducted propagation and penetration of harmonic 
components in this frequency range requires further probing.  At these 
frequencies the harmonic components will be absorbed by local 
capacitances more than at lower frequencies and will remain contained 
to a small electrical area.  

• The limited propagation of high-frequency distortion may require a 
redefinition of the concept of point of common coupling (PCC) for the 
immediate surrounding area (SA-PCC) rather than the common point 
with other customers or DG units. 

• The supply impedance considered for the determination of the current 
limits in this study is based on a 95% value of impedances versus 
frequency measured at a number of locations. This cannot be used at 
any specific single location, as it may impose an unnecessary reduction 
on the hosting capacity.   

Another aspect that needs to be taken into account concerns the planning 
levels indicated by IEC 61000-3-6.  These values are based on the fear of 
interference on electronic equipment and communication signals, etc.  There 
seems to be reason to believe that they are lower than necessary and could 
be significantly relaxed without causing any significant impact of the supply 
system and other surrounding loads. Instead of using harmonic current limits 
per DG unit, as in this section, it may be possible to consider the total 
aggregated harmonic currents that may satisfy the total harmonic voltage 
limitation and then determine the share at a given SA-PCC. 
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8.4 Discussion 
This chapter consists of two parts, but with one common aim: to assess if 
increasing numbers of equipment emitting distortion in the frequency range 2 
to 9 kHz will be a problem in the near future. 

In Section 8.2, it is shown that a suitable voltage-distortion limit is equal to 
0.5% of nominal voltage, per 200-Hz band. This limit is an extension of the 
existing limits below 2 kHz and as such could be seen as a “safe limit”. As 
long as the actual distortion remains below this limit for most sites, no 
widespread problems with equipment are to be expected. It is however not 
possible to draw the conclusion that widespread problems will occur once the 
voltage distortion exceeds the limits. But care should be taken and studies 
after equipment immunity initiated when it becomes clear that this limit will 
be exceeded in the near future. 

The voltage distortion measurements presented in [72] are by far a 
representative sample. Much more measurements are needed before concrete 
conclusions can be drawn about the existing distortion levels. The large 
spread between the locations is however cause for concern that significantly 
higher levels exist elsewhere. This may include a significant number of sites 
exceeding the “safe limit”. 

In Section 8.3, it is estimated how many DG units may be connected to the 
same location before the proposed voltage-distortion limit is exceeded (the 
“hosting capacity”). Under a number of general assumptions it is shown that 
this hosting capacity is at most several tens of units but that it may be even 
less than one unit. This implies that in some cases already the connection of 
one unit may result in a voltage distortion between higher than the safe limit 
found from extrapolation of the existing limits below 2 kHz. Despite the 
assumptions that had to be made, leaving an uncertainty in the actual value 
of the hosting capacity, the study shows that a closer look at the distortion in 
this frequency range is urgently needed. 

Although the calculations were performed for DG units, the conclusions hold 
more generally. The distortion is caused by the power-electronic interface so 
that equipment with similar type and size of interface, like adjustable-speed 
drives with active front-end, will result in similar current and voltage 
distortion. 

8.5 Simulation results 
Several simulation models in PSCAD/EMTDC were implemented in CODGUNET 
Work Package 4 [9] for the analysis of network connection of DG units with 
two different power electronic converters - one self commutated pulse width 
modulated (PWM) and one forced commutated thyristor converter. 

The PWM converter generates harmonics at multiples of its switching 
frequency, here set to 3 kHz. In a high power situation the harmonics at 
switching frequency measured at the 20 kV converter connection point are 0.8 
% of the fundamental for the line current and 1 % of the fundamental for the 
line voltage. It is shown that the filter between the converter and the main 
network connection point is of importance. There have traditionally been no 
limits or recommendation to the harmonics at switching frequencies in 
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question for a converter like this (between 2 and 10 kHz). Harmonics at and 
below 1% of the fundamental should be acceptable in this case. With careful 
filtering it should be possible to reduce the harmonics. 

The thyristor converter generates 5th, 7th, 11th, 13th (and so on) harmonics 
of the 50 Hz. In a high power situation the 5th harmonic measured at the 20 
kV converter connection point are 20 % of the fundamental for the line 
current and 2 % of the fundamental for the line voltage. The total harmonic 
distortion (THD) of the current is 23 %. In this case, without proper filtering, 
only the voltage harmonics are below the IEC limits. The current limits 
depend on the short circuit current at the connection point. 

It is shown that resonance between the network and the thyristor converter 
can occur, causing harmonics at around 4250 Hz and 4450 Hz larger than the 
5th harmonic. 

Two low voltage (400V) loads are analysed, one close to the converter 
connection point and one as far as possible from the converter connection 
point. With the thyristor converter the largest harmonic measured at low 
voltage level is about 2 % of the fundamental for the line voltage. 

8.6 Conclusions 
The study has shown that a closer look is needed at frequency distortion in 
the frequency range 2 to 9 kHz. A safe voltage distortion limit, obtained from 
extrapolating existing limits below 2 kHz, will by exceeded already after the 
connection of a few DG units with power-electronic interface or adjustable-
speed drives with active front-end. It cannot be shown that distortion will be a 
problem, as the immunity of equipment is not known, but it can be concluded 
that further studies are needed towards the following three ways of 
preventing problems. 

• Limiting the current distortion emitted by equipment in the frequency 
range above 2 kHz. 

• Evaluating the immunity of end-user equipment against distortion in 
this frequency range and improving this equipment when it is 
considered too low. 

• Reducing the source impedance of the low-voltage grid in this 
frequency range, e.g. by installing additional capacitance or 
appropriate filters. 
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9 Protection 

As discussed earlier in the report, the introduction of DG in the distribution 
network changed the traditional radial structure and uni-directional power 
flow in the distribution network. At a certain level, the distribution grids 
become more and more active and meshed, thus resemble the transmission 
network. With the aforementioned changes, the way that the protection is 
currently coordinated in the distribution network will certainly need to be 
adjusted. 

The impact on protection depends on the short-circuit contribution of the DG 
units which in turn depends on the interface. Synchronous generators deliver 
a continuous short-circuit current; induction generators contribute during one 
or two cycles in case of a three-phase fault and during several cycles in case 
of a non-symmetrical fault. DG units with power-electronic interface have 
none or a very limited contribution to the fault current.  

 

9.1 Impact on protection 
The presence of DER units may affect the currents that flow during a fault at 
distribution or even at transmission level. The phenomena are strongly related 
to the impact of DER units on voltage dips as discussed in Chapter 12. The 
change in voltage-dip magnitude due to the DER unit is caused by the fault-
current contribution of the unit. This fault current may also lead to the 
erroneous tripping of protection relays. 

The existing connection rules of distributed generation to the distribution 
system often require that the DG unit is disconnected when a fault occurs in 
the network. The disconnection criterion is typically based on undervoltage, 
but overcurrent and frequency deviation schemes are also in use. These 
schemes, including the islanding protection, are beyond the scope of this 
report. However their impact on the protection is worth illuminating. When 
the DG unit is disconnected fast enough it will not have any influence on the 
protection operation. Fast enough in this case means that the disconnection 
time should be shorter than the time it takes for the protection to make a 
decision. This reasoning results in disconnection times below 100 ms. In 
short, to prevent interference with existing schemes the DG unit should be 
equipped with instantaneous undervoltage and/or overcurrent protection. 

With large-scale integration of DG units, this solution is however no longer 
feasible. The automatic disconnection of the DG units could easily result in 
instability or system collapse triggered by a simple event like a fault on a 
transmission line. Therefore the future grid with DG will require the DG units 
to become part of the protection coordination of the distribution systems. This 
chapter of the report discusses this coordination. 

Consider first a fault in another distribution feeder; see left-hand side of 
Figure. 9-1. For a correct operation of the protection, breaker CB2 will open 
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and breaker CB1 will not. The contribution of the synchronous machine to the 
fault may however be mistaken for a downstream fault (i.e. a fault on the 
feeder to be protected) by the protection associated with breaker CB1. The 
result would be a mal-trip of breaker CB1. The protection normally present in 
distribution systems does not sense the direction of a current. An additional 
problem could be that the total fault current through breaker CB2 increases 
and may exceed the switchgear rating. 

The problem may also occur for faults at a higher voltage level, as shown on 
the right-hand side of Figure. 9-1. Both breaker CB1 and CB3 may experience 
an erroneous trip. The transformer impedance will however limit the fault-
current contribution so that such a mal-trip will be less likely. 

SM

CB1 CB2

faulted 
feeder

non-faulted 
feeder

SM

CB1 CB2

CB3

 

Figure. 9-1 Contribution of DER unit to the fault current for a fault in another 

distribution feeder (left) and for a fault at transmission level (right) 

For symmetrical faults only synchronous generators give a sustained 
contribution to the fault. For non-symmetrical faults, also, induction 
generators will contribute and thus increase the risk of mal-trip. Double-fed 
induction generators do not contribute to the fault, but their heavy reactive-
power consumption may also lead to protection mal-trip. 

After a fault induction machines take a large current to rebuild the air-gap 
magnetic field. This post-fault inrush may also lead to protection mal-trip. 

Power-electronics converters do not significantly contribute to the fault 
current and are thus not a concern for protection operation in the distribution 
system. Their small fault-current contribution may however make it difficult to 
use overcurrent protection to disconnect the DER unit during the fault. Also 
during microgrid operation the small fault current may be a concern. 

For an increasing penetration of DER the risk of a mal-trip will increase, thus 
leading to an increase in the expected number of interruptions as experienced 
by the end-customers.  
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When considering the impact of DG on the protection different hosting 
capacities should be considered, corresponding to different changes to be 
made in the system. 

1) Changing protection settings. This may be required already for small levels 
of DG integration and is limited to a change in the current limits. A new 
protection coordination is recommended whenever a DG unit is connected 
to a distribution grid so as to ensure that no coordination problems occur. 
However the costs of the changes are small as no investments in 
equipment are needed, 

2) Additional time step in protection coordination. When a feeder contains a 
high amount of DG, more than about 25 to 50% of the transformer rating 
according to preliminary studies (by STRI as well as by Tractebel), 
coordination problems occur that require the introduction of a new time 
step. This is in itself easy and cheap but it could cause problems with the 
fault-current withstand of transformers or cables as well as will personnel 
safety. If such problems occur, significant investments may be needed 
where a dedicated transformer to the DG unit could be the easiest 
solution. 

3) Additional circuit breaker. For a long feeder the difference between the 
highest load current and the lowest fault current may become too small 
for a reliable protection. This requires the installation of a circuit breaker 
somewhere along the feeder, in fact a new substation. For long feeders 
that are close to their maximum length, the installation of a small amount 
of DG may already require this. It is not clear how common this situation 
is in Sweden. It should also be noted that for feeders close to their 
maximum length a small amount of load growth would also result in the 
need for an extra circuit breaker. 

4) New protection concepts. When two or more feeders from the same 
transformer have a significant amount of DG, it is no longer possible to 
obtain selective protection with only overcurrent protection. Other 
solutions are needed like directional protection and/or communication 
between relays. 

9.2 Relay  protection for networks with DG 
Relay protection for networks with increased DG penetration is one of the 
major research area that reported in the report of CODGUNet Work Package 5 
[10]. 

With a low level of DG penetration, system operation is in no way critically 
depending on the generated power. On the contrary, in case of abnormal 
situations all DG units are required to trip. This immediately leads to a 
distribution system with single-sided in-feed of fault current and where 
conventional philosophies for protection and restoration are valid. Assuming a 
sizable penetration of DG, the units should be considered as important 
security asset and then need to be treated differently. Further steps to 
increase security of supply would be to allow DG units to feed island networks 
and to use meshed distribution networks. This requires that a number of 
issues be properly dealt with. The ultimate future scenario is to redesign 
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system operation completely by introducing the so-called active distribution 
network. A closer look at this reveals that it is a logical step when islanding 
and meshed networks can be handled. 

The design of existing distribution system protection predominantly assumes 
single-sided in-feed of fault current. With DG units in the system fault current 
will be supplied by several sources. Changes in protection have been kept to a 
minimum by resorting to single-infeed through the use of loss-of-mains for 
DG unit tripping. It is a challenge to connect large amounts of DG to 
distribution feeders with the existing non-directional overcurrent protections. 

In order for system operation to take advantage of DG as a means for 
increased security of supply, possibilities for avoiding tripping of DG units just 
because it simplifies fault clearing should be considered. Both consumers and 
transmission system operators will profit from this, since DG can be 
considered as a security asset. For this to happen, all involved parties, unit 
manufacturers, distribution network owners and system operators, should 
agree on the requirements regarding operation at abnormal voltages and 
frequencies.  

The protection of the system should be adapted to the new situation: 

• High penetration of DG leads to a situation of multiple infeed, which is 
further accentuated if distribution networks are meshed. This 
complicates the co-ordination of overcurrent protections. To simplify 
this, non-directional overcurrent protection may be replaced by 
distance protection. A step further, that eliminates co-ordination 
entirely, is to employ current-differential protection, which requires 
telecommunication links associated with additional costs.  

• At this stage of development, efficient loss-of-mains protection is most 
important. However, the use of loss-of-mains protection is not 
compatible with operation in controlled island mode. If controlled 
island operation is desirable, settings of all protection equipment 
should take the conditions during island operation and the transition to 
island operation into account. 

• If controlled island operation is desirable, the reduced fault current 
during island operation may be handled by employing different 
settings. The settings are changed when island operation is detected.  

• Voltage checks should be used to avoid that a DG unit energizes a 
faulted or earthed network and to avoid that a DG unit is energized 
while de-energized and at standstill.  

In general, operation and protection of distribution networks appears to 
develop to become more similar to transmission systems. This is particularly 
true for MV distribution systems. As mentioned repeatedly, solutions generally 
applied in transmission systems will solve many of problems encountered in 
distribution networks when the penetration of DG increases, island operation 
is introduced, multiple in-feed is allowed or distribution networks become 
meshed. In the visionary proposal about active distribution network this is 
accentuated when island operation forms the basis and the islands are 
interconnected by meshed networks. This combines all the future scenarios 
presented here. 
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10 Reliability 

The introduction of distributed generation is likely to have both positive and 
negative impact on the reliability of supply as experienced by the end 
customers. 

10.1 Improvement in reliability 
The introduction of DG will result in an improvement of the supply reliability in 
a number of ways. 

• As DG is often closer to the loads than conventional large units it will 
reduce the loading of both transmission and distribution systems. This 
holds especially for Sweden where the centralized generation is remote 
hydropower or large nuclear power stations. A reduction in loading at 
distribution level reduces the risk of an interruption due to overloading of 
a component. At transmission level the risk of a large-scale blackout is 
reduced, as the introduction of DG will effectively result in a reduction of 
power flow through the transmission system. 

• The introduction of DG will also result in more generation margin and this 
reduces the risk of a shortage of generation. 

• Distributed generation can help in allowing a faster restoration of the 
supply after a fault on a distribution feeder. When supplying load from a 
back-up feeder overloading during peak load is a major concern. However 
DG will reduce the peak load and thus the risk of overloading. 

• In the future DG could be a resource during rebuilding of the network after 
a massive blackout. 

• DG even offers the possibility of controlled island operation during an 
interruption. This however requires significant investments in both the DG 
units and the distribution network. Controlled island operation of individual 
customers is easier but even here a number of challenges remain. 

10.2 Controlled islanding 
The relationship between reliability of supply for distribution customers and 
DER with island-operation capability has been discussed in publication [xiv.)]. 
The main conclusions from that paper include: 

• The choice of switchgear interface should be determined by the 
reliability requirements of the load.  

• By allowing island operation of the DER unit with other loads, the 
reliability of the distribution network can be improved.  

• The reliability of the DER unit during island operation has a large 
impact on the resulting reliability. The interruption duration 
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distributions for repair and restoration time impact the number of 
interruptions longer than a certain duration. 

Within the EU-DEEP project a further investigation has been carried out to 
develop a set of quantified design guidelines to improve the reliability by 
selecting proper location for DG installation and switching devices 
configuration. The design guidelines were applied to a practical system to 
improve the reliability for all the customers, the result is shown in Figure. 
10-1, where the unavailability of each customer is compared under different 
design stages: 

• Case-study I, the original system without DG units. 

• Case-study IV, Case-study I with DG units installed at proper locations. 

• Case-study V, Case-study IV with circuit breakers installed. 

• Case-study VI, Case-study V with disconnectors installed. 
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Figure. 10-1 Comparison of the unavailability  for loads under different design 

stages. 

It is worth pointing out that controlled islanding of DG is, at the moment, still 
a controversial topic. The report of CODGUNet work package 5 [10] presented 
a detailed survey of the technical requirements for controlled islanding of DG, 
it shows that further investigation should be carried out before the large-scale 
application of such practice. Also the technical complexity incurred by the 
controlled islanding will require additional investment to the DG units, which 
might in certain circumstances compromise the economical advantages of DG 
for the owner of DG unit. 

10.3 Deterioration of the reliability 
There are a number of new threats to the system reliability due to the 
introduction of DG. They may not all be serious threats but it is worth 
mentioning them. 

• The problems with protection coordination were mentioned in Chapter 9 of 
this report. The introduction of DG in all cases changes the fault currents 
and this will increase the risk of an incorrect protection operation. The risk 
or the increase in risk may be small, but it remains a risk. From the view-
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point of the end-user incorrect protection operation results in a higher 
expected number of interruptions. Interruptions associated with protection 
mal-operation are also often longer than normal interruption as it will be 
more difficult to find the cause of the fault. Note that it will rarely be 
immediately obvious that the protection operated incorrectly. 

• When connecting large DG units to remote locations in rural networks, 
overloading could occur increasing the risk of an interruption. 

• A potential risk with the connection of DG units is that they may be 
installed and maintained by independent companies that do not follow the 
quality routines that are common for distribution companies. This could 
result in a rather high failure rate of the DG units with the risk of this 
spreading to the distribution network. 

• The often unpredictable behaviour of DG units during a transmission-
system disturbance could increase the risk of a large-scale blackout. 

• In the long term the installation of DG could result in the closure of 
conventional power stations or in less than sufficient growth in the number 
of conventional stations. As DG units are typically non-dispatchable this 
could result in a shortage of generation or in insufficient operational 
security. Both require rotating interruptions and increase the probability of 
a large-scale blackout. 

10.4 Reliability of generation 
To illustrate the complexity of the relations between distributed generation 
and reliability, the impact of DG on generation reliability (often referred to as 
“Hierarchical level I reliability”) is described here. This is only a qualitative 
description and a detailed study is needed to quantify the impact. Note that 
the discussion below only considers the impact of DG on the generation 
reliability; positive or adverse impacts on transmission or distribution 
reliability (as discussed before) is not included here. 

1. The increase in generation due to the introduction of DG makes that 
more generation with zero or low marginal costs becomes available for 
the market. This results in a reduction in the market price of 
electricity. The level of reduction depends on the existing generation 
mix, the consumption pattern and the production pattern of DG/RES. 

2. A generation unit generates power when the electricity price exceeds 
the marginal costs. The annual income from the unit is the sum of the 
difference between price and costs over all periods during which price 
exceeds costs. This annual income should exceed the fixed costs plus 
minimum required profit. If this is not the case, the owner of the 
generation asset will dispose of it. As mentioned in point 1 above 
increasing amount of DG leads to a decreasing electricity price and to 
decreasing profitability of generation assets. Above a certain amount 
of DG/RES, some conventional units will no longer be available as their 
annual income will be less than the operational costs. 

3. Generation reliability is a complex subject with many different ways of 
quantifying the reliability. A simplified version would be to quantify the 
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system reliability as the probability that the system operator does not 
have access to sufficient assets to fulfill the (N-1) criterion. Once this 
happens voluntary load reduction or rotating blackouts are the likely 
consequences. The lower this probability is, the more reliable the 
system. An increase in DG/RES will initially result in a lower 
probability, as more generation becomes available. But once 
conventional units are closing the probability increases. 
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11 Operational security 

For a fault in the transmission system the situation may be even more severe 
that for a fault in the distribution system. As the transmission system is 
operated meshed, the fault will not lead to loss of load, instead the same 
amount of load has to be transported through a weakened system. The so-
called (n-1) principle states that the transmission system should be able to 
cope with the loss of any single component. A fault at transmission level will 
cause a voltage dip for load or generation connected to the distribution 
network, over a large geographical area. Tripping of DG units will lead to a 
post-fault loading that is higher than the pre-fault loading. The already 
weakened transmission system may not be able to cope with this and the 
consequence depends on the actual configuration and operation mode of the 
specific system: 

• Voltage collapse due to the lack of reactive power support. 

• The loss of DG results in a deficit in the active power which may in turn 
cause frequency instability.  

• The overloading in one or several transmission lines may result in 
angle instability problems.  

The situation is shown in a simplified form in Figure. 11-1, where DG is 
connected at distribution level. Under normal operation mode, DG acts as a 
passive “negative” load and is embedded by loads connected at distribution 
level seen from the transmission level.  The fault will lead to the loss of one of 
the two lines feeding the local grid. Under the (n-1) principle the system will 
be able to cope with this. However with the voltage dip or frequency swing 
following the fault, a large amount of DG units in the distribution system will 
be tripped and consequently a further increase of loading will be present in 
the transmission system, beyond the (n-1) limits.  
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Figure. 11-1 Power system before and after a transmission system fault 

 

The tripping of large amounts of DG units during faults and other disturbances 
is a concern for the security of the transmission system. It is in principle 
possible to operate the transmission system with sufficient redundancy to 
cope with the sudden loss of DG units. But this would take away some of the 
advantages of distributed generation.  

11.1 Massive DG tripping 
It was mentioned before that the immunity of DG units against abnormal 
events is a trade-off between reliability and costs. This trade-off is made by 
the owner of the unit and may likely result in a situation where the units are 
not immune to severe but rare events like the severe frequency swing and 
voltage dip on the right-hand side of Figure. 2-2 and Figure. 2-3, respectively. 
With a large penetration of DG, such a severe event could result in the 
tripping of massive numbers of DG units. Seen from the grid this would result 
in a sudden increase of the loading together with the loss of a major 
component, resulting in stability problems and a major blackout. This is made 
more severe by the protection and islanding-detection requirements set by 
the distribution network operators. 

A schematic diagram linking a system event with a large-scale blackout is 
shown in Figure. 11-2. Single-phase faults are more common than three-
phase faults but their impact on DG units is less severe. More localized 
events, like distribution-system faults, may lead to interruptions at 
distribution level.  
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Figure. 11-2 The potential consequences of a fault or loss of generation in a 

system with a large penetration of DG. 

This problem has received attention recently in countries with a large 
penetration of wind power, notably Denmark and Germany. But many 
network operators express the same concern against the large-scale 
penetration of other distributed generation.  

The reliability and operational security of the system is a concern for the 
network operators, so that they will have to define immunity requirements to 
keep the unit connected to the system even during a disturbance. The 
hosting-capacity approach can also be applied to study the impact of 
increasing levels of DG on local, regional and global reliability, stability and 
operational risk. Stochastic reliability and security indices are needed to 
compare with acceptable limits. 

11.2 Voltage-dip immunity of DG units 
It has been mentioned before the need for immunity requirements for DG 
units, especially in the light of system security and reliability concerns. The 
connection requirements are expressed in the form of so-called “voltage-
tolerance curves”. 

The voltage-tolerance curve quantifies the way in which equipment (end-user 
equipment, but also generator units) copes with voltage dips at its terminals. 
When testing existing equipment against tolerance requirements it is not 
needed to obtain the complete curve, but during the design and development 
stage the voltage-tolerance curve is a good tool to describe the actual 
performance. A hypothetical example of a voltage-tolerance curve is shown in 
Figure. 11-3.  
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Figure. 11-3 Hypothetical example of a voltage-tolerance curve. 

The underlying assumptions behind the use of the voltage-tolerance curve are 
as follows: 

• Voltage dips can be characterised by one residual voltage and one 
duration. 

• Any increase in duration and any decrease in retained voltage will 
make the event more severe. 

• Two dips with the same residual voltage and the same duration have 
the same effect on the equipment. 

Under the first assumption, every dip corresponds to one point in the voltage-
duration plane in Figure. 11-3. Every dip that ends up below the curve will 
lead to mal-operation of the equipment; every dip above the curve will not. 
The voltage-tolerance curve is obtained by applying voltage dips of different 
retained voltage and duration until the position of the curve is known with the 
required accuracy. 

Table 11-1 Five types of three-phase unbalanced voltage dips. 

Type Voltages Phasors 
A 

3

3

2
1

2
1

2
1

2
1

jVVU

jVVU

VU

c

b

a

+−=

−−=

=
 

 

C 

3

3

2
1

12
1

2
1

12
1

1

jVEU

jVEU

EU

c

b

a

+−=

−−=

=
 

 
D 

3

3

12
1

2
1

12
1

2
1

jEVU

jEVU

VU

c

b

a

+−=

−−=

=
 

 



ELFORSK 
 

60 
 

F 

( )
( ) 3

3

6
1

13
1

2
1

6
1

13
1

2
1

jVEVU

jVEVU

VU

c

b

a

++−=

+−−=

=
 

 
G 

3

3

2
1

6
1

13
1

2
1

6
1

13
1

3
1

13
2

jVVEU

jVVEU

VEU

c

b

a

+−−=

−−−=

+=
 

 
 

The third assumption may not be true for voltage dips due to different types 
of faults. For the ease of understanding, we include here a simple illustration 
of voltage dips of different types in Table 11-1 and Figure. 11-4. A more  
complete discussion of the classification of three-phase unbalanced dips is 
available in [13][73][74][75]. 
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Figure. 11-4 Voltage dips at a DER interface due to different types of fault in 

the power system. The dip types are given for the phase-to-ground voltages. 

As can be expected, a dip of type A may affect equipment in a completely 
different way from a dip of type C, even if they have the same retained 
voltage and duration. The voltage-tolerance curve will thus typically be 
different for the different types of dips. A hypothetical example is given in 
Figure. 11-5.  



ELFORSK 
 

61 
 

100%

Type A

Type F/G

Type C/D

duration

re
si

du
al

 v
ol

ta
ge

 

Figure. 11-5 Hypothetical example of voltage-tolerance curves for different 

types of unbalanced dips. 

As the performance of equipment is different for different types of three-
phase unbalanced dips, it is important that this is considered in the 
performance requirements. This can be incorporated in a number of ways: for 
example different requirements for different dip types; or only requirements 
for the most severe dips (type A). From a survey of the literature on 
performance requirements no reference to different dip types has been found. 

Several countries and network operators give requirements on the voltage-
tolerance of equipment. It is thereby very important to realize that there are 
two approaches here, which is not very clear from the literature, neither from 
some of the documents. The requirements may pose a maximum tripping 
time for a given undervoltage. Those should not be seen as immunity 
requirements, but as protection requirements. The fear of islanding is often 
behind such requirements. Network operators may also prescribe minimum 
tripping times as a function of the residual voltage in the system. Those are 
immunity requirements. System security and reliability concerns are behind 
those requirements.  

The different types of voltage-tolerance curve are plotted in Figure. 11-6. 
Note that this is again a hypothetical example. The tolerance of the DG unit's 
components against overvoltage, overcurrent, etc. also places protection 
requirements on the interface with the grid. It appears that most existing 
connection agreements only pose a protection requirement thus only limiting 
the immunity requirements on one side. An overview of different connection 
agreements is presented in [76] and [77].  
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Figure. 11-6 Voltage-tolerance curves for the immunity requirement (see text 

for explanation). Hypothetical example. 

The following curves are shown in Figure. 11-6: 

1. A (future) immunity requirement set by the transmission-system 
operator (or by the ISO) to guarantee that the DG units remain 
connected to the system during a fault in the (transmission) system. 
This curve is a minimum requirement: the unit is not allowed to be 
disconnected for any disturbance above or towards the left of this 
curve. 

2. The actual immunity of the DG unit determined by the setting of the 
protection. The DG operator is free to set this curve within the 
limitations posed by curve 1, 3 and 4. 

3. The limits set by the physical properties of the DG unit components: 
thermal, dielectrical, mechanical, and chemical properties. This curve 
is determined by the design of the unit and the rating of its 
components. The DG operator can only affect this curve in the 
specification of the unit. 

4. The protection requirements dictated by the distribution-system 
operator, to ensure that the DG units will not interfere with the 
protection of the distribution system. (This is the curve given in IEEE 
1547). This is a maximum requirement: the unit shall trip for every 
disturbance below and to the right of this curve. 

 
Three coordination requirements should be fulfilled for these curves: 

• Curve 2 is to the right of curve 1. 
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• Curve 2 is to the left of curve 3. 

• Curve 2 is to the left of curve 4. 

The condition that curve 3 and curve 4 are to the right of curve 1 follows from 
these requirements. There is no requirement on coordination between curves 
3 and 4. 

These three curves in Figure. 11-6 should be coordinated in a correct way: 
the immunity requirement should be more strict than the actual performance 
which in turn should be more strict than the protection requirement. This 
becomes an important issue with massive deployment of DG units. As 
different stakeholders will define different requirements, their coordination is 
far from straightforward.  

The co-ordination becomes even more complicated than indicated here when 
the different curves refer to voltages at different locations, as is most likely 
the case. The immunity curve is typically defined by the transmission-system 
operator and thus refers to voltages at transmission level. The protection 
curve is typically defined by the distribution-system operator and thus refers 
to voltages at distribution level. The protection settings for the DG unit (and 
thus the actual "immunity performance") and the ratings of the DG 
components are related to the voltages at the terminal of the device. The 
relation between the terminal voltages and the voltages in the system 
depends on the load flow and is thus not always the same. 

The UK [78] and US requirements [33][34] are summarized in Figure. 11-7. 
Both the UK engineering recommendation G83 and the IEEE standards give 
maximum tripping times and are thus "protection requirements" as defined in 
Figure. 11-6. The figure also includes, as a reference, the requirements set for 
large generator stations connected to the Nordic transmission grid. The upper 
dashed curve gives the actual requirement, which holds for the voltage on the 
generator side of the generator transformer. The lower dashed curve is the 
estimated voltage immunity when translated to the network side of the 
generator transformer. The latter are immunity requirements and will 
probably be taken over by a number of transmission operators for the 
connection of large wind farms to the transmission system. 
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Figure. 11-7 Voltage-tolerance requirements: US (solid line), UK (dotted line) 

and Nordel (dashed lines). 

However, despite these recommendations and regulations, DG units remain 
very sensitive to voltage dips. During a three-year period, 33 cases were 
recorded in which wind-power installations on Crete tripped on undervoltage 
[79]. A comparison between the voltage-tolerance requirements in IEEE 
Std.929 and the results of an NPL survey after the number of voltage dips 
experienced by the average US low-voltage customers shows that these limits 
will lead to on average 20 trips per year, where it has been assumed that 
multiple events within a five-minute period only lead to one trip [13] . 

11.3 Loss-of-generation - frequency swings 
The loss of a large (conventional) generation unit will lead to a frequency 
swing in the whole system. The problem is more severe in Scandinavia and in 
the UK than in continental Europe because of the size of the interconnected 
systems. The smaller the system (in relation to the largest generator) the 
more severe the frequency swings. It will first become a serious problem in 
systems like Iceland and Ireland. It is very important that DG stays online, 
because these events happen rather often. Note that all units connected to 
the system will experience almost the same frequency swing. If DG units are 
not immune to these events there is a risk that a large fraction of them will 
trip due to the loss of the large generator unit. With a large penetration of DG 
this would lead to a large shortage of power which will seriously endanger the 
system security.  

The main reason for DG units to trip during a frequency swing is the islanding 
detection. In many connection codes it is compulsory to disconnect (and shut 
down) in case of a large disturbance or a grid fault (e.g. a cable fault). The 
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reason for this is that it should be possible to safely repair or restore a non-
energized grid. Still, in case of a closely matched production and consumption 
it is hard to detect whether the grid, present in the background, still operates 
in normal condition. For this occasion a sort of "islanding detection" is 
required. In practice it proves to be very difficult to develop a device that is 
working perfectly and that does not disturb the grid due to "test signals" that 
add up in case of a massive deployment.  

 

11.4 Conclusions 
 

The large scale introduction of DG at distribution level will introduce new 
challenges for the operational security of transmission system: 

1. Massive tripping of DG due to voltage dip or frequency swing following 
a fault in the system will make the prevailing (n-1) criterion no longer 
sufficient.  

2. The existing way that models DG connected at distribution level, as 
passive “negative” load is not suitable for the operation security 
assessment with a large penetration of DG. 

3. DG units connected at distribution level are generally not 
dispatchable, and the TSO normally do not have access to the exact 
operation mode of those DG units either. Thus it is not feasible to use 
the conventional deterministic methods like (n-1) criterion to assess 
operation security of systems with a large penetration of DG. 

4. Stochastic-based method should be developed for such applications, 
which has the capability to consider the random nature of DG, load 
variation and other factors. 
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12 Voltage dips 

Another power-quality issue studied in detail within the EU-DEEP project is the 
occurrence of short-duration reductions in the voltage magnitude, better 
known as “voltage dips” or “voltage sags”. A main cause of voltage dips are 
short-circuits and earth faults at different voltage levels.  

At distribution level, close to the location of DG units, some types of units 
actually reduce the number of voltage dips. Synchronous machines and, to a 
lesser extent, induction machines, act as a voltage source that maintains the 
voltage during a remote fault. It was shown that reductions up to 90% in the 
number of voltage dips are possible close to DG units with synchronous-
machine interface. The impact of power-electronic interfaces on the number of 
dips depends on the protection and control methods used but no such large 
improvement as with synchronous machines is to be expected. Double-fed 
induction machines likely have the worst impact, leading to an increase in the 
number of dips. 

Island operation of DG units allows for a reduction of the dip duration 
depending on the opening speed of the islanding breaker. With mechanical 
breakers, opening times of two to three cycles are obtainable. Power-
electronic solutions (e.g. a vacuum breaker commutating the current to a 
resonance circuit started by a thyristor) can achieve opening times well below 
one cycle. 

At transmission level, far away from the DG interface, the situation becomes 
different. The propagation of voltage dips is strongly influenced by the short-
circuit capacity of the large power stations. Any increase in DG faster than the 
load growth leads to a reduction in the number of large power stations in 
operation. Concern has been expressed that this might lead to a significant 
increase in the number of voltage dips as experienced by end customers. A 
number of studies have been conducted to quantify this effect [xi.)xxi.)]. 
Those studies and their results are summarized below. 

12.1 Central generation and dip frequency 
The method of fault positions has been used to estimate the voltage dip 
frequency due to faults in the 400 and 275-kV transmission grid of England 
and Wales. The transmission system being studied has been modelled in the 
power system analysis packages Neplan and Simpow. These packages were 
used to calculate the node impedance matrix for the network. With this 
matrix, the fault frequency of the lines and the system configuration, the 
Simpow Dips module has been used to estimate the dip frequency 
experienced by individual customers [81]. 

The calculations were repeated for different amount of central generation, 
from 30% up to 100%. The average number of dips (System average rms 
variation frequency index or SARFI) as a function of the amount of central 
generation is shown in Figure. 12-1. The value for zero reduction in central 
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generation (all large units connected to the grid) is used as a reference in 
determining the relative increase. 

100

120

140

160

180

200

220

0% 10% 20% 30% 40% 50% 60% 70%

Reduction in Central Generation [%]

R
el

at
iv

e 
D

ip
 F

re
q

u
en

cy
 [

%
]

 

Figure. 12-1 Relative increase of the system-average voltage-dip frequency; 

three-phase faults only, for 70% (dotted), 80% (dashed) and 90% (solid), 

residual voltage. 

The relative increase in voltage-dip frequency is similar for the three residual-
voltage values shown in the figure. In terms of equipment operation, the 
relative increase in the number of equipment trips is not dependent on the 
equipment immunity. For 70% reduction in central generation, all equipment 
will experience on average about twice as many trips compared to all central 
generation in operation. 

12.2 Impact of increasing levels of wind power 
In the previous section, the relation between the amount of central generation 
and the dip frequency has been studied. The amount of central generation 
varies even without any wind power being present. The introduction of wind 
power merely changes the annual variation in central generation. 

Assume a system in which the amount of central generation shows a number 
of states, Ns K1=  with duration sT  and central generation sG ; let the dip 

frequency for an amount of central generation equal to G  be equal to ( )GF . 

The average dip frequency over one year is equal to  

 ( )∑
=

×=
N

s
s

s GF
T

T
F

1

~
, (28) 

with ∑
=

=
N

s
sTT

1

 equal to one year.  
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From the study described in the previous section, the function ( )GF  has been 

obtained for each node in the transmission system. A simple load pattern has 
been assumed, where the load is equal to its maximum value, with all central 
generator units connected in case of no wind, during 50% of time and equal 
to half the maximum value during the remaining 50%. It is further assumed 
that the amount of power generated by wind power is constant during the 
year. 

Thus 10% wind power implies that 90% of central generators is in operation 
half of the time and 40% during the other half. The resulting average dip 
frequency has been calculated for each node for 0 through 20% wind power.  

The probability distribution of the dip frequency for individual nodes (the 
number of dips with residual voltage less than 0.7 pu) is shown in Figure. 
12-2. The dip frequency is rather uniformly distributed between a minimum 
and a maximum value. The distribution shows an overall increase with 
increasing amount of wind power.  
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Figure. 12-2 Distribution of average dip frequency (number of dips below 0.7 

pu) for individual nodes without wind power and with increasing amounts of 

wind power. 

12.3 Performance criteria 
Two system indices have been considered here: 

The high percentile values of the dip frequency of individual nodes are used as 
system indices. Their values are shown in Figure. 12-3, showing a steady 
decrease in performance (an increase in dip frequency) with increasing 
amount of wind power. 

The relative increase and absolute value of dip frequency for individual nodes 
in comparison with limits is shown in Figure. 12-4.  
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The increase in 90 and 95-percentile values is limited, with a 20% increase in 
system index for 20% wind power. For amounts of generated wind power 
exceeding 20% of the peak load, most likely additional measures are needed 
during periods of low load. Therefore the model used in this paper will likely 
no longer be valid for higher amounts of wind power. 
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Figure. 12-3 Increase in system index for voltage dips with increasing 

amount of wind power: 90 percentile (solid line); 95 percentile (dashed line). 

In Figure. 12-4 the increase in dip frequency for individual nodes with 20% 
wind power, is compared with a somewhat arbitrary performance limit. The 
following rules were used to arrive at this performance limit (see Figure. 3-3) 

• A dip frequency up to half the initial maximum value is acceptable for 
every node. 

• When the dip frequency is between 25% and 55% of the initial 
maximum, a doubling of the dip frequency is acceptable. 

• A dip frequency exceeding 110% of the initial maximum is not 
acceptable. 

In this case, those limits are not exceeded for 20% wind, but the performance 
comes very close to the indicated limits. In other words: the hosting capacity 
of this system for wind power, concerning voltage dips is 20% of the peak 
load. 
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Figure. 12-4 Change in voltage-dip frequency (number of dips below 0.7 pu) 

for individual nodes, no wind versus 20% wind, with performance criteria 

indicated by the solid line. 

The conclusion from this case study is that 20% “displacement” of large 
(centralized) generator units by wind power or DG will increase the 90 and 
95-percentile values of the dip frequency by about 10%. Individual nodes 
may experience a much larger increase, but no node experiences a doubling 
of the dip frequency. 

Without a further discussion on what are acceptable in terms of dip 
frequencies, it is not possible to decide on the acceptability of 20% wind 
power and DG. However, the increase in dip frequency is not as significant as 
was feared. 

12.4 Impact of DG on dips at distribution level [vi.)] 
The presence of generator units at distribution level will mitigate the voltage 
dip. The dip frequency as experienced by the end customers will be different 
from the dip frequency at the interface between transmission and distribution 
network. The size of this mitigating effect depends to a large extend on the 
kind of interface with the grid.  

Units with synchronous machines have the ability to mitigate voltage dips due 
to three-phase faults. Induction generators only contribute to a symmetrical 
fault during the first one or two cycles. The impact on the residual voltage is 
thus minor.  

Both synchronous and induction generators have a small negative-sequence 
impedance (0.15 - 0.2 per-unit) so that they lead to a reduction of the 
negative-sequence voltage during a non-symmetrical fault. The voltage dip 
thus becomes more balanced. During a non-symmetrical fault the decay in 
the positive-sequence current contribution of an induction generator is much 
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slower than during a symmetrical fault, so that it can be considered as a 
sustained contribution for all but the longest dips. The induction generators 
behave in this sense similar to the rest of the load, as discussed in [82]. The 
measurements presented in [82] show how the positive-sequence increases 
and the negative-sequence decreases when moving from the grid towards the 
load. The presence of synchronous and induction generators at medium and 
low voltage will further enhance this pattern. 

Power-electronic interfaces can be designed to somewhat mitigate unbalanced 
voltage dips as well, but for mitigating balanced dips overrating of the 
converters is needed [83]. However most power-electronic interfaces will trip 
rather quickly during a voltage dip as the currents and/or voltages will exceed 
their design ratings. For most voltage-dip studies it may thus be assumed 
that power-electronic converters do not contribute anything to the current 
during the fault. 

The best way for a power-electronic interface to mitigate voltage dips is to 
inject as much current as possible, which is the natural state in case the unit 
is equipped with appropriate current-limitation in its control algorithm [83].  

Double-fed induction generators (DFIG) are becoming popular for larger wind-
power installations, for connection to medium-voltage as well as to 
transmission system, in the latter case in the form of wind parks. Here we will 
only consider installations connected to the distribution system. A voltage dip 
at the stator terminals of the double-fed induction generator will lead to a 
large increase in rotor current. To protect the power electronics the rotor is 
short-circuited almost immediately. From that moment on the induction 
generator becomes an ordinary induction machine that typically operates as a 
motor with a large slip. Such a machine takes several per unit reactive power, 
which pulls down the grid voltage. 

Most existing double-fed machines will disconnect from the grid within a few 
cycles, but during those few cycles the voltage is pulled down by the heavy 
reactive-power consumption. After tripping of the generator the distribution 
system will loose some voltage support leading to a somewhat reduced 
voltage after the dip. 

In the following, a simplified model is introduced to estimate the impact of DG 
with synchronous-machine interface on the dip frequency at distribution level. 

Consider the simplified system model in Figure. 12-5. During a fault at 
transmission level, the synchronous machine can be modelled as a voltage 
source behind impedance. If we further neglect the load influence on the 
voltage and the influence of the synchronous machine on the voltage at 
transmission level, we get the model on the right to calculate the voltage as 
experienced by the end-customers. 
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Figure. 12-5 Network with synchronous generator at MV and equivalent 

circuit during a transmission-system dip. 

The residual voltage (i.e. the voltage with the end-customers during the fault) 
is found from the voltage-divider model in Figure. 12-5: If we assume that 
the back-emf of the synchronous machine Egen is equal to 1 pu, we get the 
following expression for the drop in voltage during the fault: 

 ( ) ( )HV
trgen

gen
MV U

ZZ

Z
U −

+
=− 11 , (29) 

The voltage experienced by the end-customers in case there is no generator 
connected at MV, is equal to UHV so that the reduction in voltage drop is 
related to the impedance ratio between the transformer and the synchronous 
generator. 

To estimate the impact of this on the number of dips experienced by the end-
customers, we use a simplified relation between the number of dips and the 
residual voltage: 

 
V

V
NNdips −

=
150 , (30) 

where N50 depends on the system configuration and the fault frequency. This 
expression has been derived from theoretical models and has been confirmed 
from both simulations and measurements [13].  

Combining (29) and (30) gives the following expression for the number of 
dips at the MV bus (thus as experienced by the end-customer): 

 
V

V
NVN MV ′−

′
=

1
)( 50 , (31) 

with ( ) DER
gen

tr V
z

z
VV Π−−=′ 1 , 

tr

gen
DER S

S
=Π  the fraction of distributed 

generation (often abbreviated as %DG), ztr be the transformer impedance in 
per-unit on a base equal to the transformer rating Str and zgen the per-unit 
generator impedance on a base equal to the generator rating Sgen.  
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An example is given in Figure. 12-6, where a transformer impedance of 0.20 
pu and a generator impedance of 0.25 pu have been used. We see that the 
increase in DG penetration results in a significant reduction in the dip 
frequency.  
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Figure. 12-6 Relative voltage-dip frequency as a function of the DG 

penetration: SARFI-80 (solid line) and SARFI-70 (dashed). 

This reduction will be compensated by the increase in dip frequency at the 
transmission-system interface. Consider an increase of 40% in the dip 
frequency at the transmission-system interface for 60% DG (as resulting from 
the earlier study) and the same percentage DG locally as globally. In that 
case SARFI-80 will decrease by about 15%, whereas SARFI-70 will decrease 
by about 25%. 

If however the local penetration is higher than the average for the whole 
system, the local dip frequency reduces significantly. Consider a local 
penetration of 200% versus an average penetration of 60%. This results in a 
reduction in SARFI-80 by about 65% and in SARFI-70 by about 85%. 

12.5 Conclusions 
 

An increase in DG penetration and the associated reduction in the amount of 
large generator stations, will lead to an increase in the number of voltage dips 
at transmission level. This will at first mainly impact large industrial 
customers directly supplied from the transmission grid. A case study 
performed showed a 40% increase in average dip frequency for a DG 
penetration of 60%. The increase in dip frequency will vary however for 
different customers. 

Calculating the hosting capacity is hindered by the lack of commonly-accepted 
site and system indices for voltage dips and by the lack of any performance 
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limits. A discussion on this is however outside of the scope of DG integration 
studies. 

For most end-customers, which are supplied from the low-voltage or medium-
voltage distribution grid, the presence of DG at distribution level may reduce 
the dip frequency. The reduction is significant for DG units with synchronous-
machine interface connected to the MV network. Such interfaces are common 
for MW-size combined-heat and power installations. The overall impact of DG 
depends on the local DG penetration in relation to the global DG penetration.  

A high penetration of DG units with DFIG interface, on the other hand, will 
lead to a significant increase in dip frequency. 

The dip frequency for end-customers is however not only determined by dips 
originating at transmission level, but also by dips originating at distribution 
level. For some locations the latter may dominate and the overall power 
quality will only show a limited influence of the level of DG penetration. 

An important conclusion from this discussion is that there is no general rule 
on how the dip frequency is impacted. It depends strongly on the 
transmission system, on the type of distributed generation and on the 
immunity of the end-customers against voltage dips.  

A number of aspects not considered in the study, may also impact the 
voltage-dip frequency. In parts of the transmission system with a high 
concentration of large power stations, fault-current reduction techniques are 
often used (e.g. busbar splitting or series reactors). Shutdown of large power 
stations will make that these techniques are no longer needed so that the 
reduction in fault level will be less dramatic. The resulting increase in 
connectivity may however lead to an increase in the dip frequency, despite 
the fault level remaining the same. 

For customers at a location far away from large power stations, with an 
increasing level of local small generation, the dip frequency may actually 
reduce. This may be the case for many customers in large urban areas. 
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13 Conclusions 

Harmonic distortion 

The emission of low-frequency harmonics by DG units is small compared to 
existing emission and no serious problems are to be expected. At locations 
where the existing voltage distortion is close to the planning level or already 
exceeding the planning level, the introduction of certain types of DG could 
result in an unacceptable situation. This should however not be seen as a DG-
initiated problem. 

The additional capacitance due to the connection of DG units will introduce 
new resonance frequencies and cause a shift to lower frequencies of existing 
resonances frequencies. The main risk is in new resonance frequencies 
occurring near the 17th and 19th or 23rd and 25th harmonics. For large 
amounts of small DG units (like with domestic CHP) resonance frequencies 
around the 11th or 13th could even occur. The latter is however an unlikely 
scenario for Sweden. 

The initial studies show a risk of high distortion levels in the frequency band 
above 2 kHz due to power-electronic interfaces as in DFIG or full-converter 
units. More detailed studies are needed to quantify the severity of this. 

Voltage dips 

DG units with synchronous machine interface (like medium-sized CHP or bio-
fuel units) will reduce the amount of voltage dips experienced by customers 
electrically close to these units. This assumes that the units remain connected 
for at least a large part of the fault-clearing time. Also DG units with 
induction-machine interface have some positive influence but significantly 
less. This positive impact of DG will occur from the first unit being connected. 

Introduction of DG units on a large scale will result in less conventional units 
being connected to the transmission system. That will result in an increase in 
the number of dips at transmission or sub-transmission level and in the 
distribution networks without synchronous-machine interfaced DG. A study 
done for the UK transmission system has shown that 20% wind power 
(average wind production as a percentage of peak load) would not result in an 
unacceptable increase in the number of voltage dips. In Sweden the dip 
frequency will start to increase once the amount of power produced by DG 
and large-scale wind power results in several of the large nuclear-power units 
being not connected to the grid for longer periods of time. As the majority of 
faults at transmission level occur during the summer period when the load is 
at its lowest, this could happen for relatively low levels of DG penetration. 

Transmission-system operation 

The impact of DG on transmission-system operation is complex. The different 
phenomena are qualitatively understood but no numbers are available on the 
actual quantitative impact. The two main impacts appear to be the 
unpredictable behaviour of DG units during major disturbances at 
transmission level (experienced as voltage or frequency deviations at the 



ELFORSK 
 

76 
 

terminals of the DG installation) and the overall weakening of the 
transmission system when large conventional power stations are replaced by 
DG. Quantifying this impact requires among others the development of a set 
of performance indicators for transmission-system security. 

Impact of DG on the transmission-system operation will occur only with larger 
penetration levels. As long as the amount of DG is less than the uncertainty in 
load prediction, its impact on transmission-system operation will likely be 
small. Of course such a statement requires a quantitative study to be 
confirmed. 

At this stage the lack of solid knowledge of the impact of especially large-
scale wind-power integration on the operation of transmission and sub-
transmission systems has resulted in connection requirements that may be 
overly restrictive. This increases the costs of connecting DG and forms a 
barrier against wide-scale use of environment friendly sources of energy. 

Reliability 

The reliability of the power supply as experienced by the end users is not 
strongly impacted by the introduction of small amounts of DG. The impact is 
mainly positive, as the loading of the system will be reduced when production 
takes place closer to the load.  

DG with controlled islanding capability will significantly improve the supply 
reliability of the customers close to DG, however a number of challenges 
remain and further study is needed. 

Possible negative impacts for larger DG penetration include an increased risk 
of incorrect protection operation.  

With massive DG employment, the closure of conventional power stations or 
the lack of building new conventional stations will increase the risk of 
generation shortage. Models of the electricity market in combination with 
probabilistic models of the production are needed to quantify this impact. 

Protection 

In general, operation and protection of distribution networks appears to 
develop to become more similar to transmission systems. This is particularly 
true for MV distribution systems. As mentioned repeatedly, solutions generally 
applied in transmission systems will solve many of problems encountered in 
distribution networks when the penetration of DG increases, island operation 
is introduced, multiple in-feed is allowed or distribution networks become 
meshed.  

For large DG units with synchronous machine interface, incorrect operation of 
the protection becomes unavoidable when the unit size becomes larger than 
about 50% of the rating of the HV/MV transformer. Some coordination 
problems may occur already for much smaller levels of penetration, but these 
can be easily solved by changing the settings of the overcurrent protection. 

Voltage fluctuations and flicker 

The impact of wind-power installations on the flicker level is small but cannot 
be neglected. An increase in the flicker level (Pst) by 0.2 to 0.4 due to wind-
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power installations is expected. This will only be a concern for locations where 
the flicker level already is close to the acceptable limit. 

Overall, the impact of DG on the flicker level is not an issue requiring further 
research. 

Voltage variations 

The introduction of DG will result in an overall increase of the voltage in the 
distribution system. This is a positive development, as it will mitigate 
undervoltages for remote customers. 

For larger amounts of DG, the connection of DG will result in voltages with the 
end-users that are above the normally-acceptable limit. This is expected to 
become a problem first for the connection of larger DG units to remote parts 
of distribution feeders. The risk is highest for wind power connected to rural 
areas. 

The exception is formed by DG units with induction-machine interface where 
the reactive-power consumption could actually result in a reduction of the 
voltage. As the voltage drop often determines the length of rural distribution 
feeders, already a small amount of DG could become a problem here. 

The variations in power production associated with wind power could result in 
high switching frequency of the transformer tap changers. This normally does 
not adversely impact the customers, but could result in premature failure of 
the tap changers. 

Overloading 

For small amounts of DG the risk of overloading reduces. 

Only when the maximum production exceeds the sum of maximum and 
minimum load downstream of any location along a distribution feeder, the risk 
of overload may increase. This could again be the case for wind-power 
installation connected to a rural network. 

Losses 

For small amounts of DG the losses in the distribution-system will decrease. 

When the maximum amount of DG exceeds twice the minimum load, the 
losses at some locations and some moments in time will increase. However, 
much larger penetration levels are needed before the total losses (over all 
locations and over a longer period of time) will increase. To determine the 
exact penetration level at which the total losses will increase requires detailed 
data on variations in load and production. 

The losses are expected to increase significantly only when the average 
production (over time and over a larger area) exceeds twice the average load. 

Priorities for further studies 

Based on the survey, the authors propose that the following problems be 
prioritized for further investigation: 

• voltage variations in rural networks; 

• high-frequency harmonics in low and medium-voltage networks; 
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• overloading of distribution feeders due to wind-power installations with 
induction-machine interface 

• operational security of transmission systems due to lack of 
conventional units and the unpredictable behaviour of DG units. 

Two important general requirements for further study of the impact of 
distributed generation are the development of stochastic models of the power 
production, and the development of performance indices with appropriate 
limits. 
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