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Abstract— Wind power generation has gained 

considerable relevance in global energy markets in the last 
few decades. The technology behind wind turbines and 
their integration to the power grid are still the focus of 
considerable research. How exactly does this energy source 
influence the existing power distribution grid is still a 
matter of interest to many parties. The method used in this 
report is based on a literature study which intends to 
examine what is the current state of energy generation 
based on wind power in Sweden. In the report we have 
analyzed some of the integration and operational 
challenges of connecting a large amount of wind generated 
electricity to the power grid and attempted to provide an 
accurate and up to date summary of what these challenges 
will entail in the coming decade. Our results show that 
further research would greatly improve the current 
technology used in wind power generation to allow such a 
high level penetration.  

I. INTRODUCTION 

IND power plants (WPPs) have gained 
considerable relevance in global energy 

markets in the last few decades[1, 2]. 
Environmental awareness has prompted 
initiatives to implement sustainable solutions 
to the growing energy demand of today’s 
society[3]. Wind farms have become 
commonplace in many countries around the 
world and are a promising alternative energy 
source for the upcoming increase in energy 
consumption of the global population. 
Furthermore, some studies have shown that in 
Sweden the implementation of large scale 
penetration of wind-produced energy is not 
only technically feasible, but economically 
rentable[4, 5]. 

The integration and operational issues 
involving WPPs stem from the fact that their 
power output depends on the energy stored in 
the wind. This energy is proportional to the 
cube of the wind’s speed[6] which varies both 
geographical- and seasonally. These facts 
present different challenges to the successful 
integration of WPPs to the power distribution 
grid if power quality in the network is to be 
maintained:  As an example, when the weather 
is such that the amount of power generated is 
higher than the power needed the power grid 
can become unbalanced. The same can occur 
when the conditions are reversed. Although 
solutions are currently available, there is still 

much to be done from both the technological- 
and the operational front. These issues will be 
addressed in section III of this paper. 

The technology behind wind turbines and 
their integration to the power grid has seen 
great improvements in the last two decades and 
is still the focus of considerable development. 
The small, 100 kW turbines was common 
during  the late 90’s have given way to the 
Danish-driven concept of a three-bladed, stall-
regulated rotor and a fixed-speed, induction-
generator drivetrain capable of producing 
1.5MW outputs[7]. How exactly will WPPs 
influence the existing power distribution grids 
as their penetration increases is still a matter of 
several studies and debates. What is 
undeniable is that many aspects have to be 
considered for their successful integration into 
the power distribution grids around the world. 

In this paper we focus on the challenges of 
large-scale integration of WPPs into the power 
grid and some of the operational issues which 
arise from a variable power source with regard 
to maintaining the overall quality of power 
within the grid. We narrow down our analysis 
to Europe with emphasis on Sweden with a 
short analysis in section IV of the practical 
results obtained in Gotland and Germany. 

II. INTEGRATION ISSUES 
The successful integration of WPPs in the 

power grid encompass both technical and 
economic challenges. In this section we 
discuss the most relevant technical aspects 
regarding integration of WPPs. We begin with 
an overview of the current state of wind power 
generation in Sweden and then expand on the 
challenges involved with increased wind 
power penetration. We then present a short 
analysis of different types of wind variations 
and their impact on the WPPs’ power output. 
We conclude with a basic summary of the 
effect WPPs have on the functionality of 
electrical power distribution systems and shift 
focus onto the specific case of the Swedish 
power network. 

W 



I3A WIND POWER INTEGRATION TO THE POWER GRID  
 

A. Wind Power in Sweden 
Wind power is particularly relevant in 

Sweden as shown in figure 1 below. According 
to Vindstat’s 2015 annual operational 
monitoring report, there were 3 233 WPPs 
rated larger than 50kW accounting for an 
installed effect of 6 029 MW during 2015[8]. 
Furthermore, Energimyndigheten, the Swedish 
Energy Agency, is aiming to increase the 
percent of energy produced from renewable 
sources, specifically WPPs, to 30 TWh per 
year by 2020[5]. At such high penetration, the 
variable nature of wind power generation 
becomes an important aspect to consider in 
order to maintain balance and power quality in 
the power grid. With this in mind it becomes 
obvious that the challenges involved in 
integrating and managing this WPPs within the 
existing power grid is of significant importance 
both from the environmental and technical 

perspective. 
  

B. Challenges of Increased Penetration of 
WPP in the Existing Power Grid  

As shown in figure 1 below, the 
percentage of power generated by WPPs 
was still small compared to the total energy 
produced in Sweden in 2014. The one 
notable exception being in Gotland where 
as early as 2003 there were already 160 
operational turbines with a total installed 
capacity of 90MW accounting for 200GWh 
per year. This translates to a total 
penetration of 22 % for the entire island[9]. 
The last decade has seen a continued 
increase in sustainable power generation 

sources in many countries in Europe. 
Specifically, the penetration of wind power has 
increased markedly in the last few years[10] 
(see figure 2). The Swedish Energy Agency’s 
plan to reach 30 TWh to 2020 would require 
between 3 000 - 6 000 wind turbines to be 
operational[11]. As previously mentioned, by 
the end of 2015 Sweden had only 3233 
reported turbines installed[8]. If the amount of 
wind turbines is to be doubled to achieve this 
goal, the impacts on the existing power system 
will have to be considered thoroughly. 
 One technical obstacle to consider is that 
conventional power plants [CPPs] are built 
around synchronous generators. In this type of 
machine, as its name implies, the frequency of 
the generated voltage is directly synchronized 
to the generator’s rotational speed[12]. The 
magnetic field exciting the rotor is generated 
by a DC current or permanent magnets. This 
makes regulating the rotation of a synchronous 

generator to obtain a consistent quality in its 
output comparatively simple. It is this 
characteristic which permits CPPs to handle 
load variations relatively well. The majority 
of the current power distribution systems 

 
 
 

 

 
Fig. 1.  Top countries with highest installed wind power capacity (2014).  
 
  

 

 
Fig. 2.  Power generation capacities, Sweden (2014).  
 
 
  



I3A WIND POWER INTEGRATION TO 
THE POWER GRID  

 

 

 
Fig. 3.  Schematic to a doubly-fed induction generator (DFIG). Here it is 
shown that the rotor is connected to the power grid through a voltage source 
converter (VSC). When the rotor’s rotation frequency  (ωrotor) is less than the 
grid’s frequency (ωgrid) power flows from the grid to the rotor. 
 
 
  

were designed with such generators in mind. 
 Wind turbine generators (WTGs) are both 
asynchronous and synchronous with back to 
back converters turbines.  The frequency of the 
electricity produced in these systems is directly 
proportional to the WTG’s rotational speed. 
Depending on the prevailing wind, the rate at 
which the turbine’s rotor turns will vary. 
However, the power grid to which the WPPs 
are connected admits only fixed frequency 
electricity (50 Hz in Europe, 60 Hz in North 
America). This can be solved with costly 
controllers to regulate both rotational speed 
and power flow.  The dominant type of large-
scale WTGs in use today are variable speed 
with either partial (Type-III) or full (Type-IV) 
power electronic conversion[[13-15]]. The 
most common design for Type-III WTGs’ is 
known as a doubly-fed induction generator 
(DFIG). The design consists of a wound rotor 
induction generator (WRIG) with its stator 
connected to a constant-frequency, three-phase 
grid while its rotor connected to a bidirectional 
voltage source converter (VSC), thus the term 
“doubly fed” [15]. In this type of generator 
reactive power is required as an input to excite 
the magnetic field in the stator coils. Figure 3 
below illustrates a typical DFIG’s power flow 
bidirectionality. 
 
 
 
 

 
 

 
 
 
 
 
 
 
 

 

C. Long- and Short-term Wind Variations 
The fluctuating nature of the wind power is 

one of its most remarkable characteristics that 
creates the integration and operational 
challenges when introducing it to the existing 
power distribution system:  At times the output 
from a WPP will be excessive and other times 
insufficient. In order to maintain the balance 
within the network, other CPPs connected to it 
will have to vary their output accordingly. This 
makes evident a concern regarding the power 
distribution grid’s infrastructure; namely, that 
during the construction of traditional power 
distribution grids bi-directionality in the power 
flow was not considered as a central 
characteristic in the design. The current 
distribution networks were designed for bulk 
transmission of energy from large power plants 
to large load centers[16]. However, the power 
system can indeed handle significant variations 
in the loads connected to it over different 
periods of time[1]. These output variations are 
classified into different categories based on 
their duration and frequency of occurrence. For 
the purposes of this paper we recognize two 
types defined as follows. 

 

 
 
Fig. 5.  Different Weibull distributions: the deviation from the hourly mean 
about the annual mean. Higher k means higher deviation from the annual 
mean. A value of k=2 is typical. 
.   
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1) Short-term variations1 (hour to hour or 
less) 
Which can create spikes and swells in the 
voltage output of a WPP. Regarding such 
variations, the available data gleaned from 
operational WPPs has shown that the power 
grid can manage them well since they are 
statistically small and uncorrelated to power 
demand peaks[1, 17]. Explicit methods for 
their handling are further explained in this 
paper in section III below. 

2) Long –term variations (seasonal, yearly or longer)  
Which influence WPPs integration at a 
strategic level. These variations affect 
market pricing and long-planning of the 
power grid[17]. 

 
In other words, while short-term variations 

are the cause of the balancing and control 
issues during daily operations of WPPs, long-
term variations are more crucial to the 
planning and construction of new WPPs. It is 
also important to stress that the longer the time 
span considered, the harder it is to predict the 
variations in wind speed. This makes difficult 
to project the impacts annual and seasonal 
wind variations will have in the expected 
production of a particular WPP. However, 
according to the  Wind Energy Handbook[6] 
these variations are statistically represented by 
a Weibull probability distribution. In page 12 
of this handbook it is explained that in general 
the distribution takes the form 

𝐹𝐹(𝜈𝜈𝑎𝑎) = 𝑒𝑒𝑒𝑒𝑒𝑒 �−�𝜈𝜈𝑎𝑎
𝑐𝑐
�
𝑘𝑘
� (1) 

Where F(𝜈𝜈𝑎𝑎) is the amount of time for which 
the hourly mean exceeds the average wind 
speed 𝜈𝜈𝑎𝑎. The values c and k are the scale- and 
shape parameters respectively which describe 
the variability about the mean. The probability 

 
1 Given that day-to-day operational functionality of WPPs is the 

focus of this paper, our short-term variations analysis excludes 
variations caused by turbulence which refers to wind speed 
fluctuations in a relatively short timescale[6] T. Burton, U. Powys, 
N. Jenkins et al., "The Wind Resource," Wind Energy Handbook, pp. 
9-38, Chichester, UK: John Wiley & Sons, Ltd, 2016.. 

 
 

density function can then be obtained by 
deriving 1, 
 

𝑓𝑓(𝜈𝜈𝑎𝑎) = −𝑑𝑑𝑑𝑑(𝜈𝜈𝑎𝑎)
𝑑𝑑𝜈𝜈𝑎𝑎

= 𝑘𝑘 𝜈𝜈𝑎𝑎𝑘𝑘−1

𝑐𝑐𝑘𝑘
𝑒𝑒𝑒𝑒𝑒𝑒 �−�𝜈𝜈𝑎𝑎

𝑐𝑐
�
𝑘𝑘
�   (2)  

   
   Figure 5 below shows several examples of 
Weibull probability densities. The higher the 
value of k, the less deviation from annual mean 
on an hourly basis. A value of k = 2 is a typical 
value for many WPPs locations. This can be 
used to show that the loss of load probability 
[LOLP] for WPPs, i.e. the probability that the 
power generation will be inadequate to satisfy 
the load demands, falls within the typical target 
of 1 day in 10 years[1] 

Another important aspect regarding wind 
variability and thus WPPs output production 
stability is that whereas a single turbine’s 
output can be highly susceptible to variations 
in wind speed, it has been shown that the more 
turbines composing a WPP, the less these 
variations affect the WPP’s total output. In 
figure 6 below it can be clearly seen that wind 
production variability can be considerably 

reduced with aggregation[1]. 

 
 

 
Fig. 6.  1-second discretization in the output variation from a nine hour period 
from one WPP with several interconnection points[1]. Here it is shown that an 
increase in the number of turbines reduces the total output variation of the 
WPP.  
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D. The Electric Power Grid  
Every electrical power grid has to fulfil two 

basic requirements: the first one is that power 
production must match power consumption 
including system loses – system balance – and 
that the delivered power has to maintain a 
relatively stable character both in voltage- and 
frequency rating – power quality [12]. This is 
to say that a power grid requires stability for 
optimal functionality. However, as previously 
explained in subsection C above, the power 
system is inherently variable which means that 
the these two basic requirements cannot be 
maintained 100% of the time within an 
economically rentable frame[4]. Following is 
an overview of a few key aspects regarding 
power grids in general which are needed to 
analyze the challenges of WPP integration to 
an electrical transmission network. 

A common design for a typical power grid is 
shown in figure 7 below. Here it is shown that 
the system is based on large energy producing 
centers connected to a high-voltage 
transmission network which, in turn, delivers 

the bulk energy supply to the distribution 
networks. Each plant connected to the 
transmission network has a production 
capacity in the range of several MWs.  In 
general, distribution networks transport 
electrical energy from transmission networks 
to the consumer loads and they carry a lower 

voltage rating usually in the range of tens of 
kV[16]. In Sweden the distribution network’s 
nominal voltage ranges from 10 to 40 kV[12]. 
The distinction between transmission and 
distribution networks was necessary due to the 
centralization in power production prevalent 
duri
ng 
mos
t of 
last 
cent
ury. 
Po
wer 
pro
duction then was characterized by large power 
plants geographically distant from the 
consumption centers they supplied. In contrast, 
the power generation landscape today is 
increasingly being decentralized with energy 
being produced by a growing number of 
smaller and physically more dispersed power 
plants (e.g. WPPs or photovoltaic 

collectors)[18]. 
In the case of a WPP, the point of 
connection to the grid can be represented as 
in figure 8, where the grid is seen as a 
variable voltage source U1 connected in 
series to an impedance Z which represents 
the total impedance in the grid (from lines, 
transformers, etc.), which in turn is 
connected in series to a local load. 
Variations in the output of the WPP will 
cause changes in the current through Z 
which in turn will cause changes in U2. The 
basic challenge with WPP integration onto 
the power grid stems from the fact that at 
the connection point there is a load present 
which represents the WPP when it is not 

producing a positive balance in the power 
generation of the grid (low-wind 
conditions)[14]. 

The short-circuit apparent power (Sk), which 
is the maximum power that a network can 
supply to a load can be calculated as 
follows[14] 

 
 
Fig. 8.  Representation of a WPT connection to the power grid. Here a WPP 
is connected to the transmission network. Depending on the conditions, a 
WPT acts as a source or a load. 
 
  

 
Fig. 7.  Representation of a modern power grid. Here a WPP is connected to 
the transmission network. 
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𝑆𝑆𝑘𝑘 =
𝑈𝑈𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
2

𝑍𝑍𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
∗ .  (3) 

Short-circuit power is completely dependent 
on the network’s characteristics and can be 
used as a gauge to determine the viability to 
handle fluctuating loads without excessive 
flicker levels in the voltage quality in the 
system[19]. In a weak network the grid 
impedance (Zgrid) is large which makes, 
according to equation 2.3, Sk small, which is 
indicative of a network which would not be 
able to balance a large penetration percentage 
of variable power sources, such as WPPs.  By 
contrast, in strong networks Zgrid is small and 
consequently, so is Sk, allowing for a higher 
penetration level of WPPs. The Swedish 
electric power transmission grid is a concrete 
example of the latter. Refer to section IIIA for 
a more detailed explanation of weak and strong 
networks. 
 

E. The Swedish Power Network 
 According to Svenska Kraftnät, the authority 
responsible for the proper functioning of the 
power grid in Sweden, the national electricity 
network consists of 15 000 km of power lines, 
160 substations and switching stations as well 
as 16 main connection points to overseas 

networks[20].  Typical voltage generation 
is in the range of 20kV whereas the 
transmission voltage can be as high as 
400kV[12]. The  Swedish transmission 
network is divided in four sections and 
each has a maximum transmission capacity 
which on average is never saturated[21] 
(figure 9 below). 

In short, the Swedish power transmission 
network is flexible with a large amount of 
installed power capacity where power 
generation is geographically dispersed. 
Sweden is a country rich in hydroelectric 
power: based on calculations from the data 
acquired from the last 40 years the normal 
national yearly hydroelectric output is 
65TWh[4]. In addition to hydroelectric 
power plants, Sweden has nuclear- and 

cogeneration plants as well as substantial 
amounts of electrical production within the 
industry sector. In light of these facts the 
general consensus among experts; is that there 
are enough reserves in hydroelectric and other 
power generation sources to counter any 
unbalances created by a higher level 
penetration of WPPs in Sweden. 
 
 

 

III. OPERATIONAL ISSUES  
While the integration issues of increased 

WPP penetration is more strategic in nature 
and falls mainly on the planning stages of 
WPP construction. The operational issues 
created by such an increase tend to be more 
practical. We begin this section with a short 
analysis of the basic power system 
considerations in relation to variability of 
power in the network. We then address topic of 
power quality, its desired characteristics, and 
the challenges involved in maintaining such 
quality. We then conclude this section with an 
overview of the current answers to the 
challenges increased WPP penetration create. 

 

 
Fig. 9.  The sections in which the Swedish transmission grid is divided. 
Typically, every year there is an excess of power generation in section 1 and 
a deficit in section 4. Adapted from Svenska Kraftnätet. 
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A. Basic consideration 
During the daily operation of any power 

plant. Electricity is produced with the goal to 
contribute towards the balance in the network. 
This means that at any given point in time the 
main objective is to match the total electricity 
produced to the total electricity consumed 
including the transmission losses[4]. As 
previously explained in section IIB, 
conventional power grids have been designed 
for unidirectional power flow[16] which 
presents a unique challenge to WPPs since 
most WTGs are built with WRIGs which 
consume reactive power and the amount they 
consume is not entirely controllable[14]. This 
is particularly relevant when the WPPs are 
being connected to a weak network.  

As introduced in section IID, the short-
circuit apparent power (Sk) is an accepted 
parameter to determine a network’s robustness, 
i.e. its capacity to handle load imbalances. In 
the calculation of Sk, the grid impedance (Zgrid), 
which is the sum of impedances of the 
components of the network, was shown to be a 
determinant factor to identify the strength of a 
given network. Zgrid  has a variable resistive, 
inductive, and capacitive character which can 
vary even on an hourly basis[18]. This is due 
in part to the fact that the transformers used to 
connect lines with differing voltages have a 
highly inductive influence in Zgrid. This effect 
is usually countered by introducing 
compensation capacitive loads to the network. 
These capacitive banks are effectively one of 
the best control mechanisms to allow for a 
successful increase in the penetration of WPPs 
as it will be shown later in this section. 

There are a number of analytical tools 
available today to assess the impact of large-
scale WPP penetration on a power system to 
ensure proper operation and functionality. 
Power flow software can analyze a network’s 
topology to keep track of load and generator 
profiles. Fault calculators can scrutinize a 
network and extract both balanced and 

unbalanced current faults. Transient stability 
programs can simulate the impact of specific 
disturbances on the network and predict how 
WTGs could respond to said instabilities. 
There are even electro-magnetic analyzing 
suits that take into account frequency 
disturbances[16]. These are tools used by the 
power system operators and power producers 
to evaluate the operational conditions of the 
network at any given point in time and take 
measures accordingly in order to maintain a 
consistent power quality within the grid. 
 

B. Power Quality 
The term power quality refers to the desired 

goal of maintaining the power throughout a 
network within the established standards for 
that system[16]. Particularly in terms of 
voltage, this implies that the grid’s voltage 
signal should be  

a perfect sinusoid[22] with consistent 
frequency and amplitude (50Hz and 230Vrms in 
Sweden). During the daily operations of WPPs 
many factors can influence the characteristics 
of its power output (figure 10 below). 

The increased penetration of WPPs in the 
existing power grid has prompted experts to 
create standards to guarantee an acceptable 
level in the power quality of the network. 
According to the 2008 version of the IEC 
61400-21 international standard for 
measurement and assessment of power quality 
characteristics of grid connected wind 
turbines[23], the following aspects should be 
observed during the operation of WTGs 

 
1) Rated data (specific output characteristics 

of a WTG make and model) 
2) Voltage fluctuations and flicker 
3) Current harmonics, interharmonics and 

higher frequency components 
4) Response to network voltage drops 
5) Active power capabilities and control 
6) Reactive power capabilities and control 
7) Grid protection and reconnection times 
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A general description of the aspects which 

present the biggest surmountable challenges 
for increased WPP integration into the power 
grid is given below. For detailed explanations 
on each topic above refer to the IEC 61400-21 
official document. 
 

C. Voltage Fluctuations 
Voltage fluctuations and flicker address 

variations in the voltage from the power 
system. WPPs are especially susceptible to 
introduce fluctuations in the power grid. 
Voltage flicker, specifically, refers to a 
dynamic voltage variation which can cause a 
perceptible change in a light bulb’s brightness 
(thus grid the term “flicker”). Flicker is caused 
by either the WTG itself or by varying loads in 
the power system[16]. The flicker can vary in 
severity and it is measured by its short term 
perceptibility value (Pst). A Pst ≥ 1.0 can cause 
discomfort to people in a lit rum or damage 
sensitive electronic equipment[22]. A 
commonly used normalized measure of flicker 
emission during WTG operation is the flicker 
coefficient which is the defined as follows 

𝑐𝑐(𝜙𝜙𝑘𝑘, 𝜈𝜈𝑎𝑎) = 𝑃𝑃𝑠𝑠𝑠𝑠
𝑆𝑆𝑘𝑘
𝑆𝑆𝑛𝑛

 

                      
    (4) 

Where 𝜙𝜙k is the grid’s impedance phase 
angle, νa is the annual average wind speed, Sn 
is the rated (normalized) apparent power for 
the specific turbine, and Sk is the short-circuit 
apparent power of the grid. 

Flicker is also produced during switching 
operations of a WTG. In addition to the 
turbine’s startup and shutdown sequences, 
switching operations include swapping 
between WTG within a WPP or even between 

windings within a WTG[24]. During switching 
operations two normalized measurements are 
used: the flicker step factor (kf(𝜙𝜙k)) and the 
voltage change factor (ku(𝜙𝜙k)). These are 
defined as 
 
𝑘𝑘𝑓𝑓(𝜙𝜙𝑘𝑘) = 1

130
𝑆𝑆𝑘𝑘
𝑆𝑆𝑛𝑛
𝑃𝑃𝑠𝑠𝑠𝑠𝑇𝑇𝑝𝑝1.31  

                      
    (5) 
 
𝑘𝑘𝑢𝑢(𝜙𝜙𝑘𝑘) = √3 𝑈𝑈𝑚𝑚𝑎𝑎𝑚𝑚−𝑈𝑈𝑚𝑚𝑔𝑔𝑛𝑛

𝑈𝑈𝑛𝑛

𝑆𝑆𝑘𝑘
𝑆𝑆𝑛𝑛

  
                      
    (6) 
 
respectively. In 5 Tp is the duration of the 
voltage variation due to the switching 
operation. In 6 are Umax and Umin the maximum 
and minimum RMS voltages due to the 
switching and Un is the nominal phase-to-
phase voltage. The flicker step factor is 
typically calculated for the specified values of 
the grid impedance phase angle (𝜙𝜙k) of 30°, 
50°, 70°, and 85°. 

Variable-speed WTGs (Type-III and Type-
IV) have low flicker coefficients (c(𝜙𝜙k, νa)) 
and both low flicker step- (kf(𝜙𝜙k)) and voltage 
change factors (ku(𝜙𝜙k)) [22]. This WTG design 
greatly minimizes the challenges involved with 
higher wind-power penetration from a 
technical standpoint. The implementation of 
grid codes can further reduce the negative 
impact that increased WPP penetration could 
have on the power grid due to its inherent 
variable output. 

 

D. Harmonics  
Current harmonics are an integral part of any 

power grid. Harmonics are components which 
are multiples of the base system current 
(e.g. 100Hz or 2.5kHz for Europe). 
Interharmonics are defined as the 
frequencies that fall between the harmonic 
frequencies (e.g. 180Hz). They are 
generated by non-linear power loads 
connected to the grid. Monitoring of current 

 

 
 
Fig. 10.  Classification of phenomena affecting power quality in a network. 
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harmonics is necessary; due to the fact that 
they can cause faulty equipment operation or 
even failure. According to the IEC 61400-21 
guidelines; harmonic currents are to be 
analyzed up to the fiftieth harmonic order 
(2.5kHz – 3kHz) at 10 minute intervals during 
normal, continuous operations of a WTG, but 
not during switching operations. The objective 
is to obtain the maximum value for each 
frequency grouping2 during that time interval. 
The signal is sampled, A/D converted, and 
stored. The samples are then Fourier 
transformed and the result analyzed[24]. 

Only variable-speed WTGs introduce a 
significant level of harmonics into the grid at 
higher frequencies[16]. This is mainly due to 
the fact that modern variable-speed WTGs 
(Type-III and Type-IV) are equipped with self-
commutated inverter systems which run at 
clock speeds of 2-3kHz. Although the use of 
these inversion systems injects a considerable 
amount of harmonics into the network, their 
use is justified by their effective control over 
the active and reactive power produced by a 
WTG[25]. With higher wind power 
penetration, the harmonic disturbances added 
by WPPs have to be carefully considered. 
Improving the electronic mechanisms 
controlling WPTs is a clear challenge to 
overcome with regard to harmonic currents. 
 

E. Active Power 
There are three important aspects to the 

operation of a WTG in regards to active power: 
Maximum output power, ramp-rate limitation, 
and active power set-point control. Maximum 
output power refers to power peaks in the 
production of any given WTG. These are 
typically measured in 60 second averages as 
well as 10- and 200 minute averages[16] 
although instantaneous measurements are also 
used[25]. Ramp-rate limitation means the 
specified limits to which a WTG must adhere 

 
 
2 For a thorough definition of how harmonics and interharmonics 

are grouped refer to IEC 6100-4-7 standard. 

during start-up or reconnection. According to 
IEC 61400-21, the requirement to meet this 
criterion does not involve more than 
measurement and presentation of the active 
power chart during this transition. Finally, set-
point control addresses how the active power 
output for any WTG is regulated during special 
circumstances, e.g. risk of grid overload, loss 
of dynamic grid stability, maintenance. It is 
determined for each situation by a series of 
timed tests to simulate a specific condition and 
how the WTG reacts to it. 

The maximum active power output of a 
variable-speed WTG can be controlled by 
modifying the characteristics of the rotor (i.e. 
blade pitch) to reduce its rotational speed. 
Additionally, both the active and reactive 
power can be controlled electronically through 
the turbine’s inverter system in either fixed- or 
variable-speed WTGs with reaction times 
usually less than 60 seconds[25].  

The ramp-rate limitation is met by most 
modern WTGs unless there is a fault in the 
system. Fixed-speed WTGs usually 
incorporate some sort of thyristor soft-start 
control which allows for a gradual start-up in 
power generation. Variable-speed WTGs rely 
on a VSC built on insulated gate bipolar 
transistors (IGBTs). Most VSC’s used are 
based on a Graetz topology which provide a 
robust control system to regulate power output 
(see figure 11 below). 
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F. Reactive Power 
The aspects regulating reactive power 

control depend on the specific grid codes 
requirements which apply to any WPP. These 
aspects involve determining a fixed power 
factor (cos 𝜙𝜙) and, traditionally, a fixed set-
point control of zero (cos𝜙𝜙 = 1.0) for that 

reactive power. However, due to increased 
wind power penetration, a growing number of 
transmission system operators (TSOs) now 
require variable set-point controls.  

In general, grid codes require a reactive 
power control up to 50% the rated power of the 
WTG i.e. cos𝜙𝜙 = 0.9 for both inductive and 
capacitive power[25]. The specific limits are 
obtained by determining the reactive power 
capability of any given WTG according to the 
IEC 61400-21 standard. This section of the 
standard can be summarized as follows. The 
generator is driven to produce both as much 
inductive and capacitive reactive power as 
possible while the values are monitored and 
recorded over 1 minute intervals (a minimum 
of 30 measurements is required). The results 
are then plotted in a PQ-diagram. The values 
represented in the PQ-diagram are used as the 
parameters within which the WTG is expected 
to function. Additional compensation 
components are required if these parameters do 

not extend the WTG’s operational boundaries 
to match those required by the applicable grid 
codes. 

The function of the set-points for reactive 
power correspond to their active power 
counterparts’ functionality. Their values are 
defined based on the reactive power capability 

determined above. Time response and 
setting accuracy are especially relevant in 
the case of reactive power set-points. These 
validations are performed for the entire 
power range of the turbine (from zero to 
the rated power).  

G.   Current Technical Answers to 
operational challenges 

In this subsection we present the 
implementations of two strategies aimed at 
overcoming the challenges of large-scale, 
wind power integration into the power 
grid. We begin by briefly explaining the 
functioning of static VAR compensation 
used to counter the reactive character of a 
network. We then introduce grid codes as 
technical specifications to facilitate 
connection and operation of WTGs to the 

electrical network. 
 

Static VAR Compensation  
Static VAR Compensation (SVC) is 

frequently used to adjust the voltage 
fluctuations caused by the variable nature of 
wind power turbines and variations in the loads 
connected to the grid. There is a direct 
connection between voltage variation and 
reactive power. By increasing or decreasing 
the reactive power in a network it is possible to 
maintain the network’s voltage within a 
specific rating[26].  

The most common technique that is used 
today to compensate reactive power in the grid 
is parallel compensation which includes static 
VAR compensating.  SVC is not only 
regulating the voltage and compensating the 
reactive power. But, it also escalates the power 
transmission capacity and damps the active 
power fluctuations. Siemens, one of the largest 

 
 

 
Fig. 11.  Schematic of a Graetz type six-pulse, two-level IGBT VSC. 
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power circuit makers, manufactures SVC 
solutions which can be used to exemplify the 
general design[27]. The static VAR 
compensator is a power circuit constructed of a 
combination of different components. The 
construction of an SVC power circuit depends 
on its intended application. The components 
commonly used in an SVC circuit are the 
following. 

 
1) Thyristor Switched Capacitor (TSC):  

This capacitor adapts to variations in the 
load. It can automatically adjust to balance 
the voltages to their nominal values. It 
inserts a variable reactive current. That 
means it produces a maximum amount of 
reactive power or nothing. TSCs are an 
essential component for the parallel reactive 
power compensation. 

2) Thyristor Switched Reactor(TSR) 
TSRs are similar to TSCs. The main 
difference is that TSRs are reactors. TSR is 
also a significant component for the parallel 
reactive power compensation. 

3) Thyristor Controlled Reactor(TCR) 
TCRs are installed to constantly control the 
reactive power value. These values range 
from zero to a maximum rating depending 
on the situation and the power demand. To 
prevent injecting harmonics to the network, 
filters are also used in SVC. 

 
The difference between SVC and 

mechanically switched components; SVC 
consists thyristor- controlled and –switched 
components. These facilitates reactive power 
compensation; make it quick and effective. 

Some of these capacitors/reactors are 
controlled and other are switched. The 
controlled capacitors inject the same amount of 
reactive power to the network despite of the 
variations in load power requirements. The 
switched capacitors adapt to variations in the 
load. They mechanically adjust to balance the 
voltages to the standard values. SVCs are the 
most common parallel compensation used in 

today’s wind turbines to adjust reactive power 
imbalances.[28] 
 

Grid Codes, An Approach to Make Wind 
Power Possible for now and to the Future 

As explained by Mufit Altin in Overview of 
Recent Grid Codes for Wind Power 
Integration[29], grid codes (GCs) are technical 
requirements which define the operational 
parameters of any power producing plant 
connected to a network. They regulate all 
operational aspects of both producers and 
consumers in a network. Every actor involved 
in the power production chain, from WPP 
operators to TSOs must adhere to the GCs 
currently enacted. Turbine manufacturers are 
also mandated to comply with the 
specifications stated in the GCs where their 
equipment will be installed. The main role of 
the GCs is to guarantee the stability and 
reliability in the transmission of power.  

GCs differ between countries or even 
operators. In countries with weak power 
network, where  smaller disturbances can 
easily lead to instability in the power system,  
the GCs would be different to the ones needed 
in a country that has a strong network[30]. 
GCs also vary for different power producing 
plants: WPPs are regulated by a different set of 
GCs compared to larger and more stable plants 
(e.g. hydro- or nuclear power plants).  
According to Julija Matevosyan in her work on 
technical regulations for interconnection of 
WPPs to the power system[30], GCs can even 
vary between regional networks. Following is 
an overview of some GCs based on grid size 
and merged grid codes. 

 
Grid codes for networks less than 110 kV 
 

Sweden:  The guidelines developed in 
Sweden for networks below 110 kV is called 
AMP, Anslutning av Mindre 
Produktionsanläggningar till elnätet. These 
guidelines give instructions to the network 
operator, for instance, over how the protection 
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to secure system operation if errors emerge is 
done.  

 
Germany: The guidelines developed in 

Germany for networks below 110 kV is called 
BDEW.  1800 companies form the Federal 
Association of Energy and Water Industries 
(BDEW).  The WPP that is installed from 2011 
and further have to follow the BDEW 
guidelines.  
 
Grid codes for networks over 110 V 
 

Germany: VDN is a transmission code 
issued in 2007. This code is used by the four 
transmission system operators in Germany, 
sometimes directly and other time; after 
integrating the code into their own 
requirements. 

 
Merged grid codes  
 

Sweden: Svenska kraftnät , the Swedish 
system operator has developed report with 
regulations. The report is developed to assure a 
safe operation of the power system. That 
include grid codes for the following. 
1) Disturbance tolerance  
2) Voltage control 
3) Power control 
4) Tests and certification 

 
Some requirements are more common than 

others in the GCs. These cover reactive current 
injection, voltage ride through, and normal 
operation requirements. The latter includes 
considerations about active power control (P), 
reactive power control (Q), and voltage and 
frequency span[29]. 

Because of the special features that the wind 
power has, i.e. that WTGs are different from 
the CPPs. Whereas the latter commonly uses 
synchronous generators, the former uses 
induction generators (e.g. DFIGs). DFIGs 
affect the transmission system differently than 
traditional synchronous generators. Therefore, 
the GCs are designed to make profile of their 

effect on the power system as similar as the 
profile of CPPs. With the continued increased 
penetration of WPPs in the power production 
market, further development of CGs is needed 
to ensure that the power system is stable and 
functional[30].  

IV. PRACTICAL CASES 
In this section we present two concrete case 

studies of electricity markets with a large 
penetration level of WPPs.  We begin with an 
overview of the power production stage in 
Germany. We then conclude with a short study 
on the Swedish island of Gotland where the 
penetration level of WPP has already reached 
30% of the total power production. 

A. Germany as an example for how the wind 
power works in the power system 
 Wind power is one of several renewable 
energy sources that are used in Germany. 
WPPs have special characteristics which differ 
from their CPP counterparts. As mentioned 
earlier, the generator that is used in a CPP is 
synchronous while the generators that are used 
in WPPs are DFIGs and synchronous turbine 
with back to back converters which affect the 
power system differently than typical 
generators. According to Matthias Luther from 
Friedrich‐Alexander‐University of Erlangen‐
Nuremberg and Wilhelm Winter from TenneT 
TSO GmbH[31], in the case of Germany, this 
obstacle has been resolved with a gradual 
increase of wind power penetration in order to 
preserve stability in their power system.  
 To accomplish this the German 
government offered incentives to promote 
cooperation between all participants. These 
participants are TSOs and WPP operators. This 
demonstrates the important role the regulating 
authorities play in the matter. TSOs have also a 
large roll in this process. They are the principal 
entities in charge of implementing appropriate 
GCs to avoid instability and to secure a 
functional power system.   
 By December 2003 there were already ca. 
15 694 wind turbines installed and connected 
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to medium-, high-, and extra high voltage 
transmission networks in Germany.  Most of 
the turbines installed in Germany are 
connected to medium voltage networks but 
there is also a need for more the large WPPs to 
connect to high- and extra high voltage 
transmission networks. 
 There are technical limitations which 
hinder the rise of penetration levels of WPP in 
Germany, these limits differ with geographical 
extent. At the regional level when the overall 
system is synchronously connected there are 
specific considerations which need to be 
observed. These include voltage- and 
frequency stability and thermal overloading.  
The latter occurs when the fed power exceeds 
the capacity of the regional transmission 
network. A typical example of this is seen 
when there is more wind power production 
feeding the medium voltage network than there 
is demand from the loads connected to it. If 
this state occurs regularly it can lead to 
disruptions of voltage in the high voltage 
system. This particular situation points out the 
need of development of the high voltage grid 
in the future. E. ON Netz is responsible for this 
development in some regions in Germany 
where this phenomenon occurs. Different 
regions in Germany have different TSOs. 
Among them are E. ON Netz, Vattenfall 
Europe Transmission, RWE NET and EnBW 
Transportnetze. These four TSOs are the 
entities responsible for the continued delivery 
of electrical power to the consumer in 
Germany.  

E. ON Netz is the German TSO behind an 
investigation started in 2001 regarding the 
largest blackout of installed wind power in 
order to ascertain its causes and identify the 
system errors which could have led to it. In 
2002 it was found that this was due to heavy 
system errors in the northern part of Germany. 
These errors occurred in 380 kV transmission 
lines which led to a disconnection of ca 3 000 
MW originating from WPPs. A loss of power 
over 3 000 MW is defined as hazardous to the 
synchronously connected UCTE system. The 

UCTE system is the union of the German 
TSOs which focuses on the coordination of the 
transmission of electricity that nation. 

In order to prevent such large blackouts from 
repeating, strict requirements for WTGs that 
are connected to the transmission system were 
developed. These requirements have remained 
valid since 2003. They forbid disconnection of 
the WTGs if there is system error with a 
voltage drop that exceeds a certain value (see 
figure 12 below) 

 

B. Gotland as an example of high wind power 
penetration in Sweden 

In the region of Gotland, the main supply of 
electricity stems from wind power. To balance 
the supply and produce the marginal quantity 
of energy; help from nearby located gas 
turbines is sometimes needed.  

The responsible network operator in 
Gotland; an island that is situated 90 km from 
the land of Sweden; is Gotland Energy AB 
(GEAB). GEAB started in 1902 as responsible 
for supplying light in the streets.  Gotland have 
the first line commutated converter (LCC) 
based high voltage direct current (HVDC) 
which was built in 1954 between the land of 
Sweden and the island Gotland. The link 
capacity started with 15 MW. Some years later 
it developed to 30 MW. In 2005 different lines 

 
Fig. 12.  Conditions that was decided from 2003 and further in the focus 
area of E.ON Netz.  
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were installed, one which is 300 km and has a 
voltage of 70 kV, another one which is 100 km 
and has a voltage of 30 kV and a 2000 km long 
line with voltage of 10 kV. 

The northern of the island has a strong grid 
because it is connected to Visby and Slite. It 
also provides the consumers in Visby and Slite 
with electricity. In the south, the grid is weak 
and the highest local request is ca 17 MW. 
However, the installed wind power is ca 60 
MW; that creates a misbalance concerning the 
load and production of wind power. The 
misbalance between the load and the amount 
of the produced WP makes the operation of the 
system difficult. The solution to this 
misbalance is to install VSC based HVDC 
links in the island; these has already been 
installed and are the first in the world; of their 
kind to be installed in Gotland. 

Gotland is expected to export 2 GWh to the 
mainland Sweden which is 500 hours per year 
from the produced wind power. That is 
possible today because of the HVDC link that 
is built between Gotland and the mainland of 
Sweden. The link had only one direction from 
the mainland to Gotland. However, today the 
link had developed to have a new direction; 
from Gotland to mainland. Consequently, the 
export is possible today.  To summarize the 
system currently is able to change the direction 
of the power flow without effecting the 
frequency. 

As we mentioned earlier, GEAB is the 
system operator but the TSO for the whole 
country (Sweden and the island Gotland) is 
Svenska kraftnät. The windfarms are owned by 
different companies. There are also wind 
turbines that is owned by individuals. The 
owners of the windfarms obligated to follow 
requirements that are decided by the system 
operators GEAB. The individuals whom own a 
wind turbine is also obligated to follow 
requirements; these requirements have they 
taken part of; they have also agreed on 
following them before they got permission to 
connect to the grid. Furthermore, they have to 

record the technical capabilities of all turbines 
they own.  

Protection system is essential to avoid 
damaging expensive equipment. For instance, 
the VSC-based HVDC link in Gotland has a 
protection system that disconnects the 
equipment; when faults or any operative 
defects occur. This protection system that is 
used; is based on insulated bipolar gated 
transistor (IGBT).  

Something that GEAB works with is 
defining requirements that is specific for 
Gotland’s power system. Throughout this 
procedure they have discovered that it’s 
difficult to do that; as the manufactures of 
wind turbines are not consistent. That makes it 
difficult to demand the manufactures to follow 
requirements, because of the inconsistency. 

V. SUMMARY 
Wind power has become a strong contender 

amongst all renewable power sources. In the 
course of our research, this has been made 
evident. During the last two decades’ wind 
power plants have evolved significantly. The 
amount of installed wind turbines has 
increased considerably and this has prompted 
many technological advancements in the 
induction generators, the power electronics 
regulating voltage conversion, and the grid 
codes governing the management of wind 
power plants.  This, in turn, has contributed to 
making wind power more reliable and cost 
effective. This trend shows no sign of abating 
in the foreseeable future. Many regulating 
organs in the power production sector predict a 
continued rise in wind power penetration in 
many countries.  The cycle will continue to 
drive development and further proliferation of 
wind power turbines. 

Furthermore, some of the previously 
assumed limits to how much wind power could 
a power grid accommodate have been 
removed. In Sweden alone, the proposed 
increment in wind power penetration of 20% 
of the total produced power by the year 2020 is 
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not only technically feasible with today’s 
technology, but according to many experts, it 
will be profitable. This does not imply that 
such an integration increase will be simple. 
The requirements for such an undertaking 
include a restructuring of the managing 
philosophies which have been used for the past 
century in the power sector. The wind is a 
diffuse source of energy which necessitates 
wind power plants and individual turbines to 
be distributed over wide geographical areas. 
The power network was originally constructed 
to supply large loads (e.g. urban centers) from 
large power production plants (e.g. 
hydroelectric plant). This is essentially a 
paradigm shift from centralized power 
production to distributed generation which 
forces a flexibility that most power grid 
operators have traditionally avoided. 
 The technology used today in the electronics 
components of wind turbines is more robust 
and progressively less expensive than it was 
five years ago. The voltage converters used in 
the wind turbine’s induction generators can be 
further improved to minimize harmonic 
distortions introduced in the system by their 
switches, but they are exceptionally good 
already at regulating both active and reactive 
power output. Variable-speed wind turbine 
generators (Type-III and Type-IV) have been 
shown to have the best operational 
characteristics. Their low flicker output as well 
as control capacity are undoubtedly some of 
the contributing reasons for their increased 
dominance: There are almost no fixed-speed 
wind power generators installed in Sweden 
today. 
    From an operational standpoint, the biggest 
challenges to overcome with increasing levels 
of wind power production are reactive 
compensation and voltage control. These two 
concepts are closely related since reactive 
power compensation can be used to manage 
voltage fluctuations. Static VAR compensators 
provide a good dynamic compensation profile 
to allow for efficient operation of wind power 
plants while meeting the appropriate 

performance requirements. In the particular 
case of Sweden, due to the nation’s strong 
power network, these challenges pose less of a 
threat to the optimal functioning of the grid. 
The amount of installed power reserves in 
hydroelectric power plants alone provides a 
large safety net to ensure that the power quality 
in the grid can meet the required nominal 
ratings.  
    As shown in the examples taken from 
Germany and Gotland, a wind power 
penetration of 30% of the total installed power 
production is an attainable and profitable 
venture. The transition to a flexible grid with a 
large percentage of the total installed power 
being produced by wind power and other 
renewable sources will probably merge with 
other innovative concepts such as the smart 
grid. These two technologies seem to be a 
perfect match to transform what we now know 
as the power generation sector into a more 
efficient and robust system. The challenges 
exist, but they are not by any means 
insurmountable. 

REFERENCES 
[1] M. Milligan, K. Porter, C. Maryland et al., "Preface: Wind 

Power Myths Debunked," Wind Power in Power Systems, 
T. Ackermann, ed., pp. 7-20, Chichester, UK: John Wiley 
& Sons, Ltd, 2016. 

[2] T. Ackermann, "Introduction," Wind Power in Power 
Systems, T. Ackermann, ed., pp. 1-5, Chichester, UK: John 
Wiley & Sons, Ltd, 2016. 

[3] R. P. Walker, and A. Swift, "Impacts of Energy and 
Electricity on Society," Wind Energy Essentials: Societal, 
Economic, and Environmental Impacts, pp. 1-33, Hoboken, 
NJ: John Wiley & Sons, Inc, 2016. 

[4] L. Söder, På väg mot en elförsörjning baserad på enbart 
förnybar el i Sverige, KTH, Stockholm, 2013. 

[5] J. Lundberg, J. Nilsson, and R. Östberg, Finansiering av 30 
TWh ny förnybar el till 2020, Energimyndigheten, 
Eskilstuna, 2015. 

[6] T. Burton, U. Powys, N. Jenkins et al., "The Wind 
Resource," Wind Energy Handbook, pp. 9-38, Chichester, 
UK: John Wiley & Sons, Ltd, 2016. 

[7] T. Burton, U. Powys, N. Jenkins et al., "Introduction," 
Wind Energy Handbook, pp. 1-8, Chichester, UK: John 
Wiley & Sons, Ltd, 2016. 

[8] N.-E. Carlstedt, Årsrapport 2015, Energimyndigheten, 
2015. 

[9] C. Liljegren, S. Cleps Electrical Power Solutions AB 
(CLEPS AB), T. Ackermann et al., "Wind Power on the 
Swedish Island of Gotland," Wind Power in Power 
Systems, T. Ackermann, ed., pp. 283-297, Chichester, UK: 
John Wiley & Sons, Ltd, 2005. 

[10] L. Söder, L. Hofmann, A. Orths et al., “Experience From 
Wind Integration in Some High Penetration Areas,” IEEE 



I3A WIND POWER INTEGRATION TO THE POWER GRID  
 

Transactions on Energy Conversion, vol. 22, no. 1, pp. 4-
12, 2007. 

[11] ----------------. "Swedish Energy Agency in new report: 
Planning for 30 TWh wind power in Sweden by 2020," 16 
Apr, 2016; [Online]. Available: 
http://www.energimyndigheten.se/en/news/2007/swedish-
energy-agency-in-new-report-planning-for-30-twh-wind-
power-in-sweden-by-2020/. 

[12] S. Östlund, Eleffektsystem: EJ1200, Stockholm: 
KTH 2007. 

[13] E. H. Camm, M. R. Behnke, O. Bolado et al., 
"Characteristics of wind turbine generators for wind power 
plants." pp. 1-5. 

[14] L. Söder, S. KTH Royal Institute of Technology, T. 
Ackermann et al., "Wind Power in Power Systems: An 
Introduction," Wind Power in Power Systems, T. 
Ackermann, ed., pp. 47-72, Chichester, UK: John Wiley & 
Sons, Ltd, 2016. 

[15] A. D. Hansen, and D. Risø‐DTU National Laboratory, 
"Generators and Power Electronics for Wind Turbines," 
Wind Power in Power Systems, T. Ackermann, ed., pp. 73-
103, Chichester, UK: John Wiley & Sons, Ltd, 2016. 

[16] T. Burton, U. Powys, N. Jenkins et al., "Wind Energy and 
the Electric Power System," Wind Energy Handbook, pp. 
565-612, Chichester, UK: John Wiley & Sons, Ltd, 2016. 

[17] F. Van Hulle, and P. Gardner, "Part II - Grid Integration," 
Wind Energy - The Facts, pp. 155-196 Belgium: European 
Wind Energy Association, 2009. 

[18] S. Grunau, and F. W. Fuchs, Effect of Wind-Energy Power 
Injection into Weak Grids, Institute for Power Electronics 
and Electrical Drives, Kiel University, Kiel, Germany, 
2012. 

[19] M. Couvreur, E. De Jaeger, P. Goossens et al., “The 
Concept of Short-Circuit Power and the Assessment of the 
Flicker Emission Level,” in 16th International Conference 
and Exhibition on ELECTRICITY DISTRIBUTION, 
Amsterdam, 2001. 

[20] M. Werner. "National grid," 2 Apr, 2016; [Online]. 
Available. http://www.svk.se/en/national-grid/. 

[21] ----------------, Storskalig utbyggnad av vindkraft - 
Konsekvenser för stamnätet och behovet av reglerkraft, 
Svenska Kraftnät, 2008. 

[22] J. O. Tande, and N. SINTEF Energy Research, "Power 
Quality Standards for Wind Turbines," Wind Power in 
Power Systems, T. Ackermann, ed., pp. 157-173, 
Chichester, UK: John Wiley & Sons, Ltd, 2016. 

[23] IEC, "Wind Turbines - Part 21: Measurement and 
Assessment of Power Quality Characteristics of Grid 
Connected Wind Turbines," 61400-21, 2008. 

[24] Å. Larsson, "Practical Experience with Power Quality and 
Wind Power," Wind Power in Power Systems, T. 
Ackermann, ed., pp. 195-208, Chichester, UK: John Wiley 
& Sons, Ltd, 2016. 

[25] F. Santjer, and G. University of Siegen, "Measurement of 
Electrical Characteristics," Wind Power in Power Systems, 
T. Ackermann, ed., pp. 175-193, Chichester, UK: John 
Wiley & Sons, Ltd, 2016. 

[26] A. R. Boynuegri, B. Vural, A. Tascikaraoglu et al., 
“Voltage Regulation Capability of a Prototype Static VAr 
Compensator for Wind Applications,” Applied Energy, vol. 
93, pp. 422-431, 2012. 

[27] ----------------. "Discover the World of FACTS 
Technology," Apr, 2016; [Online]. Available: 
http://www.energy.siemens.com/hq/pool/hq/power-
transmission/FACTS/FACTS_Technology_.pdf. 

[28] J. D. Rose, and I. A. Hiskens, “Challenges of Integrating 
Large Amounts of Wind Power,” in Annual IEEE Systems 
Conference, WaikikiBeach, Honolulu, Hawaii, USA, 2007, 
pp. pp.  1-7. 

[29] M. Altin, O. Goksu, R. Teodorescu et al., “Overview of 
Recent Grid Codes for Wind Power Integration,” 
Conference on Optimization of Electrical and Electronic 
Equipment,, vol. 12th, pp. pp.   1152-1160, (2010, May). 

[30] J. Matevosyan, S. M. Bolik, and T. Ackermann, "Technical 
Regulations for the Interconnection of Wind Power Plants 
to the Power System," Wind Power in Power Systems, T. 
Ackermann, ed., pp. 209-240, Chichester, UK: John Wiley 
& Sons, Ltd, 2016. 

[31] M. Luther, and W. Winter, "Wind Power in the German 
Network: Present Status and Future Challenges of 
Maintaining Quality of Supply," Wind Power in Power 
Systems, T. Ackermann, ed., pp. 549-568, Chichester, UK: 
John Wiley & Sons, Ltd, 2016. 

 

http://www.energimyndigheten.se/en/news/2007/swedish-energy-agency-in-new-report-planning-for-30-twh-wind-power-in-sweden-by-2020/
http://www.energimyndigheten.se/en/news/2007/swedish-energy-agency-in-new-report-planning-for-30-twh-wind-power-in-sweden-by-2020/
http://www.energimyndigheten.se/en/news/2007/swedish-energy-agency-in-new-report-planning-for-30-twh-wind-power-in-sweden-by-2020/
http://www.svk.se/en/national-grid/
http://www.energy.siemens.com/hq/pool/hq/power-transmission/FACTS/FACTS_Technology_.pdf
http://www.energy.siemens.com/hq/pool/hq/power-transmission/FACTS/FACTS_Technology_.pdf

	I. INTRODUCTION
	II. Integration issues
	A. Wind Power in Sweden
	B. Challenges of Increased Penetration of WPP in the Existing Power Grid
	C. Long- and Short-term Wind Variations
	1) Short-term variations2F  (hour to hour or less)
	Which can create spikes and swells in the voltage output of a WPP. Regarding such variations, the available data gleaned from operational WPPs has shown that the power grid can manage them well since they are statistically small and uncorrelated to po...
	2) Long –term variations (seasonal, yearly or longer)

	D. The Electric Power Grid
	E. The Swedish Power Network

	III. Operational Issues
	A. Basic consideration
	B. Power Quality
	1) Rated data (specific output characteristics of a WTG make and model)
	2) Voltage fluctuations and flicker
	3) Current harmonics, interharmonics and higher frequency components
	4) Response to network voltage drops
	5) Active power capabilities and control
	6) Reactive power capabilities and control
	7) Grid protection and reconnection times

	C. Voltage Fluctuations
	D. Harmonics
	E. Active Power
	F. Reactive Power
	G.   Current Technical Answers to operational challenges
	Static VAR Compensation
	1) Thyristor Switched Capacitor (TSC):
	This capacitor adapts to variations in the load. It can automatically adjust to balance the voltages to their nominal values. It inserts a variable reactive current. That means it produces a maximum amount of reactive power or nothing. TSCs are an ess...
	2) Thyristor Switched Reactor(TSR)
	3) Thyristor Controlled Reactor(TCR)

	Grid Codes, An Approach to Make Wind Power Possible for now and to the Future
	Grid codes for networks less than 110 kV
	Grid codes for networks over 110 V
	Merged grid codes
	1) Disturbance tolerance
	2) Voltage control
	3) Power control
	4) Tests and certification


	IV. Practical cases
	A. Germany as an example for how the wind power works in the power system
	B. Gotland as an example of high wind power penetration in Sweden

	V. summary
	References

