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Abstract
The use of renewable energy in electric power plants has increased in the past
years and, with this, new challenges in the power system have appeared. Planning
methods in the power system have to be adapted due to the change in the daily operation
of these power plants. Wind power plants (WPPs) and photovoltaic panels (PVs) are some
of these examples. Some of the challenges appear as their production is not constant.
However, as their use has big environmental advantages, the interest in the integration of
PVs in the distribution system has increased. As a consequence of this, research studies
have started to estimate the impact of large amounts of PV on the grid. At transmission
level, the use of WPPs is also growing and new studies are being proposed. Studies about
power quality are needed both at distribution and at transmission levels, among others
used to estimate the impact of PV and WPP on voltage unbalance and harmonic
distortion.
For the connection of WPPs to the grid, harmonic studies are quite common due
to network operator requirements. The network operator limits the harmonic distortion
in the grid, which in turn sets limits on the emission from the WPP. In case of exceeding
these limits, mitigation actions are needed. However, due to the pre-existent harmonic
distortion (“background distortion”), there is also a need to distinguish the emission
originating from the WPP and the emission coming to the WPP from the public grid.
With this formulation in mind, an initial study about emission from wind turbines and
propagation of the emission through the WPP was performed. From the studies, two
important observations were made: harmonic aggregation and amplification of emission
with connection of increasing number of wind turbines (the so-called “primary
emission”); and a strong influence of the harmonic emission transferred to neighboring
turbines (the so-called “secondary emission”) on the total harmonic current at the
terminals of a wind turbine. Furthermore, a harmonic contribution determination study
was performed to identify the source of the harmonic emissions in WPPs.
Regarding harmonic mitigation methods, also, in this work, a review was
presented of the different methods and a study was performed about the use of active
filtering in WPPs. From the literature review, it was observed that passive, active and
hybrid solutions are used as harmonic mitigation methods and that, depending on the

objective, there are several solutions that can be applied (each installation needs to be
evaluated before a decision can be made about applying a specific method). Regarding the
study case, shunt active filters were applied in specific locations inside the WPP and the
harmonic distortion was calculated to evaluate the most suitable location for this
mitigation method. From the results it was observed that their use close to the wind
turbines results in the lowest harmonic distortion. A proposal of applying this mitigation
method in the converter control system (as part of the wind turbine) was studied as part
of a literature review.
As the interest in the use of PVs in the distribution networks is also increasing, in
this work, studies about voltage unbalance and harmonics were performed to estimate the
impact of single-phase PVs on low voltage grids. Simulations in two different grids (6 and
28-customer network) were performed and a stochastic method, using the transfer
impedance matrix, was applied for both studies. In the voltage unbalance study it was
shown that for both networks the risk of exceeding the limits depends on the background
voltage unbalance and on the location where the PVs may be connected. For the cases
studies it was shown to be unlikely that the limits would be exceeded. For the harmonics
study, the approach was applied for the 6-customer network. It was observed that
depending on the used limit (standards) and harmonic order the limits may be reached
and even exceeded, restricting the connection of new PVs. Furthermore, with these
studies it was possible to estimate the hosting capacity for each of the cases.
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1.

INTRODUCTION

1.1 Background
During the past years, the use of renewable energy (RE) increased in the world
energy matrix due to the need of CO2 gas reduction in the atmosphere. Because of this,
the use of wind power plants (WPPs) and photovoltaic (PV) panels (both single-phase and
three-phase connected) is increasing. Several studies regarding these power plants have
been presented and new challenges have appeared, including power quality issues. Due to
this, studies on this topic are necessary to ensure a continued secure and reliable
operation of the power systems.

1.2 Motivation
The increasing amount of distributed energy (DE) in the power system is
impacting the power grid in different ways, including possible negative impacts on power
quality. The connection of PV through inverters, (PVIs), impacts, for example, the
harmonic distortion. The use of single-phase inverters additionally gives an increased
voltage unbalance in the distribution system. In the transmission system, the connection
of WPPs needs to be considered due to their impact on harmonic distortion, among
others the distortion generated by the frequency converters present in the WPPs. Their
emission is low; however, the connection in a grid with high background harmonic
distortion may result in exceeding of the emission limits set in standards or connection
agreements.
Independently of the voltage level at which they are connected, the study of the
impact of such new power plants on the grid is important to ensure the continued proper
operation of the power system. Such studies are guided by standards and limits that need
to be fulfilled before connecting the power plants. Hosting capacity studies are performed
to estimate the impact of the connection of these generators [1]. Several phenomena
should be considered when studying the limits as part of a hosting capacity study.
Harmonics and voltage unbalance are some of them. The same analysis can be used at
transmission level.
Despite all the earlier studies, there are still some remaining issues about the use
and connection of WPPs in the power system. As described in [2], the planning level, the
stability of power systems, the possible environmental problems as wildlife and habitat
1

and issues related to the way in which the wind turbines impact the grid differently than
conventional production units are some of the remaining challenges regarding the use of
WPPs.
Another important topic when considering these connections is the impact of the
installations on the harmonic distortion. For example, in Brazil, after connecting DEs,
when the harmonic distortion level reaches the limits these plants have to be
disconnected to guarantee that the standards are fulfilled, even if the origin of the
distortion is not within the plant [3][4]. In other cases, as in the connection of singlephase PVIs in the distribution system, if the background emission is already close to the
limits, the hosting capacity may be low or even zero.

1.3 Scope of this work
In this work, three simulation studies were developed:
(1) The emissions from the WPP and the wind turbines (WTs) were defined and
the emission of the public grid was also considered. Furthermore, the harmonic emission
contribution from the WPP was calculated and compared with simulation results.
(2) The use of active filters in WPPs was simulated and the most suitable location
for its connection was estimated.
(3) The voltage unbalance hosting capacity was estimated through the use of the
transfer impedance matrix for two different low-voltage customer networks in Sweden.
(4) A similar case was performed, however, instead of the voltage unbalance, the
harmonic distortion was considered. For this, only one network was studied.

1.4 Approach
Two types of studies have been part of this work: literature reviews and
simulations for WPP and low-voltage networks with PVI. These two types are described in
more detail in the forthcoming sections.

1.4.1 Literature Review
Literature reviews were performed for the studies about harmonic mitigation
methods, hosting capacity and harmonic contribution determination methods. For the
review of harmonic mitigation methods, the most used methods were presented and the
2

active filtering method was used in one of the study cases. In the hosting capacity study,
the reviews were related to the voltage unbalance and harmonic distortion limits; a study
case for each of these topics was also performed. The harmonic contribution
determination methods were described and the Superposition Method to identify the
responsible for a specific harmonic emission.

1.4.2 Simulations for WPP
In this work four simulation studies were performed: (1) Harmonic Emission in
WPP, (2) Active Filter Solutions in WPP, (3) Voltage Unbalance Hosting Capacity and
(4) Harmonic Hosting Capacity in low-voltage networks with single-phase PV.
(1) Harmonic Emission in WPP
Simulations were performed in ATP Draw where the simulation time and the
time step used were 1 s and 10 µs, respectively. The 5th and 7th harmonic orders were
used as the harmonic emissions of each wind turbine (WT). With these simulations, a
current transfer function was applied to identify the secondary emission from the
turbines. From this, the harmonic emission transferred to neighboring turbines
(secondary emission) was obtained.
(2) Active Filter Solutions in WPP
A harmonic power flow is used and the simulations were performed using the
software DigSilent PowerFactory 15.2. A WPP consisting of three wind turbines is
modeled to simulate the use of active power filters in WPPs and to indicate the most
suitable location for their use based on the individual and total harmonic distortion for
current and voltage.
(3) Voltage Unbalance Hosting Capacity
A hosting capacity study based on the negative-sequence voltage unbalance was
performed for a 6 and 28-customer network in Sweden. To obtain the voltage unbalance
for each busbar, the negative sequence voltage was calculated using the superposition
method. Repeating for each busbar, the transfer impedance matrix for that network is
obtained, using DigSilent PowerFactory 15.2. To calculate all the possible cases (busbars
and phases) a Monte-Carlo method implemented in Matlab was used.
(4) Harmonic Hosting Capacity
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A hosting capacity study based on the harmonic distortion was performed for a 6customer network in Sweden. To obtain the distortion for the harmonic orders 3rd, 5th,
7th and 11th, for each busbar, the harmonic voltage was calculated using the superposition
method. Repeating for each busbar the transfer impedance matrix for that network is
obtained, using DigSilent PowerFactory 15.2. To calculate all the possible cases (busbars
and phases) a Monte-Carlo method implemented in Matlab was used.

1.5 Contributions
The main contributions of this work are described below:
• Overview of harmonic mitigation methods: an overview was created of the most
used harmonic mitigation methods and new methodologies. Passive, active and hybrid
solutions were presented and the advantages and disadvantages of each of them were
presented. Furthermore, a comparison was shown using the harmonic mitigation
efficiency and the applied costs. With this study, it was possible to update the knowledge
regarding the harmonic mitigation methods that are being used and the new ones that
have been proposed or are being developed.
• Overview of the active filter control methods: as in the previous study, in this one,
a review of the used active filter control techniques was presented. Frequency-domain,
time-domain and soft-computation methods were presented. From this study, it was
possible to compare the methods and give an overview of the most used and new
methods for active filters.
• Location of active filter (AF) for harmonic mitigation in WPP: a study of the use
of active harmonic filters placed at different locations inside a wind power plant was
performed. The harmonic distortion for the voltage and current was used to determine
the most suitable location for placing active harmonic filters within a wind power plant
that will lead to the lowest harmonic distortion. From this study, it was possible to
observe that the lowest values were obtained closest to the AFs; placing AFs in the WTs
has shown to be the most suitable location, because it avoids the harmonic propagation
inside the WPP and into the public grid as well as avoids interaction with local resonant
circuits within the WPP collection grid.
• Primary and secondary emission in WPPs: in this study the primary and secondary
emission in WPP were considered and the harmonic emission transferred to neighboring
4

turbines (secondary emission) was obtained. The results from this study case can also be
applied to other cases. A harmonic contribution determination study was performed to
identify the responsible for the harmonic emissions. The obtained results are simulation
based, but they address the main idea and could be applied to real WPPs.
• Use of the transfer impedance matrix: related to this topic two studies were
performed: (i) a voltage unbalance hosting capacity study and (2) a harmonic hosting
capacity study. The transfer impedance matrix was applied to calculate the negativesequence voltage and the harmonic voltages. With this, using Monte Carlo simulation it
is possible to calculate all the cases and situations, and a probabilistic approach can be
applied to determine the hosting capacity for each of the cases.

1.6 Structure of the Thesis
This work is divided in nine chapters, including this Introduction. In Chapter 2,
the concepts of primary and secondary emission related to WPPs are defined and a review
of most used harmonic contribution determination methods is presented. Chapter 3
presents a review of the most used harmonic mitigation methods and their use in WPPs.
In Chapter 4, a brief review of the definitions related to voltage unbalance, harmonic
distortion and hosting capacity is presented, together with a summary of previous studies
on these subjects. A study about WPP primary and secondary emission is presented in
Chapter 5. In this study, the secondary emission from the wind turbines (WTs) is
obtained. Furthermore, a method to determine the WPP emission is presented and
simulations are performed. Chapter 6 presents a simplified study using active filters in
WPPs; the main idea of this study is to determine the most suitable location to connect
active filters using the harmonic distortion as the index. In Chapters 7 and 8, hosting
capacity studies related to the connection of single-phase PVIs are presented. The study
about voltage unbalance is performed in Chapter 7 and the one related to harmonic
distortion in Chapter 8. The conclusions, findings and suggestions for future work are
presented in Chapter 9 of this work.
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2.

HARMONIC EMISSION IN WPPS
In this chapter the primary and secondary emission of wind power plants are

defined and studied. Furthermore, a review of most used harmonic contribution
determination methods is given.

2.1 Introduction
With the increasing number of wind power plants (WPP) being connected to the
power grid, several studies have been performed to determine their impact on the power
system. The power quality is one of these impacts, especially related to harmonic
distortion analysis. Harmonics are defined as sinusoidal voltage and currents with
frequencies at integer multiples of the mains generated frequency (fundamental
frequency). The generation of harmonics is caused by the operation of non-linear loads.
The use of frequency converters for the connection of WPPs may increase the
emission of harmonic currents into the public grid. Due to this, it is important to
determine the WPP harmonic emission; this can be done through simulations or
measurements. However, when the WPP is already connected, as is the case in most of
the measurement studies, the background harmonic distortion cannot be fully
considered, because the measured distortion will be a combination of the wind turbines
(WT) emission and the pre-existing harmonic distortion. Because of the latter
contribution, WPPs can be blamed and unfair penalized for the distortion, if the
harmonic distortion is not at all or not sufficiently studied before the connection. In this
chapter a review is presented of the used methods to determine the harmonic emission
contribution of non-linear loads and sources. The definition of primary and secondary
emission is given in this chapter and applied to WPPs.

2.2

Primary and Secondary Emission in Wind Power Plants
The study of WPPs harmonic emission is an important issue when connecting

these power plants into the public grid. Requirements set by power system operators have
to be fulfilled and the harmonic emission is part of these requirements. IEC 61400-21 [1],
IEC 61000-3-6 [2], IEC 61000-4-7 [3] and IEC 61000-4-30 [4] are the standards that guide
the limits, measurement procedures and assessment of power quality related to WPPs.
The determination of the WPP harmonic contribution is an important issue when
9

connecting the power plant. However, measurements at the connection location are not
enough to quantify the WPP harmonic contribution. The impact of the background
harmonic voltage on the emission also needs to be considered.
Primary emission is defined as the device harmonic emission (the current at the
interface between the device and the grid) that is driven by sources inside of the device.
The secondary emission is defined as the harmonic current driven by sources outside of
the device [5]. For a WPP, the primary emission is defined as the emission originating
from the device (WT), and the secondary emission as the emission originating outside of
the device (WT) [6][7]. Assuming one WT as the analyzed device, there are two
contributions to the secondary emission: the harmonic contribution from one turbine to
the other turbines and the emission at the terminals of the turbine driven by the public
grid. With this last definition, the WPP can also be considered as a secondary emission
seen from the other turbines. However, a study after the impact of background distortion
is often not a requirement for connection of power plants into the system. As a result,
there is limited interest in secondary emission [6]. In Chapter 5, a study quantifying the
primary and secondary emission is presented, together with a study after the WTs
secondary emission.

2.3

Harmonic Contribution Determination
Methods that properly determine the harmonic contribution of each source (i.e.

that distinguish between primary and secondary emission) are still a challenging subject in
power systems. In the literature, several methods are presented that are adequate for this
purpose, but most of them need accurate data and knowledge of the whole system and
such accurate data is not always available. However, in WPPs, the park operator has
reasonable knowledge of the impedance. Based on this, some of the existing methods can
be applied to determine the WPP harmonic contribution in the power system.
There are several studies about harmonic contribution determination; however,
most of them are based on the Harmonic Power Flow Method, Conforming and NonConforming Current Method, Superposition Method and Harmonic State Estimation
Method. These are the most used and spread methods to determine the harmonic
contribution and they are described below. In Chapter 5, the superposition method is
applied to determine the WPP harmonic contribution.
10

Harmonic Power Flow Method
Described by [8], the method is based on the relationship between the active
power flow direction of the harmonics and the fundamental frequency. It was obtained
by using power meters to measure the active power. Using a filter, the fundamental
frequency was obtained and the harmonic active power can be obtained by (2.1).
Ph = Vh ⋅ I h cos φh

(2.1)

Where, Ph is the harmonic active power of order h, Vh is the harmonic voltage of order h,
I h is the harmonic current of order h and φh is the phase-angle difference between voltage
and current of order h.
Using the results, it is possible to obtain the harmonic power flow direction
through its sign. With this, for balanced and unbalanced circuits, the following
determination is possible:
If Ph > 0 , the harmonic source exists downstream of the measurement location;
If Ph < 0 , the harmonic source exists upstream the measurement location.
The drawback of this method is that it is only possible to determine which is the
highest harmonic contribution, but the method cannot quantify the size of the
contribution.
Conforming and Non-Conforming Current Method
Defined by [9], the conforming and non-confirming current method divides the
customer load in two parts, (i) the one that affects the voltage waveform (distorting
portion) and (ii) the one which does not causes changes (non-distorting portion). In this
method, a typical load is considered to consist of these two parts and it can be modeled as

( )

two parallel loads, as shown in Fig. 2.1 [9]. The confirming current I ch

is the one

( )

related to the non-distorting load, the non-confirming current I nch is the current drawn
by the distorting part of the load. Assuming that all the non-distorting loads have the
same impedance for all the frequencies, the respective currents can be obtained by (2.2)
through (2.4). With this, the contribution of that specific load is calculated.

11

Fig. 2.1 - Conforming and Non-Conforming Current Method
The conforming current I c is defined as the non-distorting portion of the current
flowing from the supply system and the non-confirming current I nch is the distorting
portion of the current flowing to the supply system, for each harmonic order.
I = I c + I nch

Ic =

I (1)
V(1)

I nch = I h −

(2.2)

⋅ Vh = 0
I (1)
V(1)

(2.3)

⋅ Vh = 0

(2.4)

Where, I h and Vh are the harmonic currents and voltages; I (1) and V(1) are the
fundamental currents and voltages.

Superposition Method
The superposition method is based on a harmonic Norton equivalent circuit,
presented in Fig. 2.2 [10]. Fig. 2.3 illustrates the applied method; Iprimary

emission

and

Isecondary emission are the harmonic currents caused by the two different sources (primary
and secondary emission; public grid and WPP, for example), Zprimary

emission

and

Zsecondary emission are the harmonic impedances, Ipcc and Upcc are the harmonic currents
and voltages measured at the point of common coupling. Assuming the terms primary
and secondary emission, the following figures can be obtained.

12

Fig. 2.2 – Norton Equivalent Circuit

Fig. 2.3 – Superposition Method applied to Harmonic Contribution Determination

For this method, the harmonic impedances for both sources have to be known.
Assuming they are known and that Iprimary emission is the reference, the harmonic currents
can be determined as (2.5) through (2.8).
I primary emission =

I secondary emission =

I primary emission pcc =
I secondary emission pcc =

V pcc
Z primary emission

+ I pcc

V pcc
Z secondary emission

(2.5)

− I pcc

Z primary emission
Z primary emission + Z secondary emission
Z secondary emission
Z primary emission + Z secondary emission

⋅ I primary emission

⋅ I secondary emission

(2.6)

(2.7)

(2.8)

For the case in which the primary emission has varying impedance, an alternative
method can be used. In this one, the Z primary emission
13

variation is converted into an

equivalent harmonic current source I primary emission change [10]. Fig. 2.4 explains the
methodology and the new harmonic current sources are calculated through (2.9). The
same can be done for impedance variations in the secondary emission, using (2.10).
I new_primar y emission =

Inew_secondar emission =

V pcc
Z primary emission _ reference

Vpcc
Zprimary emission_reference

+ I pcc

− Ipcc

(2.9)

(2.10)

Fig. 2.4 – Superposition Method applied to Harmonic Contribution Determination
when the Impedances Vary [10]

Harmonic State Estimation
The harmonic state estimation method can be used to determine the harmonic
contribution of loads [11]. The network parameters and topology are needed for this
method. With this, the bus admittance matrix for the studied harmonics can be
calculated. Measurements at several busses in the system are also necessary. The state
variables to be estimated are the harmonic phasor voltages. The harmonic voltages and
harmonic currents injected from the harmonic sources are provided by the estimator.
With this, the harmonic sources are classified as harmonic injector or harmonic absorber.
The determined harmonic source can be interpreted as a Norton equivalent for all the
harmonic orders involved, through (2.11) through (2.13).
14

^

I i ( n ) − I i ( n ) = Vi ( n ) ⋅ Yi ( n )

Yi ( n ) =

G − jBi
n

^

δ i ( n , n0 )

I i( n ) =

(2.11)
(2.12)

(2.13)

^

I i ( n0 )

Where n is the harmonic order; Vi ( n ) and I i ( n ) are the harmonic node voltage and the
^

equivalent current injected to the studied system, respectively; I i ( n ) and Yi ( n ) are the
unknown Norton harmonic current injection and admittance for the harmonic source
connected in bus i, respectively; G and B are unknown parameters for node i; n0 is a
^

^

chosen reference harmonic and δi ( n , n0 ) is a chosen ratio of I i ( n ) to I i ( n0 ) [10].
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3. HARMONIC MITIGATION METHODS
In this chapter the most commonly used harmonic mitigation methods are
presented.

3.1 Passive Power Filters
Passive filters are commonly used for harmonic mitigation. They are inductance,
capacitance and resistance elements configured and tuned to control harmonic
distortion. They are classified as shunt, series, hybrid, single tuned, double tuned, bandpass, damped and high-pass, as shown in Fig. 3.1. The shunt and series topology are
discussed in this section, the hybrid type is discussed in a specific section describing
passive and active solutions. The passive shunt harmonic filter absorbs the harmonic
currents in a low-impedance path. However, only a part of these currents are absorbed,
the other still flows in the system: passive shunt harmonic filters are connected in parallel
to the non-linear source and rated at the PCC voltage level. On the other hand, the series
filter blocks the harmonic currents offering high impedance for the currents; they are
connected between the grid and the load and rated for the full load current [1][2].
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Passive Power Filters

Shunt

•

Series

•

Tuned

•
•
•
•

Single tuned
Double tuned
Triple tuned
Multi-tuned

Damped

•
•
•
•

•

First order
Second order
Third order
C-type

Band-block

•
•

Hybrid

•

Single tuned
Multi-tuned

•
•

High-block

•
•

Shunt
Series

•
•

Tuned
Damped

First order
Second order

Fig. 3.1 Classification of Passive Harmonic Filters [1]

Passive shunt filters provide low-impedance paths for harmonic currents, so they
do not enter the supply systems and are confined to flow in the local circuits consisting of
lossless elements as inductors and capacitors. As shown in Fig. 3.1, they can be divided in
tuned (single, double, triple and multi-tuned) and damped (first, second, third order and
C-type) filters. A notch filter is an example of a single tuned filter (Fig. 3.2a); it consists of
a series RLC circuit. It is the most economical type and is commonly used for harmonic
mitigation [2]. The double tuned passive filter (Fig. 3.2b) consists of two tuned filters in
one circuit and it has minimum impedance at the selected frequencies. The use of three
(Fig. 3.2c) or more tuned filters in the same circuit does not have specific advantages and
adjustment can be difficult [1]. Another type of shunt passive filter is the high-pass shunt
filter, that creates a low-impedance pass for all frequency components above a certain
frequency. Such filters are divided in first, second and third-order filters and also C-type
filters. The first-order filter is the simplest and is a series RC circuit (Fig. 3.2d). The
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second-order consists of an external resistor in parallel to the inductor and a capacitor
connected in series with an RL circuit (Fig. 3.2e). The third-order type gives better
filtering characteristics (Fig. 3.2f). The drawback of using higher-order filters is that they
will be more expensive to build and more complicated to design. However, they can be
more efficient in removing specific signals at different frequencies [3]. The C-type filter
(Fig. 3.2g) is another type of passive filter and is an alternative to low-pass broadband
filters to reduce multiple harmonic and interharmonic orders. It is similar to the secondorder type, but it has an auxiliary capacitor (Ca) in series with the inductor. Due to this
capacitor, the losses associated to the resistor are reduced [2]. Some of the drawbacks of
using shunt configurations are the resonance problems that may occur due to fixed
compensation. However, compared to other types, the design cost is lower.
Series passive filters are connected in series with the load and provide highimpedance at the selected harmonic orders. With this, as the impedance seen from the
non-linear loads is higher in the supply system, the harmonic currents flows in the local
passive circuits and do not enter the supply system. When multiple harmonic currents
need to be eliminated, more filters need to be connected in series [1]. Some of the
disadvantages of using this type are that the filters have to be designed to carry full load
current with overcurrent protection and are more expensive compared to the shunt type
[1]. Fig. 3.3 presents some configurations of tuned (Fig. 3.3a and Fig. 3.3b) and damped
series passive filters (Fig. 3.3c).

(a)

(b)

(c)

(d)

Fig. 3.2 Shunt Passive Filters [1]
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(e)

(f)

(g)

(a)

(b)

(c)

Fig. 3.3 Series Passive Filters [2]

Some of the reasons for a large use of passive filters are: their simplicity, low cost
and good results for harmonic mitigation. According to [1], the cost reaches 15-20% of
the value of the equipment whose emission the filter is reducing. Some of the limitations
are that they are not adaptable to varying system conditions, the source impedance affects
the filter design and amplifications are possible of characteristic and non-characteristic
harmonics [1].

3.2 Active Power Filters
Passive L-C filters have been used to reduce harmonics; however, they have
problems among others with resonance. With the increase of the harmonic distortion in
the power system, power electronic engineers have developed alternative solutions to
reduce it. The use of active harmonic filters (AF) is one of these solutions [1]. Active
filtering techniques can be in the form of a stand-alone harmonic filter or together with
other power electronics equipment, such as wind turbine inverters. These filters monitor
the load currents/voltage, filter out the fundamental frequency currents/voltages, analyze
the frequency and magnitude content of the remainder, and then inject the appropriate
inverse currents/voltages to cancel the individual harmonics. Active filters will normally
cancel harmonics up to the 50th harmonic and can achieve total harmonic distortion
levels less than 5% for the current. An active filter can be a voltage or a current source
pulse width modulated (PWM) converter [3]. There are many papers that discuss the use
of active filters [4]-[22], their advantages and disadvantages.
Shunt active filters (SHAF) are classified based on the converter type (current
source (CSC) or voltage source (VSC)), topology (half-bridge, full-bridge) and supply
systems (single-phase, three-phase). SHAFs can be design using two types of converters;
Fig. 3.4 illustrates an AF using a current fed pulse-width modulation (PWM) converter.
This type of converter is reliable, but has high losses and needs high values of parallel AC
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power capacitors. The voltage-fed PWM converter (Fig. 3.5) is more used, compared to
the CSC type, because it is lighter and cheaper [1]. CSC and VSC-based SHAF can be
classified by their topology as half-bridge (Fig. 3.6), full-bridge (Fig. 3.7) and H-bridge (Fig.
3.8). The VSC-based half-bridge topology has less solid-state devices, less controls and is
more cost-effective. On the other hand, the VSC-based full-bridge is ideal for three-phase
systems. A single-phase full H-bridge with two legs and four switching devices with
independent control is called a VSC-based H-bridge and is considered the most reliable
configuration [1].

Fig. 3.4 CSC-based SHAF [1]

Fig. 3.5 VSC-based SHAF [1]

Fig 3.6 Half-bridge – VSC-base single-phase SHAF [1]

Fig 3.7 Full-bridge – VSC-base single-phase SHAF [1]
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Fig 3.8 Three H-bridge, four wire SHAF [1]

Series active filters (SAF) are used to filter voltage harmonics driven by the supply
system or by nonlinear sources/loads at the point of common coupling (PCC). They
provide sinusoidal balanced voltages by injecting voltages in series between the PCC and
the load [1]. SAFs can be classified based on the converter type (current (Fig. 3.9) or
voltage (Fig. 3.10)), topology (half and full-bridge) and number of phases (single-phase
two-wire, three-phase three-wire and three-phase four wire). The SAFs can also have half
or full-bridge topology, represented by Fig. 3.11 and Fig. 3.12, respectively.

Fig. 3.9 Two-wire SAF CSC-based

Fig. 3.10 VSC-based SAF
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Fig 3.11 Half-bridge – VSC-base single-phase SAF

Fig 3.12 Full-bridge – VSC-base single-phase SAF

3.2.1 Active Power Filters Control
Control strategies are used to inject harmonic currents/voltages that need to be
compensated. They are divided in three stages (Fig. 3.13); in the first one the signal is
obtained using specific equipment for that; the second stage is responsible for
compensating the currents/voltages based on control methodologies (current/voltage
reference generation techniques); and in the third stage the gating signals are generated.
The reference generation techniques are actually harmonic detection and extraction
methods and they are divided in time and frequency domain methods, and soft
computing methods. There are several algorithms of time, frequency-domain and soft
computing for control of AFs.

Fig. 3.13 Control Strategy - Active Filters
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Frequency Domain Control Techniques
Frequency-domain techniques are based on the Fourier Transform and are
suitable for single and three-phase systems. The used methodologies are known under the
following names: Fourier Transform (FT), Fast Fourier Transform (FFT), Discrete Fourier
Transform (DFT), Sliding Fourier Transform and Short-time Fourier Transform (STFT),
but the basic principle is the same for all those methods: the harmonic components of
the signal are separated from the fundamental component and an inverse Fourier
transform is applied to estimate the reference signal in the time domain [23][24].
Using the DFT, a sliding window is used to obtain the harmonic components. In
the Modified Fourier Series Technique, only the fundamental component of current is
calculated and this is used to separate the total harmonic signal from the load-current.
These methods modify the Fourier series equations to generate a recursive formula with a
sliding window, so at every new sampling subcycle the sine and cosine coefficients are
stored in place of the old ones and the overall sums of the sine and cosine coefficients are
always updated [25]. The main disadvantage of all these techniques is that when the
system has a varying harmonic load this method is impractical because of the time delay
introduced by these techniques. Due to this and the fact that all the methods are based
on the Fourier Transform, in this work, only the DFT will be described.
• Discrete Fourier Transform
The DFT algorithm is a traditional harmonic analysis approach based on a steadystate concept [26].
Having a sequence of N signal data points {xn }, its DFT is a N × 1 vector X of the
frequency components of order k = 0 ,1,… , N − 1 ,

N

 − j 2 π( k −1 )( n −1 ) 


N


X k = ∑ x( n ) ⋅ e

, 1≤ k ≤ N .

n =1

With this, the harmonic components are obtained and the compensation process
can be implemented.
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(3.1)

Time Domain Control Techniques
Time-domain techniques are based on instantaneous derivation of compensating
commands in the form of voltage/current signals from harmonic voltage/current signals.
The most used and known techniques are the p-q theory, the Direct Testing and
Calculating Method, Synchronous d-q Reference Frame Method and the Multiple
Reference Frame Method [27][28][29]. A brief description of some of the methods is
given below; more details are presented in Paper C.
Synchronous d-q Reference Frame Method (SRF): it is based on the Park
transformation; real currents are transformed into a reference frame that is synchronized
with the ac voltage rotating at the same frequency.
Instantaneous Power Theory or pq-theory: in this method, the three-phase voltage
and load currents are transformed into the α − β frame and with this the p-q frame is
obtained [28].
Multiple Reference Frame Method (MRF): the d-q components of current are used
for the reference frames that are the multiples of fundamental electrical frequency. For
each harmonic current a different reference frame is obtained.
Stationary Reference Frame: the currents are transformed into stationary
reference frame using Clark transform.

Soft Computing Harmonic Detection Methods
Other harmonic detection methods used in AFs is referred to as advanced
methods. Using these methods, intelligent controls system can identify models and
predict the performance of the network [30]. Some techniques used for harmonic
mitigation in AHF are Neural Network, Fuzzy Logic, Kalman Filter and Vector Resonant
Controller. Fuzzy Logic and Kalman Filter methods are briefly discussed in this section;
more details are presented in Paper C.
Fuzzy Logic: is a multilevel logic system; it has a degree of membership associated
with each variable [29]. To develop the fuzzy-logic control algorithm for AHF, two inputs
are needed: the voltage error and the change of capacitive voltage over one sample period.
Kalman Filter: is a time-domain stochastic optimal estimator and it is suitable for
tracking time-varying parameters of harmonic signals.
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3.3 Hybrid Power Filters
The study of harmonic mitigation methods has been discussed for several years
and solutions for this power quality problem are being explored creating new devices and
methodologies. Passive filters have been used for a long time for this purpose; however,
they have a large size and can cause resonance with the supply system. Active filters, on
the other hand, have been used to compensate harmonic currents from different types of
loads, but depending on the load/source type, they can be a costly option [1]. Due to this,
hybrid filters (HF) can be an option for harmonic mitigation, combining passive and
active filters. HF solutions have been developed to solve the problems of reactive power
and harmonic currents effectively and it was observed that a combination of PF makes a
significant reduction in the rating of the AF, decreasing or eliminating harmonic
resonance [16]-[20].
According to [1], mainly, four configurations of HF are used in practice. These
topologies are presented in this work. A large number of other configurations are also
reported in the literature. Some of these configurations are presented in Fig.3.14 through
Fig.3.16, one of the combinations is the Passive Series and Passive Shunt Based Hybrid
Power Filter. An advantage of using this configuration is that it blocks harmonics and
provides current harmonic compensation for voltage-fed loads [1]. The Passive Shunt and
Active Series Based Hybrid Power Filter is cost-effective for current harmonic mitigation,
suitable for compensating voltage-fed nonlinear loads and for harmonic compensation of
loads in stiff supply [1]. Another configuration is the Active Series and Passive Shunt
Based Hybrid Power Filter. An advantage of this HF it that it mitigates current
harmonics, limits voltages distortion at PCC and also to compensate nonlinear loads
connected to stiff supply [1]. The last configuration is the Active Series and Active Shunt
Based Hybrid Power Filter, according to [1], this configuration is also known as Universal
AF and is considered an ideal solution for mitigating harmonic voltages and currents at
PCC and produced by nonlinear loads.

27

Fig. 3.14 Passive Series and Passive Shunt Based Hybrid Power Filter Configuration

Fig. 3.15 Active Series and Passive Shunt Based Hybrid Power Filter Configuration

Fig. 3.16 Active Series and Active Shunt Based Hybrid Power Filter Configuration
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4. SINGLE-PHASE PHOTOVOLTAIC GENERATORS HOSTING CAPACITY
In this chapter, a brief review is given of the definitions related to voltage
unbalance, harmonic distortion and hosting capacity.

4.1 Introduction
With the increasing number of distributed energy units being connected to the
public network, especially in the low-voltage network, it is important to quantify the
maximum number of these units that can be connected in the power system without
endangering the power quality or damaging equipment. The hosting capacity is used to
limit the amount of these connections according to the studied phenomenon. The
connection of single-phase generators can increase the voltage unbalance and in other
ways deteriorate the voltage power quality and the system reliability. A single-phase
photovoltaic inverter (PVI) is an example of such a generator that can also increase the
network harmonic distortion, due to the use of power-electronic converters.
Due to this, in this chapter, a brief review is presented about hosting capacity,
harmonic distortion and voltage unbalance. Furthermore, based on the literature, the
hosting capacity is defined for these two disturbances.

4.2 Hosting Capacity
The hosting capacity (HC) is the maximum penetration of new electricity
production in the power system that ensures a reliable system operation and keeps the
power quality indicators within limits [1][2][3]. According to [1], there are some cases in
which the system performance will be improved with new connections; however, there are
others for which it will deteriorate, and even result in a failure of the system. This
happens because for each phenomenon there is a different hosting capacity. For example,
considering the same network, for the voltage unbalance, the hosting capacity could be
two PVIs; for harmonics the limit could be four PVIs. In Fig. 4.1, there is a hypothetical
example of the network hosting capacity for a specific phenomenon [1]. For this case,
with increasing amount of generation the performance decreases. However, there are
some other cases, in which the performance will initially improve, but with larger amount
of production in the same network, the performance for the studied performance will
deteriorate [1].
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To calculate the HC, the following steps should be used: (1) choose a
phenomenon and the performance index; (2) determine the limit; (3) calculate the
performance index as a function of the amount of generation and (4) obtain the hosting
capacity [1]. From this, it can be seen that HC depends on the phenomenon, the chosen
limit, the applied investment and the network structure. To increase the HC is not a
straightforward methodology; it also depends on the described steps.

Fig. 4.1 Hosting Capacity for a Performance Index [1]

4.2.1 Voltage Unbalance and Hosting Capacity in Low-Voltage Networks
In balanced three-phase systems, the voltage magnitudes are equal and the phase
angles are 120° apart. However, for example due to the unequal connection of singlephase loads, the magnitude and the phase angles differ from the balanced case. In these
cases, the voltages are unbalanced and can cause several problems in the system. The
connection of single-phase production units will impact the voltage unbalance and with
random connection of such units it is likely that the unbalance will increase. As singlephase units can only be expected in low-voltage networks, the probability that the voltage
unbalance will increase is highest here [1]. There are several effects of voltage unbalance
on equipment and on the power system: heating, increased losses and unstable operation
conditions are some of them. The unbalance can also result in life time reduction and
unwanted trips for three-phase loads like induction motors, power electronic converters
and adjustable speed drives [4].
There are three types of definition for voltage unbalance [5], the first stated by the
National Equipment Manufacturer’s Association (NEMA) [6], the second by IEEE [7] and
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the definition by IEC [8]. In the NEMA and IEEE definitions, only the voltage
magnitude is used, as seen in (4.1). The definition that is considered the most appropriate
is the IEC one: the ratio of the negative sequence voltage to the positive sequence voltage,
as described in (4.2). Different countries have different limits. In most European
countries the limit is between 1 and 2% [8].

% LVUR =

max voltage deviation from the avg line voltage
⋅100%
avg line voltage

%VUN =

negative sequence voltage
⋅100%
positive sequence voltage

(4.1)

(4.2)

The connection of large single-phase units results in the increase of negativesequence current that will increase the negative-sequence voltage. In [1], it is explained
how to obtain a rough estimate of the voltage unbalance hosting capacity for large and
small single-phase units. The method is summarized as follows. The voltage unbalance
hosting capacity depends on the negative-sequence current (I 2 ) , voltage (U 2 ) and
impedance (Z 2 ) . The negative-sequence impedance is the parallel connection of the
distribution transformer impedance and wire connecting the transformer and the analysis
point with the local shunt impedance. The hosting capacity can be estimated by (4.3).
Pgen =

U 2 ⋅ 3U
Z2

(4.3)

Where Pgen is the production of active power (hosting capacity), U is the nominal phaseto-neutral voltage at the point of connection.
According to [1], the parameter in (4.3) that will vary most is Z 2 . For remote
customers it is determined by the line or cable length. Table 4.1 presents the hosting
capacity for large and small single-phase generators. For this table, the results are
independent of the equipment consumption or production [1]. From the table, it can be
observed that for the connection of large and small single-phase units, the best scenario is
when the distribution transformer size is 400 kVA and the distance between the customer
and the transformer is of 0.5 km; the worst scenario is when the distance is 5 km and the
transformer size is 50 kVA.
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Table 4.1 – Hosting Capacity for Large and Small Single-Phase Generators [1]
400KVA

200KVA

100KVA

50KVA

Underground

Underground

Overhead

Overhead

Transformer
Size
Line/Cable
Type

Large

Small

Large

Small

Large

Small

Large

Small

0.5

16 kW

186 kW

13 kW

126 kW

6.9 kW

31 kW

5.2 kW

17 kW

1

9.3 kW

58 kW

8.4 kW

46 kW

4.2 kW

11.5 kW

3.4 kW

7.5 kW

2

-

-

4.7 kW

14.5 kW

2.3 kW

3.5 kW

2 kW

2.5 kW

3

-

-

3.2 kW

7 kW

1.6 kW

1.5 kW

1.4 kW

<1.5 kW

4

-

-

-

-

1.2 kW

<1.5 kW

1.1 kW

<1.5 kW

5

-

-

-

-

1 kW

<1.5 kW

0.9 kW

<1.5 kW

Unit

Line/Cable Length

Size

In Sweden the low-voltage networks have a mixture of single-phase and threephase equipment connected. The impact of this last one on the negative-sequence voltage
unbalance is important, because it reduces the negative-sequence transfer impedances and
the voltage unbalance becomes less [1][10][11]. In [11], it was shown, in a 6-customer
network, that the negative-sequence transfer impedance matrix was reduced by 15 to 29%
(diagonal) and by 30 to 34% (off-diagonal). Due to this, there was a reduction of
unbalance in a range of 15 to 34%, depending on the busses.
Before applying mitigation techniques it is important to understand that it is
impossible to maintain an exact voltage balance in the system, because different singlephase loads are always being connected and they are not evenly distributed between the
phases [12]. With this, there are several mitigation techniques that can be applied to
decrease the voltage unbalance. As unbalanced loads are an important reason of voltage
unbalance, one possibility is to ensure an equal distribution of the single-phase loads over
the phases.
Other studies have been performed related to hosting capacity and negativesequence voltage unbalance (VU) [13]-[19]. A deterministic approach is presented for the
evaluation of individual VU contributions for a radial power system in [13]. Probabilistic
estimation approaches are used in [17] and [18] to evaluate the VU level, location and
effects of VU in distribution networks. Recently, in [20], a stochastic-based analysis is
described to estimate the hosting capacity of a distribution network.
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Chapter 7 and Paper A present a stochastic assessment of voltage unbalance due
to single-phase connected solar power. For this, the transfer impedance matrix is used to
calculate the negative-sequence voltage and with this, obtain the hosting capacity based on
the voltage unbalance.

4.2.2 Harmonics and Hosting Capacity in Low-Voltage Networks
Harmonic studies in distribution networks, normally, are focused on comparing
harmonics and total harmonic distortion with standards, and are applied in already
developed networks. However, with the increasing use of DEs, there is a need to
incorporate these studies in the planning stage [21][22]. In low-voltage networks with
DEs, such as PVIs, there is a certain level of voltage distortion due to the power electronic
devices, and this will increase the harmonic distortion in the distribution networks.
However, DE units have a low harmonic emission, especially for the traditionally
dominant low-order odd harmonic [1]. Due to this, the HD has to be calculated and
compared with the standards limits. For low-voltage networks, there are standards that
can be used to evaluate the HD [23]. The limits for standards EN 50160 [24], IEC
61000-2-2 [25] are presented in Table 4.2 and Table 4.3. For IEEE Standard 519 [26], up
till 69kV, 5% is the limit for the individual harmonic distortion (IHD), related to the
voltage.

Table 4.2 - EN50160 Standard: IHD Limits for Low-Voltage Systems
Order

IDH

Order

IDH

Order

IDH

5

6%

3

5%

2

2%

7

5%

9

1.5%

4

1%

11

3.5%

15

0.5%

6-24

0.5%

13

3%

21

0.5%

17

2%

19

1.5%

23

1.5%

25

1.5%
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Table 4.3 - IEC 61000-2-2 Standard: IHD Limits for Low-Voltage Systems
Order

IDH

Order

IDH

Order

IDH

5

6%

3

5%

2

2%

7

5%

9

1.5%

4

1%

11

3.5%

15

0.3%

6-10

0.5%

13

3%

21

0.2%

12

0.2%

17

2%

>21

0.2%

>12

0.2%

19

1.5%

23

1.5%

25

1.5%

>25

25 

0.2 + 1.3 ⋅ 
h 


For estimating the harmonic hosting capacity (HHC), first, the harmonic
currents/voltages need to be obtained. For this, mathematical methods can be applied,
such as summation laws and the Monte Carlo method. The linear summation law can be
applied for low order harmonics. However, this method, depending on the system
complexity, may not be so accurate when compared to other methods. The Monte Carlo
method is the most practical approach to solve complex problems when random variables
are present [22].
There are some studies related to harmonic hosting capacity and most of them
assume no background harmonic distortion and linear systems [27]-[34]. The harmonic
hosting capacity is normally based on the IHDs. Based on this, the harmonic hosting
capacity is defined as the maximum amount of DE units that can be connected in the
network without exceeding the harmonic distortion limits [31]. Traditionally, the
harmonic distortion has been calculated through harmonic power flow methods, and
using these results, the harmonic hosting capacity has been evaluated [32]. In [27], linear
closed-form equations are used to obtain the hosting capacity based on current harmonic
limits. In [28], a particle swarm optimization (PSO) algorithm is employed with
conventional power flow and decoupled harmonic power flow subroutines to estimate the
maximum DG penetration levels on the IEEE 18-bus system. In [32], harmonic voltage
constraints are incorporated into an established optimal power flow (OPF) planning
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method to estimate the hosting capacity of DEs. In [31], a linear methodology is applied
to estimate the maximum value of harmonic current that will result in a harmonic voltage
equal to the harmonic limits [31]. Using this definition, the harmonic hosting capacity is
obtained by (4.4).

(

)

Vlim it h = I u h + I HC − h ⋅ Z u h

(4.4)

Where Vlim it h is the maximum harmonic voltage value, I uh and Z u h are the equivalent
harmonic current and impedance produced by the utility, I HC − h is the harmonic current
hosting capacity.
As observed, more specific and robust methods to estimate the harmonic hosting
capacity are still needed. In Chapter 8, Paper E, a linear methodology is applied to
estimate the HHC using stochastic approaches.
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5.

HARMONIC EMISSION IN WPP – STUDY CASES
In this chapter, studies about harmonic emission and propagation in a WPP are

presented, together with the obtained results and discussions.

5.1

Harmonic Emission and Propagation in Wind Power Plants
The study of WPPs harmonic emission is an important and required topic when

connecting these power plants into the public grid. Requirements set by power system
operators have to be fulfilled and the harmonic emission is one of these topics. IEC
61400-21 [1], IEC 61000-3-6 [2] and IEC 61000-4-7 [3] are the standards that set or guide
the limits, measurement procedures and assessment of power quality related to WPPs.
The determination of the WPP harmonic contribution is an important issue when
connecting such a power plant. However, measurements at the connection location are
not enough to guarantee a low WPP harmonic contribution; the background harmonic
emission also needs to be considered.
The harmonic emission and propagation of a WPP are studied in this chapter.
The primary and secondary emission equations are obtained and simulations are
performed to validate them. Simulations are performed and compared with the results
obtained through the proposed equations. Furthermore, the WPP contribution at the
PCC was also studied and simulations were performed. For all the cases, as the 5th and
7th harmonic orders are the highest emissions in WPPs, the harmonic currents related to
these orders are used for the calculations and simulations. The methods were compared
to references and the results were presented through tables.

5.2 Primary and Secondary Emission in Wind Power Plants
The determination of primary and secondary emission is vital to the study of
WPPs, because depending on the connection point, the plant emission can increase the
harmonic distortion and, together with the background harmonic distortion, damage
devices in the power grid. Due to the importance of this topic, in this section, the primary
and secondary emission of a WPP was studied. Simulations were performed in ATP Draw
where the simulation time and the time step used are 1 s and 10 µs, respectively. The 5th
and 7th harmonic orders were used as the harmonic emissions of each WT. For this
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initial study, in this work, only the emission from the WPP was used; one, two and three
WTs were considered in operation.
To correctly include the frequency-dependency of the resistive components, the
circuit was modeled according to each harmonic order through (5.1); the used
parameters, in the fundamental frequency, are presented at Table 5.1 [4]. The frequency
converters were modeled as controlled current sources. As shown in [5], the current
magnitude for these controlled sources should be obtained by measurements and
modeled as a Norton or Thévenin representation. For this study, they were modeled as
Norton equivalents, the measurements were obtained at the low voltage side of the
turbine transformer (0.4/34.5 kV) and the source impedance used is Z=7+6.25 p.u. The
harmonic contribution of each harmonic order is presented in Table 5.2. The data used
for the three-phase transformers are presented in Table 5.3. The lines are modeled as
lumped parameters (PI model) and their data are presented in Table 5.4. For the public
grid, the used impedance is presented in Table 5.2.
Fig. 5.1 represents the WPP circuit with only one WT and Fig. 5.2 with three
WTs. All the parameters are related to a Sb=100 MVA. The obtained results are presented
at Table 5.5.
Rh = R0 ( Ah α + Bh α + C )

(5.1)

Table 5.1 – Parameters for Resistance Variation Correction
Component
Line/Cable
Transformer
Generator

α
0.7316
1.909
0.8802

β
0.7158
2.5
0.8069

A
-1.243
0.1431
-0.8222

B
1.549
-0.08121
1.37

C
0.6
0.91
0.6

Table 5.2 - WT Harmonic Emission
Harmonic
Order
5
7

Harmonic
Frequency [Hz]
250
350

Harmonic
Current [A]
58.74
43.47

Harmonic
Impedance [Ω]
3.65+j2.71
7.59+j8.61

Table 5.3 –Three-phase Transformers
Data
Rated voltage [kV]
Vector group
Impedance [%]

Turbine Level
0.4/34.5
D-YN
10

WPP Level
34.5/230
YN-YN
10
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PCC Level
230/400
YN-D
12

Public Grid Level
400/230
YN-YN
15

Table 5.4 – WPP and Public Grid Lines
Line
B1-B2
B11-B12
B14-B15
B3-B4
B13-B4
B16-B4
B6-B7
B8-B9

Length [km]

Resistance [Ω/km]

Reactance [Ω /km]

Capacitance [µF/km]

3.14

0.3580

0.0893

0.0053

4.178

0.7939

0.4618

0.0053

25
50

0.1493
0.0622

0.8796
0.1449

5.304E-6
0.0026

Fig. 5.1 - Simulated results location in the WT

Fig. 5.2 - Simulated results location in the WPP
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Table 5.5 – Harmonic Emission from the WPP
CURRENT [A]
ONE TURBINE
Order

T1

T2

T3

T4

5

0,5424

0,1042

0,1042

0,4044

7

0,3230

0,0691

0,0691

0,2328

TWO TURBINES
Order

T1

T2

T3

T4

5

0,4669

0,4669

0,2083

0,8087

7

0,3343

0,3343

0,1693

0,5708

THREE TURBINES
Order

T1

T2

T3

T4

5

0,4044

0,4044

0,4044

1,213

7

0,2851

0,2851

0,2851

0,8565

Table 5.5 presents the obtained results. From them, it can be observed that the
harmonic emission decreases with the increasing number of operating WTs. The total
emission decreases when more turbines emit harmonics. The secondary emission
compensates the primary emission. Furthermore, from the case where only one turbine is
generating harmonics it can be observed the WT harmonic emission (primary emission)
and the contribution to the other circuits (secondary emission). These results have been
used as a guidance to obtain an equation for relations between primary and secondary
emission for wind turbines in a WPP.
Consider N turbines connected to the MV collection grid; neglecting the
impedance between them. The current transfer function from turbine 1 to turbine 2 is
obtained from the following expression (the current divider between (N-1) turbines and
the public grid).
Z pg
( N − 1) I T 2
=
.
ZT
I T1
Z pg +
N −1

(5.2)

Where, I T 1 is the current injected by turbine 1, I T 2 is the current flowing through
turbine 2, Z T is the impedance of one turbine and Z pg is the source impedance at the
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MV side of the turbines.
Assuming that the impedance of the turbines is equal to the impedance of the
turbine transformer in series with the impedance of the converter reactor,

ZT =

U 2 
1
.
ε tt 
( N − 1 )  ST 

(5.3)

Where, ST is the rating of the turbine transformer and ε tt is the per-unit impedance of
the turbine transformer and converter reactor.
Now, assuming that the source impedance is equal to the impedance of the grid
transformer,

Z PG

 U2
= ε gt 
 N ⋅ ST


 .


(5.4)

Where, N ⋅ ST is the rating of the grid transformer, N is the number of turbines in the
WPP and ε gt is the per-unit impedance of the grid transformer.
With this, the current transfer function can be written as,

IT 2
IT1

IT 2
IT1





Z
1 
g

=
( N − 1)  Z + ZT 
 PG ( N − 1 ) 


ε gt




ε gt
1 
N
=
=
.
ε tt  ( N − 1 )ε gt + Nε tt
( N − 1 )  ε gt
+


 N N −1 

(5.5)

Assuming ε gt ≈ ε tt , the amount of harmonic emission transferred to neighboring
turbines (secondary emission) is estimated through (5.6),
IT 2
1
=
.
IT1 2N − 1

(5.6)

The total secondary emission received by a turbine is the sum of the contributions
from all other turbines. The secondary emission received by turbine 1 is obtained by (5.7),
N

(1)
I sec
=∑
t =2

N
1
1
(t )
(t )
⋅ I prim
=
⋅ ∑ I prim
2N −1
2 N − 1 t =2

(5.7)

When all harmonic currents are in phase, the secondary emission received by
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turbine 1 is obtained by (5.8) which is approximated by (5.9) for WPPs with a large
number of turbines (N>>1),
(1)
I sec
=

N − 1 (t )
⋅ I prim
2N −1

(5.8)

1
I prim
2

(5.9)

I sec =

For random phase angles, the amplitude of the sum increases with the square-root
of the number of terms in the sum, as presented in (5.10), and the approximated
expression for the secondary emission is obtained by (5.11).
N

∑I
t =2

(t )
prim

≈ N − 1 ⋅ I prim

I sec ≈

(5.10)

1
⋅ I prim
2 N

(5.11)

From the equations it can be seen that the secondary emission decreases with the
increasing number of turbines, because the source impedance gets smaller with the
increasing number of turbines. From this, we can conclude that secondary emission is an
important issue to the discussed and not only the emission driven by the public grid, but
also the harmonic emission transferred to neighboring turbines. Due to this, another
study was performed using the results from Table 5.5 and applying (5.6). When analyzing
the results when only one turbine is emitting harmonic currents, we can observe that the
simulated current at location T1 is the primary emission, T2 and T3 the secondary
emission related to the emission of turbine 1, and T4 the secondary emission flowing to
the public grid. From this, the results obtained for T2 and T3 were used as the reference
to compare and validate (5.6). The obtained results are shown in Table 5.6.

Table 5.6 – Secondary Emission: from Turbine 1 to Turbine 2/Turbine 3
Order
5
7

TB1 – Emission [A]
0,54
0,32

TB2 – Exact [A]
0,11
0,06

TB2 – Simulated [A]
0,10
0,07

Table 5.6 shows the comparison of the simulated results and those calculated
using (5.6). It can be observed that the results are suitable and the proposed method can
be used to estimate the secondary emission flowing through the turbines. However, the
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primary emission determination is a more difficult issue regarding WPPs and harmonic
analysis.

5.3

WPP Harmonic Emission and Contribution Determination

An important issue regarding the evaluation of operating WPPs is its harmonic
contribution determination, the primary emission. When the emission from the WTs is
known, it is possible to calculate their contribution at the analysis point; however,
through measurements this is not possible, in most of the cases, because of the secondary
emission contribution. For example, assuming one measurement point, as in Fig. 5.3, the
circuit resolution has two equations and four unknowns. For solving it, more equations
are needed, which, normally is not the case, for this, assumptions have to be made for
solving the circuit. Due to this, in this study, a method is proposed to calculate the WPP
harmonic emission using the harmonic impedance and measurements at the point of
connection (PCC).
Before connecting a WPP, several studies are required by the network operator to
ensure that the power plant will not deteriorate the existent network power quality. One
of these studies is the harmonic distortion evaluation, for this, a harmonic impedance
study is used to calculate the WPP harmonic contribution at the point of common
coupling (PCC). Based on this, the harmonic contribution can be performed using these
data together with current and voltage measurements at the PCC. A Norton equivalent
can be used to represent the harmonic emission from the WPP and the public grid, as
shown in Fig. 5.3.

Fig. 5.3 – Equivalent Circuit: WPP (left) and Public Grid (right)

For this study, simulations using ATP Draw software were performed and the
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obtained voltage and current at PCC were used as field measurements. The same circuits
and parameters used in Section 5.2 are considered in this study. The advantage of this
method, compared to those described in Chapter 2 is that only the WPP impedance (Z1)
and the measurements at PCC are necessary. Due to this, using circuit and control theory
it is possible to determine the WPP harmonic emission. Using Fig. 5.3 as the WPP and
Public Grid equivalent circuit, the WPP harmonic emission can be calculated through
(5.12), using circuit theory.

I WPPh =

U PCCh
ZWPPh

+ I PCCh

(5.12)

Where, ZWPPh and I WPPh are the WPP harmonic impedance and current emission for
harmonic h, respectively; U PCCh and I PCCh are the measured harmonic voltage and current
at PCC for harmonic h, respectively.
Using (5.12) and the simulation results obtained in Section 5.2, the WPP
harmonic emission can be calculated. For this study the results obtained for one and
three WTs were used as the current and voltage measurements and the harmonic
impedances through the calculation of the WPP Norton Equivalent seen from the PCC
busbar. Furthermore, for each case, two others were performed, one without the public
grid and another with its contribution. The obtained results for all the cases are shown in
Table 5.7 and Table 5.8.
Table 5.7 - WT Harmonic Emission Determination
WT
Order
5
7

Emission
–
Exact [A]
0,10
0,07

Emission
–
Calculated [A]
0,10
0,08

WT+Public Grid
Emission
Emission
–
–
Exact [A] Calculated [A]
0,10
0,11
0,07
0,08

Table 5.8 - WPP Harmonic Emission Determination

Order
5
7

WPP
Emission
Emission
–
–
Exact [A]
Calculated [A]
0,30
0,30
0,21
0,24
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WPP+Public Grid
Emission
Emission
–
–
Exact [A]
Calculated [A]
0,30
0,33
0,21
0,25

From Table 5.7 and Table 5.8, it can be observed that for both cases, the obtained
results are very close to the exact values. However, it can be seen that when there is the
Public Grid harmonic contribution, the contribution determination is not so less
accurate, but the results are still suitable.
Another important issue is to determine the WPP harmonic contribution at the
PCC. For this, the superposition method and control theory are applied to determine
this contribution. Simulations were performed using the WPP described in Section 5.2,
and the following steps were developed:

1) One current source of 1A for harmonic h is connected at Busbar A (wind turbine
busbar) and the ouput current is calculated at Busbar B (PCC busbar);
2) The current transfer function is obtained through

H A, B =

IB
,
IA

(5.13)

Where, H A, B is the current transfer function from A to B, I A is the injected current and
I B is the calculated current at A.

3) Now, using the result obtained from (5.13), the WPP harmonic contribution at
PCC is calculated through
I WPPPCCh = H A,B h ⋅ I WPP h .

(5.14)

Where, I WPPPCCh is the WPP harmonic contribution at PCC and I WPPh is the WPP
harmonic current emission;

4) Repeat steps 1 to 3 for each harmonic current.

This procedure was done for the case of one turbine and for another of three
turbines. Besides only the WPP contribution, for each case, the emission from Public
Grid was also considered. The obtained results are presented in Table 5.9 through Table
5.12.
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Table 5.9 – WT Harmonic Emission – Contribution of One Turbine
Order
5
7

Exact Value
0,10
0,07

WT Harmonic Emission [A]
WT
WT+Public Grid
Calculated Value
Exact Value
Calculated Value
0,10
0,10
0,11
0,08
0,07
0,08

Table 5.10 - WT and Public Grid Harmonic Emission at PCC – Contribution of One
Turbine
Order
5
7

Exact Value
0,08
0,06

Current Contribution at PCC [A]
WT
WT+Public Grid
Calculated Value
Exact Value
Calculated Value
0,08
0,08
0,07
0,06
0,06
0,07

Table 5.11 – WPP and Public Grid Harmonic Emission - Contribution of Three
Turbines
Order
5
7

WPP Harmonic Emission [A]
WPP
WPP+Public Grid
Exact Value
Calculated Value
Exact Value
Calculated Value
0,30
0,30
0,30
0,33
0,21
0,24
0,21
0,25

Table 5.12 – WPP and Public Grid Harmonic Emission at PCC – Contribution of Three
Turbines
Order
5
7

Current Contribution at PCC [A]
WPP
WPP+Public Grid
Exact Value
Calculated Value
Exact Value
Calculated Value
0,18
0,18
0,17
0,18
0,13
0,14
0,13
0,14

From the results it is possible to observe the same behavior as in the previous
study. The obtained results are close to the exact value, however, when there is harmonic
contribution from the public grid, the difference between the values is bigger, but are still
suitable for the study. Even though the simulation results are in an acceptable error
range, field measurements are necessary to complete the validation of the proposed
methodology.
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5.4

Conclusions
In this chapter, studies were performed to analyze and determine primary and

secondary emission when evaluating WPPs connection and operation. For this, the power
plant emission was also studied together with the WPP impact at PCC. From the results
it was possible to observe that the harmonic current flowing between the wind turbines is
comparable to the emission to the public grid. Furthermore, an equation to determine
the secondary emission between the turbines was proposed together with the WPP
harmonic emission and contribution at PCC. The proposed methods were validated
through simulations; however, measurements are needed to ensure the validation of the
method.
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6.

ACTIVE POWER FILTERS AS HARMONIC MITIGATION METHODS IN

WPPS – STUDY CASE
The aim of harmonic mitigation is to avoid the electromagnetic interference and
with this, make sure that all equipment work as intended. This interference can be
avoided reducing the emission from devices, increasing the immunity of devices against
disturbances and reducing the transfer of disturbances from emitting devices to
susceptible devices. From this, reducing the harmonic propagation is an option for
mitigation harmonics and can be done by the use of power filters. Passive, active and
hybrid power filters are used for harmonic mitigation in many situations, depending on
the grid configuration, desirable final costs and targets.
The use of passive filters (PFs), in WPPs is well known and the results obtained
with their use are satisfactory. However, an extensive knowledge of the system during the
WPP design is needed. As WPPs contain advanced power electronic equipment, some
studies have shown that, if appropriately used, these devices can improve the quality of
power from the point their connected [1]-[3]. The turbine converters can be used for this
purpose and the implementation of active filtering techniques would mean a change in
the reference current of the converter current controller, without significant hardware
and infrastructure changes [4]. With this, in WPPs, active filtering using existing or
additional power electronics devices should be considered as an alternative. Additionally,
the use of passive filters can introduce possible new resonances at other frequencies,
additional space in the onshore or offshore substation layout and need for reactive power
compensation. Another advantage of using active filters (AF) is that their controllers can
be tuned and retuned, to address possible topology or operating conditions changes in
the external network and internal WPP infrastructure during the operation.
Due to this, in this chapter, the use of active power filters in wind power plants is
analyzed by simulations to determine the most suitable location for active filtering inside
a WPP.

6.1

Active Power Filters in WPPs
A WPP consisting of three wind turbines is modeled to simulate the use of active

power filters in WPPs and to indicate the most suitable location for their use based on
the individual and total harmonic distortion for current and voltage. For this, four cases
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are studied, (1) in the first one, only one WT is considered and there is no harmonic
emission from the public grid, (2) in the second case, emission from the public grid is
considered, (3) in the third, the whole WPP (3 WTs) is analyzed without emission from
the public grid and (4) in the last one, the emission from the public grid is considered
together with the emission from the WPP. Within these cases, four locations for the AF
are considered:
• Turbine level: Wind Turbine Terminal at the LV side of the WT transformer;
• Connecting level: Wind Turbine Terminal at the HV side of the WT transformer;
• WPP level: Point of Connection (POC);
• PCC level: Point of Common Coupling (PCC).

The single-line diagrams representing these cases are shown in Paper D. For all the
cases, a harmonic power flow is used and the simulations are performed using the
software DigSilent PowerFactory 15.2. The harmonic currents from the WT are
computed at each highlighted measurement point (from A to D) and used as the input
for the AFs placed at each level at a time. In this study, only primary emission is
compensated, so these currents are used as the reference for the AFs. For the Turbine
level, they are obtained by the computed currents in point A, but for the other levels the
currents are calculated using the current divider method and then used as the reference
current for the AFs with a phase shift of 180 degrees for each harmonic order.
The frequency converters are modeled as controlled current sources for harmonic
and the harmonic current inputs refer to its measurements. The harmonic contribution
of the WTs is modeled as a Norton equivalent, the measurements were obtained at the
low voltage side of the turbine transformer (0.4/34.5 kV) and the source impedance used
is Z=0.2308+j1.1652 p.u. These currents are considered the primary emission (harmonic
emission from the WTs) and used as the reference currents for each harmonic order. For
this study, the 5th and the 7th harmonic are used for the simulations; their contributions
are presented at Table I of Paper D. The public grid voltage harmonic contribution was
considered as 1% for all harmonic orders. The fundamental current for a 2.5 MVA/0.4
kV WT is used as the reference for representation in percent. The data used for the
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three-phase transformers is presented in Table II of Paper D. The lines are modeled as
lumped parameters (PI model) and their data are presented at Table III of Paper D.
The results for the four cases are presented in Table 6.1, Table 6.3, Table 6.5 and
Table 6.7 and are related to the voltage. The individual harmonic distortion (IHD) and
total harmonic distortion (THD) are the regulated quality indices for harmonic
distortion. In this study they are used for comparing the obtained results for each
situation. In the end of the section, the results are discussed and some considerations are
performed.

6.1.1 Case 1 - Wind Turbine Simulation without Secondary Emission
In this case, only one turbine is considered and no emission is driven by the
public grid. The IHDv is shown in Table 6.1. The THDv/THDi for the voltage and
current is shown in Table 6.2.
Table 6.1. IHDv - Emission from the WT

Before connecting the AF
Placed at Turbine Level
Placed at Connecting Level
Placed at WPP Level
Placed at PCC Level

B1
1,50
0,01
0,97
1,16
1,50

5th - IHDv [%]
B3
B4
0,53 0,33
0
0
0
0
0,19 0,04
0,53 0,33

B6
0
0
0
0
0

B1
2,06
0,01
1,30
1,56
2,06

7th - IHDv [%]
B3
B4
0,76
0,48
0
0
0
0
0,26
0,09
0,76
0,48

B6
0
0
0
0
0

Table 6.2. THD - Emission from the WT

Before connecting the AF
Placed at Turbine Level
Placed at Connecting Level
Placed at WPP Level
Placed at PCC Level

A
2,9
0
2,9
2,9
2,9

THDi [%]
B
C
D
2,9 3,59 3,59
0
0
0
0
0
0
2,9
0,3
0,3
2,9 3,60 0,28

B1
2,55
0,02
1,62
1,94
2,55

THDv [%]
B3
B4
0,93 0,59
0
0
0
0
0,32
0,1
0,93 0,59

B6
0
0
0
0
0

From Table 6.1 and Table 6.2, we can observe that for all the cases the
harmonic distortion decreases and comparing each situation, the lowest value is obtained
when the AF is placed at Turbine Level. For THDi, we can observe that for the WPP and
the PCC level, the distortion decreases, but does not reach zero distortion. It can also be
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observed that, for both studies, the farther away from the harmonic source the active
filter is connected, the lower its efficiency. Furthermore, it can be observed that upstream
the place where the AF is connected, the harmonic distortion reaches the initial level.
With this, it is important to mention that even though the harmonic distortion at point
B6 (PCC) is zero, there is still harmonic distortion flowing in the WPP circuit and this
can affect protection devices. Further studies are being developed on this subject.

6.1.2 Wind Turbine Simulation with Secondary Emission
The harmonic emission originates, in this case, from the WT and the public grid.
For the simulations, the same cases presented for Case 1 are considered. The IHDv is
shown in Table 6.3. The THDi and THDv is presented in Table 6.4.

Table 6.3 - IHDv - Emission from the WPP - with Secondary Emission

Before connecting the AF
Placed at Turbine Level
Placed at Connecting Level
Placed at WPP Level
Placed at PCC Level

B1
1,47
0,03
0,94
1,13
1,47

5th - IHDv [%]
B3
B4
B6
0,50 0,31 0,02
0,02 0,02 0,02
0,02 0,02 0,02
0,16 0,04 0,02
0,51 0,31 0,02

B1
2,05
0,02
1,28
1,54
2,05

7th - IHDv [%]
B3
B4
B6
0,75 0,47 0,01
0,01 0,01
0
0,01 0,01
0
0,25 0,09
0
0,75 0,47
0

Table 6.4 - THD - Emission from the WT - with Secondary Emission

Before connecting the AF
Placed at Turbine Level
Placed at Connecting Level
Placed at WPP Level
Placed at PCC Level

A
2,9
0
2,9
2,9
2,9

B
2,9
0
0
2,9
2,9

THDi [%]
C
D
3,58 3,58
0
0
0
0
0,30 0,30
3,58 0,28

B1
2,53
0,03
1,59
1,91
2,52

THDv [%]
B3
B4
0,9
0,56
0,02 0,02
0,02 0,02
0,30 0,10
0,91 0,57

B6
0,02
0,02
0,02
0,02
0,02

From Table 6.3 and Table 6.4, we can observe the same behavior found for the
case of one WT: the harmonic distortion decreases and the lowest value is obtained when
the AF is placed at Turbine Level. However, for all the voltage harmonic distortions,
related to the 5th harmonic order, the use of the AF does not reach zero harmonic
distortion for all the levels. In fact, the harmonic distortion at the PCC, after the
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connection of the AHF, does not decrease. This is due to the fact that the secondary
emission is not mitigated. Furthermore, comparing Table 6.3 and Table 6.4, a discrete
aggregation can be observed for both harmonic orders. This is due to the secondary
emission resulting from the public grid. However, even with this aggregation, filtering the
primary emission was not sufficient to ensure the desired harmonic mitigation.

6.1.3 Case 3 - WPP Simulation without Secondary Emission
In this case, the WPP is considered (3 WTs). The harmonic emission is considered
to originate only from the WPP, so there is no harmonic contribution from the public
grid. The IHDv is shown in Table 6.5, and the THDs in Table 6.6.

Table 6.5 - IHDv - Emission from the WPP
B1
Before connecting the AF
2,56
Placed at Turbine Level
0,01
Placed at Connecting Level 1,10
Placed at WPP Level
1,32
Placed at PCC Level
2,55

5th - IHDv [%]
B3
B4
1,45 1,21
0
0
0
0
0,26 0,20
1,45 1,22

B6
0,01
0
0
0
0

7th - IHDv [%]
B3
B4
2,53 2,16
0
0
0
0
0,57 0,5
2,53 2,15

B1
4,08
0,01
1,47
1,88
4,05

B6
0,01
0
0
0
0

Table 6.6 - THD - Emission from the WPP
A
Before connecting the AF
2,9
Placed at Turbine Level
0
Placed at Connecting Level 2,9
Placed at WPP Level
2,9
Placed at PCC Level
2,9

THDi [%]
B
C
2,9 4,62
0
0
0
0
2,9 0,44
2,9 4,64

D
4,62
0
0
0,44
0,36

B1
4,82
0,02
1,84
2,3
4,79

THDv [%]
B3
B4
2,92 2,47
0
0
0
0
0,63 0,54
2,9
2,47

B6
0,01
0
0
0
0

From Table 6.5 and Table 6.6, we can observe that the same behavior is obtained
when compared with the case of one WT, the harmonic distortion decreases and the
lowest value is obtained when the AF is placed at Turbine Level. Similar to the one
turbine case, the current THD when the AF is connected at WPP and PCC level does not
reach zero harmonic distortion, but it does for the voltage. With these results, it is
possible to observe the different types of aggregation depending on the harmonic order.
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Furthermore, we can see that even though the harmonic currents were not completely
mitigated, the harmonic voltages were.

6.1.4 Case 4 - WPP Simulation with Secondary Emission
The harmonic emission is considered from the WT and the public grid. For the
simulations, the same cases presented in Case 1 are considered. The IHDs and the THDs
are shown in Table 6.7 and Table 6.8, respectively.

Table 6.7 - IHDv - Emission from the WT with Secondary Emission

Before connecting the AF
Placed at Turbine Level
Placed at Connecting Level
Placed at WPP Level
Placed at PCC Level

B1
2,53
0,04
1,06
1,29
2,52

5th - IHDv [%]
B3
B4
B6
1,42 1,18 0,03
0,03 0,03 0,02
0,03 0,03 0,02
0,23 0,19 0,02
1,42 1,19 0,02

B1
4,06
0,02
1,45
1,86
4,03

7th - IHDv [%]
B3
B4
B6
2,52 2,14 0,02
0,01 0,01
0
0,01 0,01
0
0,56
0,5
0,01
2,51 2,14 0,01

Table 6.8 - THD - Emission from the WPP - with Secondary Emission

Before connecting the AF
Placed at Turbine Level
Placed at Connecting Level
Placed at WPP Level
Placed at PCC Level

A
2,9
0
2,9
2,9
2,9

THDi [%]
B
C
D
2,9
4,6
4,6
0
0
0
0
0
0
2,9
0,44 0,44
2,89 4,62 0,36

B1
4,78
0,05
1,80
2,26
4,76

THDv [%]
B3
B4
2,89 2,45
0,03 0,03
0,03 0,03
0,60 0,53
2,89 2,45

B6
0,04
0,02
0,02
0,02
0,02

We can observe, from Table 6.7 and Table 6.8, that the same behavior is obtained
when compared with the case of one WT. For most of the cases the harmonic distortion
decreases and the lowest value is obtained when the AF is placed at Turbine Level. For all
the harmonic distortions, related to the 5th harmonic order, the use of the AF does not
reach zero harmonic distortion, this is due to the fact that the 5th harmonic aggregates in
a different level. It can also be observed that, for both harmonic orders, upstream the
PCC level, the voltage harmonic distortion increases reaching the initial distortion
upstream the location where the AF is connected. In Table 6.8, we can observe that the
THDi has decreased, but THDv has not. It is possible to see that the THDv has
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decreased, because of the use of the AF, but it has not reached a lower level; this is due to
the secondary emission from the public grid.

6.2

Conclusions

In this chapter studies were performed to analyze and determine primary and
secondary emission when evaluating WPPs connection and operation. Furthermore,
studies about the use of active filters in WPPs were presented and discussed.
Regarding the study about harmonic emission and propagation in WPP, from the
results it was possible to observe that the harmonic current flowing between the wind
turbines is comparable to the emission to the public grid. Furthermore, an equation to
determine the secondary emission between the turbines was proposed together with the
WPP harmonic emission and contribution at PCC. The proposed methods were
validated through simulations; however, measurements are needed to ensure the methods
validation. With this, more studies are necessary.
In the study about the use of active filters in WPPs, in sum, from the results, it
was observed that the lowest values are obtained locally, where the AFs are placed. For all
the situations, the Turbine Level has shown to be the most suitable location for the AF,
because it avoids the harmonic propagation inside the WPP and into the public grid as
well as interact with local resonant circuits within the WPP electrical infrastructure. Such
approach reduces potential excessive harmonic current flowing through the system before
the local harmonic mitigation by means of active filtering is introduced. However, we can
also observe that compensating only primary emission is not enough when there is
secondary emission driven by the public grid and between the turbines. Furthermore,
from the simulations, the IHD for the 5th harmonic is not compensated when there is
secondary emission, even when the AF is placed at Turbine level. As only primary
emission is compensated, at the PCC level, secondary emission is higher than the
primary. From the network operator point of view, all the options are suitable. However,
an AF connected at the PCC level, will not compensate harmonic voltages and currents
inside of the WPP. The farther away from the harmonic source, the lower the filter
performance inside the WPP. Because of this, studies need to be performed aiming the
turbine level to be the active filtering point.
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7.

VOLTAGE UNBALANCE HOSTING CAPACITY – SINGLE PHASE PVIS:

STUDY CASE
In this section a study about voltage unbalance hosting capacity is presented. A
proposed method is described together with the obtained results and discussions.

7.1

Negative-Sequence Voltage Determination – Transfer Impedance Matrix
The transfer impedance links the voltage at a certain location (r, for “receiving

end”) with the current injected at another location (s, for “sending end”):
U r = Z sr ⋅ I s

(7.1)

In this chapter, the transfer impedance matrix was used to calculate the negativesequence voltage (U r2 ) . The injected current is the negative-sequence current supplied by
the single-phase inverter ( I s2 ) . With this, the elements of the transfer impedance matrix
are obtained by (7.2).
Z r2 =

U 2r

(7.2)

I s2

With multiple (N) inverters, the negative-sequence voltage at location r is obtained
from the superposition of the contributions from the individual units and the
2
background negative-sequence voltage (U background
).
N

2
U r2 = U background
+ ∑ Z sr2 ⋅ I s2
s =1

7.2

(7.3)

6-Customer Network
For this case study a deterministic and a stochastic approach were both applied to

a low-voltage network with 6 customers. Further details and the network data are
described in Paper A.

7.2.1 Deterministic Approach
As part of this study two cases were performed, one with all PVIs connected to the
same phase and another with the PVIs connected to different phases.
1) All PVIs connected to the same phase
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Table 7.1 present the VU (in %) at the six customer nodes due to different
numbers of PVIs connected to the same phase. The first column in the tables indicates
the total number of PVIs connected to the low-voltage grid.

Table 7.1 - VU (in %) at the six customer nodes for customers with solar panels; all
inverters in the same phase
#
1
2
3
4
5
6

CB1
0.80
1.21
1.61
2.00
2.40
2.83

CB2
0.56
0.98
1.39
1.78
2.18
2.61

CB3
0.69
1.08
1.47
1.87
2.27
2.67

CB4
1.00
1.37
1.77
2.16
2.56
2.96

CB5
0.46
0.86
1.27
1.67
2.07
2.48

CB6
0.90
1.27
1.67
2.07
2.47
2.87

2) PVIs connected to different phases.
Table 7.2 gives the results when the inverters are spread over the phases. In that
case, the connection of the first single-phase inverter gives the highest VU.

Table 7.2 - VU (in %) at the six customer nodes for customers with solar panels; all
inverters in a different phase
#
1
2
3

CB1
0.80
0.52
0.42

CB2
0.56
0.38-0.53
0.17

CB3
0.69
0.45-1.17
0.30

CB4
1.00
0.67-0.98
0.62

CB5
0.46
0.41
0.06

CB6
0.90
0.88
0.51

From the results it can be observed that the worst case (six PVIs in the same
phase) gives up to almost 3% VU. The worst case for a customer without PV gives a VU
slightly over 2%. When single-phase PVIs are spread over the phases, the first one to be
connected gives the largest VU, up to about 1% in this case.
7.2.2 Stochastic Approach
A stochastic approach was also considered in this work. With this it was possible
to calculate the probability distribution of the negative-sequence voltage for a 6-customer
network. For this, random connection of inverters at different locations and phases has
been studied. The probability distribution function of the unbalance due to PV was
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obtained by means of a Monte-Carlo simulation generating random locations and phases
for the PVIs. Using the transfer impedance matrix, all possible combinations of inverters
at the different busbars and in different phases were considered, with the same total
number of PVIs.
Fig. 7.1 shows that, for three PVIs, the VU will be less than 1% with 65% to 90%
confidence and less than 2% with 100% confidence. For the case of five inverters, Fig.7.2
was obtained. From these results the VU is less than 1% with around 50% probability (35
to 65% depending on the connection point) and less than 2% with 90 to 100%
probability.

Fig. 7.1. Probability distribution function of the VU for three PVIs at random busbars
and phases in a 6-customer network; the different colors refer to different customers

Fig. 7.2. Probability distribution function of the VU for five PVIs at random busbars and
phases in a 6-customer network; the different colors refer to different customers
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The hosting capacity (or, the PV penetration where investments are needed)
depends on the risk that the network operator is willing to take. When only 1%
unbalance allocation is available for single-phase PVIs, already three units will be too
much. But when a small probability of exceeding 2% VU is acceptable, even five singlephase PVIs become acceptable. For each of the customers, expected value, 90th and 95th
percentile are calculated from the probability distribution functions as in Fig. 7.1 and Fig.
Fig. 7.2. For example, for five PVIs (Fig. 7.2) the 90th percentiles are: 1.47%; 1.50%;
1.54%; 1.72%; 1.78% and 1.85% for the six customers.
To show that the presence of three-phase loads decreases the negative-sequence
VU, a 16 kW three-phase induction motor was added to each of the six customers and a
new transfer impedance matrix was obtained. With this, the VU was calculated and the
results for the connection of 3 and 6 PVIs for the customers with lowest and highest
unbalance are shown in Fig. 7.3 and Fig. 7.4, respectively. For comparison, these figures
also include the results for the case without three-phase induction motors being included
in the model. In Fig. 7.3, the probability distribution of the customer with lowest
unbalance is shown, for three (blue line) and six (green line) PVIs without (solid line) and
with (dotted line) induction motors being considered in the model. The worst case is
presented in Fig. 7.4, in which the probability distribution of the customer with highest
unbalance is shown, for three (pink line) and six (blue line) PVIs without (solid line) and
with (dotted line) induction motor load. It can be seen that for both cases, the VU
decreases with the connection of three-phase induction motors.

Fig. 7.3 Probability distribution function of the customer with the lowest unbalance for
three (blue line) and six (green line) 6-kW inverter at random busses and phases for a 666

customer network with (dotted line) and without (solid line) considering three-phase
induction-motor load.

Fig. 7.4 Probability distribution function of the customer with the highest unbalance for
three (pink line) and six (blue line) 6-kW inverter at random busses and phases for a 6customer network with (dotted line) and without (solid line) considering three-phase
induction-motor load.

Analyzing the cases in which the three-phase load was included in the model, it
can be observed that, for the three PVIs case, the probability of reaching 1% is low for the
customer with the lowest unbalance, however for the one with the highest unbalance, the
probability of exceeding 1% VU is high, but reaching the 2% limit is low. For six PVIs,
the probability of exceeding the limit of 2% is low, for both customers. In short, the
negative-sequence voltage due to the connection of a single-phase PVI will be between 15
and 34% less, depending on where the inverter is connected.

7.3

28-customer network
For the 28-customer network, only the stochastic approach was applied. Further

details and the network data are also described in Paper A.
As considered in the 6-customer network, calculations have been performed for all
possible combinations of inverters with the different customers and in different phases
using the transfer impedance matrix and the Monte Carlo method. Fig. 7.5 and Fig. 7.6
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present some of the obtained results for this case. In Fig. 7.5 and Fig. 7.6 the curves
represent the probability distribution for 28 different busbars when four and 14 PVIs
(again with 6 kW of injected power) are connected to random busbars and phases,
respectively. In Fig. 7.5 the unbalance is less than 1% with a confidence level close to
100%. Fig. 7.6 shows that, even for the case of 14 PVIs (50% of the customers), the
probability of exceeding 1% VU is zero for about half of the customers, and up to 20%
for some customers. The VU is below 2% with very close to 100% confidence.

Fig. 7.5 Probability distribution function of the VU with four PVIs connected to random
busbars and phases in the 28-customer network; the different colors refer to different
customers

Fig. 7.6 Probability distribution function of the VU with 14 PVIs connected to random
busbars and phases in the 28-customer network; the different colors refer to different
busbars
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7.4

Hosting Capacity
After calculating the negative-sequence voltage, the hosting capacity can be

obtained. Fig. 7.7 and Fig. 7.8 present the obtained results for the 6-customer network
with and without the use of three-phase phase induction motors, respectively. Fig. 7.7
presents the 90% and 95% values for the negative-sequence voltage unbalance versus the
number of PVIs. With these results it is possible to estimate the hosting capacity,
depending on which performance index is chosen. It can also be observed that the 90%
value stays below 2%, even when all six customer busses have 6-kW PVI connected.
However, the 95% value is above the 2% limit for one of the busses when five or six
inverters are connected. From this, it is possible to say that the hosting capacity for this
network is between 4 and 5 PVIs. For some customers it is also possible to connect 6
PVIs, but the probability that the VU will exceed the limit is high. However, when threephase induction-motor loads are included in the model, (i.e. when there is a high
probability that they are connected to the customers busses at times of high solar power
production), the hosting capacity increases and more PVIs can be connected to the
network without reaching high values of voltage unbalance. The hosting capacity
increased from 4 to 6 for all customers, with a low probability of reaching the limit of 2%
of VU, as is shown in Fig.7.8.
For the 28-customer network, it can be seen, from Fig.7.9, that the hosting
capacity is more than 28 PVIs: even with this amount connected, the VU does not reach
the limit of 2%.

Fig. 7.7 90% (solid lines) and 95% (dashed lines) values for the expected unbalance when
connecting one to six 6-kW inverters at random busses and phases
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Fig. 7.8 90% (solid lines) and 95% (dashed lines) values for the expected unbalance when
connecting one to six 6-kW inverters at random busses and phases when adding threephase induction-motor load

Fig. 7.9 90% (solid lines) and 95% (dashed lines) values for the expected unbalance when
connecting one to 28 6-kW inverters at random busses and phases

7.5

Conclusions
A stochastic method has been presented to estimate the contribution of single-

phase photovoltaic inverters (PVIs) to VU in LV networks. The uncertainty in location
and phase is included in a number of stochastic indicators. For the two networks studied,
the introduction of 6 kW PVIs will likely give a contribution from the inverters exceeding
1% when they are connected randomly; exceeding 2% is shown to be unlikely but not
impossible. With the VU results, the hosting capacity was estimated for a 6 and 2870

customer network. From this, it was observed that it is likely that with the connection of
PVIs the VU will reach 1% when they are connected randomly, but the probability of
exceeding the limit of 2% is low. Furthermore, it was observed that the connection of the
three-phase load decreases the VU and increases the hosting capacity from four to six
PVIs. The approach presented here allows the network operator to quantify the risk of
high VU due to single-phase PVIs.

71

8.

HARMONIC HOSTING CAPACITY – SINGLE PHASE PVIS: STUDY CASE
In this section a study about harmonic hosting capacity is presented for a 6-

customer network with single-phase PV inverters (PVIs). A proposed method is described
together with the obtained results and discussions. The method used is similar to the one
used for voltage unbalance in the previous chapter.

8.1

Harmonic Voltage Determination – Transfer Impedance Matrix
As in the previous chapter, in this one, the transfer impedance matrix was used to

calculate the harmonic voltage (U srh ) . The injected current is, for the purpose of this
chapter, the harmonic current supplied by the single-phase inverter ( I sh ) . With this, the
transfer impedance matrix is obtained by (8.1). For multiple (N) inverters and harmonic
voltage background, (8.2) is used
Z srh =

U srh
I sh

(8.1)

N

U rh = U bg h + ∑ Z srh ⋅I sh

(8.2)

s =1

The individual relative harmonic voltage distortion (IHD-v) is then obtained using
(8.3). To calculate all the possible cases (busbars and phases) a Monte-Carlo method will
be used.

IHV − v [%] =

8.2

Uh
⋅100%
U1

(8.3)

6-customer Network
For this case study a stochastic approach has been considered. Further details and

the network data are described in Paper E.

8.2.1 Stochastic Approach
Applying the transfer impedance matrix and Monte-Carlo method, the IHD-v was
obtained for each harmonic order. In this paper, results for the 3rd, 5th, 7th and 11th
orders are presented.
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Voltage Harmonic Distortion for the Third Harmonic
Simulations have been performed for all the possible combinations of the PVI
connection, including random busses and at random phases. The results are shown for
the connection of 3 and 6 PVIs. The results are presented in Fig.8.1 and Fig.8.2. For
harmonic three, the IHD-v limits are 3% according to IEEE Std. 519 and 5% according
to EN 50160.

Fig. 8.1 Probability distribution function of the third harmonic order for three 6-kW
inverters at random busses and phases for a 6-customer network

Fig. 8.2 Probability distribution function of the third harmonic order for six 6-kW
inverters at random busses and phases for a 6-customer network

From Fig. 8.1 it can be observed that the IHD-v will never exceed the 3% and 5%
limits. In Fig. 8.2 it is possible to see that for the IHD-v, for some busses, there is a small
probability that the 3% limit is exceeded.
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Voltage Harmonic Distortion for the Fifth Harmonic
For the fifth harmonic case, the results are shown for the connection of three and
six PVIs, in Fig. 8.3 and Fig. 8.4, respectively. For harmonic five, the IHD-v limits are 3%
for IEEE Std. 519 and 6% for EN 50160.

Fig. 8.3 Probability distribution function of the fifth harmonic order for three 6-kW
inverters at random busses and phases for a 6-customer network

Fig. 8.4 Probability distribution function of the fifth harmonic order for six 6-kW
inverters at random busses and phases for a 6-customer network

Fig. 8.3 presents the results for the fifth harmonic order when three PVIs are
connected in random phases and busbars. For three PVIs, it can be observed that the
IHD-v will never exceed the 3% and 6% limits. However, for the case of six PVIs, shown
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in Fig. 8.4, there is for all nodes a small probability that the IHD-v will exceed 3%; but
the probability of exceeding 6% is null.

Voltage Harmonic Distortion for the Seventh Harmonic
The results obtained for this harmonic order are shown for the connection of
three and six PVIs. For harmonic seven, the IHD-v limits are 3% for IEEE Std. 519 and
5% for EN 50160.

Fig. 8.5 Probability distribution function of the seventh harmonic order for three 6-kW
inverters at random busses and phases for a 6-customer network

Fig. 8.6 Probability distribution function of the seventh harmonic order for six 6-kW
inverters at random busses and phases for a 6-customer network
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From Fig. 8.5 it can be observed that it is unlikely that the IHD-v will reach 3%
and 5%, when three PVIs are connected. However, for the case of six PVIs, shown in
Fig. 8.6, it is possible to see that the IHD-v will be less than 5%. With this, it is likely that
the limit of 3% will be reached for some busses.

Voltage Harmonic Distortion for the Eleventh Harmonic
The results obtained for this harmonic order are shown for the connection of 3
and 6 PVIs. For this case, the IHD-v limits are 3% for IEEE Std. 519 and 3.5% for EN
50160. The results are presented in Fig. 8.7 and Fig.8.8.

Fig. 8.7 Probability distribution function of the eleventh harmonic order for three 6-kW
inverters at random busses and phases for a 6-customer network

Fig. 8.8 Probability distribution function of the eleventh harmonic order for six 6-kW
inverters at random busses and phases for a 6-customer network
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From Fig. 8.7 it can be observed that the probability of reaching the limit of 3%
for the IHD-v is low and unlikely that it will reach 3.5%. However, for the case of six
PVIs, shown in Fig. 8.8, it is possible to see that it is likely that the limits of 3% and 3.5%
will be reached for most of the cases. Furthermore, it was observed that the probability of
exceeding both limits is high.

8.3 Hosting Capacity
In this work, the harmonic hosting capacity was estimated through simulations for
the third, fifth, seventh and eleventh harmonics. The results are presented in Fig.8.9
through Fig. 8.12, where the different colors refer to the six different customer locations.

Fig. 8.9 90% (solid lines) and 95% (dashed lines) values for the expected IHD-v (third
harmonic) when connecting one to six 6-kW inverters at random busses and phases

Fig. 8.10 90% (solid lines) and 95% (dashed lines) values for the expected IHD-v (fifth
harmonic) when connecting one to six 6-kW inverters at random busses and phases
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Fig. 8.11 90% (solid lines) and 95% (dashed lines) values for the expected IHD-v (seventh
harmonic) when connecting one to six 6-kW inverters at random busses and phases

Fig. 8.12 90% (solid lines) and 95% (dashed lines) values for the expected IHD-v
(eleventh harmonic) when connecting one to six 6-kW inverters at random busses and
phases
From the results in Fig. 8.9, it can be seen that the 95% values are above the 3%
threshold for two customers, but the 90% values remain between the threshold for all
customers. Fig.8.10 presents the results for the fifth harmonic order and it can be
observed that only for one customer the 95% value is below the limit of 3%, but the limit
of 6% is never reached. For the seventh harmonic order, the results are presented in Fig.
8.11. In this figure, it is possible to see that for the 90% values, for same cases, it is
unlikely that the limit of 3% will be exceeded. For the limit of 5%, it is unlikely that all
the customers will reach this value. Fig.8.12 presents the results for the eleventh
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harmonic orders. It can be observed that for all customers, both 90% and 95% values of
the IHD-v will exceed the limits of 3% and 3.5%.
From this, it can be observed that assuming the limits of EN 50160, only the
eleventh harmonic order case will reach the limit. In this situation, the hosting capacity
considering all the harmonic orders is between 4 and 5 PVIs, depending on the situation.
However, considering the limit of IEEE Std. 519, the hosting capacity is more than 6
PVIs.

8.4 Conclusions
In this chapter, a stochastic method was applied to determine the harmonic
hosting capacity due to the contribution of single-phase photovoltaic inverters (PVIs) to
VU in LV networks. The third, fifth, seventh and eleventh harmonic orders were
considered. With these results, the hosting capacity for each of the cases was estimated.
Two limits, related to different voltage distortion limits, were considered. From this, it
was observed that depending on the harmonic order and the used limit the hosting
capacity will vary from 4 to more than 6 PVIs, depending on the limit used.
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9. CONCLUSIONS AND FUTURE WORK
This licentiate thesis presents studies related to the harmonic distortion in wind
power plants (WPPs) and hosting capacity due to the connection of single-phase
photovoltaic inverters (PVIs). Related to these topics, the following findings and
recommendations are obtained from the different studies. Recommendations are given in
the form of “future work”.

9.1 Findings
9.1.1 Primary and Secondary Emission and Harmonic Contribution Determination in
WPP
In this study, the secondary emission contribution from one WT to the others
within the same WPP was obtained and a general equation was derived from a simplified
model of the collection grid. Using this approach, it is possible to calculate the primary
emission from the WPP to the public grid and estimate the harmonic distortion due to
the connection of the WPP.
It was found that secondary emission cannot be neglected, not even with the
terminals of individual turbines and not even for low-order harmonics.
Furthermore, using the same network, a harmonic contribution determination
study was also performed and a simulation based study was performed. For this one, the
obtained results were suitable for the WPP harmonic contribution determination and
may be used in field studies.

9.1.2 The Use of Active Filters in WPPs
A study about the use of active filters in WPPs was also performed. From this
study it was concluded that the most suitable location for connecting an AF is in the
turbine level. As WTs have converters, if appropriately used, this power electronics device
can be used as an active filter.

9.1.3 Voltage Unbalance Hosting Capacity
In this study, two networks were studied and the introduction of 6-kW singlephase PVIs was considered. From both cases, the connection of these generators will
likely give a contribution from the inverters exceeding 1% when they are connected
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randomly; exceeding 2% is shown to be unlikely but not impossible. The approach
presented here allows the network operator to quantify the risk of high voltage unbalance
(VU) due to single-phase PVIs. Also, for this work, the transfer impedance matrix was
used to calculate the negative-sequence voltage. With this method all the possible
situations can be obtained using a Monte Carlo simulation. Based on the results of the
study, a combination of reduction of maximum single-phase size and controlled
connection of PVIs is recommended when the risk of high VU is deemed unacceptably
high.
9.1.4 Harmonic Hosting Capacity
The same approach as used in the voltage unbalance hosting capacity study was
used to estimate the hosting capacity for harmonics. The harmonic distortion for the
third, fifth, seventh and eleventh harmonic orders were considered. With the results, the
hosting capacity for each of the cases was obtained. Two limits, related to different
standards and recommendations were considered. From this, it was observed that
depending on the harmonic order and the used limits, the hosting capacity will be
different for different customers. Furthermore, as in the previous study, these results can
be used to estimate the harmonic distortion when connecting single-phase PVIs and help
network operators in planning levels.
It was found that, under the assumption taken, there is at worst a small
probability of exceeding the limits. But as the study considers the worst case for several
parameters, the probability will be even smaller in reality.

9.2 Future Work
9.2.1 Simulations based on Measurements
Primary and secondary emissions studies were performed in this work; however,
further simulations, especially simulations based on measurements, are necessary to
validate the proposed methods. It is also necessary to perform additional simulations to
assess the relative importance of primary and secondary emission in different WPPs.
Furthermore, with the knowledge obtained from studies like this, it is possible to
compare different emissions from different turbines and with this obtain other relations
between primary and secondary emission within the WPP.
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9.2.2 Protection and Harmonics
The emission of harmonics can increase the risk of tripping individual wind
turbines (WTs) and even the whole WPP. Due to this, studies are needed related to the
specific way in which harmonic currents are expected to impact the protection, together
with contingency plans to avoid unnecessary tripping.

9.2.3 Resonance Studies
Resonance studies should also be developed in WPPs considering different types
and sizes of wind parks, different connections to the main grid, and different operational
scenarios. These studies will give feedback to the planning of wind-power installations,
being possibly able to avoid resonances to a higher extend.

9.2.4 Active Harmonic Filter Development in WPP using the Wind Turbine
Converter
Another subject that should be addressed is the development of a suitable active
filter model and active filter controller for the WT converters. With this, they can be used
as a mitigation solution in WPPs and improve the power quality in such power plants
and avoid the harmonic propagation due to the WPP emission. A proper control
algorithm should be able to avoid amplification of secondary emission because of
resonances.

9.2.5 Harmonic Hosting Capacity Studies including Secondary Distortion
Secondary emission is an important topic that has to be considered in harmonic
hosting capacity studies. When the pre-existing harmonic levels are already high and the
collection grid amplifies this because of a resonance in the secondary emission, it can
easily become impossible to connect additional generators without proper mitigation
methods. However, in other cases, cancellations can occur and the opposite case can
happen. Due to this, this type of study is important and has to be developed further.

9.2.6 Harmonic Hosting Capacity Determination
There are only a few studies available about harmonic hosting capacity
determination and none of those studies calculates the maximum generator size that can
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be connected to a specific grid. Due to this, a methodology should be developed to
achieve this and to further improve the knowledge in this area.
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Stochastic Assessment of Voltage Unbalance
due to Single-Phase-Connected Solar Power
Daphne Schwanz, Friedemann Möller, Sarah K. Rönnberg, Member, IEEE, Jan Meyer, Member,
IEEE, and Math H.J. Bollen, Fellow, IEEE

Abstract— A stochastic method is presented in this paper to
estimate the future voltage unbalance in a low-voltage
distribution network with high-penetration of single-phase
photovoltaic inverters (PVIs). Location and phase allocation of
the PVIs are considered as input parameters for the stochastic
simulation. The method has been applied to three different lowvoltage networks: two in Sweden and one in Germany. In the
Swedish networks, for 6-kW single-phase PVIs, it is likely that
the contribution from single-phase photovoltaic inverters to the
voltage unbalance exceeds 1%. The 2% value is unlikely to be
exceeded. In the German network, for 4.6-kW single-phase PVIs
the voltage unbalance is between 1.35% and 2.62%.The risk of
high voltage unbalance can be reduced by a combination of
controlled distribution over the phases and reduction of the
maximum size for a single-phase PVI.
Index Terms— power distribution; power quality; solar power
generation; voltage unbalance

I. INTRODUCTION

V

OLTAGE unbalance (VU), the presence of negative and
zero-sequence voltages in three-phase networks, is due to
unbalances in the transmission network, like nontransposed lines, and due to unbalanced loads [1]-[3].
Connection of single-phase photovoltaic inverters (PVIs)
introduces an additional source of voltage unbalance [4]-[12].
In addition to an increase in VU, single-phase PVIs can also
result in a considerable voltage rise [7],[8],[13]-[15] and
possible reduction in transformer lifetime [16]. In some
countries, limits or recommended limits exist for the size of
single-phase PVIs. For example, in Germany the maximum
size is 4.6 kW [14].
In [6], a deterministic approach is presented for the
evaluation of individual VU contributions for a radial power
system. The purpose is to quantify the individual contributions
made by upstream source unbalance, load unbalance, and line
asymmetry for different load configurations. References [17][19] investigate the propagation of unbalance from upstream
or surrounding locations. A probabilistic estimation is used in
[20] to evaluate the VU due to unbalanced loads. Estimation
techniques are presented in [21] to evaluate the level, location
and effects of VU in distribution networks.

This work was supported by the risk-analysis program of Energiforsk AB.
D. Schwanz, S.K. Rönnberg and M.H.J. Bollen are with Electric Power
Engineering, Luleå University of Technology, 931 87 Skellefteå, Sweden. F.
Möller and J. Meyer are with Technische Universität Dresden, 01062
Dresden, Germany.

A new source of VU is formed by plug-in electric vehicles
(EVs) [22]-[28]. Reference [22] studies the connection of
PVIs and EVs; the probabilistic methodology developed
facilitates the estimation of unbalance in the network based on
general information about real power consumption and load
composition at different network buses.
In this paper, the impact of single-phase PVIs on the
negative-sequence voltage is treated in a stochastic way. Such
an approach is necessary as both locations of PVIs and phases
to which they are connected remain unknown in a planning
stage, even when the fraction of customers with PV can be
reasonably estimated. Connection of PVIs with random
customers and in random phases is modeled for three lowvoltage networks: two existing networks in Sweden; one
typical network based on data obtained from German
distribution system operators (DSOs).
For the Swedish networks, simulations were performed
employing 6 kW inverters. This was considered (after
discussions with network operators) as the biggest size of
single-phase roof-top solar power that could be expected for a
domestic customer and would therefore constitute a de-facto
limit. In the German case, the impact of different limits,
3.0 kW, 3.7 kW and the existing limit of 4.6 kW, on VU is
studied for different penetration ratios of solar power.
Section II of the paper presents the three networks.
Section III shows the theoretical background and introduces
the transfer impedance matrix; the stochastic approach and its
results are treated in Sections IV, V and VI for the different
networks. A number of other impact factors are discussed in
Section VII; conclusions are given in Section VIII.
II. EXAMPLE NETWORKS
A) 6-customer network – Sweden
This type of network is typical for the Swedish country side
where a few houses, shown in Fig. 1 spread over a few
hundred meters, are connected to a single transformer.
Detailed data is given in Table I through Table III, where CB
stands for “customer bus”. In this study, phase and neutral
conductors were modeled using the same parameters. The size
of the neutral conductors does not impact the (negativesequence) VU.
TABLE I
TRANSFORMER DATA – 6-CUSTOMER NETWORK
Power
100 kVA
Voltage
10/0.4 kV
Connection
Dyn11
Positive sequence impedance
4%

2
Frequency

50 Hz
Line
B1-B2

TABLE II

EKKJ-10
N1XE-10
ALUS-25
ALUS-50
N1XV-50
N1XE-150
AKKJ-150
AKKJ-240
FKKJ-35
N1XV-10

Line
B2-B3
B3-B4
B4-B5
B5-B8
B8-CB1
B5-B9
B9-B10
B10-CB2

CABLE AND LINE IMPEDANCES
R (Ω/km)
X (Ω/km)
1.83
0.091
1.83
0.0817
1.2
0.0785
0.641
0.0754
0.641
0.0754
0.206
0.0723
0.206
0.0628
0.125
0.0565
0.524
0.0723
1.83
0.0817

B (µS/km)
100.53
-1288.04
157.8
157.8
40.8395
---------------------25.132

TABLE III
CABLE AND LINE DATA - 6 CUSTOMER NETWORK
Length (m)
Type
Line
Length (m)
14
N1XV-50
B4-B6
46
108
ALUS-50
B6-CB3
31
26.9
ALUS-50
B4-B7
1.9
41.2
ALUS-50
B7-B11
54.4
41.5
EKKJ-10
B11-CB4
41.3
0.1
ALUS-50
B7-CB5
8.9
0.1
ALUS-25
B7-CB6
79.5
17
EKKJ-10

Type
ALUS-50
EKKJ-10
ALUS-25
N1XE-10
EKKJ-10
EKKJ-10
N1XE-10

TABLE V
CABLE AND LINE DATA – 28-CUSTOMER NETWORK
Length (m)
Type
Line
Length (m)
Type
15
N1XE-150
B1-B12
196.9
AKKJ-150

B2-B3

77.9

AKKJ-150

B12-CB21

33.8

EKKJ-10

B3-CB1

68.7

EKKJ-10

B12-CB22

65.7

EKKJ-10

B3-CB2

24.9

EKKJ-10

B12-CB23

17

EKKJ-10

B4-CB3

22.4

EKKJ-10

B12-B13

89.5

FKKJ-35

B3-CB4

48.9

EKKJ-10

B13-CB15

42.7

EKKJ-10

B4-B5

64.1

AKKJ-150

B13-CB16

27.7

EKKJ-10

B5-CB5

28.2

EKKJ-10

B12-B15
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FKKJ-35

B5-B6

67.4

AKKJ-150

B15-CB20

21.2

EKKJ-10

B6-CB6

23-1

EKKJ-10

B15-B14

58.6

FKKJ-35

B8-CB7

34.2

N1XE-150

B14-CB17

28.9

N1XV-10

B1-B9

270.1

AKKJ-240

B14-CB18

21.7

N1XV-10

B9-CB12

29.8

EKKJ-10

B14-CB19

33

N1XV-10

B9-CB13

46.1

EKKJ-10

B1-B16

157

AKKJ-150

B9-CB14

23.4

EKKJ-10

B16-B17

50.6

AKKJ-150

B9-B10

86

AKKJ-150

B17-CB28

22.9

EKKJ-10

B10-CB10

47.2

EKKJ-10

B17-CB27

41.8

EKKJ-10

B10-CB11

27.7

EKKJ-10

B17-B18

93.4

FKKJ-35

B10-B11

96.1

FKKJ-35

B18-CB24

76.2

EKKJ-10

B11-CB8

29.9

EKKJ-10

B18-CB25

37.4

EKKJ-10

B11-CB9

37.8

EKKJ-10

B18-CB26

28.5

EKKJ-10

C)40-customer network – Germany
A residential area with 40 single family houses has been
modeled. Such networks can be commonly found in suburban
or rural areas, where the highest penetration of solar power
and electric vehicles are expected. In order to identify a
realistic network, several DSOs in Germany have been
consulted and the finally selected parameters are given in
Table VI.

Fig. 1. Single-line diagram – 6-Customer network

B) 28-customer network – Sweden
This is a suburban grid with 28 customers connected to a
500 kVA transformer, as shown in Fig. 2. This type of
network is typical for a suburban region where some tens of
houses are connected to the same distribution transformer. The
data related to this network is presented in Table IV and Table
V.
TABLE IV
TRANSFORMER DATA - 28 CUSTOMER NETWORK
Power
500 kVA
Voltage
10/0.4 kV
Connection
Dyn11
Positive sequence impedance
4.9%
Frequency
50 Hz

TABLE VI
PARAMETERS OF 40-CUSTOMER NETWORK
Short circuit power
Sk = 100 MVA
Medium Voltage grid
Nominal voltage
Un = 20 kV
Voltage
20/0.4 kV
Connection
Dyn5
Transformer
Rated power
Sr = 250 kVA
Positive sequence impedance
uk = 4 %
Number of Feeders
4
Customers per Feeder
10
Type
NAYY 4x120 mm2
Cables
Total length per Feeder ltot = 800 m

The earthing system for the 40-customer network is TN-CS. It means that a PEN conductor is used which is separated
only in house installations into N and PE. Additional the PEN,
PE and N conductors arebeing earthed at the point of
separation in each house installation. To simulate multiple
earthed PEN conductors an impedance of 2/3 of the
impedance of the phase conductors has been used, according
to IEC TR 60725.
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Fig. 2. Single-line diagram – 28-Customer network

III. THEORETICAL BACKGROUND
A) Transfer Impedance
The transfer impedance links the voltage at a certain
location (r) with the current injected at another location (s):
(1)
A relation such as (1) holds for any type of disturbance
(voltage rise, harmonics, flicker, voltage dips, etc.) but in this
paper it has been applied to the negative-sequence voltage.
The injected current in this case is the negative-sequence
current supplied by the single-phase inverter. Its absolute
value is one third of the phase current; the phase angle
depends on the phase to which the inverter is connected.
With multiple (N) inverters, the negative-sequence voltage
at location r is obtained from the superposition of the
contributions from the individual units and the background
):
negative-sequence voltage (
(2)
The elements of the transfer impedance matrix need to be
calculated for each network. Using DigSilent PowerFactory
15.2, the following procedure was applied:
1) Connect PVI/EV at busbar s
2) Calculate the negative-sequence current (amplitude and
phase angle) at busbar s
3) Calculate the negative-sequence voltage (amplitude and
phase angle) at busbar r
4) The ratio between the voltage at busbar r and the current at
busbar s gives the transfer impedance, which is element rs
of the transfer impedance matrix.
5) Repeat step 3 and 4 for all busses
6) Repeat step 1 through 5 for all busses
Once the transfer impedances are known, the VU can be
calculated for all possible combinations using Matlab.
B) Deterministic Approach
For the deterministic approach two cases were considered:

a case with all PVIs connected to the same phase; and a case
with the PVIs connected to different phases. Equation (2) was
used to calculate the VU for all combinations with a given
number of PV units connected to the low-voltage network
either all in one phase or in different phases. Distinction was
made thereby between customers with PV and customers
without PV.
C)Stochastic Approach
Stochastic approaches were used for all three networks to
calculate the probability distribution of the negative-sequence
voltage, with and without considering background unbalance
and remaining load.
1) PV contribution only
For the 6 and 28-customer networks, the random
connection of inverters at different locations and phases has
been studied. The probability distribution function of the
unbalance due to PV was obtained by means of a Monte-Carlo
simulation generating random locations and phases for the
PVIs. Using the transfer impedance matrix, all possible
combinations of inverters at the different busbars and in
different phases were considered, with the same total number
of PVIs.
2) Including background and single-phase loads
For the 40-customer network, PVIs were modeled in this
study as negative single-phase loads (constant power model).
In each step at first a customer is randomly selected, to which
the PVI is connected. For the allocation of the PVI to an
individual phase, two scenarios are distinguished. In the first
scenario the phase to which the inverter is connected is
randomly chosen with the same probability (1/3) per phase.
This is a “best-case assumption”, as in many LV networks the
distribution of PVIs to the phases has shown to be
significantly unbalanced [29]. In the second scenario the PVI
is always connected to the phase with the lowest phase to
neutral voltage, which is determined by a prior power flow
calculation. This emulates the current practice of several
DSOs, where the phase-to-neutral voltages are measured
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before the installation of the PVI. The placement is repeated
until the defined penetration level is reached.
For each scenario the impact of the following parameters on
the VU is analyzed:
• Penetration level of PV:
10% to 100% of rated transformer power
• Installed power of single-phase inverters:
3.0 kW; 3.7 kW; 4.6 kW
For obtaining the contribution of the upstream MV
network, measurements at the LV busbar of the distribution
transformer of 135 German LV grids have been analyzed.
Based on the complex currents and the transformer
impedance, the contribution to the VU by the MV network is
calculated. Fig. 3 shows the cumulative distribution of the
maximum of the 10 minute rms values of the MV contribution
for all grids.
In order to be not too conservative, the 80th percentile of the
MV VU (ku2MV = 0.25 %) is used for all further simulations.
Therefore the individual phase voltages at the MV side are
adjusted in such a way that one phase-to-neutral voltage at the
LV side of the transformer is higher than the other two, as this
characteristic was commonly observed in the measurements.
The phases with lower voltages have similar magnitudes.
100

their own location and Table VIII for customers without solar
panels. The first column in the tables indicates the total
number of PVIs connected to the low-voltage grid. Table IX
and Table X give the results when the inverters are spread
over the phases. In that case, the connection of the first singlephase inverter gives the highest VU. These results are related
to the 6-customer network, but the same behavior has been
observed in other networks.
TABLE VII
VU (IN %) AT THE SIX CUSTOMER NODES FOR CUSTOMERS WITH SOLAR
PANELS; ALL INVERTERS IN THE SAME PHASE
#
CB1
CB2
CB3
CB4
CB5
CB6
1
0.80
0.56
0.69
1.00
0.46
0.90
2
1.21
0.98
1.08
1.37
0.86
1.27
3
1.61
1.39
1.47
1.77
1.27
1.67
4
2.00
1.78
1.87
2.16
1.67
2.07
5
2.40
2.18
2.27
2.56
2.07
2.47
6
2.83
2.61
2.67
2.96
2.48
2.87
TABLE VIII
VU (IN %) AT THE SIX CUSTOMER NODES FOR CUSTOMERS WITHOUT SOLAR
PANELS; ALL INVERTERS IN THE SAME PHASE
#
CB1
CB2
CB3
CB4
CB5
CB6
1
0.43
0.43
0.40
0.40
0.40
0.40
2
0.83
0.82
0.80
0.81
0.81
0.81
3
1.23
1.23
1.20
1.21
1.21
1.21
4
1.30
1.63
1.60
1.62
1.62
1.62
5
2.06
2.06
2.01
2.03
2.02
2.03

80
60

#
1
2
3

40
20
0

0

0.2
0.4
0.6
0.8
1
Voltage Unbalance MV network in %

Fig. 3. Cumulative distribution function of VU contribution from MV

To consider the impact of the existing customer loads, an
unbalanced probabilistic load model (constant power load) is
used, which has been developed based on measurements of 33
individual customers. The model allows the simulation of
phase-selective probabilistic daily load profiles for an
individual customer. For simplification, a fixed, but not too
conservative configuration of unbalanced loads, representing a
time instant at noon, has been selected for this study. For
comparison of results, the configuration has been kept equal
for all simulations.
IV. RESULTS FOR 6-CUSTOMER NETWORK
For the 6-customer network, the deterministic and
stochastic approaches were used. Calculations have been
performed for all possible combinations of PVIs at the
different busbars and in different phases.
A) Results – Deterministic Approach
Some of the results are shown in Table VII to Table X.
Table VII and Table VIII present the VU (in %) at the six
customer nodes due to different numbers of PVIs connected to
the same phase: Table VII for customers with solar panels at

TABLE IX
VU (IN %) AT THE SIX CUSTOMER NODES FOR CUSTOMERS WITH SOLAR
PANELS; ALL INVERTERS IN A DIFFERENT PHASE
CB2
CB3
CB4
CB5
CB6
CB1
0.80
0.56
0.69
1.00
0.46
0.90
0.52
0.38-0.53 0.45-1.17
0.67-0.98
0.41
0.88
0.42
0.17
0.30
0.62
0.06
0.51

TABLE X
VU (IN %) AT THE SIX CUSTOMER NODES FOR CUSTOMERS WITHOUT SOLAR
PANELS; ALL INVERTERS IN A DIFFERENT PHASE
#
CB1
CB2
CB3
CB4
CB5
CB6
1
0.40-0.45 0.40-0.45
0.40
0.40
0.40
0.40
2
0.37-0.52
0.37
0.37
0.38
0.38
0.38
3
0-0.06
0-0.06
0.00
0.01
0.01
0.01

The worst case (six PVIs in the same phase) gives up to
almost 3% VU. The worst case for a customer without PV
gives a VU slightly over 2%. When single-phase PVIs are
spread over the phases, the first one to be connected gives the
largest VU, up to about 1% in this case.
B) Stochastic approach – PV contribution only
Fig. 4 shows that, for three PVIs, the VU will be less than
1% with 65% to 90% confidence and less than 2% with 100%
confidence. Note that the VU calculated here is the worst
situation, i.e. all PVIs injecting 6 kW of power at the same
time.
To obtain Fig. 5, the analysis has been repeated for five
inverters. Here, the VU is less than 1% with around 50%
probability (35 to 65% depending on the connection point) and
less than 2% with 90 to 100% probability.
The hosting capacity (or, the PV penetration where
investments are needed) depends on the risk that the network
operator is willing to take. When only 1% allocation is
available for single-phase PVIs, already three units will be too
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much. But when a small probability of exceeding 2% VU is
acceptable, even five single-phase PVIs become acceptable.
The information contained in figures such as this (for specific
networks or for typical networks) can assist the network
operator in making decisions about the need for measures
against excessive VU levels.

number of inverters the worst case becomes less likely and
hence the 90th or 95th percentiles are seen to sometimes
decrease.

Fig. 6. VU versus the number of PVIs in the 6-customer network

V. RESULTS FOR 28-CUSTOMER NETWORK
Fig. 4. Probability distribution function of the VU for three PVIs at random
busbars and phases in a 6-customer network; the different colors refer to
different customers

Fig. 5. Probability distribution function of the VU for five PVIs at random
busbars and phases in a 6-customer network; the different colors refer to
different customers

For each of the customers, expected value, 90th and 95th
percentile are calculated from the probability distributions
functions as in Fig. 4 and Fig. 5. For example, for five PVIs
(Fig. 5) the 90th percentiles are: 1.47%; 1.50%; 1.54%; 1.72%;
1.78% and 1.85% for the six customers. The mean and
maximum value is calculated over all customers for the
expected values, 90th percentiles and 95th percentiles per
customer. For the 90th percentile of the five-PVI example
above, the average value is 1.64% and the maximum value
1.85%. The latter two values are referred to as U2_90_mean
and U2_90_max, respectively. The calculations were
performed for one through six PVIs. The results are shown in
Fig. 6 as a function of the number of PVIs, where
U2_exp_mean is the mean over all customers of the expected
value of the VU, etc. The worst-case VU (Table VII) was
shown to be almost 3%, but expected values (for 6 PVIs) are
only around 1%. High-percentiles (90th and 95th) of the VU are
between 1.5% and 2%. The non-uniform increase for some of
the curves is due to the small number of PVIs: the 90th and
95th percentile for small number of inverters include some of
the worst cases with all inverters in one phase; with increasing

For this case, only the stochastic approach is presented,
without considering background unbalance and remaining
load. As in the previous case, calculations have been
performed for all possible combinations of inverters at the
different busbars and in different phases.
In Fig. 7 and Fig. 8 the curves represent the probability
distribution for 28 different busbars when four and 14 PVIs
(again with 6 kW of injected power) are connected to random
busbars and phases. In Fig. 7 (for the case of four PVIs) the
unbalance is less than 1% with a confidence level close to
100%. Fig. 8 shows that, even for the case of 14 PVIs (50% of
the customers), the probability of exceeding 1% VU is zero for
about half of the customers, and up to 20% for some
customers. The VU is below 2% with very close to 100%
confidence. Fig. 9 shows the results for the VU versus the
number of PVIs connected to the network. The indicators are
calculated in the same way as for the 6-customer network (Fig.
6).

Fig. 7. Probability distribution function of the VU with four PVIs connected to
random busbars and phases in the 28-customer network; the different colors
refer to different customers

6

selected configuration, the maximum voltage drop in the
network amounts to 3%. In order to increase the headroom for
PV, the voltage magnitude at the LV busbar is set to 97% of
the nominal voltage (i.e. 223.1 V).

Fig. 8. Probability distribution function of the VU with 14 PVIs connected to
random busbars and phases in the 28-customer network; the different colors
refer to different busbars

B) Stochastic Approach with random connection of PVIs
Fig. 10 presents the results for an inverter size of 4.6 kW
and five different penetration levels. In general, the VU
increases with increasing PV penetration. For penetration
levels higher than 50%, the maximum VU in the grid can
exceed the compatibility level of 2% with a probability of 10
to 30%. On the other hand in some cases the VU with PV is
lower than without PV (0.67%), as (depending on the load
unbalance) certain distributions of PVIs across the phases
have a balancing effect.
For none of the simulations, an overloading of cables or
transformer has been observed. According to Table XI, for
penetration levels higher than 50% there is a small probability
that the overvoltage limit (110% of nominal, i.e. 253 V) is
exceeded.

Fig. 9. VU (%) versus the number of PVIs in the 28-customer network

For 14, randomly-located PVIs, the expected value of the
VU is around 0.5%; high percentiles are around 1.2%. For the
28 inverter case (100% penetration) these values are 0.6% to
0.8% and around 1.5%, respectively.
VI. RESULTS FOR 40-CUSTOMER NETWORK
For the 40-customer network, only a stochastic approach
with consideration of background and remaining load is
presented. Different penetration and power levels of PVIs
were analyzed.
For every penetration level and installation size, 1000
simulation runs have been performed with different
distributions of PVIs over the customers and the phases. For
each individual simulation, VU and voltage magnitude for
each customer as well as the loading of cables and the
transformer have been calculated. For further evaluation the
maximum VU, the maximum voltage and the maximum
voltage difference in the network are stored for each
simulation step. Finally, the cumulative distribution function is
determined from the 1000 simulations.
A) Background Voltage Unbalance
As reference, a scenario without PVIs and EVs has been
studied. As the background unbalance is specified to be
constant (ku2MV = 0.25 % see subsection III-C-2) and only a
single configuration of customer loads is used, this initial
scenario requires only one simulation run. The VU in the
network for this reference case varies between 0.34% and
0.67%. A comparison with a measurement campaign of a
regional DSO confirmed the results to be realistic. For the

Fig. 10. Cumulative distribution function of maximum VU with different
penetration levels of PVIs and PVI size of 4.6 kW

C)Impact of inverter size
As a next step, the impact of a reduction of the size of the
PVIs is analyzed. Fig. 11 shows the VU for penetration levels
of 10% and 100% only, but for different PVI sizes (3.0 kW,
3.7 kW and 4.6 kW). While at low penetration the impact is
marginal, it becomes significant for high penetration.
Table XI shows that compared to 4.6 kW units three to four
times more PV with 3.0 kW inverters or about two times more
PV with 3.7 kW inverters can be installed to obtain similar
impact on voltage maximum and voltage difference.
TABLE XI
MAXIMUM VOLTAGE AND MAXIMUM VOLTAGE DIFFERENCE FOR DIFFERENT
POWER AND PENETRATION LEVELS AND RANDOM PHASE-DISTRIBUTION
PVI size / penetration
Umax
ΔUmax
4.6 kW / 10 %
240.8 V
9.6 %
4.6 kW / 25 %
248.7 V
13.2 %
4.6 kW / 50 %
254.8 V
16.2 %
(99.9 % < 253 V)
4.6 kW / 75 %
255.7 V
18.7 %
(99.7 % < 253 V)
4.6 kW / 100 %
259.6 V
18.8 %
(97.0% < 253 V)
3.7 kW / 100 %
256.0 V
16.3 %
(99.8 % < 253 V)
3.0 kW / 100 %
250.3 V
13.9 %
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Fig. 11. Cumulative distribution function of maximum VU for different sizes
of PVI and penetration levels of 10% (continuous lines) and 100% (broken
lines)

Fig. 13. Probability distribution function of maximum VU for different
penetration levels, different PVI size and coordinated placement

VII. FURTHER IMPACT FACTORS

Probability distribution in %

D) Coordinated Phase-Distribution of PV inverters
For most DSOs the tracing of individual phases throughout
a LV network is not possible. Therefore, the coordinated
distribution to the phases assumes that each new PVI is
connected to the phase conductor with the lowest voltage
magnitude (as discussed in Section III.C.2). In this way, a
better balancing of the generated power between the phases is
expected. Comparing Fig. 10 and Fig. 12, a significant
reduction of VU can be observed, which justifies the effort
needed for coordinated phase-distribution. In the case of the
95th percentile the VU at a penetration level of 75% could be
halved (Fig. 12).

A. Influence of Background Voltage
Measurements were performed of the VU with a customer
in the 6-customer network. The phase angle of the negativesequence voltage was calculated from the rms values of the
three phase-to-phase voltages. The (complex) negativesequence voltage as injected by a 6 kW inverter was added to
this, as in (2).
Fig. 14 shows that the phase to which the inverter is
connected makes a significant difference. Without the
background level the resulting VU at maximum production (6
kW) would be 0.63%. The black curve shows the VU
distribution over the day at customer connection point. The
impact of the 6-kWPVI at maximum production on the
unbalance, when connected to the different phases, is
represented by the three other curves. No daily pattern was
found in the measurements, hence time of day was not
considered in the study. A more detailed analysis is presented
in [30].

Fig. 12. Cumulative distribution function of maximum VU for different
penetration levels with an installed power of 4.6 kW per PVI and coordinated
placement, black dash-dot line: 75 % PV penetration with random connection

However, it should be noted that variations in the
background VU and changes in the unbalance of consumption
are not considered in this simplified simulation and might
affect the results.
Another interesting aspect is the slight decrease of VU
while increasing the penetration level from 75% to 100% (Fig.
12), which is mainly caused by the larger number of PVIs that
have a better balancing potential. Fig. 13 shows that the
reduction of PVI size has less impact on the resulting VU than
in case of purely random phase-distribution. However for 75%
PV penetration the impact of PVI size on VU is still
considerable.

Fig. 14. Probability distribution function of the unbalance before (black) and
after (red, green, blue) connection of 6 kW solar inverter; the three colors
refer to connections in the three phases

B. Connection of PV panels with Different Tilt Angles
The power injected by a PVI shows a daily variation which
will depend on the tilt angle and the tilt direction of the panel
or panels feeding the PVI. Three identical single-phase PVIs
spread over the three phases will therefore still give an
unbalanced power injection and thus a VU.
A study has been performed where different tilt angles
were considered. Three identical inverters and panels, in three
phases at the three worst locations in the 6-customer network,
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were assumed. Corresponding to a typical roof all panels were
tilted 45° but in different directions: one towards south (180˚);
the other two a certain angle west and east of south (180˚±α).
The resulting maximum VU is shown in Fig. 15 as a function
of the spread α in tilt direction. Connecting three identical
single-phase PVIs to the three phases never deteriorates the
situation compared to just one single-phase PVI of the same
size as one of the three.
When the spread in tilt angle is small (up to about 40°) the
resulting negative sequence voltage is reduced from around
1% to about 0.7%. The red line at the top in Fig. 15 is the
value for one panel connected to the single worst location.

Fig. 15. Negative sequence voltage as a function of the spread in tilt
direction; the red curve holds for one single-phase PVI

C. Connection of Three-phase Induction Motors
When three-phase loads are added in a system, this reduces
negative-sequence transfer impedances and the VU becomes
less. This has been studied for the 6-customer network with
results shown in [30]. In this study, a 16 kW three-phase
induction motor was assumed with each of the six customers.
Such motors are common for heat pumps in this part of
Sweden, but they are only in operation a small part of the time
during summer. It was shown that the diagonal elements of the
negative-sequence transfer impedance matrix were reduced by
15 to 29%: the off-diagonal elements by 30 to 34%. In other
words: the negative-sequence voltage due to the connection of
a single-phase PVI will be 15 to 29% less with the customer
where the inverter is connected. At other locations the
reduction will be between 30 and 34%.
D. Diversity
The results presented in Section IV to VI are based on the
assumption that all PVIs inject their maximum amount of
power all at the same time. Most of the time, the PVIs will not
inject their maximum amount of power, even not on a sunny
day around noon. When one or some PVIs inject their
maximum amount, others may not. There will be diversity in
both tilt angle and tilt direction. It was shown in the previous
section that diversity in tilt direction can cause unbalance
when the PVIs are spread over the phases. In the same way,
when the PVIs are all in one phase, the worst case will be less
than the sum of the maximum individual contributions. The
values presented before are thus unlikely to occur in reality.
However, the diversity between individual inverters is hard to
estimate without specific knowledge of the individual
buildings. Further studies are needed to quantify this.

E. Additional Impact of Electric Vehicle Charging
Another new source of VU is formed by plug-in electric
vehicles (EV) [22]-[28]. The VU contributions from EVs and
PVIs may add even during periods when their total power is
balanced. All electric vehicle chargers (EVCs) are assumed to
be single-phase connected with a rated power of 3.7 kW (16 A
in 0.4 kV networks). In a study at the 40-customer network all
EVCs are assumed to draw the maximum charging current
(charge in constant current mode), a simplified constant power
load model is used. A more comprehensive model can be
found e.g. in [31]. Based on different studies [32] and own
simulations, it is concluded that the coincidence of PV
production and EVC consumption is low. In particular, at
noon only about 10% of the EVs are expected to be at home
and charging. Therefore, a distribution of four EVCs was
incorporated in the simulations. A purely random phasedistribution is used, as the distribution over the phases does
only depend on the usage behavior of the car owners, not on
the distribution of the charging points to the individual phases
[23] . In general the results in Section VI.C for 3.7 kW PVI
can be used to estimate the VU for 100% EVC penetration,
but without PV.
Erro! Fonte de referência não encontrada. shows that
the impact on VU caused by randomly distributed EVCs is
smaller in case of randomly distributed PVIs than if the PVIs
are distributed according to the coordinated approach. One
possible way to reduce the impact of EVCs on VU is the
reduction of the charging current [24], which however would
increase the charging time. For one customer it is more
efficient to connect the EVC to the same phase as the PV
inverter.
For all simulated scenarios and cases the highest VU value
is stored and Erro! Fonte de referência não encontrada.
presents the 95th percentile of these values. In case of
randomly distributed PVIs a reduction of size can
considerably reduce the impact on VU. Hosting capacity is
expected to double/triple when the maximum size of PVI is
reduced to 3.7 kW/3.0 kW.

Fig. 16. Probability distribution functions of maximum VU for a 75 %
penetration of PVIs with different PVI sizes and different distributions to the
phases and with/without a 10 % penetration of EVs.

VIII. CONCLUSIONS
A stochastic method has been presented to estimate the
contribution of single-phase photovoltaic inverters (PVIs) to
VU in LV networks. The uncertainty in location and phase is
included in a number of stochastic indicators. The method can
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be extended to include the impact of three-phase induction
motors, differences in tilt angle and direction, electric vehicle
charging (EVC) and other single-phase loads, and the
background unbalance from the MV network.
For the two networks studied, the introduction of 6 kW
PVIs will likely give a contribution from the inverters
exceeding 1% when they are connected randomly; exceeding
2% is shown to be unlikely but not impossible. The approach
presented here allows the network operator to quantify the risk
of high VU due to single-phase PVIs.
Based on the results of the study a combination of
reduction of maximum single-phase size and controlled
connection of PVIs is recommended when the risk of high VU
is deemed unacceptably high.
Especially at higher penetration levels a significant
reduction can be expected by controlled connection. However
the method is not as robust as the reduction of the PVI size or
promoting a true three-phase device. The method is
particularly sensitive to changes in the network configuration
and to variations in unbalance of the customer consumption.
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Abstract — With the increasing of non-linear equipments
connected in the network, mitigation solutions are needed to
avoid and solve harmonic and resonance problems that may
damage equipments and avoid their connection into the grid.
Several are the solutions given to this problem; however, not all
them are suitable for all situations. For it, in this paper a review
of the most used harmonic solutions and some new technologies
are presented. The advantages and disadvantages are described
and the most used passive, active and hybrid solutions are
described.
Index Terms — Active Filters, Harmonic Mitigation, Hybrid
Filters, Passive Filters, Power Quality.

I.
INTRODUCTION
In the past years, the amount of non-linear equipment
connected to the grid increased, together with the harmonic
emission, risking increased harmonic voltage and current
levels. However, the number of solutions that can mitigate this
is increasing and new techniques are being formulated and
classical ones being reformulated or improved. To start
mitigation harmonics one needs to know that their amplitude
will depend on a number of factors, but, in general, a stronger
grid gives higher amplitudes on the current harmonics, but
lower amplitudes on the voltage harmonics [1]. Furthermore,
for some nonlinear loads, the magnitude of harmonic currents
depends on the total effective reactance, comprised of the
source reactance plus any added line reactance (6-pulse diode
rectifier feeding a DC bus capacitor and operating with
discontinuous DC current); other nonlinear loads (6-pulse
diode rectifier feeding an inductive DC load and operating
with continuous DC current) the voltage distortion at the PCC
is dependent on the total supply impedance [2].
Problems with harmonics can be solved decreasing the
equipment harmonic emission, increasing the harmonic
immunity and using harmonic mitigation techniques. For
example, when planning the installation of nonlinear plant
components the decision has to be made between designing
the nonlinear devices for low levels of waveform distortion or
installing harmonic compensation equipment at the terminals.
This is obtained, for example, by using phase-shifting
transformers, controlling converter bridges, using switching
devices with turn-off capability and using filters. However,
The work presented in this paper has been funded by Energiforsk and the
Swedish Energy Agency under the VindForsk program.
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the decision will depend on the equipment power and voltage
and the effect on the rest of the plant.
II.

BASICS OF HARMONIC MITIGATION

A.

Avoiding Interference
The final aim of harmonic mitigation and of all work on
power quality is to avoid so-called “electromagnetic
interference”, i.e. to make sure that all equipment functions as
intended. Interference can be avoided in three distinctively
different ways:
• Reducing the emission from devices;
•

Increasing the
disturbances;

•

Reducing the transfer of disturbances from emitting
devices to susceptible devices.

immunity

of

devices

against

The first two mitigation methods concern changes in
installation or in the grid. The solutions discussed in this paper
mainly concern reducing the transfer.
B.

Voltage or Current
The mitigation methods can further be separated in two
groups: those that reduce harmonic voltage distortion: those
that reduce harmonic current distortion. The application of
them is related to the overall principle, in the form of
standardization and such, to avoid interference. General limits
are in place on harmonic voltage distortion. It is the role of the
network operator to avoid that these limits are exceeded. The
network operator in turn can place limits on the harmonic
current emission from installations or from large equipment.
Emission limits for small equipment are set in standards.
C. Different Mitigation Methods
In this paper, a review of harmonic mitigation solutions is
presented and classical and new solutions are described
together with their advantages and disadvantages. The most
typical and efficient harmonic mitigation solutions and
techniques are [1][2][3][4]:
•

Line reactors;

•

K-Factor transformers;

•

Tuned harmonic filters;

•

Low pass harmonic filters;

•

Pulse rectifier solutions;

•

Phase shifting transformers;

•

Transformer Connections;

•

Active harmonic filters;

•

Hybrid harmonic filters.

B. Phase-shifting Transformers
They separate the electrical supply into different outputs,
each one is phase shifted with respect to each other with an
appropriate angle to eliminate the desired harmonic pairs. For
this, a 180° phase shift is needed to cancel the harmonic
currents [5]. As described in [5], to mitigate harmonics the
following displacement are needed:

III.
CLASSICAL HARMONIC MITIGATION TECHNIQUES
Classical harmonic mitigation techniques are being used to
avoid high harmonic loads. The most common ones are
described below:
A.

Line Reactors
They are the simplest and lowest cost means of
attenuating harmonics [4]. It is a 3-phase series choke placed
in front of the rectifier on the line side of a drive. The low
cost, the significant reduction of current distortion, and the
addition of protection to the rectifier are some of the
advantages of using line reactors. However, they are
impractical in large drives, they cause voltages drop, increase
system losses and normal impedance values do not achieve
current distortion levels much below 35% THD-I [4]. The
line reactor causes a voltage drop; due to being inductive, the
series impedance and hence voltage drop is larger the higher
the frequency [1]. The magnitude of harmonic distortion and
the actual spectrum of harmonics depend on the effective
impedance (voltage drop across the total input circuit
impedance caused by the load current, compared to system
voltage) that the reactor represents in relation to the load.
This impedance reduces proportionately with the reduction in
actual load current, for example, for a load that draws 50% of
the rated current, a line reactor rated at 5% impedance
appears as an impedance of 2.5%. Transformer impedance is
usually very small compared to the connected loads, so line
reactors are applied to each individual non-linear load to
increase the effective impedance. Typical inductance values
are between 2 and 5%. Table I shows the total harmonic
current distortion for a 6-pulse rectified voltage source drive,
as a function of the total input circuit impedance, in percent
of the rectifier rating [4]. From this table we can observe that
increasing the impedance the harmonic current distortion
decreases.
TABLE I.

TOTAL HARMONIC DISTORTION FOR A 6-PULSE RECTIFIER
BASED ON CIRCUIT IMPEDANCE [4]

Harmonic
Distortion

0.5

1

1.5

2

3

4

5

IHD-I - 5th

78

60

51

46

39

35

32

%THD - I

100

72

60

55

44

39

35

Triplen harmonic currents: 60° between two phases
in a three-phase system;

•

5th and 7th harmonic currents: 30° between two
phases in a three-phase system;

•

11th and 13th harmonic currents: 15° between two
phases in a three-phase system.

C. Transformer Connections
Transformer connections impact the flow of triplen
harmonic currents. The used connections for this purpose are
wye-delta, wye-wye and delta-zigzag. In the wye-delta
transformer, since the triplen harmonic currents are in phase,
they add in the neutral. The delta winding provides ampereturn balance allowing them to flow; however, they remain in
the delta winding and do not show up in the line currents on
the delta side. This connection is the most common used in
utility distribution substations with the delta winding
connected to the highest voltage level [6]. The grounded wyewye connection allows triplen harmonics to flow from the
low-voltage system to the high-voltage system unrestricted.
The triplen harmonics will be present on both sides [6].
Triplen harmonics do not flow in ungrounded wye-wye
transformers. The nonlinear relationship between excitation
and flux results in inducing a third-harmonic flux and a
corresponding third harmonic electromotive force in each
phase. If the system is grounded, triplen harmonic voltages
will disappear because the triplen harmonic currents for the
sinusodial excitation are furnished through the connected
neutral. They will flow on line conductors and return to the
neutral system [7]. In a delta-zigzag transformer, the
electromagnetic effect of the zigzag connection cancels triplen
harmonic currents. When two transformers with a delta-zigzag
connection are used for phase-shifting, the triplen harmonic
currents are cancelled due to the secondary windings with a
zigzag connection, and the 5th and 7th harmonic currents are
cancelled due to the 30° phase shift. Furthermore, using a
single delta-zigzag transformer in a system made up of deltawye transformers, 5th and 7th harmonic currents originating
from the delta-zigzag transformer will cancel those harmonic
currents that are already present in the system [5].
D.

% Impedance

•

K-factor Transformers
There are designed to accommodate the temperature rise
caused by current harmonics in the transformer windings, in
addition to the fundamental frequency losses. The K-factor is
a constant that specifies the ability of the transformer to
handle harmonic heating, as a multiple of the normal eddy
current losses developed by a sinusoidal current in the
transformer windings and it can be computed using the
information contained in a waveform harmonic spectrum.
Table II presents typical K-factors versus effective

impedances for a 6-pulse load. When the load contains a mix
of linear and non-linear loads, the K-factor requirement will
often be lower than when the transformer only supplies nonlinear loads [4]. The commonly referenced ratings are the
following:
• K-4: designed to supply rated KVA, without
overheating, for a load made-up , next to the rated
current at the fundamental frequency, 16% of the
fundamental as 3rd, harmonic current, 10% of the
fundamental as 5th, 7% of the fundamental as 7th,
5.5% of the fundamental as 9th;
•

K-9: designed to deal with 163% of the harmonic
loading of a K-4 transformer;

•

K-13: designed to deal with 200% of the harmonic
loading of a K-4 transformer;

•

K-20, K-30, K-40 and K-40 designed to deal with
larger amounts of harmonic load content without
overheating.

levels of residual distortion and offer guaranteeable results.
The configuration includes series elements, that increase the
input circuit effective impedance to reduce overall harmonics,
plus a set of tuned shunt elements, that are detuned from a
harmonic frequency to prevent the attraction of harmonics
from other sources supplied by the same feeder or transformer
and minimizing the possibility of resonance [4]. The typical
low pass harmonic filter will experience voltage drop under
loaded conditions. The typical regulation is about 5%. Table
III shows the THD-I for a low pass filter (50 A) feeding a 6pulse rectifier at various load conditions. Low pass filters have
low cost, low residual harmonics, no analysis or harmonic
studies are required. However, they must be connected in
series with the load, can only be used with non-linear loads,
experience low power factor at light loads, induce additional
system losses and when derated the residual harmonic current
distortion may increase [4].
TABLE III.
TDH-I FOR LOW PASS FILTER
FEEDING A 6-PULSE RECTIFIER AT VARIOUS LOAD CONDITIONS [4]
% Load

TABLE II.

Harmonic Distortion

K-FACTOR VS IMPEDANCE FOR A 6-PULSE LOAD [4]

33

50

75

100

%IHD-I - 5th

5.8

5.5

4.1

3.8

%THD - I

7.76

6.72

5.22

4.75

% Impedance
K-Factor

0.5

1

1.5

2

3

4

5

21

14

11

9

6.8

5.6

4.8

E.

Tuned Harmonic Filters
A tuned harmonic filter is a device with inductors and
capacitors that are connected in series to form a LC resonance
circuit tuned at the harmonic that should be filtered. However,
the filter is connected as a shunt device to the power system, at
service entrance or at distribution transformers. Its impedance
is very low for the tuned harmonic. The filter impedance
below the tuning frequency resembles a capacitive behavior,
while the impedance above it has an inductive behavior and at
the tuning harmonic the filter behavior is like a resistor. A
tuned filter can be designed as fixed, when the power factor is
low and constant and the harmonic that must be mitigated has
a constant magnitude; automatic, when the power factor and
harmonics fluctuate; and hybrid, when power factor is low and
fluctuates over time, or if the harmonic that must be mitigated
also changes over time. Passive harmonic filters (PHF)
involve the series or parallel connection of a tuned LC and
high-pass filter circuit to form a low-impedance path for a
specific harmonic frequency [2]. As eliminating harmonics at
their source is the most effective method to reduce harmonic
losses in the isolated power system, according to [8][9], if a
parallel-connected filter is connected further upstream in the
power network, higher day-to-day costs will accumulate in the
conductors and other plant items that carry the harmonic
currents. However, losses are observed in the series-connected
filter itself.
F.

Low Pass Harmonic Filters
Low pass harmonic filters have gained popularity due to
their ability to attenuate a range of frequencies, achieve low

G.

Pulse Rectifier Solutions
The most common solutions are the 12, 18 and 24-pulse
rectifiers. The harmonic mitigation occurs by phase shifting
one bridge rectifier against the other causing specific
harmonic from one bridge rectifier to cancel those from the
other. Phase shifting is accomplished through the use of
multiple transformers. These systems require symmetrical
loading on the secondary windings to ensure harmonic
cancellation to occur [1].

The 12-pulse rectifier solution consists of two 6-pulse
diode bridges combined with a multi-phase transformer. The
transformer has a 30° phase-shift to provide two three-phase
voltage sources that cancel the 5th and 7th harmonics. The 11th
and 13th harmonics dominate. With this scheme a THD-I of
about 10% can be achieved [4].
The 18-pulse topology consists of a transformer with 20°
displacement and three 6-pulse diode bridges. This solution
will cancel the 5th, 7th, 11th and 13th harmonics and the
dominant ones are the 17th and 19th. Combining AC reactors
with the 18-pulse rectifiers the THD-I is about 5% [4][2].
The 24-pulse system is obtained connecting two 12-pulse
circuits with a 15° phase shift. In this, the 11th and 13th
harmonics are mitigated from the supply current waveform
and the 23rd and 25th become the dominant ones [2][10][11].
Using this solution we have as advantages a more effective
compensation of harmonics than a line-choke, a significant
current distortion reduction. As disadvantages, these
configurations are sensitive to voltage unbalance, transformer
asymmetry, aren’t flexible, are large, heavy and optimal

cancellation is only achieved with symmetric drive loading
[1]. According to [12], the THD-I is in the range of 2.43% to
3.67%, depending on the load.

IV.

ACTIVE HARMONIC MITIGATION SOLUTIONS

A. General Principle
Active filtering techniques can be used as a stand-alone
harmonic filter or together with power electronics equipment.
These filters monitor the load currents/voltage, filter out the
fundamental frequency currents/voltages, analyze the
frequency and magnitude content of the remainder, and then
inject the appropriate inverse currents/voltages to cancel the
individual harmonics. Active filters will normally cancel
harmonics up to the 50th harmonic and can achieve harmonic
distortion levels less than 5% THD-I. However, some active
filters may experience lower performance when the power
system has high levels of voltage distortion. The losses
associated with active filters tend to be higher than for passive
solutions [4]. They can work in global mode, when the filter
cancels all harmonics or in selective mode, when only selected
harmonics are compensated [1]. Two controls strategies are
used: the Fast Fourier transform calculates the amplitude and
phase angle of each harmonic order; the second method
removes the fundamental frequency component and injects the
inverse of the remaining waveform. Some advantages of this
technology are the efficient suppression of harmonics, the
ability to feed energy back to grid ad the insensitive to
network unbalances. Disadvantages are the switch ripple on
grid side, the higher switch ripple on motor side and the high
losses [1]. Furthermore, they can introduce emission at higher
frequencies when active filters are connected to resonant
networks or when multiple active filters are connected close to
each other. This can even lead to harmonic instability [13].

configuration has the most efficient compensation, is compact,
the losses are lower than multi-pulse, is simple to compensate
groups of different load and it is insensitive to network
unbalance. However, as is an active filter, it introduces switch
ripple [1].

Figure 1. Shunt Active Filter for Harmonic Compensation [13]

C. Series Active Filters
They eliminate voltage harmonic distortions and improve
the quality of the voltage applied to the load. This is achieved
by producing a sinusoidal PWM voltage waveform across the
connection transformer, which is added to the supply voltage
to counter the distortion across the supply impedance and
present a sinusoidal voltage across the load. This configuration
has to carry the full load current increasing their current
ratings especially across the secondary side of the coupling
transformer [17]. Similar to the shunt harmonic filter control,
the controller in this configuration detects the instantaneous
supply current; the filter extracts the harmonic current from
the detected supply current. However, in this case, the filter
applies the compensating voltage across the primary of a
transformer connected in series with the load. Fig. 2 shows
this system with a three-phase diode rectifier [14].

Active filters can be of the series type, to prevent the
transfer of harmonic current, or shunt type, to reduce the
harmonic voltage [3]. However, for both, there is a need to
calculate the required compensation current accurately and in
real time [2]. Active filers can be a voltage or a current source
pulse width modulated (PWM) converters [14]. Many papers
discuss active filters, e.g. [15]-[32].
B. Shunt Active Filters
They work by measuring the load current, analyzing the
harmonics and then injecting counter-phase harmonics to
cancel out the unwanted harmonics. The ability to downsize
the solution to fit a particular purpose is the biggest advantage
of this configuration [1]. Also, shunt filters carry the load
harmonic current components only and not the full load
current of the circuit [23][24]. According to [14][25], the
control of a shunt active filter detects the instantaneous load
current then the filter extracts the harmonic current from the
detected load current and draws the compensating current
from the supply. This can be seen in Fig. 1 where we have a
three-phase shunt active filter for harmonic compensation
[14]. In this case, iL is the load current, i Lh is the harmonic
load current, i F = − i Lh is the compensating current, iS is the
supply current, vS is the supply voltage and Lac is the ac
inductor installed at the diode rectifier ac side. This

Figure. 2. Series Active Filter for Harmonic Compensation [14]

V.

HYBRID FILTERS

In most cases, the best solution for an economical and
effective harmonic mitigation solution is achieved by hybrid
solutions (HHF), combining passive (PHF) and active filters
(AHF). As the generation of harmonic components is part of
the nonlinear components, a path must be provided for them
to flow. The use of series-connected filters in isolation is not
a solution and, normally, they have to be combined with
some passive filtering. This solution avoids harmonic
resonance. The main limitation of the active/passive filter
configuration is that it is restricted to a fixed fundamental
frequency [4]. HHF solutions have been developed to solve
the problems of reactive power and harmonic currents
effectively and it was observed that a combination of PHF

makes a significant reduction in the rating of the AHF,
decreasing or eliminating harmonic resonance [27]-[31].
Furthermore, no harmonic current flows in the supply. Some
configurations of hybrid filters are described in [27]-[31] the
authors use a HAF for harmonic compensation and also
resonance solutions. Fig. 3 and Fig. 4 are some examples. In
Fig. 3, a combination of shunt AHF and PHF is used, with
this configuration no harmonic resonance occurs and no
harmonic current flows in the supply. A series combination of
an AHF and a shunt PHF is presented in Fig. 4. However,
according to [27], as the AHF voltage compensation can
interfere with downstream loads, this topology is not an
option for low-frequency interharmonic compensation.

VII. CONCLUSIONS
With the increasing use of non-linear loads in the power
systems, harmonic mitigation techniques become even more
important. In this paper the most used and popular solutions
were presented. However, it was observed that depending on
the situation, the use of more than one solution in
recommended. In most of the cases, a hybrid solution is the
best option, combining filters with other technologies. In
short, in this paper, passive, active and hybrid solutions were
presented, showing a general viewpoint, some advantages and
disadvantages. Furthermore, as active power filters are very
efficient in harmonic elimination, the most used
configurations were presented.
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Abstract — The use of active filters for harmonic mitigation
compensation is increasing together with the improvement of
their control techniques. Depending on the situation, the use of
one technique instead of the other makes the difference of
achieving a better harmonic mitigation or not. In this paper, a
review of control techniques related to harmonic filters for
harmonic mitigation is presented, together with the advantages
and disadvantages. From the literature review it was observed
that new techniques are being used and classical ones are being
improved.
Index Terms — Active Harmonic Filters, Control Techniques,
Harmonic Mitigation, Power Quality.

I.

INTRODUCTION

With the increasing penetration of renewable power
generation sources, the use of power electronic devices has
increased the amount of the harmonic sources connected to the
grid. Large quantities of harmonics can lead to malfunctioning
of devices and increase grid operating costs. For minimizing
it, series/shunt passive and active harmonic filters (AHF) have
been introduced. Harmonic distortion can be suppressed by
the use of such filters. The passive filters are the simplest
solution. However, the used passive elements sometimes do
not respond correctly to the dynamics of the system [1]-[3].
The use of AHFs is a solution for harmonic mitigation and
during the past years is being widely used. This solution
monitors the load current/voltage, filters out the fundamental
frequency current/voltage, analyzes the frequency and
magnitude content of the remainder, and then injects the
appropriate current/voltage to cancel the individual harmonics.
AHFs will normally cancel harmonics up to the 50th harmonic
and can achieve harmonic distortion levels less than 5% THDI. The use of active harmonic filters is increased because their
use does not introduce additional resonances. As a result, their
performance is less dependent on the system properties.
However, the need of fast switching of high currents in the
circuit is a drawback, because this can introduce new
electromagnetic disturbances to the system [4].
Active filters were proposed in 1971 [5]. For the first time,
an AHF was used for harmonic compensation, in 1982 [6].
From then on, the use of AHF solutions has been growing and
new control strategies are being used or classical ones being
The work presented in this paper has been funded by Energiforsk and
the Swedish Energy Agency under the VindForsk program.
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improved. The structure of the shunt AHFs generally consist
of two main blocks: harmonic detection and control. The total
performance of the presented AHF depends on the efficiency
of both blocks; the performance of each block affects the other
block’s performance. The main aim of the harmonic detection
block is to extract the specific attributes of the harmonics such
as frequency, amplitude and phase, time of the occurrence,
duration and energy from the input signal which can be either
voltage or current signals depending on the applied method.
For achieving this harmonic cancellation, control strategies
purposefully designed are needed. Since 1980, time and
frequency control methods are being used; classical ones are
the Fast Fourier Transform and the Instantaneous Reactive
Power Compensation (p-q) method. However, nowadays,
other approaches have been developed and new/improved
control strategies are being used for harmonic mitigation [7][15]. Due to this, in this paper, a review of the most used
control methods for harmonic mitigation using AHFs is
presented, together with the advantages and disadvantages of
those control methods.
II.

ACTIVE HARMONIC FILTERS CONTROL

Control strategies are important to inject harmonic
currents/voltages that need to be compensated. They are
divided in 3 stages; in the first one the signal is obtained using
specific equipment for that, like current transformers; the
second stage is responsible for compensating the
currents/voltages
based
on
control
methodologies
(current/voltage reference generation techniques); and in the
third stage the gating signals are generated (current control
techniques). The reference generation techniques are actually
harmonic detection and extraction methods and they are
divided in time and frequency domain methods. The methods
for generating gating signals are described in Section II.D.
This section provides a brief overview of applied control
methods to control the output signal of the converter. The
applied control method for AHF is generally fast dynamic
current control loop to control the injected current to the grid
directly. In the following, a division of the control strategies
with respect to the reference frame they are implemented in is
given and the main properties of each structure are described.

A. Frequency Domain Techniques
These techniques are based on the Fourier Transform and
are suitable for single and three-phase systems. The used
methodologies are known under the following names: Fourier
Transform (FT), Fast Fourier Transform (FFT), Discrete
Fourier Transform (DFT), Sliding Fourier Transform and
Short-time Fourier Transform (STFT), but the basic principle
is the same for all those methods: the harmonic components of
the signal are separated from the fundamental component and
an inverse Fourier transform is applied to estimate the
reference signal in the time domain [16][17]. Using the DFT a
sliding window is used to obtain the harmonic components.
In the Modified Fourier Series Technique, only the
fundamental component of current is calculated and this is
used to separate the total harmonic signal from the loadcurrent. These methods modify the Fourier series equations to
generate a recursive formula with a sliding window, so at
every new sampling subcycle the sine and cosine coefficients
are stored in place of the old ones and the overall sums of the
sine and cosine coefficients are always updated [18].

Using the Inverse Park transformation the reference
currents for compensation currents are obtained by (2). For a
balanced non-distorted set of currents, the d-q value is
constant. By removing all non-dc components, a balanced
non-distorted set of current is obtained. However, the zerosequence components of the harmonics cannot be filtered.
Because of the PLL, the control is sensitive to frequency
variations.
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I a , I b , I c are the reference currents for compensation.

The main disadvantage of all these techniques is that
when the system has a varying load this method is impractical
because of the time delay introduced by these techniques,
B. Time Domain Techniques
They are based on instantaneous derivation of
compensating commands in the form of voltage/current
signals from harmonic voltage/current signals. The most used
and known techniques are the p-q theory, the Direct Testing
and Calculating Method, Synchronous d-q Reference Frame
Method and the Multiple Reference Frame Method [19].
1)
Synchronous d-q Reference Frame Method (SRF)
It is based on the Park transformation. For applying this
methodology, real currents are transformed into a reference
frame that is synchronized with the ac voltage rotating at the
same frequency. An advantage of this one, compared to the pq theory is that it can be used in unbalanced systems.
The three-phase components are transformed into d-q
reference frame and the Phase Locked Loop (PLL) is used to
obtain the fundamental frequency of the system and the phase
angle of the fundamental positive sequence component of a
three phase input signal. In this technique a low pass filter is
used (LPF). Fig. 1 describes the diagram for current reference
generation using the synchronous d-q reference frame method.

Figure. 1. Diagram for current reference generation of synchronous d-q
reference frame method

2) Instantaneous Power Theory or pq-theory
In this technique, the three-phase voltage and load currents
are transformed into the α-β frame and with this the p-q frame
is obtained [20]. Assuming a three-phase three-wire system,
zero-sequence component does not exist, so the α-β frame can
be obtained from the positive and negative-sequence.The
instantaneous active and reactive power of the nonlinear load
is calculated. The AC component is extracted using high pass
filter (HPF) to obtain the compensation reference signals in
terms of either currents or voltages. The three-phase reference
frame is translated to the orthogonal stationary reference
frame (Clarke transformation),
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Using Park transformation, the stationary reference frame
quantities are transformed into rotating reference frame
quantities,

 I d   cos θ
sin θ   I α 
I  = 
⋅ ,
 q   − sin θ cos θ  I β 

Iα 
I  =
 β

(1)

where θ = ωt and ω is the angular frequency and I d
and I q are the currents in the rotating frame.
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Instantaneous real power p and reactive power q are given
by,

 p
q  =
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(5)

From instantaneous reactive power theory, for obtaining
the harmonic component, real and reactive power can be
decomposed into DC ( p ,q ) and AC components
~ ~

(corresponding to the harmonic distortion ) ( p ,q ) . From this,
the current reference signal is:
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Fig. 2 describes a diagram for AHF control using p-q
theory.

4)
Single-phase d-q Theory
D-q theory can also be used in single-phase systems. An
imaginary variable is obtained by shifting the original signal
(current/voltage) by 90°. The original signal together with the
imaginary signal represents the load current in d-q
coordinates. From this,
i Lα  i L( ωt +φ ) 

i  = i
 Lβ   L( ωt +φ+π 2 ) 
.
(11)
i Ld   sin( ωt ) − cos( ωt ) i Lα 
i  = 
⋅ 
 Lq  cos( ωt ) sin( ωt )  i Lβ 
− −
Using a LPF, the DC components ( iLd
,iLq ) can be

obtained and the AC components ( i*Ld ,i*Lq ) can be obtained by
using a high pass filter. Using the DC components,

i*sα   sin( ωt ) − cos( ωt ) i − + 0
Ld
* =
,
⋅
isβ  cos( ωt ) sin( ωt )   0 + 0 

(12)

From this, the reference current is,
−
i*sα = sin(ωt )( iLd
+ iDC ) ,

Figure. 2. Diagram for current reference generation of pq-theory

3)
Single-phase p-q Theory
This theory can be used to control single-phase active
harmonic filters [21][22] . Considering a balanced three-phase
system were the phase a corresponds to the single-phase
system and the other phases (b and c) are used only with for
mathematical purposes. From this, phase a is considered the
reference and obtained by (8),
n
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Using phases a, b and c and applying the Clarke
transformation,
n
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5)
Multiple Reference Frame Method (MRF)
This method has been used for analysis of different
machines [23]-[28], but it has shown to be suitable for the
control of harmonic currents [27][28]. With this, it is possible
to compensate the significant harmonics currents in a system.
The qd0 components of current are used for the nth reference
frames that are the multiples of fundamental electrical
frequency.
The abc currents are transformed to the qd0 variables in
each corresponding harmonic reference frame by (13) and
(14). The phase currents related to each harmonic order are
obtained by the inverse of (14).
n
n
I qd
0 = K I abc ,

(8)

The voltages are represented by,

2
vβ = vα e − j 90° .
(9)
vα =
va ,
3
Using (5), the compensation current in the α-β reference
frame is obtained by,
 ~

2  v α p − vβ q 
icomp =
(10)

,
3  vα2 + vβ2 


where icα is the value of the power to control the voltage on
the DC side of the power inverter and is obtained with the use
of a Proportional Integral (PI) controller.
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where I abc is the phase currents vector, K n is the
transformation matrix, n is the harmonic order related to each
reference frame and θ e is the electrical angle of the voltage.
For each harmonic current a different reference frame is
obtained. LPFs are used to isolate the wanted harmonic
currents. Fig. 3 shows a diagram of the use of this method.

Figure. 4. Diagram for the current hysteresis control.

Figure. 3. Diagram for current reference generation of multiple reference
frame method.

6)
Natural (abc) frame control
In this control, there is an individual controller for each
grid current; however, the different ways to connect the threephase systems is an issue to be considered when designing the
controller [29]. The abc control is a structure where nonlinear
controllers like hysteresis or dead beat are preferred due to
their high dynamics. The performance of the controller mostly
depends on the sampling frequency. However, it is possible to
use three different PI or proportional resonant (PR) controllers
to implement this type of control system instead of using
hysteresis or dead-beat controllers. The hysteresis and deadbeat controllers generate the gating signals for power
converter switches directly, but for PI and PR controllers it is
necessary to provide the duty cycles for the PWM pattern.
The implementation of the PR controller in abc reference
frame is more straightforward rather than PI controllers.
However, the influence of the isolated neutral has to be
accounted for PR controllers. The harmonic compensation
performance of the PI controllers potentially depends on the
applied low-pass and high-pass filters. Further, in the case of
the PR controllers, the compensation is achieved by cascading
several generalized integrators tuned to resonate at the desired
frequency. With this, selective harmonic compensation at
different frequencies can be obtained [29].
7)
Stationary Reference Frame
The currents are transformed into stationary reference
frame using Clark transformation. Due to the drawback of PI
controller, other controller types are necessary. The PR
controller is an option, it achieves a very high gain around the
resonance frequency, eliminating the steady-state error
between the controlled signal and its reference [29].
8)
Hysteresis Control
The earlier methods were aimed at generating the
reference signal. This method is aimed at generating the
compensation signal from the reference signal. In this method,
the current error is compared with a fixed width hysteresis
band to obtain the switching signals. This control forces the
compensation current to follow the reference current. In this
scheme, a signal deviation (H) is designed and imposed on the
reference current to form the upper and lower limits of a
hysteresis band. The desired current is measured and then
compared with the reference, generating an error. This one is
used in the hysteresis controller to determine the gating signals
when exceeding the upper or lower limits. Switching occurs
when the error reaches the hysteresis band [9]. Fig. 4 shows
the current hysteresis control diagram.

9)
Dead-beat control
The strategy for this control is to null the error using one
sample delay in a way that the current reaches its reference at
the end of the next switching period. One observer could be
introduced to compensate this delay [29]. The controller
introduces one sample time delay, as it regulates the current
until it reaches its reference at the end of the next switching
period. An observer can be introduced in its structure to
compensate this delay, the discrete transfer function of the
observer and the compensated current are obtained,
( abc )
FDB
=

1
,
1 − z −1

( abc ) *
i*' = FDB
(i −i) .

(15)
(16)

C. Advanced Harmonic Detection Methods
Several advanced methods are being used in control
methods for AHF for harmonic mitigation. As networks can
have nonlinearity and parameter variation problems, an
intelligent control system can identify the model, if necessary,
and give the predicted performance [30]. This technology
extracts information from the process signal by using different
advanced signal-processing methods. Some techniques used
for harmonic mitigation in AHF are Neural Network, Fuzzy
Logic, Kalman Filter and Vector Resonant Controller. Fuzzy
Logic and Kalman Filter methods are discussed in this section.
1)
Fuzzy Logic
Fuzzy logic is a multilevel logic system; it has a degree of
membership associated with each variable [31]. This method
has three principal components: a degree of membership
measured along the vertical axis, the possible domain values
for the set along the horizontal axis and the set membership
function. To develop the fuzzy-logic control algorithm for
AHF, two inputs are needed: the voltage error and the change
of capacitive voltage over one sample period. The input to the
defuzzification process is a fuzzy set and the output
(magnitude of reference supply current) is a single non fuzzy
number, obtained by the center-of-gravity (COG) method of
defuzzification.
In this theory fuzzy logic and control system features are
integrated by using IF-THEN rules. A set of such rules can be
used to create a functional controller. The advantages of Fuzzy
logic Controller (FLC) are high robustness, tracking accuracy
and quick response. Many controllers have been developed to
improve power quality for single and three-phase systems
using this technique. Results shows that comparing Fuzzy and
PI controller, this last one fails to respond quickly and whether
it is harmonics detection technique or current control
technique [30].

2)
Kalman Filter
The Kalman filter is a time-domain stochastic optimal
estimator and it is suitable for tracking time-varying
parameters of harmonic signals. This technique is robust
against undesired frequencies and measurement noise.
Considering a signal of two harmonic components, the
state variables at the k-th sampling instant kT is [32],
x1,k = A1,k sin( kω1T + ϕ1,k )

x2 ,k = A1,k cos( kω1T + ϕ1,k )
x3,k = A2 ,k sin( kω1T + ϕ 2 ,k )

,

(17)

combination of conducting or non-conducting switches in the
power circuit. A reference vector is used to locate two
adjacent switching-state vectors and compute the time for
which each one is active [39]. The principle is based on the
fact that there are eight possible switching combinations for a
three phase inverter. In Fig. 5, the vector identification ‘0’ is
the negative phase voltage level and ‘1’ the positive. The
vectors V1-V6 are the stationary vectors in the reference plane
and V0 and V7 are the short circuit on the output. The eight
vectors are the basic space vectors. Each vector corresponds
to a different angular position.

x4 ,k = A2 ,k cos( kω1T + ϕ 2 ,k )
0
0 
 cos ω1T sin ω1T
− sin ω T cos ω T
0
0 
1
1
.
ϕ=
(18)
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0
0
− sin ω2T cos ω2T 

Based on this signal model, the standard Kalman filter
algorithm can be used to estimate the state variable vector xk,
which contains the wanted harmonic components in
parameterized form. According to [33], the model may be a
state-variable representation with time-varying magnitude
using a stationary or a rotating reference frame.
D. Gating Signal Generation
Now-a-days IGBTs are used for converters of medium
ratings and GTOs are used for high ratings. The gating pulses
are generated by current control techniques such as sinusoidal
pulse width modulation (SPWM), triangular PWM, hysteresis
current control technique and Space Vector current controller.
Some of them are discussed in this section.
1)
Sinusoidal PWM (SPWM)
Sinusoidal PWM is a type of "carrier-based" pulse width
modulation. Carrier based PWM uses pre-defined modulation
signals to determine output voltages. This method is
characterized by constant amplitude pulses with different duty
cycles for each period. The width of these pulses are
modulated to obtain inverter output voltage control and to
reduce its harmonic content [34]. According to [35], this is the
mostly used method in inverter application and one of the
simplest carrier-based modulation methods for the control of
Matrix Converters.
In SPWM technique three sine waves, are the reference
signals, and a high frequency triangular carrier wave are used
to generate PWM signal [36]. The carrier triangular wave is
usually a high frequency (in several KHz) wave. The
switching signal is generated by comparing the sinusoidal
waves with the triangular wave. The comparator gives out a
pulse when sine voltage is greater than the triangular voltage
and this pulse is used to trigger the respective inverter
switches [37][38].
2)
Space Vector Modulation (SVM)
In this gate signal generation method, the objective is to
find the appropriate switching combinations according to
certain modulation scheme [6]. This technology works in a
complex plane divided in six sectors separated by a

Figure. 5 Space vector hexagon – basic space vectors

III.

CONCLUSIONS

In this paper a review of the most used active filter control
methods for harmonic mitigation was presented. From the
literature research, several methods are being developed for
current reference generation and for current control.
Advantages and disadvantages of frequency and time domain
methods were presented. Frequency methods are simpler to
implement, but not suitable when the system has a varying
load. Advanced technologies, on the other hand, such as
fuzzy logic, were also presented. The interest for this
approach is increasing, because they have a good response
under varying load and supply conditions. Furthermore,
classical methods in time and frequency domain have been
improved and new approaches can be used.
The choice of the best method depends on several analyzes
like the cost, the grid type, the additional compensation need,
the implementation complexity and other topics. It was also
observed that there has been a significant increase in interest
of active harmonic filters and its control methods, probably
because of the availability of suitable power-switching devices
at affordable price as well as fast computing devices. Another
comment is that the use of artificial intelligence techniques is
increasing and good results are being obtained compared to
classical control methods. However, a deeper analyzes is
required regarding its use in real cases, their cost, reliability
and implementation. Furthermore, a deep analyzes of the grid
is needed to choose the best option related to harmonic
mitigation.
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Abstract — Passive solutions are the most used harmonic
mitigation methods in wind power plants, but the use of active
filters is also a suitable and attractive approach. However, the
best location for the connection of these active filters needs to be
studied and evaluated.In this paper, a study of the use of active
harmonic filters placed at different locations inside a wind
power plant is performed. The results for current and voltage
harmonic distortion are compared and discussed to determine
the most suitable location for placing active harmonic filters
within a wind power plant.

avoiding or reducing the need for installing expensive passive
filters. Additionally passive filters bring some disadvantages
such as possible new resonances at other frequencies,
additional space in the onshore or offshore substation layout,
need for reactive power compensation etc. Moreover, active
filter controllers could be tuned and retuned, sometimes
adaptively, to overcome the uncertainties faced during the
WPP design phase as well as to address possible topology or
operating conditions changes in the external network and
internal WPP infrastructure during the operation.

Index Terms — Active Filters, Harmonic Mitigation, Power
Quality, Power system harmonics, Wind Power Plant.

Active and hybrid filters are common solutions for
harmonic mitigation in industrial systems, but they are not so
common in WPPs. Passive filters are commonly used at the
WT level and on the system level, e.g. point of common
coupling (PCC). However, they have some drawbacks, as
resonance occurs due to matching with line impedance. On the
other hand, active filters (AFs) are increasingly being used for
this purpose as well, with the development of semiconductor
devices and improved current control strategies becoming
available. Due to the need of harmonic mitigation in WPPs, in
this paper, simulations are performed to determine the most
suitable location for active filtering inside a WPP.

I.
INTRODUCTION
Nowadays wind power plants (WPPs) contain advanced
power electronic equipment for connecting them to the main
grid. This equipment is a source of harmonic components
[1][2]. However, if appropriately used, the same power
electronics device can also improve the quality of power
[3][4]. This can be done with the application of advanced and
fast control in grid-connected power converters [5].
Primarily there are two approaches to harmonic mitigation
in WPPs: (i) avoiding harmonic resonance and emission by
appropriate and optimized design as well as (ii) use of
harmonic filters. A good design involves system layout,
component selection and controller tuning with the aim of
avoiding high levels of harmonic voltages or currents. Both
passive and active harmonic filtering could be used for
harmonic mitigation. It is recognized that passive filtering is
the state-of-the-art technology. However, it requires extensive
knowledge of the system during the WPP design phase. In
many cases, information about the system is uncertain and
over-sizing of passive filters is needed to cover uncertainties
and risks.
More and more power electronic devices are incorporated
within WPP electrical infrastructure e.g. wind turbines (WTs)
with grid connected converters, STATCOMs, and HVDC.
Active filtering using existing or additional power electronics
devices should be considered as an alternative. Active filtering
can be implemented at the converter control level, thereby
The work presented in this paper has been funded by Energiforsk and
the Swedish Energy Agency under the VindForsk program.
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II.

HARMONIC MITIGATION IN WIND POWER PLANTS

Several studies about harmonic mitigation solutions in
WPPs have been performed [6]-[11] using different
approaches to achieve the purpose of low harmonic voltages
and currents. In WPPs this can be achieved avoiding harmonic
resonance and/or using filters. The use of passive filters is well
known and the results obtained with their use are satisfactory.
However, an extensive knowledge of the system during the
WPP design is needed. Due to the fact that WTs need
converters to connect to the grid, the use of AFs can be
implemented in the control of the turbine converter without
significant hardware and infrastructure changes, for example
[8]. Another possibility is to add additional dedicated power
electronic devices that operate as AFs.
Active filter solutions are related to the use of power
electronic devices for harmonic compensation. In WPPs, the
converters can be used for this purpose and the
implementation of active filtering techniques would mean a

change in the reference current of the converter current
controller. The aim of this would be to compensate or limit the
harmonic current or voltage distortion at the busbar of interest,
depending on the control strategy and outer harmonic loops.
Some of the advantages of using AFs in WPPs are related to
the presence of existing technologies in the plant. For
example, an active tuning can be performed during operation
and network impedance changes can be addressed [8].
However, harmonic stability problems can be observed
depending on the used control strategy [12].
III.

HARMONIC MITIGATION IN WIND POWER PLANTS
USING ACTIVE FILTERS – CASE STUDIES

In this paper, the results of four studies are presented, (1)
in the first one, only one WT is considered and there is no
harmonic emission from the public grid, (2) in the second
case, emission from the public grid is considered, (3) in the
third, the whole WPP (3 WTs) is analyzed without emission
from the public grid and (4) in the last one, the emission from
the public grid is considered together with the emission from
the WPP. The single-line diagrams representing these cases
are shown in Fig. 1 and Fig. 2.

low voltage side of the turbine transformer (0.4/34.5 kV) and
the source impedance used is Z=0.2308+j1.1652 p.u. These
currents are considered the primary emission (harmonic
emission from the WTs) and used as the reference currents
for each harmonic order. In this study, only the 5th and the 7th
harmonic orders are used for the simulations; their
contributions are presented in Table I. The public grid
harmonic contribution was considered as 1% for the 5th and
7th harmonic orders. The fundamental current for a 2.5
MVA/0.4 kV WT is used as the reference for representation
in percent. The data used for the three-phase transformers are
presented at Table II. The lines are modeled as lumped
parameters (PI model) and their data are presented at Table
III.
TABLE I. HARMONIC CURRENTS EMISSION
Harmonic
Order

Harmonic
Frequency
[Hz]
250
350

5
7

Iharmonic/Ifundamental
[%]
Wind Turbines
2.1
2

TABLE II. WIND POWER PLANT TRANSFORMERS
Data
Rated
power
[MVA]
Rated voltage
[kV]
Vector group
Impedance [%]

Turbine
Level
10

WPP Level

PCC Level

45

17000

Public
Grid Level
100

0.4/34.5

34.5/230

230/400

400/230

D-YN
6

YN-YN
10

YN-D
12

YN-YN
15

TABLE III. LINES DATA
Fig. 1. WT - study case 1and 2

Line
B1-B2
B9-B2
B10-B2
B2-B3
B4-B5
B6-B7

Length
[km]

Resistance
[Ω/km]

Reactance
[Ω/km]

Susceptance
[µS/km]

Ground

0.551

0.244

0.0893

33.606

Ground
Air
Air

3.14
25
50

0.7939
0.1493
0.0622

0.4618
0.8828
0.1445

300
2300
37.38

Type

IV.

Fig. 2. WPP - study case 3 and 4

The frequency converters can be modeled as controlled
current sources for harmonic components under control when
the values of the harmonic currents of the device refer to its
measurements. As shown in [13], the current magnitude for
these controlled sources should be obtained by measurements
and modeled as a Norton or Thévenin representation. For this
paper, the harmonic contribution of the WTs was modeled as
a Norton equivalent, the measurements were obtained at the

RESULTS AND DISCUSSIONS

In this section, the results for the use of AFs are presented
for all the simulated cases. Furthermore, the WT and array
cable system aggregation effect and the secondary emission
contribution are discussed.
A. Active Filter Solution
Four cases are studied to compare the most suitable
location for the use of AFs in WPPs. For each of the four
cases, four locations for the AHF are considered:
•

Turbine level: Wind Turbine Terminal at the LV
side of the WT transformer;

•

Connecting level: Wind Turbine Terminal at the HV
side of the WT transformer (bus B1 in Fig. 1 and
Fig. 2);

•

WPP level: Point of Connection (POC) (bus B3);

•

PCC level: Point of Common Coupling (bus B5).

For all the cases (turbine, connecting, WPP and PCC
level), a harmonic power flow approach is used and the
simulations are performed using the software DigSilent
PowerFactory 15.2. The harmonic currents from the WT are
computed at each highlighted measurement point (from A to
D in Fig. 1 and Fig. 2) and used as the input for the AFs
placed at each level (turbine, connecting, WPP and PCC
level) at a time. In this study, only the harmonic currents
driven by WTs are compensated, so these currents are used as
the reference for the AFs. For the Turbine level, they are
obtained by the computed currents in point A, but for the
other levels the currents are calculated using the current
divider method and then used as the reference current for the
AFs with a phase shift of 180 degrees for each harmonic
order.
Most of the standards for harmonic distortion are related
to voltage [14]. Because of this, the network operator is
interested mainly in the voltage distortion. In this paper, most
of the comments and considerations are based on the
individual and total harmonic distortion for the voltage.
However, the total harmonic distortion for the current is also
presented to compare the results before and after connecting
the AHFs.
1)
Case 1 - Wind Turbine Simulation without
Secondary Emission
In this case, only one turbine is considered and no
emission is driven by the public grid. The individual
harmonic distortion (IHD) for the voltage is shown in Table
IV and Table V. The total harmonic distortion (THD) for the
current and voltage is shown at Table VI and Table VII.
TABLE IV. IHDV - 5TH HARMONIC – EMISSION FROM THE WT
5th - IHDv [%]
B1

B3

B6

B4

Before connecting the AF

1,50

0,53

0,33

0

Placed at Turbine Level

0,01

0

0

0

Placed at Connecting Level

0,97

0

0

0

Placed at WPP Level

1,16

0,19

0,04

0

Placed at PCC Level

1,50

0,53

0,33

0

TABLE VI. THDI - EMISSION FROM THE WT
THDi [%]
A
Before connecting the AF

2,9

2,9

3,59

Placed at Turbine Level

0

0

0

0

Placed at Connecting Level 2,9

0

0

0

Placed at WPP Level

2,9

2,9

0,3

0,3

Placed at PCC Level

2,9

2,9

3,60

0,28

TABLE VII. THDV - EMISSION FROM THE WT
THDv [%]
B1

B3

B4

B6

Before connecting the AF

2,55

0,93

0,59

0

Placed at Turbine Level

0,02

0

0

0

Placed at Connecting Level

1,62

0

0

0

Placed at WPP Level

1,94

0,32

0,1

0

Placed at PCC Level

2,55

0,93

0,59

0

From Table IV through Table VII, we can observe that for
all the cases the harmonic distortion decreases. However,
comparing each situation, the lowest value is obtained when
the AHF is placed at Turbine Level. For THDi, we can
observe that for the WPP and the PCC level, the distortion
decreases, but does not reach zero distortion.
2)
Case 2 - Wind Turbine Simulation with Secondary
Emission
The harmonic emission originates in this case from the
WT and the public grid. For the simulations, the same cases
presented at Section IV.A.1 are considered. The individual
harmonic distortion (IHD) for the voltage is shown at Table
VIII and Table IX. The total harmonic distortions (THD) are
presented at Table X and Table XI.

5th - IHDv [%]

th

7 - IHDv [%]
B4

D
3,59

B1

B3

C

TABLE VIII. IHDV - 5TH HARMONIC – EMISSION FROM THE WPP – WITH
SECONDARY EMISSION

TABLE V. IHDV - 7TH HARMONIC – EMISSION FROM THE WT

B1

B

B6

B3

B4

B6

Before connecting the AF

1,47

0,50

0,31

0,02

Placed at Turbine Level

0,03

0,02

0,02

0,02

Placed at Connecting Level

0,94

0,02

0,02

0,02

Before connecting the AF

2,06

0,76

0,48

0

Placed at WPP Level

1,13

0,16

0,04

0,02

Placed at Turbine Level

0,01

0

0

0

Placed at PCC Level

1,47

0,51

0,31

0,02

Placed at Connecting Level

1,30

0

0

0

Placed at WPP Level

1,56

0,26

0,09

0

Placed at PCC Level

2,06

0,76

0,48

0

TABLE IX. IHDV - 7TH HARMONIC – EMISSION FROM THE WPP – WITH
SECONDARY EMISSION

TABLE XII. IHDV - 5TH HARMONIC – EMISSION FROM THE WT
5th - IHDv [%]

th

7 - IHDv [%]
B1

B3

B1

B4

B6

Before connecting the AF

2,05

0,75

0,47

0,01

Placed at Turbine Level

0,02

0,01

0,01

0

Placed at Connecting Level

1,28

0,01

0,01

0

Placed at WPP Level

1,54

0,25

0,09

0

Placed at PCC Level

2,05

0,75

0,47

0

B3

B4

B6

Before connecting the AF

2,56

1,45

1,21

0,01

Placed at Turbine Level

0,01

0

0

0

Placed at Connecting Level 1,10

0

0

0

Placed at WPP Level

1,32

0,26

0,20

0

Placed at PCC Level

2,55

1,45

1,22

0

TABLE XIII. IHDV - 7TH HARMONIC – EMISSION FROM THE WT
TABLE X. THDI - EMISSION FROM THE WT – WITH SECONDARY EMISSION

7th - IHDv [%]

THDi [%]
A

B

B1

C

D

Before connecting the AF

2,9

2,9

3,58

3,58

Placed at Turbine Level

0

0

0

0

Placed at Connecting Level

2,9

0

0

0

Placed at WPP Level

2,9

2,9

0,30

0,30

Placed at PCC Level

2,9

2,9

3,58

0,28

B3

B4

B6

Before connecting the AF

4,08

2,53

2,16

0,01

Placed at Turbine Level

0,01

0

0

0

Placed at Connecting Level 1,47

0

0

0

Placed at WPP Level

1,88

0,57

0,5

0

Placed at PCC Level

4,05

2,53

2,15

0

TABLE XIV. THDI - EMISSION FROM THE WPP
TABLE XI. THDV - EMISSION FROM THE WT – WITH SECONDARY EMISSION
THDi [%]
THDv [%]
B1

B3

B4

A
B6

Before connecting the AF

2,53

0,9

0,56

0,02

Placed at Turbine Level

0,03

0,02

0,02

0,02

Placed at Connecting Level

1,59

0,02

0,02

0,02

Placed at WPP Level

1,91

0,30

0,10

0,02

Placed at PCC Level

2,52

0,91

0,57

0,02

B

C

D

Before connecting the AF

2,9

2,9

4,62

4,62

Placed at Turbine Level

0

0

0

0

Placed at Connecting Level

2,9

0

0

0

Placed at WPP Level

2,9

2,9

0,44

0,44

Placed at PCC Level

2,9

2,9

4,64

0,36

TABLE XV. THDV - EMISSION FROM THE WT

From Table VIII through Table XI, we can observe the
same behavior found for the case of one WT, the harmonic
distortion decreases and the lowest value is obtained when the
AHF is placed at Turbine Level. However, for all the voltage
harmonic distortions, related to the 5th harmonic order, the
use of the AHF does not reach zero harmonic distortion for
all the levels. In fact, the harmonic distortion at the PCC,
after the connection of the AHF, does not decrease.
3)
Case 3 - WPP Simulation without Secondary
Emission
In this case, the WPP is considered (3 WTs). The
harmonic emission is considered to originate only from the
WPP, so there is no harmonic contribution from the public
grid. The individual harmonic distortion (IHD) for the voltage
is shown at Table XII and Table XIII, and the total harmonic
distortion (THD) at Table XIV and Table XV.

THDv [%]
B1

B3

B4

B6

Before connecting the AF

4,82

2,92

2,47

0,01

Placed at Turbine Level

0,02

0

0

0

Placed at Connecting Level

1,84

0

0

0

Placed at WPP Level

2,3

0,63

0,54

0

Placed at PCC Level

4,79

2,9

2,47

0

From Table XVII through Table XV, we can observe that
the same behavior is obtained when compared with the case
of one WT, the harmonic distortion decreases and the lowest
value is obtained when the AHF is placed at Turbine Level.
Similar to the one turbine case, the current THD when the
AHF is connected at WPP and PCC level does not reach zero
harmonic distortion, but it does for the voltage.

4)
Case 4 - WPP Simulation with Secondary Emission
The harmonic emission is considered from the WT and
the public grid. For the simulations, the same cases presented
at Section IV.A.1 are considered. The individual harmonic
distortion (IHD) for the voltage is shown at Table XVI and
Table XVII. The total harmonic distortion (THD) is presented
at Table XVIII and Table XIX.
TABLE XVI. IHDV - 5TH HARMONIC – EMISSION FROM THE WT – WITH
SECONDARY EMISSION
5th - IHDv [%]
B1
Before connecting the AF

2,53

Placed at Turbine Level

B3

B4

1,42

1,18

B6
0,03

0,04

0,03

0,03

0,02

Placed at Connecting Level 1,06

0,03

0,03

0,02

Placed at WPP Level

1,29

0,23

0,19

0,02

Placed at PCC Level

2,52

1,42

1,19

0,02

TABLE XVII. IHDV - 7TH HARMONIC – EMISSION FROM THE WT– WITH
SECONDARY EMISSION
7th - IHDv [%]
B1

B3

B4

B6

Before connecting the AF

4,06

2,52

2,14

0,02

Placed at Turbine Level

0,02

0,01

0,01

0

Placed at Connecting Level 1,45

0,01

0,01

0

Placed at WPP Level

1,86

0,56

0,5

0,01

Placed at PCC Level

4,03

2,51

2,14

0,01

TABLE XVIII. THDI - EMISSION FROM THE WPP – WITH SECONDARY
EMISSION
THDi [%]
A

B

C

D

Before connecting the AF

2,9

2,9

4,6

4,6

Placed at Turbine Level

0

0

0

0

Placed at Connecting Level

2,9

0

0

0

Placed at WPP Level

2,9

2,9

0,44

0,44

Placed at PCC Level

2,9

2,89

4,62

0,36

We can observe, from Table XVI through Table XIX, that
the same behavior is obtained when compared with the case of
one WT. For most of the cases the harmonic distortion
decreases and the lowest value is obtained when the AHF is
placed at Turbine Level. For all the harmonic distortions,
related to the 5th harmonic order, the use of the AHF does not
reach zero harmonic distortion. It can also be observed that,
for both harmonic orders, upstream the PCC level, the voltage
harmonic distortion increases reaching the initial distortion.
In sum, from all the results, we can observe that the
Turbine Level is the most appropriate location to place an
AHF, because it avoids the harmonic current propagation into
public grid and WPP. However, we can also observe that
compensating only primary emission is not enough when
there is secondary emission driven by the public grid and
between the turbines. From the simulations, the IHD for the
5th harmonic is not compensated when there is secondary
emission, even when the AHF is placed at Turbine level. As
only primary emission is compensated, at the PCC level,
secondary emission is higher than the primary. From the
network operator point of view, all the options are suitable.
However, an AHF connected at the PCC level, will not
compensate harmonic voltages and currents inside of the
WPP.
B. Harmonic Aggregation
For this study, the harmonic aggregation effects are also
analyzed. These are quantified by the harmonic distortion
levels for the 5th and 7th orders. Even using a lower amount of
turbines compared to a real WPP, harmonic aggregation can
be observed comparing the simulations with one and three
WTs. This comparison is presented in Table XX and from the
results it can be verified different aggregations between the
harmonic orders. Comparing the IHDi for the 5th and 7th
harmonic when one turbine is connected with the results for
three turbines, it can be seen a cancelation among the
emissions for both harmonic orders.
TABLE XX. HARMONIC AGGREGATION – ONE TURBINE VS THREE TURBINES
5th - IHDi [%]

7th - IHDi [%]

Location

Location

Case

B

C

B

C

One Wind Turbine 2,1

2,49

2

2,59

Three Wind Turbine 2,1

2,87

2

3,62

TABLE XIX. THDV - EMISSION FROM THE WT– WITH SECONDARY EMISSION

V.

THDv [%]
B1

B3

B4

B6

Before connecting the AF

4,78

2,89

2,45

0,04

Placed at Turbine Level

0,05

0,03

0,03

0,02

Placed at Connecting Level 1,80

0,03

0,03

0,02

Placed at WPP Level

2,26

0,60

0,53

0,02

Placed at PCC Level

4,76

2,89

2,45

0,02

CONCLUSIONS

The use of AFs in WPPs can reduce harmonic emission
and improve the power quality. This can be obtained reducing
the harmonic generation, damping resonances and using
AHFs. In this paper simulations were performed to determine
the most suitable location for connecting AHFs to mitigate
primary emission for the 5th and 7th orders. For this, four cases
were considered, in the first and fourth case, one turbine and
three turbines were used and no secondary emission from the
public grid was considered. In the second and third case, one

and three turbines were operating, but there was secondary
emission from the public grid. Furthermore, the harmonic
aggregation was analyzed for the cases without secondary
emission.
From the results, it was observed that the lowest values are
obtained locally, where the AFs are placed. For all the
situations, the Turbine Level has shown to be the most
suitable location for the AF, because it avoids the harmonic
propagation inside the WPP and into the public grid as well as
interact with local resonant circuits within the WPP electrical
infrastructure. Such approach reduces potential excessive
harmonic current flowing through the system before the local
harmonic mitigation by means of active filtering is introduced.
Furthermore, it was observed that the farther away from
the harmonic source, the lower the filter performance inside
the WPP. Because of this, studies need to be performed
aiming the turbine level to be the active filtering point. Some
studies have shown the use of wind turbines converters as AFs
to mitigate secondary emission. However, further studies and
analysis are needed to investigate this in detail. Moreover, it
was observed that the secondary emission plays an important
role in the harmonic propagation and that to mitigate only the
WPP emission is not enough to ensure complete harmonic
compensation. Due to this, more studies are needed to
distinguish primary and secondary emission and ensure that
sufficient harmonic mitigation is achieved.
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Abstract—In this paper the hosting capacity considering voltage
unbalance is estimated for single-phase photovoltaic inverters
(PVIs) in low-voltage distribution networks in Sweden. A
stochastic approach is used to calculate the negative-sequence
voltage unbalance for each of the possible locations in the
network. The method has been applied to 6 and 28-customer
networks for the connection of 6-kW single-phase PVIs. In this
abstract only results for the rural 6-customer network are
shown. The impact of three-phase motors on the unbalance was
also studied. From the results, it was observed that the
contribution from single-phase photovoltaic inverters to the
voltage unbalance likely exceeds 1%, but unlikely that it will
reach 2% of voltage unbalance.

the connection of single-phase photovoltaic inverters (PVIs)
introduces an additional source of VUN in the network,
decreasing the system power quality.

Index Terms--hosting capacity; power quality; solar power
generation; voltage unbalance

I.

INTRODUCTION

The connection of distributed renewable energy (DE) units
in the power system is increasing and in many countries, like
Sweden and Germany, there are studies about the risks of
connecting photovoltaic generators in the low-voltage
distribution grids, including studies of the hosting capacity
determination [1]-[9]. The hosting capacity is used to quantify
the impact of the increasing connection of DE to the power
system; it is the maximum DE penetration possible without
unacceptable deteriorating the reliability of voltage quality for
other customers [4][5]. The hosting capacity is not a fixed
value or limit; it all depends on the studied phenomenon,
which can be harmonics, flicker, voltage unbalance and
others. For each of these phenomena, there is a different
hosting capacity. In [4], the authors show the relation of the
hosting capacity with the investment through Fig.1 and Fig.2.
The figures show a performance index calculated as a function
of the DE penetration level and the hosting capacity related to
this index and penetration level for several investment
scenarios.
The voltage unbalance (VUN) is one of the phenomena
that limit the hosting capacity of a network. VUN is defined as
ratio of the negative sequence voltage component to the
positive sequence voltage component. The uneven distribution
of single-phase loads is a major cause of the VUN; therefore
This work was supported by the risk-analysis and VindForsk IV
programs of Energiforsk and by the Swedish Energy Agency.

Fig. 1 Performance index versus DE Penetration Level

Fig. 2 Hosting Capacity verrsus Investment

Studies have been performed for different cases and
situations with several different conclusions, depending on the
network configuration [9], [11]-[17]. Due to this, in this paper,
a hosting capacity study based on the negative-sequence
voltage unbalance was performed for a 6-customer rural
network in Sweden. For this, the transfer impedance matrix
and a stochastic approach are used. The results are presented
through figures and a discussion of the results.
Section II of the paper describes the used network and its
data. In Section III, the transfer impedance approach and the
negative-sequence voltage calculation are presented. The

results and discussion are presented in Section IV and the
conclusions in Section V.

II.

6 -CUSTOMERS NETWORK

In this network, a rural grid in the Northern part of
Sweden, a few houses are spread over a few hundred meters
and are connected to a single transformer. Fig. 1 shows the
single-line diagram for this network. Detailed data is given in
Table I through Table V, where CB stands for “customer bus”.
In this study, phase and neutral conductors were modeled
using the same parameters. The size of the neutral conductors
does not impact the (negative-sequence) VUN.
TABLE I
TRANSFORMER DATA – 6-CUSTOMER NETWORK
Power
100 kVA
Voltage
10/0.4 kV
Connection
Dyn11
Positive sequence impedance
4%
Frequency
50 Hz

Type
1
2
3
4
5
6
7
8
9
10

TABLE II
CABLE AND LINE IMPEDANCES
B (µS/km)
Code
R (Ω/km)
X (Ω/km)
EKKJ-10
1.83
0.091
100.53
N1XE-10
1.83
0.0817
-ALUS-25
1.2
0.0785
1288.04
ALUS-50
0.641
0.0754
157.8
N1XV-50
0.641
0.0754
157.8
N1XE-150
0.206
0.0723
40.8395
AKKJ-150
0.206
0.0628
-------AKKJ-240
0.125
0.0565
-------FKKJ-35
0.524
0.0723
-------N1XV-10
1.83
0.0817
25.132

Line
B2-B3
B3-B4
B4-B5
B5-B8
B8-CB1
B5-B9
B9-B10
B10-CB2

TABLE III
CABLE AND LINE DATA - 6 CUSTOMER NETWORK
Length (m) Type
Line
Length (m) Type
14
5
B4-B6
46
4
108
4
B6-CB3
31
1
26.9
4
B4-B7
1.9
3
41.2
4
B7-B11
54.4
2
41.5
1
B11-CB4
41.3
1
0.1
4
B7-CB5
8.9
1
0.1
3
B7-CB6
79.5
2
17
1

III.

TABLE V CABLE AND LINE DATA – 28-CUSTOMER NETWORK
Line
Length (m) Type
Line
Length (m) Type
B1-B2
15
6
B1-B12
196.9
7
B2-B3
77.9
7
B12-CB21
33.8
1
B3-CB1
68.7
1
B12-CB22
65.7
1
B3-CB2
24.9
1
B12-CB23
17
1
B4-CB3
22.4
1
B12-B13
89.5
9
B3-CB4
48.9
1
B13-CB15
42.7
1
B4-B5
64.1
7
B13-CB16
27.7
1
B5-CB5
28.2
1
B12-B15
71
9
B5-B6
67.4
7
B15-CB20
21.2
1
B6-CB6
23-1
1
B15-B14
58.6
9
B8-CB7
34.2
6
B14-CB17
28.9
10
B1-B9
270.1
8
B14-CB18
21.7
10
B9-CB12
29.8
1
B14-CB19
33
10
B9-CB13
46.1
1
B1-B16
157
7
B9-CB14
23.4
1
B16-B17
50.6
7
B9-B10
86
7
B17-CB28
22.9
1
B10-CB10
47.2
1
B17-CB27
41.8
1
B10-CB11
27.7
1
B17-B18
93.4
9
B10-B11
96.1
9
B18-CB24
76.2
1
B11-CB8
29.9
1
B18-CB25
37.4
1
B11-CB9
37.8
1
B18-CB26
28.5
1

IV. THE TRANSFER IMPEDANCE MATRIX AND THE
NEGATIVE-SEQUENCE VOLTAGE CALCULATION
To obtain the voltage unbalance for each busbar, the
negative sequence voltage was calculated using the
superposition method. Repeating for each busbar the transfer
impedance matrix for that network is obtained. Using
DigSilent PowerFactory 15.2, the following procedure was
applied:
1) Connect PVI at busbar s
2) Calculate the negative-sequence current (amplitude and
phase angle) at busbar s
3) Calculate the negative-sequence voltage (amplitude and
phase angle) at busbar r
4) The ratio between the voltage at busbar r and the current
at busbar s gives the transfer impedance, which is
element rs of the transfer impedance matrix.
5) Repeat step 3 and 4 for all busses
6) Repeat step 1 through 5 for all busses

28-CUSTOMERS NETWORK

For this network, considered as a suburban grid, there are
28 customers connected to a 500 kVA transformer, as shown
in Fig.4. This type of network is typical for a suburban region
where some tens of houses are connected to the same
distribution transformer. The data related to this network is
presented in Table IV and Table V.
TABLE IV TRANSFORMER DATA - 28 CUSTOMER NETWORK
Power
500 kVA
Voltage
10/0.4 kV
Connection
Dyn11
Positive sequence impedance
4.9%
Frequency
50 z

Fig. 3 Single-line diagram – 6-Customer network

Fig. 4. Single-line diagram – 28-Customer network

Z sr =

U sr

(1)

Is

From this, the negative-sequence voltage for busbar r is
obtained by (2).

U r = Z sr ⋅ I s

(2)

Probability distribution (%)

The transfer impedance links the voltage at a certain
location (r) with the current injected at another location
(s).The elements of the matrix are obtained using (1).

With multiple (N) inverters, the negative-sequence voltage
at location r is obtained from the superposition of the
contributions from the individual units and the background

N

U r = U background + ∑ Z sr ⋅I s
s =1

(3)

The voltage unbalance (VUN) is then obtained using (4).
To calculate all the possible cases (busbars and phases) the
Monte-Carlo method can be used.

VUN r2 [%] =
V.

U 2r
0,4

(4)

⋅ 100%

RESULTS AND DISCUSSIONS

A. Voltage Unbalance Results: 6-customer Network
1) Connecting PVIs
Simulations have been performed for all the possible
combinations of the PVI connection, including random
busses and at random phases. The results are shown for the
connection of 1, 3 and 6 PVIs for the best and worst cases,
respectively. The results are presented in Fig.5 and Fig.6.

Fig. 5 Probability distribution function of the best simulated case for three
(solid line) and six (dashed line) 6-kW inverter at random busses and phases
for a 6-customer network

Probability distribution (%)

2
negative-sequence voltage ( U background
):

Fig. 6 Probability distribution function of the worst simulated case for three
(solid line) and six (dashed line) 6-kW inverter at random busses and phases
for a 6-customer network

Fig. 5 presents the results for the best case simulated, in
which the probability distribution is the lowest when
compared to the other customers. The results for the worst

Probability distribution (%)

2) Including Three-Phase Induction-Motor Load
The presence of three-phase loads decreases the
negative-sequence VU [7]-[9]. The presence of three-phase
loads is thus expected to increase the hosting capacity. To
study this, a 16 kW three-phase induction motor was added to
each of the six customers. The 6 steps described in Section III
were repeated for this case and the new transfer impedance
matrix was used to calculate the negative-sequence voltage.
With this, the VUN was calculated and the results for the
connection of 3 and 6 PVIs for the best and worst cases are
shown in Fig.7 and Fig. 8, respectively. For comparison,
these figures also include the results for the case without
three-phase induction motors. In Fig.7, the probability
distribution of the best simulated case for three (blue line)
and six (pink line) PVIs before (solid line) and after (dashed
line) the connections connected is shown. The worst case is
presented in Fig. 8, in which the probability distribution of
the best simulated case for three (blue line) and six (pink line)
PVIs before (solid line) and after (dashed line) the
connections connected is shown. It can be seen that for both
cases, the VUN decreases with the connection of three-phase
induction motors.
Analyzing the cases in which the three-phase load was
connected, it can be observed that, for the three PVIs case,
the probability of reaching 1% is low for the best case,
however for the worst case, the probability of exceeding 1%
VUN is high, but reaching the limit is low. For six PVIs, the
probability of exceeding the limit of 2% is low, for the best
and worst cases. In short, the negative-sequence voltage due
to the connection of a single-phase PVI will be between 15
and 34% less, depending where the inverter is connected [8].

Fig. 8 Comparison of the probability distribution function of the worst
simulated case for three and six 6-kW inverter at random busses and phases
for a 6-customer network before (solid lines) and after (dotted lines) adding
three-phase induction-motor load.

B. Voltage Unbalance Results:28-customer Network
1) Connecting PVIs
The same approach was used for calculating the VUN
probability distribution for all the possible combinations of
the PVI connection. The results are shown for the connection
of 14 and 28 PVIs for the best and worst cases, respectively.
The results are presented in Fig.9 and Fig.10.

Probability distribution (%)

case simulated are presented in Fig. 6. For the connection
three PVIs, in the two cases, the probability of reaching 1%
of VUN is high, but to reach 2% is low. When connecting six
PVIs, there is a big probability that the VUN will exceed the
limit, for both cases.

Fig. 7 Comparison of the probability distribution function of the best
simulated case for three and six 6-kW inverter at random busses and phases
for a 6-customer network before (solid lines) and after (dotted lines) adding
three-phase induction-motor load.

Probability distribution (%)

Probability distribution (%)

Fig. 9 Probability distribution function of the best simulated case for 14 (solid
line) and 28 (dashed line) 6-kW inverter at random busses and phases for a 28customer network

Fig. 10 Probability distribution function of the worst simulated case for one 14
(solid line) and 28 (dashed line) 6-kW inverter at random busses and phases
for a 28-customer network

Fig. 9 shows the results for the best cases with the
connection of 14 and 28 PVIs, and Fig.10 for the worst cases.
For the best cases, the probability of exceeding 1% VU is
zero when 14 PVIs are connected. However, when
connecting 28, the probability of exceeding 1% is high, but
low for the limit of 2%. In Fig. 10, for the case of connecting
14 PVIs, the probability of the VUN reaching 2% is high and
for the case of 28 PVIs connected the probability of
exceeding the limit very high.
VI.

HOSTING CAPACITY ESTIMATION

The hosting capacity (HC) is the maximum distributed
energy (DE) source penetration in the power system that
ensures a reliable system operation and keeps the power
quality indicators in limits [4][5][6][7]. To calculate the HC,
the following steps should be used: (1) choose a phenomenon
and the performance index; (2) determine the limit; (3)
calculate the performance index as a function of the amount
of generation and (4) obtain the hosting capacity [7]. From
this, the hosting capacity due to the voltage unbalance can be
obtained by setting a limit and keeping the DE units insertion
under this limit.
For this study, the hosting capacity was estimated for the
three studied cases. Fig.11, Fig.12 and Fig.13 present the
90% and 95% values for the negative-sequence voltage
unbalance versus the number of PVIs. With these results it is
possible to estimate the most suitable hosting capacity,
depending on what is aimed. For the 6-customer network, it
can be observed, in Fig.11, that the 90% value stays below
2%, even when all six customer busses have 6-kW PVI
connected. However, the 95-% value is above the 2-% limit
for one of the busses when five or six inverters are connected.
From this, it is possible to observe that the hosting capacity
for this network is between 4 and 5 PVIs. For some
customers it is also possible to connect 6 PVIs, but the
probability that the VUN will exceed the limit is high.
However, when there are three-phase induction-motor loads
connected to the customers busses, the hosting capacity
increases and more PVIs can be connected to the network
without reaching high values of voltage unbalance. The
hosting capacity increased from 4 to 6 for all customers, with
a low probability of reaching the limit of 2% of VUN, as is
shown in Fig.12. For the case of 28-customer network, it can
be seen, from Fig.13, that the hosting capacity for this case is
the connection of 28 PVIs, it can be seen that even with this
amount connected, the VUN does not reach the limit of 2%.

Fig. 11 90% (solid lines) and 95% (dashed lines) values for the expected
unbalance when connecting on to six 6-kW inverters at random busses and
phases

Fig. 12 90% (solid lines) and 95% (dashed lines) values for the expected
unbalance when connecting on to six 6-kW inverters at random busses and
phases when adding three-phase induction-motor load

Fig. 13 90% (solid lines) and 95% (dashed lines) values for the expected
unbalance when connecting on to 28 6-kW inverters at random busses and
phases

VII. CONCLUSIONS
In this paper, the hosting capacity was estimated for a
rural 6-customer network considering negative-sequence
voltage unbalance due to single-phase PV inverters (PVIs).
Two cases were studied, in the first, only the PVIs were
added to the existing customer load and the voltage unbalance
was calculated for different situations (busbars and phases);
in the second case, three-phase motors were connected with
each customer and the voltage unbalance was calculated
again. With these results, the hosting capacity for each of the
cases was obtained. From this, it was observed that it is likely

that with the connection of PVIs the VUN will reach 1%
when they are connected randomly, but the probability of
exceeding the limit of 2% is low. Furthermore, it was
observed that the connection of the three-phase load
decreases the VUN and increases the hosting capacity from
four to six PVIs. The use of the transfer impedance matrix for
this type of studies has shown to be efficient and reliable.

[8]
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Abstract— In this paper the hosting capacity considering
harmonic distortion is estimated for single-phase photovoltaic
inverters (PVIs) in low-voltage distribution networks. A
stochastic approach is used to calculate the harmonic voltage
distortion for each location in the network. The method has been
applied to a 6-customer network for the connection of 6-kW
single-phase PVIs. From the results, it was observed that the
contribution from single-phase photovoltaic inverters to the
individual harmonic distortion may exceed standard limits for
same cases, depending on the harmonic order.
Index Terms--hosting capacity; power quality; solar power
generation; harmonic distortion

I.

INTRODUCTION

With the increasing number of distributed energy (DE)
units being connected to the public network, especially in the
low-voltage, it is important to quantify the maximum number
of these units that can be connected to the power system
without endangering the power quality for equipment
connected to the grid. The hosting capacity is obtain this limit
according to the studied phenomenon. The connection of
single-phase generators can increase the network harmonic
distortion, due to the use of power-electronic converters; such
is the case for photovoltaic panels (PVIs).
In low-voltage networks with PVIs there additional voltage
distortion is introduced by the power electronic devices, and
this will increase the harmonic distortion However, DE units
have a low harmonic emission, especially for the traditionally
dominant low-order odd harmonic orders: 3, 5, 7, and so on
[1].
The harmonic hosting capacity is normally based on the
harmonic voltage or current distortion for individual harmonic
orders. Based on this, the harmonic hosting capacity is defined
as the maximum amount of DE which can be connected in the
network without exceed the harmonic voltage distortion limits
[2]. Traditionally, the harmonic distortion has been calculated
through harmonic power flow methods, and using these
results, the harmonic hosting capacity has been evaluated [3].
The work presented in this paper has been funded by Energiforsk and
the Swedish Energy Agency under the VindForsk program.

However, no stochastic approach has been used to estimate the
harmonic distortion in different situations.
Due to the importance of this issue, in this paper, a hosting
capacity study was performed for a 6-customer rural network
in Sweden. For this, the transfer impedance matrix and a
stochastic approach have been used. The results are presented
through figures and several discussions are presented.
II.

6 -CUSTOMER NETWORK

In this network, a typical rural grid in the Northern part of
Sweden, a few houses are spread over a few hundred meters
and are connected to a single transformer. Fig. 1 shows the
single-line diagram for this network. Detailed data is given in
Table I through Table IV, where CB stands for “customer
bus”. In this study, phase and neutral conductors were
modeled using the positive, negative and zero sequence
impedances. Depending on the phase conductors size,
different parameters were considered to the neutral
conductors. For the harmonic contribution, measurements of a
single-phase PVI panel placed at Luleå University of
Technology were considered for this study. The used values
are presented in Table V.
TABLE I
TRANSFORMER DATA – 6-CUSTOMER NETWORK
Power
100 kVA
Voltage
10/0.4 kV
Connection
Dyn11
Positive sequence impedance
4%
Frequency
50 Hz
TABLE II
CONDUCTOR CABLE - POSITIVE/NEGATIVE AND ZERO SEQUENCE
IMPEDANCES

Type

Code

1
2
3
4
5

EKKJ-10
N1XE-10
ALUS-25
ALUS-50
N1XV-50

Positive/Negative Sequence
X
B
R (Ω/km)
(µS/km)
(Ω/km)
1.83
0.09
100.53
1.83
0.08
-1.20
0.08
1288.04
0.64
0.07
157.8
0.61
0.07
157.8

III.
Type

1
2
3
4
5

Code

Zero Sequence
X
R (Ω/km)
(Ω/km)
6.9494
0.1027
8.4984
0.0862
9.5228
0.1021
7.6026
0.0793
7.6026
0.0793

EKKJ-10
N1XE-10
ALUS-25
ALUS-50
N1XV-50

B
(µS/km)
100.53
-1288.04
1288.04
157.8

TABLE III
NEUTRAL CABLE IMPEDANCE
Type

Code

R (Ω/km)

1
2
3
4
5

EKKJ-10
N1XE-10
ALUS-25
ALUS-50
N1XV-50

1.83
1.83
1.2
1.2
1.2

X
(Ω/km)
0.09
0.08
0.08
0.08
0.08

B
(µS/km)
100.53
-1288
1288
157.8

TABLE IV
CABLE AND LINE DATA - 6 CUSTOMER NETWORK
Line
Length (m) Type
Line
Length (m)
B2-B3
14
5
B4-B6
46
B3-B4
108
4
B6-CB3
31
B4-B5
26.9
4
B4-B7
1.9
B5-B8
41.2
4
B7-B11
54.4
B8-CB1
41.5
1
B11-CB4
41.3
B5-B9
0.1
4
B7-CB5
8.9

Type
4
1
3
2
1
1

To obtain the voltage distortion for each busbar, the
harmonic voltage was calculated using the superposition
method. Repeating for each busbar the transfer impedance
matrix for that network is obtained. Using DigSilent
PowerFactory 15.2, the following procedure was applied:
1) Connect PVI at busbar s
2) Calculate the harmonic current injected (amplitude and
phase angle) at busbar s
3) Calculate the harmonic voltage (amplitude and phase
angle) at busbar r
4) The ratio between the voltage at busbar r and the current
at busbar s gives the transfer impedance, which is
element rs of the transfer impedance matrix.
5) Repeat step 3 and 4 for all busses
6) Repeat step 1 through 5 for all busses
The transfer impedance links the voltage at a certain
location (r) with the current injected at another location (s).
The elements of the matrix are obtained using (1).

Z srh =

Ih/I1 [%]

3

15

5

17

7

14

11

12

U srh
I sh

(1)

From this, the contribution to the harmonic voltage
distortion at busbar r is obtained by (2).

TABLE V
PVI HARMONIC CONTRIBUTION
Harmonic Order

THE TRANSFER IMPEDANCE MATRIX AND THE
HARMONIC VOLTAGE CALCULATION

U rh = Z srh ⋅ I s h

(2)

With multiple (N) inverters, the harmonic voltage at location
r is obtained from the superposition of the contributions from
the individual units and the background harmonic voltage
( U bg ):
h

N

U rh = U bgh + ∑ Z srh ⋅I sh

(3)

s =1

The individual relative harmonic voltage (IHD-v) is then
obtained using (4). To calculate all the possible cases (busbars
and phases) a Monte-Carlo method will be used.

IHV − v [%] =
IV.

Uh
⋅100%
U1

(4)

RESULTS

Applying the transfer impedance matrix and Monte-Carlo
method, the IHD-v was obtained for each harmonic order. In
this paper, results for the 3rd, 5th, 7th and 11th orders are
presented. For all the studies, the limits used are those
presented in [4] and [5].
Fig. 1 Single-line diagram – 6-Customer network

A. Individual Harmonic Distortion- Voltage
1) IHD-V for the Third Harmonic
Simulations have been performed for all the possible
combinations of the PVI connection, including random busses

100

Probability Distribution [%]

and at random phases. The results are shown for the
connection of 3 and 6 PVIs. The results are presented in Fig.2
and Fig.3. For this case, the IHD-v limits are 3% for [4] and
5% for [5].
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Fig. 4 Probability distribution function of the fifth harmonic order for three 6kW inverters at random busses and phases for a 6-customer network

Fig. 2 Probability distribution function of the third harmonic order for three 6kW inverters at random busses and phases for a 6-customer network
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Fig. 5 Probability distribution function of the fifth harmonic order for six 6kW inverters at random busses and phases for a 6-customer network
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Fig. 3 Probability distribution function of the third harmonic order for six 6kW inverters at random busses and phases for a 6-customer network

Fig. 2 presents the results for the case of three PVIs
connected in random phases and busbars. It can be observed
that the IHD-v will never exceed the 3% and 5% limits. Fig. 3
presents the results for the connection of six PVIs. From the
results, it is possible to see that the IHD-v will be less than
5% and for some busses there is a small probability that the
3% limit is exceeded.
2) IHD-V for the Fifth Harmonic
For the fifth harmonic case, the same approach was used
and all the possible combinations of the PVI connection,
including random busses and at random phases were
considered. The results are shown for the connection of 3 and
6 PVIs, respectively. The results are presented in Fig.4 and
Fig.5. For this case, the IHD-v limits are 3% for [4] and 6%
for [5].

Fig. 4 presents the results for the fifth harmonic order. It
can be observed that the IHD-v will never exceed the 3% and
6% limits. However, for the case of six PVIs, shown in Fig. 5,
there is,for all busses, a small probability that the IHD-v will
exceed 3%; but it will never reach the limit of 6% .
3) IHD-V for the Seventh Harmonic
The results obtained for this harmonic order are shown
for the connection of 3 and 6 PVIs. The results are presented
in Fig.6 and Fig.7. For this case, the IHD-v limits are 3% for
[4] and 5% for [5].

Probability Distribution [%]

Probability Distribution [%]

100

Fig. 6 Probability distribution function of the seventh harmonic order for three
6-kW inverters at random busses and phases for a 6-customer network

probability of the IHD-v be less than 3% and it is unlikely
that it will reach 3.5%. However, for the case of six PVIs,
shown in Fig. 9, it is possible to see that the IHD-v will never
reach 6%, however, it is likely that the limits of 3% and 3.5%
may be reached.
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Fig. 7 Probability distribution function of the seventh harmonic order for six 6kW inverters at random busses and phases for a 6-customer network

In Fig. 6 is presented the results for the seventh harmonic
order. It can be observed that it is unlikely that the IHD-v will
reach 3% and 5%. However, for the case of six PVIs, shown
in Fig. 7, it is possible to see that the IHD-v will be less than
5%. With this, it is likely that the limit of 3% will be reached
for some busses.
4) IHD-V for the Eleventh Harmonic
The results are shown for the connection of 3 and 6
PVIs, in Fig.8 and Fig.9. The cases considered for the
previous studies were also analyzed in this one. For this case,
the IHD-v limits are 3% for [4] and 3.5% for [5].

Fig. 10 90% (solid lines) and 95% (dashed lines) values for the expected IHDv (third harmonic) when connecting one to six 6-kW inverters at random
busses and phases

100

Probability Distribution [%]

B. Harmonic Hosting Capacity
The harmonic hosting capacity is defined as the maximum
amount of DE units which can be connected in the network
without exceeding the harmonic voltage distortion limits [4]
[5]. In this paper, the harmonic hosting capacity was estimated
through simulations for the third, fifth, seventh and eleventh
harmonics. The results are presented in Fig.10 through Fig.13,
where the different colors refer to the six different customer
locations.
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Fig. 8 Probability distribution function of the eleventh harmonic order for
three 6-kW inverters at random busses and phases for a 6-customer network

Fig. 11 90% (solid lines) and 95% (dashed lines) values for the expected IHDv (fifth harmonic) when connecting one to six 6-kW inverters at random
busses and phases
6
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Fig. 9 Probability distribution function of the eleventh harmonic order for six
6-kW inverters at random busses and phases for a 6-customer network

In Fig. 8 is presented the results for the seventh harmonic
order simulations. It can be observed that there is a high
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Fig. 12 90% (solid lines) and 95% (dashed lines) values for the expected IHDv (seventh harmonic) when connecting one to six 6-kW inverters at random
busses and phases

harmonic orders, and also, that the hosting capacity can vary
depending on the secondary emission, that in this study was
not considered.
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