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Abstract

This thesis investigates the impact of converter-connected generation on the oper-
ation of distance relays in the Finnish power system. The study was conducted as
a literature review and simulations on two simulation models, a small-scale model
and a model of the Finnish power system. The goals were to determine, whether
increasing share of converter-connected generation affects the dependability and
security of distance relays. Additionally, changes in calculated fault distance and
levels of harmonics were also analyzed. Increasing the share of converter-con-
nected generation did not reduce the distance relay dependability for faults on the
protected line section. In contrast, during faults at the beginning of the next line
section, the relays had difficulties detecting the faults under large share of con-
verter-connected generation. However, this reduces the dependability of backup
protection, since these faults are located within primary protection of other relays.
In some situations, the relays incorrectly operated during faults, reducing the secu-
rity of the protection. This unwanted operation occurred especially in the 110 kV
network during faults in the 400 kV network. Those were likely caused by Type-3
wind farms, which increased the levels of harmonics in these scenarios. However,
these unwanted operations could be reduced by delaying the Zone 1 operation.
These issues were not witnessed on the large-scale model, where all the relays
operated correctly. The large-scale model has a smaller share of Type-3 wind farms
and they are spread out across a larger area, which limits their impact on the relays.
However, such issues could arise, if large Type-3 wind farms were located within a
small section of the power system. Additionally, the calculated fault distance in-
creases for single phase-to-ground faults and decreases for phase-to-phase and
double phase-to-ground faults, when the share of wind farms increased. These
changes could cause unwanted operation or failures to operate, depending on the
fault location. The levels of harmonics also increased with the increasing share of
wind farms. However, the relative levels of harmonics increase due to weaker sup-
ply from the background network, not necessarily due to the larger share of wind
farms. Regardless, the increase in levels of harmonics could negatively impact dis-
tance relay operation, as was also witnessed in the simulations.

Keywords Distance relays, converter-connected generation, wind farms,
harmonics, dependability, security
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Tiivistelméa

Tassa tyossa tutkitaan suuntaajakytketyn tuotannon yleistymisen vaikutuksia dis-
tanssireleiden toimintaan Suomen voimajarjestelmassa. Ty0 toteutettiin simulaatio-
tutkimuksina suppealla ja laajalla simulaatiomallilla, joista laajempi esittdd suurta
osaa Suomen voimajarjestelmasta. Tyon tavoitteena oli tutkia, vaikuttaako tyypin 3
ja tyypin 4 tuulivoimaloiden yleistyminen distanssisuojauksen toimintavarmuuteen
ja luotettavuuteen. Myo6s lasketun vikaetaisyyden ja harmonisten tasojen muuttu-
mista havainnoitiin. Suuntaajakytketyn tuotannon osuuden kasvu ei negatiivisesti
vaikuttanut distanssireleiden toimintavarmuuteen suojattavalla johdolla olevissa vi-
oissa. Toimintavarmuus kuitenkin heikkeni seuraavan johdon alkup&an vioissa,
mika heikentda varasuojauksen luotettavuutta. Releilla esiintyi myos virhetoimintaa,
jota esiintyi erityisesti 110 kV verkon releilld 400 kV verkon vikojen aikana. Virhetoi-
minta johtui suurista harmonisten tasoista, jotka aiheutuivat tyypin 3 tuulivoima-
loista. Laajalla mallilla ei esiintynyt edella mainittuja ongelmia releiden toiminnassa.
Laajassa mallissa tyypin 3 tuulivoimaloiden osuus on huomattavasti pienempi ja ne
jakautuvat laajemmalle alueelle, mika véahent&é niiden vaikutuksia distanssireleisiin.
Jos suuritehoisia tyypin 3 laitoksia keskittyisi pienelle alueelle, ne voisivat hairita
releiden toimintaa, mutta ongelmat jaisivat todenndkaisesti paikallisiksi. Laskennal-
linen vikaetaisyys kasvoi yksivaiheisissa maasuluissa, ja pieneni kaksivaiheisissa
maa- ja oikosuluissa, kun suuntaajakytketyn tuotannon osuus kasvoi. Harmonisten
tasot kasvoivat, mutta niiden kasvu ei johtunut suoraan suuntaajakytketysta tuotan-
nosta, vaan taustaverkon syoton heikkenemisestd, mik& kasvatti harmonisten suh-
teellista osuutta. Joissakin tilanteissa tyypin 3 tuulivoimalat kuitenkin nostivat har-
monisten tasoja, jolloin releiden virhetoimintaa ilmeni.

Avainsanat Distanssirele, suuntaajakytketty tuotanto, tuulipuistot, harmoniset,
luotettavuus, toimintavarmuus
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Symbols and abbreviations

Symbols

S PP PP L L L L LTS S OSSO oS oS — g

Phase angle of nth voltage element

Phase angle of nth current element

Angle of the network equivalent output

Fault current in phase-to-phase fault of phases A and B
Magnitude of nth element in array for current of phase A
Magnitude of nth element in array for current of phase B
Imaginary component of current

Input current to the phase-to-ground calculation block
Measured phase current

Magnitude of nth current element in array

Real component of current

Zero-sequence current

Ground fault factor

Zero-sequence current compensation factor

Source inductance of network equivalent

Calculated fault resistance

Source resistance of network equivalent

Resistance reach of Zone 1

Resistance reach of Zone 2

Network equivalent output power

Magnitude of nth element in array for voltage of phase A
Magnitude of nth element in array for voltage of phase B
Base voltage

Imaginary component of voltage

Magnitude of nth voltage element in array

Real component of voltage

Phase-to-phase voltage of phases A and B
Zero-sequence reactance of network equivalent

Positive sequence reactance of network equivalent
Calculated fault reactance

Reactance reach of Zone 1

Reactance reach of Zone 2

Transmission line zero-sequence impedance
Transmission line positive sequence impedance

Source impedance of network equivalent



Abbreviations

1phg
2ph
2phg
AC
BESS
DC
DFIG
DTT
FACTS
HVDC
IBR
POTT
PUTT
SCR
THD

Single phase-to-ground fault
Phase-to-phase fault

Double phase-to-ground fault
Alternating current

Battery energy storage system
Direct current

Doubly fed induction generator
Direct transfer trip

Flexible AC transmission system
High voltage direct current
Inverter-based resource
Permissive overreach transfer trip
Permissive underreach transfer trip
Short circuit ratio

Total harmonic distortion



1 Introduction

The Finnish power system is undergoing drastic changes. Due to climate
change, traditional power generation based on synchronous generators is be-
ing replaced by new sources of energy, such as wind and solar power, which
are connected to the transmission system via power electronic converters.
However, these power electronic converters do not have the same fault cur-
rent supplying capabilities as the traditional synchronous generators, which
might have an impact on power system protection.

Protective equipment, such as distance relays, depend on an adequate
supply of fault current to operate correctly during faults in the grid. The pro-
tective equipment used in the grid was developed during the time, when syn-
chronous generators were the dominating form of power generation. For this
reason, the protective equipment might not operate correctly in the future
power systems, which are based on converter-connected generation rather
than synchronous generators. Therefore, it is important to investigate,
whether the protective equipment operates correctly in power systems with
large penetration of converter-connected power generation.

While this topic has been widely studied [1, 2, 3], these previous studies
have mostly focused on the integration of converter-connected generation
into a strong grid and the protection of radial lines. In contrast, the Finnish
power system is meshed, which means that each substation is connected to
at least two transmission lines. Therefore, the effects of converter-connected
generation in this grid topography could spread wider in the grid and only a
few studies have been conducted in meshed grids [4]. However, this topic has
not been studied specifically in Finland. The Finnish power system also has
series compensation in the 400 KV network, which has not been included in
the previous studies.

Another topic, which has not been studied is the change in levels of har-
monics as the share of converter-connected generation increases. Harmonics
are known to negatively impact the performance of protective equipment [5,
6]. In Finland, distance relays have operated incorrectly in the presence of
high levels of harmonics. Therefore, it is important to investigate, if the levels
of harmonics change significantly with the increasing share of converter-con-
nected generation.

This thesis investigates the impact of the increasing share of converter-
connected generation on the operation of distance relays and levels of har-
monics in the Finnish power system. The goal is to determine whether dis-
tance relays operate correctly for transmission line faults when the share of
converter-connected generation increases in the Finnish power system. The
relays should operate only for faults within their protection area.

Another goal is to determine whether the calculated fault distance changes
with the increasing share of converter-connected generation. Distance relays
determine a fault on the protected line by calculating the distance to that fault
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location from the line voltage and current. Changes in this calculated fault
distance could negatively impact distance relay operation.

The third goal is to determine whether the increasing share of converter-
connected generation affects the levels of voltage and current harmonics dur-
ing faults, as those are known to negatively impact distance relay perfor-
mance. The studied protective equipment is limited to distance relays as
those are the primary form of transmission line protection in Finland. The
studied types of converter-connected generation are Type-3 and Type-4 wind
turbines as those are the most common types of converter-connected gener-
ation in Finland. If any challenges with distance relay operation are discov-
ered, potential solutions to those issues are also investigated.

This thesis is conducted as simulations on two simulation models. Most of
the simulations are performed on a small-scale model consisting of seven
buses, five transmission lines, two of which are equipped with series capaci-
tors, four network equivalents and three wind farms. Each line is equipped
with two distance relays and two faults are simulated on each line section.
The performance of the first and second protection zone of the relays are an-
alyzed. The most problematic situations for distance relays are then simu-
lated on a larger model, that represents the entire transmission system of
western Finland to investigate, whether the issues could occur on a large-
scale model, which more accurately represents the actual power system.

The rest of this thesis is organized in the following way. Chapter two in-
troduces the protective equipment and their key operating principles used in
modern day transmission systems. Chapter two also introduces the con-
verter-connected generation and reviews the existing studies their impact on
protective equipment. Chapter three describes the used simulation models in
addition to the simulations performed on them. Chapter four reviews the re-
sults from the simulations. Chapter five includes discussion on the key find-
ings, the evaluation of the potential solutions and potential future research
on the topic. Chapter six summarizes the research and concludes this thesis.
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2 Protection of power system

This chapter investigates how the power transmission system is protected.
The main technologies and protective equipment in addition to their operat-
ing principles will be introduced, with emphasis on protective relays, since
those can be affected by inverter-based resources (IBR). In addition to trans-
mission system protection, the protection of the inverter-based power plants
is also presented, since it can potentially affect the transmission system pro-
tection as well. Finally, the third presented subject is the fault current sup-
plied by the IBRs. The transmission system protection is heavily dependent
on the fault currents supplied by the connected power plants and therefore it
is important to also investigate the fault current characteristics of the IBRs.

2.1 Protection of transmission lines and equipment

Protection of the transmission system components, such as transmission
lines, cables, transformers and busbars, is responsible for protecting them
from faults occurring within the transmission system. Transmission system
protection is implemented with a variety of different relay functions, which
are introduced in this section. The main types of protection functions for pro-
tecting lines, cables, transformers and busbars are distance, differential cur-
rent, directional ground faultand overcurrent functions [7]. Previously, these
different protection functions were implemented as separate relays, but now-
adays they are combined within a single relay unit in modern microproces-
sor-based protection relays [8].

2.1.1 Distance function

The first introduced protection function is the distance function, which is
used as the main form of protection in transmission lines. The distance func-
tion detects faults in the transmission line by taking measurements of the line
voltage and current phasor at one end of the line. It then compares the cal-
culated fault impedance with the impedance zone settings and determines
whether there is a fault in the protected line section. [9]. Distance functions
will detect both symmetric and asymmetric faults [10].

All faults will cause a change in the measured voltage and current [9]. T
indicates a fault to the relay which will send a trip signal to the circuit breaker
when the calculated operating point is within the setting zone. Figure 1 illus-
trates the line impedance setting and fault impedance measurement of the
distance relay. Under normal operating conditions, the calculated impedance
is located close to the R-axis and outside of the setting zone, since normal
load current is highly resistive, whereas the red dot represents calculated
fault impedance, which would cause the relay to send a trip signal.
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ZL + Zfault
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Figure 1. Impedance setting of distance relay. Adapted from: [8, 9].

Impedance values outside of the setting circle would not cause the relay to
trip [11]. It is also possible to use other shapes, for example rectangles and
other polygons, as the X-R-plane setting area instead of a circle [9]. Polygons
are the most common setting shape in modern digital relays. In old electro-
mechanical relays, the circular characteristics were the only option [11].

All transmission lines have resistance and reactance, which depend on the
construction of the line and its length [11]. Since these length-dependent
characteristics of the line are known, the relay can be set to protect a certain
section of the line. Distance relays typically have at least three zones and each
of these zones have their own characteristics for relay tripping [9].

A typical distance setting for Zone 1 is around 80 % of the line section
ahead and within the Zone 1 the relay will trip immediately on faults [9]. This
means, that the relay monitors voltage and current, and compares the calcu-
lated impedance with the impedance of 80 % of the line. If it senses a fault
within the Zone 1, it sends a trip signal to the circuit breaker without any set
delay. However, there is some delay involved since the relay takes time to
determine the fault location and the circuit breaker has delay before opening.

The next zone is the Zone 2. This zone contains the line section covered by
the Zone 1 and it typically exceeds the remote line end roughly 20-50 % [9].
Since the zone reaches beyond the other end of the line and into the other
relay’s Zone 1, tripping of the relay for faults in the Zone 2 has a delay of about
0.4—0.5 s [9]. This delay is implemented to ensure selectivity of the protec-
tion, since otherwise the relay could trip for faults occurring beyond the re-
mote end of the line, which should be cleared by the protection in that end of
the line [9]. In addition to Zone 2, there usually is also a Zone 3, which ex-
tends beyond the Zone 2, and it typically reaches around 25 % over the next
line section [11]. Tripping delay of the Zone 3 is even longer than the delay
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for Zone 2 and it mainly serves as remote backup protection for the lines be-
hind the remote end. Figure 2 illustrates the different zones for a distance
relay at point A.

Zone 3 !

Figure 2. Zone setting of a distance relay. Adapted from: [8,9].

Distance relays can be equipped with communication systems, which allows
them to exchange information about fault directions and send trip signals to
other relays [8]. This enables additional protection features, such as direct
transfer trip (DTT), permissive underreach transfer trip (PUTT) and permis-
sive overreach transfer trip (POTT) [11]. With these protection features, it is
possible to achieve non-delayed tripping within the entire protection zone.

As previously mentioned, distance relays can determine the direction of
the fault location, whether the fault is in front of the relay or behind it. They
determine the fault direction by comparing the phase shift of the measured
voltage and current with the voltage and current of a healthy line [11]. This
can be achieved by taking measurements of the healthy phases [11] or using
stored measurement data from before the fault [12]. The previously men-
tioned technique measures all three phases simultaneously. When it senses a
fault in one of the phases, it can then compare the voltage and current phas-
ors of the faulty phase with the healthy ones and determine the direction of
the fault location [11]. The other option is to compare the measured phasors
with stored data. This means, that the relay has a small buffer memory of
previous measurements, and it compares the measured voltage and current
to that [12]. The relay can determine the direction of the fault location from
any difference between the phase shift of voltage and current.

Distance relays have other associated challenges in addition to the previ-
ously mentioned inability to interrupt high impedance faults. Another chal-
lenge for distance protection is series compensation. Sometimes in long
transmission lines, series capacitors are installed in series with the line to
compensate the line reactance, which improves the active power transmis-
sion capabilities of the line. The challenge is the behavior of the series com-
pensation capacitors under fault situations. In fault situations, the series ca-
pacitors are bypassed with metal oxide varistors to protect them from over-
voltage, which changes the line impedance measured by the distance relay.
[8]

Distance protection equipped with memory function can be used on series
compensated lines. The relay will determine the fault direction based on the
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pre-fault voltage phasor stored in the relay’s memory. Therefore, the voltage
inversion caused by the series capacitor will not affect the relay’s ability to
determine the fault direction. [13]

Distance relays are also not suitable for short transmission lines. The relay
measurements always incorporate some degree of inaccuracy, which be-
comes an issue in short transmission lines [7]. Shorter transmission lines
have smaller impedances and therefore the measurement inaccuracy is pro-
portionally larger, when compared to a longer line with larger impedance [7].

In Finland, distance protection is used as the primary protection function
for transmission lines. It also offers backup protection for the remote end
busbar protection since the distance relay Zone 2 reaches beyond the remote
end substation. Faults at the remote end substations busbars are interrupted
on Zone 2 delay allowing the primary busbar protection to operate first. [14]

In the 400 kV network, there are two distance relays at both ends of each
transmission line to increase the reliability of the protection. Those relays are
also supplied by two different manufacturers to further reduce the risk of fail-
ure. The relays are equipped with duplicated communication systems for
communication assisted tripping with POTT function. Therefore, all the
faults on 400 KV lines are interrupted without a delay from both ends of the
line, which reduces the length of the voltage dip caused by the fault. [14]

In the 110 kV network, there are also duplicated distance relays on each
line section. However, typically the relays are not equipped with communi-
cations since the acceptable fault duration in the 110 kV network is longer
than in the 400 kV network. Therefore, faults near the other end of the line
are cleared without a delay from the close end, and on Zone 2 delay of 400 ms
from the remote end. [14]

Distance relays are also used as the other primary protection on transmis-
sion lines with series compensation. The relays are equipped with communi-
cations, and they use the POTT function to avoid unwanted tripping for faults
behind the remote end substation. The relays at both ends will send a trip
signal if both relays see a fault on the protected line and receive the POTT
signal from the other relay. [14]

2.1.2 Differential current function

The next type of protection function to be introduced is the differential func-
tion. This type operates on the simple principle, that the current entering the
protected area, for example a transmission line or a transformer, must be
equal to the current leaving the protected area, when there are no faults
within the protected area [8]. The relay takes measurements of the current
entering and leaving the protected area with current transformers to deter-
mine, whether there is any discrepancy between the two currents [8]. If the
current flowing in has much larger magnitude than the current flowing out,
there is a fault within the protected area and the relay sends trip signals to
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the circuit breakers at both ends of the area. Differential relays can easily de-
tect both symmetric and asymmetric faults, since all fault types will cause a
mismatch in the entering and leaving current magnitudes [10].

Since the relay is also sensitive to the direction of current flow, in addition
to magnitude, it is suitable for protecting the system from faults with large
faultimpedances, which produce smaller fault currents [8], that could be oth-
erwise ignored by other means of protection such as the distance relay intro-
duced in Section 2.1.1. The differential protection can be based on comparing
the magnitude of incoming and outgoing currents, but it can also be based on
comparing the phase angle of the currents, or even both simultaneously [9].

Figure 3 shows a simple example of differential relays applied to protect a
transmission line. The relays measure the current at both ends of the line and
then compare the obtained values via a communication link. Under normal
operating conditions the incoming current 11 is roughly equal to the leaving
current 12. However, the two currents are not exactly equal due to inhomo-
geneities in the current transformers and currents induced into the lines [8].
These differences are accounted for in the relay settings.

Since the line has a fault, the measured currents at the ends are unequal,
which indicates a fault in the line. In this example, the fault current is fed
from both ends of the line and therefore there is no current leaving the line
section. If the fault current was fed from only one end of the line, the current
in the other end of the line would be much smaller in magnitude compared
to the other end. In both cases, the relays would sense, that there is a fault
and send a trip signal to the circuit breakers at both ends clearing the fault.

Current transformer FAULT Current transformer

Circuit breaker I1 I2 Circuit breaker

[_L Communication link "_j

Differential relay Differential relay

Figure 3. Operation of differential relay. Adapted from [10].

The same protection scheme illustrated in Figure 3 could also be imple-
mented for transformers, switching stations and busbars [9] by placing them
in between the two current transformers and circuit breakers. In trans-
former, switching station and busbar applications, there is typically only one
differential relay instead of two [8].

Differential relays are suitable for protecting series compensated lines and
lines with T-branches. The capacitor bank impedance and bypassing it dur-
ing faults causes an equal change in current magnitude at both ends of the
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series compensated line, which allows using differential protection for com-
pensated lines [8]. Lines with T-branches can be protected with differential
protection by adding a current transformer to measure the current flowing in
the T-branch [8], since the basic principle applies to any number of con-
nected lines if the current in all of them is measured.

The example shown in Figure 3 also illustrates the drawbacks of the dif-
ferential relay. It is unable to detect faults outside of its protection zone, since
the current magnitude at both measurement points would be equal. There-
fore, differential relays cannot provide backup protection for adjacent lines.
It is only able to detect faults between the two current transformers, which
leaves the section between the current transformer and the circuit breaker
unprotected as well [7].

Another weakness of the differential protection is the need for a commu-
nication system between the two measurement points and the relay. Since
the relay requires measurement data from both ends of the protected area,
that information must be transmitted to the relay through some form of com-
munication system [10], which could be a fiber optic connection for example.
A failure of the communication system would result in a loss of differential
protection, since the relay could not receive the measurement data from the
current transformers. Differential relays are often equipped with a system,
that will disable the differential protection completely during a loss of com-
munication to avoid accidental relay tripping. The communication can be
made more secure by using duplicated communication channels [10].

In Finland, differential current protection is used as the second primary
protection besides distance protection on series compensated transmission
lines. It is also used as the primary protection of transformers and substation
busbars. [14]

2.1.3 Overcurrent relay

The third type of protective relay introduced is the overcurrent relay. This
type of relay monitors the current flowing in a conductor or transmission line
and sends a trip signal to the circuit breaker if the magnitude of the current
exceeds the setting value [9]. The relay operating time can be either without
aset delay, delayed by a pre-set time delay or inversely delayed, which means
that the relay operates faster for larger overcurrent and slower for smaller
overcurrent [9]. The most basic overcurrent relays respond to only the mag-
nitude of the measured current regardless of its direction, but they can also
be equipped with a direction sensing feature. These are called directional
overcurrent relays, which are able to operate only for faults forward of the
relay [10]. Overcurrent relays can be configured to operate based on the sum
of phase currents. This type of relay is called the zero-sequence overcurrent
relay [10].
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The directionality of overcurrent relays is achieved by measuring phase or
zero-sequence voltages, in addition to the current, and comparing the phase
angle between the two [10]. The phase angle between measured voltage and
current changes, whether the fault is ahead of the relay or behind it [10]. The
relay can then determine if the fault is within its area of protection or not.

The zero-sequence overcurrent relay will detect asymmetric faults; single
phase-to-ground, phase-to-phase short circuits and phase-to-phase-to-
ground faults, since the sum of currents in asymmetric faults is not zero [10].
The relay can even detect faults with fault currents that are smaller than max-
imum load currents, since it is sensitive to the sum of currents rather than
the magnitude of current in each phase [10].

On the other hand, zero-sequence overcurrent relay is not able to detect
three-phase short circuits, since the change in current is equal for all phases
and therefore the sum of currents remains zero [10], but this type of fault is
easily detected by other protective devices. Asymmetric faults can also be de-
tected by using an overcurrent relay to measure the current flowing in the
grounding conductor of a grounded wye-connected transformer [7]. In case
of an asymmetric fault, there will be current flowing in the grounding con-
ductor and the overcurrent relay can trip [7]. This method is used in direc-
tional ground fault protection, when the grounding voltage is also measured
[10].

Overcurrent relays can be applied to some of the power system compo-
nents, but mainly they are used to protect transmission lines, transformers
and busbars [7]. Typically, they are used as backup protection for differential
relays in transformers and busbars [7]. If the transformer’s neutral point is
grounded and the grounding is equipped with a directional overcurrent relay,
it also provides backup ground-fault protection for transmission lines con-
nected to the transformer and the transformer itself [7]. In case of a delta-
connected transformer, which does not have a neutral point, this ground fault
protection can be achieved with the same phase current summation used in
transmission lines [15], which was discussed previously.

The current setting values are challenging in transformer overcurrent pro-
tection. The transformers are rated for a certain amount of overloading,
which must be accounted for in the overcurrent relay setting values [15]. This
means, that the relay sensitivity must be reduced to prevent unnecessary
tripping for allowed temporary overcurrent [15].

In a meshed grid, where the fault current can be fed from multiple direc-
tions, non-directional overcurrent relays cannot ensure selectivity in trans-
mission line applications [8]. Therefore, directional overcurrent relays must
be used for transmission lines in meshed grids. In transmission lines, over-
current relays are configured to measure the current and its phase angle in
each of the three phases [7]. The relay then performs a vector summation of
these three measurements to determine, whether there is a fault in any of the
lines [10]. This method is based on the characteristics of balanced three-
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phase systems. The summation of the three currents should equal zero under
normal operating conditions in symmetrical three-phase systems [10].

The simple non-directional overcurrent protection is suited for radial
transmission lines, which are supplied from only one end [7]. In these types
of lines, the fault current will be always fed from the same direction and pro-
tection selectivity is achieved by using shorter trip time for relays further
down the line [7]. Meshed transmission lines require directional overcurrent
relays for selectivity, since the fault current can be fed from multiple direc-
tions and therefore the magnitude may vary in different locations [7]. The
directional overcurrent relay can detect the fault location and not trip for
faults behind it, which should be cleared by another relay [10].

In Finland, overcurrent protection in the form of zero-sequence overcur-
rent protection is used for the backup protection of 400 kV transmission
lines. Inverse time delay overcurrent relays are used as backup protection on
110 kV lines. Transformer backup protection consists of definite time delay
overcurrent relays. [14]

2.2 Protection of inverter-based resources

This section focuses on the protection of inverter-based power sources. First,
the section introduces the most common forms of inverter-based generation
and then investigate how those are protected against faults in the power sys-
tem. Inverter-based sources are any form of power generation, which are par-
tially or fully interfaced to the network with a power electronic inverter [16].
The protection section is divided into two chapters, since the threats to dou-
bly-fed induction generator (Type-3) wind turbines and protection from
them [16] differ from the full converter (Type-4) turbines [16, 17]. The con-
struction of these different sources is explained in Section 2.2.1.

2.2.1 Inverter-based resources

The first introduced inverter-based resources are photovoltaics, or solar pan-
els. Photovoltaics produce their output power as DC and therefore it is man-
datory to use a DC-to-AC converter in order to feed the power into the grid
[18]. Figure 4 shows a simplified version of a grid connected photovoltaic
system with the key components of the system. The most vulnerable sections
of the grid connected photovoltaic system are the converter electronics and
the voltage at the DC side [18]. The protection of these is explained in Section
2.2.2.
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Figure 4. Grid connected photovoltaics. Adapted from: [17].

Grid-connected battery energy storage systems (BESS) are very similar in
terms of structure as photovoltaic systems since BESS are also interfaced to
the grid with only an inverter [19]. Like solar panels, BESS also operate on
DC only and therefore a full back-to-back converter is not necessary. Multiple
batteries can be connected in parallel to increase the capacity, similarly to
photovoltaics. The main difference in BESS is the need for a converter, which
is capable of bidirectional power flow since the batteries will deliver power to
the grid but also consume power at times [19]. This can be implemented ei-
ther as a single bidirectional converter, or two separate parallel-connected
converters, one of which is responsible for charging the battery and other one
discharges the battery [19]. The basic structure of a grid-connected battery is
illustrated in Figure 5.

Figure 5. Grid-connected battery energy storage system. Adapted from:
[20].

The next type of inverter-based resources are wind turbines. There are many
different types of wind turbines, some of which are directly connected to the
grid, but in this research, the focus is on Type-3 and Type-4 wind turbines
since those are the ones partially or fully connected with converters [16]. In
the Finnish power system, practically all wind turbines are either Type-3 or
Type-4 turbines.

The first type of wind turbine is the Type-3 wind turbine. This wind tur-
bine has a back-to-back converter connected with a doubly fed induction gen-
erator (DFIG) [16]. The stator of the induction generator is connected di-
rectly to the grid, while the rotor circuit is connected to the back-to-back con-
verter, which will adjust the operating point of the generator and allow it to
run at a range of different speeds [16]. Changing the operating point will also
control the output power of the generator, part of which is fed to the grid
through the converter [16]. However, the converter is not rated for the full
output power of the generator and therefore the converter is a limiting factor
in Type-3 wind turbines when it comes to fault situations [16]. A simplified
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structure of the Type-3 wind turbine is shown in Figure 6. Type-3 wind tur-
bines can also contain filters and transformers, but those are left out since
the converter is the weak point of the system [16].

Back-io-back converter

.1|
|
.
|

DC link ——

Figure 6. Type-3 (DFIG) wind turbine. Adapted from: [16].

The second type of wind turbine is the Type-4 wind turbine. This type of tur-
bine can utilize multiple different types of generators, such as synchronous
or induction generators, and its key feature is that all the generator power is
fed to the grid through a back-to-back converter [16]. Because of this, Type-4
wind turbines are also called fully rated converter (FRC) wind turbines [16].
Since the generator is decoupled from the grid and all its output power is fed
to the grid through a converter, the converter is the weak point in Type-4
wind turbines and it defines the required protective measures for the system
[16]. A simplified structure of the Type-4 wind turbine is illustrated in Figure
7. Similarly, to the Type-3 wind turbine, the Type-4 turbine can also include
different filters and transformers [16], but those are not pictured in Figure 7.

Figure 7. Type-4 wind turbine. Adapted from: [16].
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2.2.2 Fault protection

All the previously described sources have power electronic components in
them and the most common threat to any power electronic component is ex-
cess thermal stress [21]. Excessive thermal stress could be caused by for ex-
ample overcurrent. Especially power electronic switches, such as thyristors
and insulated-gate bipolar transistors (IGBTs), are extremely sensitive to
overcurrent [21]. The power electronic switches are mainly protected from
overcurrent by blocking the firing signal, when an overcurrent is sensed [21].
However, if the overcurrent is caused by overvoltage in the feeding circuit,
additional protection might be required to protect the switches from over-
voltage as well, since they only have a certain voltage blocking capability [21].

Grid-connected photovoltaic systems have built in protection systems,
which will protect the device from damage caused by faults [18]. The two
main threats to photovoltaic systems are high temperature in the inverter
and overvoltage in the DC-connection from the panel to the inverter [18]. The
high inverter temperature can be mitigated by either reducing the output
power or by completely disconnecting the system from the grid by blocking
the inverter switch firing pulses if the thermal limitations of the inverter are
to be exceeded [18].

Another potential threat is the overvoltage in the DC-connection. The DC-
link is typically equipped with a capacitor, which helps to regulate and stabi-
lize the voltage [17], but the capacitor has a certain voltage rating and there-
fore it can be damaged by DC-link overvoltage. Additionally, DC-link over-
voltage will increase the voltage applied across the switches in the inverter,
which could result in overcurrent in the switches [21]. The switches can be
protected from overcurrent by turning them off [21], however this does not
protect the DC-link capacitor from the overvoltage. Protecting the DC-link
capacitor from overvoltage requires installing a device called crowbar in par-
allel with the capacitor [22]. The crowbar typically is a power electronic
switch, and it is controlled to short circuit the DC-link to reduce the voltage
[21]. However, the DC-link capacitor and crowbar are not installed in all pho-
tovoltaic systems [18]. Figure 8 illustrates the application of a crowbar in the
DC-link of a photovoltaic system.

Figure 8. Photovoltaic system with crowbar in DC-link. Adapted from [22].
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In some photovoltaic systems the DC crowbar is replaced by a DC chopper
consisting of a switch, such as an IGBT, connected in series with a resistor
[22]. The chopper helps limit the voltage rise in the DC link, similarly to the
crowbar, but the resistor will also help dissipate some of the excess produced
energy [22].

Protection of BESS is very similar to the protection of photovoltaic sys-
tems due to their similar structure and operating characteristics. The battery
array is equipped with either DC circuit breakers or fuses, which will isolate
individual battery modules if they are faulty [20]. These breakers will also
protect the battery modules from faults within the main DC bus [20]. The
main protection concerns for the battery system are overcurrent, overvoltage
and undervoltage [23]. Even though batteries can temporarily exceed their
charging rate limitations, operating the batteries outside of their upper and
lower voltage boundaries for extended periods of time could lead to either
premature aging of the batteries or even damage [23]. The battery array is
therefore protected with circuit breakers, which monitor the voltage levels
and trip if the voltage limits are exceeded [23]. Since battery systems are fully
converter interfaced, they are protected against grid side faults by blocking
the firing signals of the converter, effectively disconnecting the system from
the grid [20].

Type-4 wind turbines are also interfaced to the grid only through a con-
verter, similarly to photovoltaic and batteries. The main difference is that
Type-4 wind turbines incorporate a rotating machine and AC-to-DC rectifier
in addition to the inverter [16]. Same concerns of overvoltage in the DC-link
and overcurrent in the switches also applies to Type-4 wind turbines, but a
new additional threat is the speed of the generator [16].

A faultin the grid results in a sudden drop of voltage. This sudden drop of
voltage will reduce the converter’s ability to supply power to the grid [16].
The reduction in output power is seen by the generator as a reduction in gen-
erator load, which causes the generator to speed up [16]. The excess power
increases voltage at the DC-link, which can potentially cause damage to the
inverter and DC-link capacitor. The turbine is rated to run at a specific range
of speed and the speeding up could potentially cause mechanical damage to
the turbine itself [16]. Therefore, the speed of the turbine must be controlled.

To reduce both problems, the DC-circuit is fitted with a DC chopper [16].
It is similar to the DC crowbar found in power electronic inverters discussed
previously [21], but it also has resistors in addition to the switches [16]. The
switch is controlled to allow current flow through the resistors, which dissi-
pates excess energy and reduces the generator speed, but it also helps to reg-
ulate the DC-link voltage and therefore protect the capacitor [16].

Since the inverter in Type-4 wind turbine has switches, that are sensitive
to overcurrent, the magnitude of current flowing in the DC-link must also be
regulated and this is done by installing a resistor in parallel with a power
electronic switch in the DC-link, which will help control the magnitude of
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current [16]. Under normal operating conditions the switch is closed and
therefore no current is flowing through the resistor. The switch is opened
when the current magnitude exceeds a certain value allowing current flow
through the resistor, which reduces the current magnitude [16]. Application
of the DC chopper and the series resistor into the converter of a Type-4 wind
turbine are illustrated in Figure 9.

Figure 9. Type-4 wind turbine converter with series resistor for controlling
current and DC copper for controlling voltage. Adapted from: [16].

Protection of a Type-3 wind turbine is a bit different from the protection of a
Type-4 turbine, since the generator stator is directly connected to the grid. If
a fault with high fault current occurs in the grid, this fault current will also
flow through the stator windings. The fault current in the stator will induce
current of equal magnitude in the rotor windings due to the conservation of
magnetic flux [16]. This results in extremely large currents in the input of the
back-to-back converter, which exceed its rated input current magnitude [16].

The generator side converter is protected from the induced overcurrent by
installing a crowbar between rotor windings and converter, since only turn-
ing off the converter is not enough to protect it [16]. The crowbar short cir-
cuits the rotor to the ground through resistors blocking current flow to the
converter and dissipating excess energy [16]. The same functionality can also
be achieved by controlling the rotor side converter switches to form a short
circuit in the rotor windings [24], but again the limiting factor is the current
withstanding capabilities of the switches. Type-3 turbines also feature the
same DC chopper as Type-4 turbines to protect the DC capacitor from over-
voltage [16]. The operation of DC chopper was discussed earlier in this sec-
tion. Figure 10 illustrates the protection of a Type-3 wind turbine converter.
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Figure 10. Type-3 wind turbine with crowbar for protecting the converter from
induced overcurrent on the generator side and DC chopper for controlling DC
link voltage. Adapted from: [16].

Until now, this section has focused on the protection of stand-alone solar
panels and wind turbines. However, these systems can also be grouped to-
gether to form larger power plants, which have their own protection chal-
lenges. The rest of this section introduces the main protection concerns and
protective devices in these power plants.

As mentioned previously, solar panels output DC current which is then
converted to AC ina DC/AC inverter. An array of solar panels typically shares
a single inverter, and all the solar panels are connected to the common DC
lines feeding that inverter [25]. These DC lines are a potential source of faults
within the power plant and therefore they must be protected from faults.

The most common types of electrical faults occurring in these DC lines are
short circuits, ground faults and arcing [26]. Short circuits can occur between
two different parallel lines, but they can also occur within a single line, effec-
tively forming a short circuit between parallel connected solar panels [25].
The lines are protected from short circuits with overcurrent fuses, that cut
the power flow in case of a fault [25]. Unfortunately, these overcurrent fuses
have one drawback. If the overall power output of the array is very small, the
fault currentis also small, and it might not exceed the fuses current threshold
[25].

The second type of fault is a ground fault, which results from a DC line
contacting either the ground directly or a grounded part of the array. The
array is protected against ground faults with ground fault protection fuses,
which are installed in the grounding of the array [25]. When a ground fault
occurs, the fault current circulates through the faulted line and the ground-
ing, which can then be interrupted by the ground fault fuse [25]. The ground
fault protection has a similar concern as the short circuit protection, but its
operation can also be inhibited by faults with large fault impedance, that pro-
duce small fault currents [25].
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The third potential fault in photovoltaic arrays is arcing [26]. Electrical arc-
ing can appear between two lines, or a line and part connected to ground po-
tential, which is a result of damaged insulation [26]. Arcing can be detected
by monitoring the current and voltage waveforms in the DC lines [27]. Under
normal operating conditions those should be relatively stable, and arcing will
introduce flicker into the waveforms [27]. Arc faults are interrupted with cir-
cuit breakers, that monitor the voltage and current waveforms to detect arc-
ing in the lines [25].

In wind farms, the AC outputs of individual turbines are joined together
with feeders, busbars and transformers [16]. These feeders are protected
from both the turbine end and the busbar end with protective relays, which
can then isolate the individual turbine in case of a turbine failure, or the in-
dividual feeder in case of a feeder failure [16]. Same protection methods as in
transmission lines can be used for wind farm feeders as well and they are
typically protected with overcurrent protection or distance relays [16]. Bus-
bars and transformers are protected with differential relays [16]. The operat-
ing principles of these protective relays were introduced in Section 2.1.

Offshore wind farms can be connected to the grid via an HVDC-link, which
has its own challenges when it comes to protection [16]. Faults, such as line-
to-line and ground faults in the HVDC-link are extremely rare, since both the
positive and negative line run in their own insulated cable [16]. However, any
kind of fault in the DC lines would produce very high fault currents, that
would easily damage the power electronic components, such as thyristors or
IGBTs in the inverter [16]. Interrupting these faults as fast as possible is crit-
ical to reduce the risk of damage to the electronics and they require special
DC circuit breakers designed for quickly interrupting faults in DC lines [16].

2.3 Fault current characteristics and requirements of the in-
verter-based resources

As discussed in Section 2.1, the operation of the transmission system protec-
tion depends on the fault current supplied by the grid. Previously, these fault
currents have been supplied by synchronous generators, which can generate
large currents during faults in the grid [28]. The inverter-based resources on
the other hand cannot tolerate large current magnitudes due to the sensitivity
of the electronics in them [21]. For context, the maximum peak fault current
of a synchronous generator can exceed 5 per unit, whereas the maximum for
a converter could be around 1.1 to 1.2 per unit [29]. According to Fang et al.
[30], peak fault current of synchronous generators could be up to 10 per unit,
which especially highlights the difference in fault current output capabilities
of converters and synchronous generators.

The fault current characteristics of these inverter-based resources are pro-
grammable in the inverter control and can be modified to suit the grid’s needs
[31]. This section introduces the grid code requirements for the fault current

26



output of inverter-based generation, and then investigates the fault current
output and its limitations in the inverter-based resources.

The fault current supplied by a photovoltaic system depends on the used
inverter. A study presented by [32] found, that the fault current output capa-
bility of photovoltaic inverters can vary between 1 per unit and 1.5 per unit,
but mostly the inverters supplied current magnitude of 1.1 to 1.2 per unit un-
der various fault types. The initial current peak might reach around 3 per unit
but will quickly settle down to the steady state level [32]. The magnitude of
injected current was equal in all phases, even under asymmetrical faults such
as single phase-to-ground or phase-to-phase short circuits [32].

Type-4 wind turbines are also fully interfaced to the grid through a con-
verter, similarly to photovoltaics, and their fault current characteristics de-
pend only on the grid side converter used [29]. The generator itself and the
generator side converter do not contribute to the fault current characteristics
as they are separated from the grid by the grid side converter. The fault cur-
rent supply of Type-4 turbines is also fully programmable, and the maximum
fault current limit is determined by the maximum ratings of the power elec-
tronics and typically this maximum rating is around 1.1 per unit for all fault
types [31]. This maximum rating can vary between devices, and for some con-
verters it can be up to 1.2 per unit [29]. The initial peak current could easily
be up to 3 per unit, but it quickly drops down to a safe level, when the con-
verter control starts limiting the current [24].

Type-3 wind turbines differ from photovoltaics and Type-4 wind turbines
in fault current characteristics, since the generator is directly connected to
the grid and only a portion of the output power is fed through the converter
as was discussed in chapter 2.2.1. The direct connection between the genera-
tor and the grid enables larger initial fault current tolerance compared to the
fully converter-connected sources. For three-phase short circuits and line-to-
line-to-ground faults, the initial fault current magnitude can be up to 5 per
unit [2], and for single line-to-ground faults the current magnitude can reach
2 per unit [31]. The initial fault currents decay over time and eventually reach
around 1 per unit. In addition to [31], similar fault current behavior for
Type-3 wind turbines was also observed in [24].

However, large fault currents will cause the crowbar to activate changing
the generator behavior and introducing further distortions into the output
current waveform [24]. Once the crowbar is activated the generator will be-
have as an induction generator allowing the wind turbine to stay connected
to the grid for longer [16]. During this period, the generator will continue
supplying current to the grid, but the output current decays faster than in
traditional synchronous generators [24]. The crowbar activation also sepa-
rates the converter from the generator, which results in a loss of active and
reactive power control [16]. The generator output will then depend on the
existing magnetization flux, generator impedance [24] and wind speed dur-
ing the fault [16].
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The Finnish grid code specifies certain fault current requirements for power
plants partially or fully interfaced by power electronic converters. Full con-
verter power plants, such as photovoltaics, Type-4 wind turbines and BESSs,
are required to prioritize injection of reactive fault current to support grid
voltage [33]. During asymmetric faults the converter is required to inject
both the positive and negative sequence current components, and their ratio
is defined by the k-factor, which should be 2.5 [33]. The k-factor is the ratio
of change in current magnitude relative to change in voltage. When the volt-
age drops, the injected current increases relative to the k-factor and this is
illustrated in Figure 11.
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Figure 11. Injected current relative to voltage. Adapted from: [33].

The converter should initiate fault current injection when voltage at the grid
drops below 0.85 per unit and resume normal operation when the voltage
rises back above 0.9 per unit. Fault current injection must reach the target
value within 30 to 50 ms after fault inception and settle at the targeted value
within 60 to 80 ms. The injected fault current magnitude should be between
90 % and 120 % of the target value, according to the accuracy requirements.
[33]

Doubly fed induction generators, for example the generators in Type-3
wind turbines, are also required to prioritize injection of reactive current in
their fault current injection according to the Finnish grid code [33]. Since the
doubly fed devices are not as controllable as full converter devices during
faults due to the crowbar protection [16], they are required to inject the neg-
ative sequence fault current, which is naturally generated by the induction
generator [33]. For these devices, the k-factor should be between 2 and 6.
The requirements for initiation and ceasing of fault current injection as well
as the settling times and tolerances are equal for doubly fed and full converter
devices [33].
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2.4 Effects of inverter-based resources on transmission
system protection — review of existing studies

This section introduces some of the existing studies on how inverter-based
generation might affect the power system protection. As discussed in previ-
ous chapters, the fault current capabilities of inverter-based resources differ
from synchronous generation, and this will have an impact on the protective
devices. The focus will be on distance protection as it is the primary protec-
tion method in the Finnish power system, but the possible effects on other
protection methods will be introduced as well.

2.4.1 Effects on distance relays

The potential effects of inverter-based generation on protective devices
are all caused by the fault current characteristics of the inverter-based gen-
eration. As discussed in Section 2.3, the main differences in fault current gen-
eration capability of inverters and synchronous generators are fault current
capabilities are the magnitude of fault current, changing current magnitude
and phase shift of the fault current. These differences might cause malopera-
tion of distance protection, but also other protective devices as well.

The first potential issue is related to the reach of the distance relay. Since
distance relays have the zone settings with different tripping delays, it is im-
portant that they can distinguish faults in the correct zone to ensure tripping
in correct timing. The reach issues can be classified as overreaching, inter-
preting faults closer than they are, and underreaching, interpreting faults
further away than they are. The effect of overreaching is relay tripping too
quickly and when underreaching the relay trips too slowly. In the worst-case
scenario, the relay would incorrectly determine the fault location to be out-
side of its protection zones and not trip at all, which might have serious con-
sequences. Issues related to the distance relay reach are studied quite exten-
sively in existing studies, but they are mainly focused on the protection of
strong grid with inverter-based resources connected to it and not necessarily
the protection of a system with high penetration of IBRs. Issues related to
distance relay reach are further examined in Section 2.4.2.

The second potential issue for distance relays is directionality. Distance
relays are set to protect a certain line section and typically they are configured
to trip only for faults in front of the relay, since tripping for faults behind the
relay would not be selective. Inverter-based resources might cause variation
in the current and voltage phase angles, which could impact the distance re-
lay’s ability to correctly determine the fault direction. This could result in
tripping for faults in the wrong direction.

The third potential problem is the threshold current. Distance relays have
a current pickup threshold, which must be exceeded before the relay will op-
erate. The fault current might not exceed this threshold in situations, where
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the fault current is fed by inverter-based resources, since their fault current
capabilities are smaller than synchronous generators, as was discussed in
Section 2.3. If the current threshold is not exceeded during a fault, the relay
will fail to trip.

2.4.2 Distance relay reach

The most typical issue related to distance relay reach is overreaching. A study
[34] consisting of multiple combinations of different types of faults, fault lo-
cations and types of connected generators found that overreaching is a seri-
ous concern for distance relays protecting lines connecting inverter-based
generation to the grid. This research concluded that there is potential for dis-
tance relay overreaching regardless of the fault type and type of connected
machine. The studied generator types were Type-3 and Type-4 wind turbine-
based wind farms, and both caused some degree of overreaching in the dis-
tance relay. However, Type-4 wind farms caused larger overreaching issues
than Type-3 farms under equal fault conditions [34]. Distance relays might
even mistake faults beyond Zone 2 as Zone 1 faults, when Type-4 wind farms
were not required to supply reactive current during faults [34]. Overreaching
was greatly reduced, when reactive current injection during fault was re-
quired. In contrast, Type-3 wind farms caused overreaching mostly for faults
within Zone 2.

Overreaching in the presence of inverter-based resources was also wit-
nessed in [2]. This study also varied between Type-3 and Type-4 wind power
plants, and then monitored the performance of the distance protection in the
transmission line connecting the farm to the grid. The simulated fault types
were a three-phase short circuit and a two phase-to-ground fault only at the
beginning of Zone 2. Initially, both faults were correctly identified in Zone 2,
but the measured impedance quickly shifted to the Zone 1 causing an unnec-
essary Zone 1 trip [2]. Similar research, with the addition of photovoltaics,
was performed in [35]. The distance relays regularly overreached for faults
in Zone 2 [35], which was also observed in the previous studies as well.

Full converter systems, such as photovoltaics and Type-4 wind turbines,
were specifically investigated in [3] and [36]. Both studies simulated distance
protection in the line connecting Type-4 wind turbines to the grid and their
results were also similar. The distance relays overreached and tripped for
Zone 2 faults on Zone 1 timing. However, effects witnessed in [36] were much
worse. In this paper, the relay tripped on Zone 1 timing for a phase-tO-phase
short-circuit fault located in Zone 3 [36], which is a much larger overreach
than experienced in other studies.

Some studies put more focus on the effects of Type-3 wind turbines. Sim-
ulations investigating potential for overreaching in lines connected between
Type-3 wind turbines and the grid were performed in [37]. Again, the fault at
the beginning of Zone 2 was initially interpreted within Zone 2, but the

30



quickly changing measurement moved to Zone 1 before the Zone 2 delay had
elapsed resulting in an unnecessary Zone 1 trip [37]. This behavior was a re-
sult of variation in current and voltage frequency during the fault [37]. If the
fault location would have been near the rear border of Zone 2, it is possible
that the Zone 2 delay might have elapsed before the measurement moves to
Zone 1[37]. This would have resulted in a correct trip with Zone 2 delay.

The other problem related to distance relay reach is underreaching. Un-
derreaching is potentially an even larger issue than overreaching as it might
result in complete failure to trip, which might cause permanent damage to
the power system equipment. Underreaching was witnessed especially in [3]
and [38]. Protection of transmission line between the grid and fully converter
interfaced generation was simulated in [3]. Both symmetric and asymmetric
faults with 10 Ohm fault resistance were studied near the end of Zone 1, and
the relay misinterpreted the faults as either Zone 2 faults or beyond Zone 2
[3]. These would result in unwanted delay in tripping and failure to trip at
all. Similar simulations were performed in [38], but here the investigated ma-
chines were Type-3 wind turbines. The relay interpreted symmetrical three-
phase short-circuits further than they are [38], which would result in unnec-
essarily delayed tripping for faults near the border of two zones and a failure
to trip at all for faults in the end of the last zone.

According to [34], overreaching was caused by the low inertia of the in-
verter-based resources and fault current characteristics. The measured im-
pedance will move around the R-X plane for synchronous generator-based
system as well, but the movement is almost linear and much slower than with
inverter-based resources [34]. The limited fault current capabilities of the in-
verter-based resources will also cause variation in the measured impedance
[2]. The issues related to fault current characteristics of inverter-based re-
sources can be reduced by grid code improvements requiring certain reactive
and negative sequence current injection [1]. Low short circuit power supplied
by the inverters is also a potential cause for reach issues, especially over-
reaching, since the measured impedance will be smaller, than the actual fault
impedance [39]. The growing utilization of inverter-based resources and
therefore reducing short circuit power might increase these issues [39]. Ac-
cording to [1], grid code changes can not completely eliminate over and un-
derreaching, but it will help.

Another potential cause for distance relay overreaching in the presence of
IBRs is fault resistance [40]. This paper studied the effect of fault location
and fault resistance on measurement error in distance relays of lines con-
necting IBRs to the grid. For bolted faults, the chance of malfunction in-
creased when the fault location moved further away from the relay [40]. Sim-
ilarly, increasing the fault resistance increased the chance of misinterpreting
the fault location. These issues originate from the phase shift in fault current
caused by the IBRs [40].
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Overreaching and underreaching can also be caused by harmonic distortion
in the voltage and current waveforms [5], [6]. Harmonics are integer multi-
ples of the base frequency, and they can affect other types of protective relays
as well, not only the distance relay. Power electronic converters are a poten-
tial source of power system harmonics [41]. One study [42] on harmonics
impact on relaying found, that harmonic distortion in the current waveform
has a larger impact on distance protection than voltage waveform distortion.
However, the biggest impact on relay performance was witnessed, when both
voltage and current waveforms had harmonic distortion. In this situation, to-
tal harmonic distortion of 20 % or higher caused the relay to misinterpret the
fault location [42].

During the presence of harmonics, distance relays tend to overreach for
faults closer to the border of two setting zones [5]. However, distance relay
might interpret the fault impedance to be larger than it is causing underreach
[41]. As concluded by [42], the inaccuracy in determining the fault location
is directly proportional to the total harmonic distortion of voltage and cur-
rent. This increases the chance of overreaching and underreaching near zone
borders since faults further in the zone might still be interpreted within that
zone even with the added inaccuracy [43]. The impact of harmonics can be
mitigated by filtering them out of the measurement signals. Effectively filter-
ing out the harmonic content would require longer measurement windows,
which on the other hand would slow down the tripping times [6].

2.4.3 Directionality

As discussed in Section 2.1.1, distance relays can determine whether the fault
is located in front of the relay or behind it. Correctly determining the fault
location is crucial for ensuring selective relay operation. The impact of in-
verter-based resources on distance relay directionality has also been investi-
gated in literature and the potential for directional misinterpretation has
been mentioned in many reports.

Simulations done in [35] highlighted potential situations, where direc-
tional misinterpretation might occur. This study simulated protection of
lines connected between the grid and inverter-based resources, with varying
machine and fault types. The research found directionality issues for faults
very close to the relay. Faults in front of the relay might be interpreted as
faults in the other direction [35]. In this situation, the relay would not trip for
a fault in front of it since it was interpreted to be behind the relay. Similar
relay behavior was witnessed in [44]. In this paper, the relay misinterpreted
a fault very close in front of it to be in the opposite direction, which caused a
failure to trip. The chance for directional misinterpretation with increasing
popularity of inverter-based resources was also mentioned in [4].

According to [4] the directionality issues are mainly caused by relay
memory polarization and changing phase angles of current and voltage. To
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determine the fault direction, the distance relay uses a small sample of the
voltage magnitude and phase angle from before the fault, since the voltage
magnitude might be too small to be measured during the fault [4]. Also, the
relay assumes, that the phase angle remains roughly the same during the
fault. While this is true for a system based on synchronous generators, it does
not hold for inverter-based systems due to their much smaller inertia [4]. In
fact, the phase angles during faults can vary quickly compared to the phase
angles before the fault [4]. Since the phase angle might change rapidly, the
relay could misinterpret the fault in the wrong direction either tripping for a
fault behind it or not tripping for a fault in front of it. Potential for directional
misinterpretation due to phase angle changes caused by inverter-based re-
sources was also highlighted in [40].

The chance for directional misinterpretation could increase during power
swings, when either large loads are connected to the grid or large generators
disconnected [45]. Since the relay uses the voltage phase angle stored in the
memory as a reference to determine the fault direction, a significant change
in voltage phase angle caused by the power swing could cause the relay to
misinterpret the fault direction [45]. In [45], the relay tripped for a reverse
fault during a power swing.

2.4.4 Fault current threshold

The third issue related to distance protection and inverter-based resources is
fault current magnitude. As introduced in chapter 2.3, the fault current sup-
plied by the inverter-based resources is significantly smaller than current
supplied by synchronous generators. This creates a challenge for distance
protection, since distance relays have a fault current threshold, which must
be exceeded before the relay can operate [10].

Simulations performed in [4] highlight this problem. In this article, in-
verter-based resources are connected to a test network and the fault current
level sensed by distance relay is monitored, when the ratio of fault current
supplied by the grid and full-scale converter sources is varied. During situa-
tions, where the fault current was mostly supplied by the strong grid, there
were no relay malfunctions, as expected. However, when the fault current
was mostly supplied by the inverter-based resources, the relay failed to trip
since the current magnitude did not exceed the required threshold [4].

The fault current threshold could also cause problems for the distance re-
lay directionality. According to [46], some distance relays use negative se-
guence current to determine the fault direction. Since the inverter-based re-
sources have limited output current capabilities, this will inevitably also af-
fect the negative sequence current magnitude supplied by the inverters. If the
inverter-based resources cannot supply enough negative sequence current,
this might impact the directionality of distance protection [46].
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2.4.5 Impact on other relay types

Some of the challenges caused by the inverter-based resources can also affect
other types of protection as well. The main challenge for other protective re-
lays is the magnitude of fault current, which was investigated in [4], [46] and
[2].

Most extensive research on inverter-based resources impact on other relay
types was performed in [2]. This study varied between Type-3 and Type-4
wind turbines and monitored the operation of protective equipment in the
line connecting the wind farm to the grid. The focus was on differential pro-
tection installed in lines, busbars and transformers in addition to the dis-
tance protection discussed earlier. Generally, the differential protection op-
erated as expected under all types of faults, both internal and external [2].
However, there were few concerns regarding the reliable operation of differ-
ential protection.

First, the minimum current threshold of the differential relays might not
be exceeded, especially in scenarios where the overall power transfer is small
and largely supplied by the inverter-based resources [2]. According to [47],
differential relays are reliable in the presence of inverter-based resources and
problems arise only if the total fault current magnitude is not large enough.
Otherwise, the relay is expected to work normally.

Secondly, there was a small delay witnessed on the busbar differential for
an internal fault [2]. However, this delay is very small, only around 5 ms, and
therefore it does not impact the relay reliability for internal faults [2]. The
delay is probably caused by frequency variation on the wind farm side during
the fault [2]. For external faults, the busbar differential protection was per-
fectly reliable.

The third potential challenge found by [2] was the impact of harmonics on
transformer differential protection. For external faults, transformer differen-
tial protection was totally reliable, but protection from internal faults could
be affected by harmonics caused by the inverter-based source [2]. The trans-
former differential is equipped with blocking against certain order harmon-
ics, at least the second harmonics, which typically appear during energization
of transformers [2]. If the inverter introduces second order harmonics into
the transformer, it might cause unwanted differential protection blocking
and therefore a failure to isolate the transformer during internal faults [2].

Sources [4] and [46] investigated the impact of inverter-based resources
on differential protection, and both of them highlighted the fault current
threshold as the main challenge for differential protection. In addition to dif-
ferential protection, [4] also introduced potential issues in anti-islanding
protection caused by the inverter-based resources. Anti-islanding protection
operates based on the rate-of-change of frequency [4]. When a section of the
network loses connection to the rest of the power system, the variation of
frequency becomes more rapid, due to lack of inertia, indicating a formation
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of an island [4]. The increasing utilization of inverter-based resources, which
in turn reduces the grid inertia and therefore increases the rate of grid fre-
guency change, was highlighted by simulations performed in [4] and [47].
This will increase the chance of accidental anti-islanding operation in situa-
tions, where large generators are disconnected, or large consumption is con-
nected to the grid. Lower inertia, and the resulting larger frequency varia-
tions, requires faster trip times to maintain power system stability [47].

Low fault current output of inverter-interfaced sources might also have an
impact on overcurrent protection, according to [48]. This paper studied the
impact of Type-4 wind turbines on protection by simulating different fault
conditions and then playing back the results in actual relays. The research
found that overcurrent protection was not affected by the lower fault current
of the Type-4 wind turbine. However, the overcurrent relay was set to trip at
1,1 per unit current level, which is lower than actual current settings [48]. If
the relay was set to usual setting value, around 1,5 per unit [48], the relay
would have failed to trip. Reducing the overcurrent threshold might lead to
accidental tripping.

Even if the overcurrent relay does not completely malfunction due to the
lower fault current levels, tripping times could still be affected. A study [47]
highlighted the potential impact of lower fault levels on the inverse-time de-
lay overcurrent relay. This relay trips faster for larger overcurrent and there-
fore lower fault current levels will cause slower tripping [47].

Zero-sequence overcurrent-based ground fault protection might also suf-
fer from inverter-based resources [48]. This relay monitors the zero-se-
guence component of the current, which is present during asymmetrical
faults such as ground faults, and trips when it exceeds a certain magnitude
[48]. The fault current fed by inverter-based resources might lack sufficient
magnitude of zero-sequence component, causing the relay to malfunction
[48]. Similar malfunction is also possible in protection based on negative-
sequence components if adequate negative-sequence components are not in-
jected by the inverters. Research done in [49] studied this problem and they
found that negative-sequence based directional ground fault protection will
suffer from directionality issues in the presence of Type-4 wind turbines.
Type-3 wind turbines should not have an effect, since they can output larger
fault currents than Type-4 machines [49].
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3 Simulations and simulation models

This chapter describes the simulations and the simulation models used in
this study. The simulations are divided into two groups, simulations on a
small-scale model and simulations on a model representing a portion of the
transmission network of western Finland. The same distance relay model,
which is used in both the small-scale model and the western Finland model,
is also introduced in this chapter. Firstly, simulations are performed on the
small-scale model and if any situations arise, where relays could malfunction,
these situations are then simulated on western Finland model to investigate,
whether these malfunctions could occur on a larger-scale model, which more
closely represents the actual power system. The simulations are performed
using PSCAD 5.0.1 software. PSS/E 35.5 is used to calculate the wind farm
output powers.

3.1 Custom distance relay model

Operation of distance relays is studied using a custom-made simple distance
relay model, which is explained in this section. The basic functionality and
measurements done by the relay are introduced as well as the mathematics
behind the phase-to-ground and phase-to-phase calculation modules. Fi-
nally, the operation of the tripping logics and fault direction output logic are
also explained.

3.1.1 Basic operation of the custom distance relay model

The relay model measures phase currents and phase voltages, which are fed
into the phase-to-ground and phase-to-phase fault calculation modules.
These modules are explained later in Sections 3.1.2 and 3.1.3. The relay
model type is self-polarizing since it uses the fault voltage vector to determine
the fault direction [50]. For example, for a phase-to-ground fault of phase A,
the polarizing quantity is 'Y and for a phase-to-phase fault between phases
A and B the polarizing quantity is 'Y

There are three phase-to-ground fault calculation modules, one for each
phase, and three phase-to-phase fault calculation modules, one for each pos-
sible phase-to-phase short circuit. The fault calculation modules output the
interpreted fault resistance 'Y and reactance @ , which are then fed into
the tripping logic blocks for Zones 1 and 2, and the fault direction output
block, which are explained in Section 3.1.4.

In addition to the fault calculation modules, tripping logics and fault di-
rection blocks, the relay also includes measurements for total harmonic dis-
tortion (THD) of voltage and current, which include the first 18 harmonic
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frequencies. A simple block diagram illustrating the operation of the distance
relay model is shown in Figure 12.

Figure 12. Block diagram of the operation of the used distance relay model.
3.1.2 Phase-to-ground calculation module

Phase voltage and current measurements are fed into the phase-to-ground
calculation module. However, before the measured phase current can be fed
into the calculation module, it must be compensated for the zero and positive
sequence impedance of the transmission line.

Distance relays calculate the positive sequence impedance from the meas-
ured phase voltages and currents since the relay reach settings are based on
the positive sequence impedance of the protected line. During phase-to-
ground faults, this calculated positive sequence impedance would be dis-
torted by the effect of the zero-sequence current and the lines zero-sequence
impedance, which would increase the calculated impedance [51]. Therefore,
the used fault current is calculated with following equation:

0 =0 +0 -0 )

where 0 is the current input signal to the relay, 0 is the measured phase
current, Q is the compensation factor and 0 is the zero-sequence current,
which is asum of all the three phase currents. Factor 0 is calculated as shown
in equation:

0 = — (2)

where ¢ is the zero-sequence impedance of the protected transmission line
and @ is the positive sequence impedance of the line.
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In PSCAD, the measured phase voltage and calculated input current are then
fed into the Fast Fourier Transform (FFT) block, which decomposes the sig-
nals into arrays containing the magnitude and phase angle information for
the 50 Hz component and 14 harmonics. The magnitude and phase infor-
mation are used to calculate the real and imaginary components of voltage
and current using the following equations:

Y = (Y -cos( )) (3)
Y o= (Y sin( ) 4
0 = (0 -cos( )) (5)
0= (0 -sin( )) (6)

where Y and 0 are the magnitudes of voltage and current,| is the phase
angle of voltage andt is the phase angle of current for the nth element in
thearray.Y and’Y are the real and imaginary components of the volt-
age,0 and?0 are the real and imaginary components of the current, and
n is the number of harmonic frequency components in the arrays. From these
real and imaginary components, the relay model calculates the fault re-
sistance and reactance, which are calculated with the following equations:

Y0+ 0

v
0 +0 ()

R 2 T

© = T +0 @®)

where 'Y and @ are the fault resistance and reactance calculated by the
phase-to-ground calculation module, which are then fed into the tripping
logic blocks and fault direction output block. These are explained later in Sec-
tion 3.1.4.
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3.1.3 Phase-to-phase calculation module

Phase voltage and current measurements are also fed into the phase-to-phase
fault calculation modules. This module takes in the measured phase voltage
and current of two phases, and then calculates fault resistance and reactance
for a short circuit between the two phases.

The voltage and current measurements are fed into an FFT block, similarly
to the phase-to-ground module introduced in Section 3.1.2. However, now
there are two FFT blocks as there are phase voltages and currents for two
phases. The FFT blocks then decompose the voltages and currents into arrays
containing the magnitude and phase angle for the 50 Hz signal and 14 har-
monics. Then the real and imaginary components of the voltage and current
are calculated like in the phase-to-ground module. However, for phase-to-
phase faults, calculation of the real and imaginary components of voltage and
current differ from those done for phase-to-ground faults. Here the fault volt-
age is Uag, which is the phase-to-phase voltage between phases A and B. The
fault current I ag during a phase-to-phase fault is the current flowing between
phases A and B. These are calculated with the following equations:

Yo=Y Y 9)
| =0 0 (10)

where Y is the phase voltage of phase Aand Y is the phase voltage for phase
B, 0 is the phase current of phase A and 0 is the phase current of phase B.
The total real and imaginary components are calculated with the following
equations:

Y o= (Y -cos( ) Y -cos( )) (11)
Y = (Y -sin( ) Y -sinC ) (12)
0 = (0 -cos(C ) 0 -cos( )) (13)
0 = (0 -sin( ) 0 -sin( )) (14)
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whereY and| are the magnitude and phase angle of the nth voltage ele-
ment in the array for phase A,Y and| are the magnitude and phase angle
of the nth voltage element in the array for phase B.0 and! are the magni-
tude and phase angle of the nth current element for phase A, and 0 and]
are the magnitude and phase angle of the nth current element in the array for
phase B.

The real and imaginary components of voltage and current are then used
to calculate the fault resistance’Y ~ and reactance®  using Equations (7)
and (8). These are fed into the tripping logic and fault direction output
blocks, which are later introduced in Section 3.1.4.

3.1.4 Tripping logic and fault direction output

After the phase-to-ground and phase-to-phase modules, calculated fault re-
sistance Y and reactance ®  are fed into the tripping logic and fault di-
rection output blocks. There are a total of six Zone 1 tripping logics and six
Zone 2 tripping logics, one of both for each possible phase-to-ground fault
and phase-to-phase fault. Similarly, there are six fault direction blocks, one
for each possible fault. The tripping logic only contains the first two zones as
those are part of the primary line protection. Other zones, such as the third,
fourth or fifth zone are part of the backup protection for the following and
preceding line sections.

The same tripping logic is applied to all fault types. The relay model ana-
lyzes all the possible phase-to-phase and phase-to-ground faults simultane-
ously and sends a trip signal if any of the tripping logics indicate a fault. The
tripping logic indicates a fault if the calculated R-X-point remains within ei-
ther Zone 1 or Zone 2 for a longer time than the respective delay of that zone.
If the R-X-point leaves the setting zone area before the delay has elapsed, the
delay timer is reset. Figure 13 illustrates the Zone 1 and Zone 2 setting area
shapes. The actual R and X setting values and their calculation principles are
later introduced in Section 3.2.2.
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Figure 13. Distance relay setting shapes used for Zone 1 and Zone 2 in the
PSCAD simulation model.

In the simulations, the used delay is 3 ms for Zone 1 and 400 ms for Zone 2.
Even though there is typically no setting delay for Zone 1, 3 ms delay is used
in the simulations to account for the relay operation. An actual relay takes a
few milliseconds to determine a Zone 1 fault and the 3 ms delay used in the
simulations is based on the shortest theoretical time for determining a Zone
1 fault. The 400 ms Zone 2 delay is based on the typical Zone 2 delay used in
the Finnish power system.

The relay also determines the fault direction, whether the fault was in
front of the relay or behind it. This is done by checking whether the calculated
fault reactance was positive or negative 30 ms after the fault inception. 30 ms
is roughly the time it takes for the fault resistance and reactance to settle into
relatively constant value compared to the beginning of the fault. The fault
direction interpretation is done only for the simulated fault. For example, if
the simulated fault is a phase-to-ground fault for phase A, the fault direction
will be determined only for that specific fault. The fault direction block out-
puts value 1 for a forward fault and T1 for a reverse fault.

Finally, the relay model outputs the calculated fault resistance, reactance,
trip signals for Zones 1 and 2, the interpreted fault direction and measured
THDs into a .out-file for the analysis of the relay behavior.

3.1.5 Fault distance for comparison of the calculated fault distances

The fault reactance calculated by the relay is used to analyze the change in
the fault distance when the share of converter-connected generation in-
creases. However, the relay model outputs the reactance as a signal, which
varies over time. A discrete value for the fault reactance is calculated to sim-
plify the comparison of fault distances.

A moving average with a window of 3 ms is calculated for the entire fault
reactance from 30 ms after the fault until the end of the fault. The window
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for the moving average is 3 ms since that is roughly the theoretical minimum
time for a distance relay to declare a Zone 1 fault. The 30 ms delay is used to
allow the fault reactance to settle around a relatively stable value, since the
fault reactance varies greatly immediately after fault inception. The output
for the discrete reactance value is the smallest value of the moving averages
during the fault time.

As later explained in Section 3.2.3, each fault type and location are simu-
lated with six fault inception times. The final value for the fault distance com-
parison is calculated as an average of the minimum moving averages. The
result from this calculation is in Ohms, which is then divided by the line re-
actance to achieve a distance value in percentage of the line length, since the
fault locations are varied at a certain percentage of the line length.

Single phase-to-ground and phase-to-phase faults have only one fault re-
actance, but double phase-to-ground faults have three, the two phase-to-
ground reactances and one phase-to-phase reactance. For these faults, the
value for the comparison is calculated as an average of the three reactances.

3.2 Small-scale simulation model

This section describes the used small-scale simulation model, which most of
the simulations are performed on. The topography of the model is introduced
as well as its key components and the used distance relay settings with the
principles which determine the used settings. This section also contains an
overview of the simulation variables and their values used in the small-scale
model simulations.

3.2.1 Overview of the small-scale model
The key components of the small-scale simulation model are listed in Table
1. The placement of the components and the topography of the model are

illustrated in Figure 14.

Table 1. Key components and their amounts in the small-scale simulation
model.

Component Number of components

Buses 7 (3at110kV, 4 at 400 kV)
Transmission lines 5 (2 at 110 kV, 3 at 400 kV)
Series capacitors 2 (at 400 kV lines)
Transformers 4

Wind power plants 3

Network equivalents 4 (2 at 110 kV, 2 at 400 kV)
Distance relays 10 (2 on each transmission line)
Fault locations 10 (2 on each transmission line)
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Figure 14. The small-scale simulation model.

The series capacitors and wind power plant WPP 1 are located at the middle
of their respective line section, and faults are located at 10 % distance from
the nearest bus. The lengths of the transmission lines are listed in Table 2.
Parameters for the transmission lines, transformers and network equivalents
are listed in Appendix A.

Table 2. Lengths of the transmission line sections of the small-scale model
shown in Figure 14.

Transmission line Length (km)
Bus 1—-Bus 2 40
Bus 1-Bus 3 30
Bus 4—Bus 5 50
Bus 5—Bus 6 20
Bus 6—Bus 7 50

The used distance relay model was described in Section 3.1. All the compo-
nents in the small-scale model are three-phase, but for simplicity they are
represented with a single-line diagram in Figure 14. Like the Finnish power
system, the small-scale model also operates on 50 Hz frequency.

The four network equivalents, two in the 400 kV voltage level and two in
the 110 kV voltage level, are modelled as voltage sources behind a source im-
pedance, which consists of source resistance and inductance. These are cal-
culated with the following equations:
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Y
'Y == . cos(n ) (15)
Y 1
0 = . sin(n N — 16
v Y s ) oA B0z (19
where Y is the voltage of the equivalent, 'Y is the apparent power of
the equivalent and n is the angle of the source impedance of the equiv-

alent.

The voltage sources also have zero sequence impedance, which is calcu-
lated from the positive sequence reactance and ground fault factor. The pos-
itive sequence reactance is calculated with equation:

O =0 -sin (N ) 17

where n is the angle of the source impedance. In Equation (17), &
is calculated with the following equation:

Y
; = 18
) v (18)
where Y is the voltage of the equivalent, 'Y is the apparent power of

the equivalent. The zero-sequence reactance of the network equivalent is
then calculated from the equation for ground fault factor k, which is calcu-
lated with the following equation [52 eq. (4.50)]:

O +0 -0 +0
0= 13- (19)

W +2-0

where @ is the zero-sequence reactance and @ is the positive sequence re-
actance of the equivalent. Equation (19) must be first formed into the follow-
ing equation to solve @ using the quadratic formula:

0 L. +4-’0 L ,‘+4-TQ . v =0 (20)
3 W 3 ] w - 3 w w =

where 0 is the ground fault factor, which equals 1.6 for the 110 kV network
and 1.4 for the 400 kV network, according to the design principles of the
Finnish power system. & is the positive sequence reactance calculated with
Equation (17).

Transmission lines are modelled using frequency dependent line models
for longer sections of the line and coupled PI-sections for sections 5 km long
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and shorter. 400 kV transmission lines have three conductors per phase and
two lighting conductors, whereas 110 kV lines have two conductors per phase
and two lighting conductors. Two transmission lines have series capacitors,
which are situated at the middle of the line section. These series capacitors
are equipped with surge arresters to simulate the operation of overvoltage
protection of the capacitors.

There are a total of four transformers in the small-scale model. The
400 kV network is effectively grounded, and the 110 kV network is partially
grounded. Therefore, every transformer neutral point is grounded on the
400 kV side and only one transformer neutral point on the 110 kV side
through a grounding coil. The two parallel mounted transformers between
buses one and four share a grounding coil on the 400 kV side. The values for
these grounding coils are selected such that the ground fault factor for the
400 KV network is around 1.4 and around 1.6 for the 110 kV network, which
are close to the ground fault factors in the Finnish power system.

Circuit breakers and communication assisted protection functions are not
included in the model. This way the ability of the relay to offer backup pro-
tection for faults behind the remote end of the protected line could also be
analyzed. Otherwise, these faults would be cleared by some other relay before
the Zone 2 would have time to trip. However, operation of the circuit breakers
is considered, if necessary, as explained later in Section 3.2.3.

Even though communication assisted protection functions are not simu-
lated, their operation is considered in the review of the simulation results
since distance protection of 400 kV transmission lines and especially series
compensated lines in Finland relies on communication assisted tripping. If
both relays on a series compensated line detect a forward fault and send a
trip signal, then the results are accepted.

Faults are located at 10 % and 90 % of the length of each transmission line,
such that each fault location is within the Zone 1 of one distance relay and
within the Zone 2 of one another relay. Some fault locations are also within
the Zone 2 of some other relay as well, which provides backup protection for
that location. Simulated fault resistance is 10 mY to reduce the impact of
fault resistance on the relay performance. As stated in Section 2.1.1, distance
protection will not operate during faults with large fault resistance. There-
fore, the simulated faults have very small fault resistance.

3.2.2 Distance relay settings

This section describes the used distance relay settings and the principles they
are calculated with for the simulations on the small-scale model. The used
settings are divided into three subcategories: common line settings, settings
for lines with T-branches and settings for series compensated lines.

The common line settings are calculated from the positive sequence reac-
tance of the protected transmission line section. The positive reactance reach
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of the Zone 1, @ , Is set to 85 % of the line reactance and the Zone 2,
@A) , Is set to 120 % of the line reactance. Both zones also have some neg-
ative reactance reach to account for the line angle. The negative reactance
reach for both zones is calculated to be perpendicular to the line impedance
angle. These are illustrated in Figure 15.

X(Q) A ZIine/
xZone 2 Zone 2
XZone 1
Zone 1
[ Rzone 1 (20 Q) Rzone 2 (25 Q)
'RZone 2 E E R (Q)
A -
| f 4
'RZone 1 (-5Q) X
Zone 1
e T
XZone 2

Figure 15. Distance relay settings and setting principles used on the small-
scale model.

The negative reactance reach of Zone 1, ® ,and Zone 2, ® , are
calculated with the following equation:

W = 1Y - tan (90° 7) (21)
where ® is the negative reactance reach of Zone n, 'Y Is the posi-

tive resistance reach of Zone n, & is the positive sequence reactance of the
protected line section, Y is the resistance of the protected line section and n
is either 1 or 2.

The positive resistance reach for Zone 1 issetto 20 Y and to 25 Y for Zone
2. These are based on the setting principles of the Finnish power system,
where distance relays are set to detect faults with up to 20 Y fault resistance
[14]. The Zone 2 resistance reach considers the resistance of the protected
line. Both zones also include some negative resistance reach to account for
the direction of power flow. The negative resistance reach of Zone 1 is set to
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T5 Y and then the negative resistance reach of Zone 2 is calculated based on
that. The negative resistance reach for Zone 2 is calculated with the following
equation:

Y = s ) (22)
T
where Y is the negative resistance reach of Zone 2, ® is the posi-
tive reactance reach of Zone 1 and & is the positive reactance reach of

Zone 2.

These same principles for calculating the negative reactance and re-
sistance reaches are also applied to line sections with T-branches. However,
determining the positive reactance reaches differs from the previous. In Fig-
ure 16 illustrating the 110 kV network of the small-scale model shown in Fig-
ure 14, the line between buses 1 and 2 has a wind farm connected via a T-
branch. During a fault near either end of that line, the infeed current from
the wind farm WPP 1 will decrease the fault current flowing through the relay
at the remote end and consequently increasing the calculated reactance caus-
ing underreaching. Therefore, the positive reactance reach of relays R1 and
R2 cannot be directly calculated from the line reactance.

Figure 16. A section of the 110 kV network of the small-scale simulation
model shown in Figure 14 in Section 3.2.1.

The reactance reach for relay R1 in Figure 16 is determined by simulating a
single phase-to-ground fault at Bus 2 in PSCAD, and then recording the cal-
culated reactance at the end of the simulation. This way the infeed current
from wind farm WPP 1 can be included in the settings for relay R1. The ob-
tained reactance value is 16 Y. The Zone 1 and Zone 2 reaches are calculated
as 85 % and 120 % from this measured reactance. The same settings are used
for relay R2 as well.
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The common line settings do not apply to the series compensated lines either.
In Figure 14, the line sections between Bus 4 and Bus 5, and between Bus 6
and Bus 7, have series capacitors, which would affect the impedance meas-
ured by the distance relays on those lines. Therefore, the common calculation
principles are not applicable to these lines.

The Zone 1 reach of relays R5, R6, R9 and R10 is set to cover 150 % of the
line length to ensure, that they can detect faults behind the series capacitor.
As was mentioned in Section 3.2.1, distance protection of series compensated
lines is based on communication assisted tripping. Therefore, the principle
of communications is implemented in the results for these relays. If either
relay at the ends of a series compensated line fails to detect the fault within
its Zone 1, trip signal for the other relay is also discarded, since communica-
tion assisted tripping requires both relays to detect the fault before they
would trip.

Only the Zone 1 operation is considered for the relays on series compen-
sated lines. In the Finnish power system, the Zone 2 reach would be 120 % of
the uncompensated line reactance with a delay of 1s. Since the simulated
fault duration will be only 500 ms, there would be no Zone 2 operation and
therefore the Zone 2 is omitted for these relays. The positive resistance reach
is 20 Y and negative resistance reach is 5 Y, similarly to other relays.

However, the common setting principles explained earlier in this section
are applied to these relays as well, when the varied series compensation is set
to 0 %. Then the line sections between buses 4 and 5, and between buses 6
and 7 behave as non-compensated 400 KV lines, and therefore the common
setting principles can be applied. In this situation, relays R5, R6, R9 and R10
have two zones similarly to all the other relays. The distance relay settings
used for all relays in the different scenarios are listed in Appendix B.

3.2.3 Simulations on the small-scale model

The distance relay performance is compared in two scenarios, one with high
short circuit ratio (SCR) and the other with low SCR. In the high-SCR sce-
nario, the amount of converter-connected generation is small relative to the
background network strength, and in the low-SCR scenario the amount of
converter-connected generation is large relative to the background network
strength. SCR measured at the wind power plants point of coupling in the
high-SCR scenario is around 11 and around 3 in the low-SCR scenario. In the
high-SCR scenario, the power of the 400 kV equivalents is set to 12 GVA and
110 kV equivalents to 1500 MVA. In the low-SCR scenario, these values are 2
GVA for the 400 kV equivalents and 50 MVA for the 110 kV equivalents.
Wind farm output powers are determined with PSS/E 35.5. The same
small-scale network described in Section 3.2.1 is modelled in PSS/E to calcu-
late the nominal output power of the wind farms to achieve the desired SCR
levels. These values are then used to calculate the correct number of wind
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turbines in each wind farm, and to configure the wind farm transformers for
the output power. The wind farm WPP 1 is set to 60 MW in all scenarios as
that is the maximum power of a wind farm connected via a t-branch accord-
ing to the Finnish grid code [53]. The wind farm powers, equivalent network
values and respective SCR values are displayed in Table 3. More detailed val-
ues for the network equivalents are listed in Appendix A.

Table 3. Wind farm ratings and equivalent network strengths at high and low
SCR scenarios in Figure 14.

High-SCR Low-SCR
400 kV equivalents 12 GVA 2GVA
110 kV equivalents 1500 MVA 50 MVA
WPP 1 60 MW / SCR 5 60 MW / SCR 5
WPP 2 204 MW/ SCR 11 500 MW / SCR 2.72
WPP 3 300 MW / SCR 11.55 540 MW / SCR 2.86

In addition to wind farm ratings, the type of wind farm is varied to investigate
if different types of wind farms have different impact on distance relays. One
set of simulations is performed with Type-3 wind farms and another set with
Type-4 wind farms. Simulations with wind turbines are limited to only these
two types as these are the most common types of converter-connected gen-
eration in Finland.

To determine, which effects are caused by the wind farms, and which are
caused by the weaker grid, one set of simulations is performed without the
wind farms. In this scenario, the wind farm models are replaced by voltage
source models with high impedance to simulate synchronous generators with
very low fault current output. The voltage sources are set to the same active
and reactive power output as the wind farms. The reactive power output of
the wind farms is calculated in PSS/E 35.5.

Another varied parameter is the degree of series compensation on the se-
ries compensated lines. As illustrated in Figure 14, two 400 kV transmission
lines have series capacitors and their degree of series compensation varies
between 0 % and 75 % to determine, whether the degree of series compensa-
tion has any effect on the distance relay performance in the presence of con-
verter-connected generation. Varying the degree of series compensation is
important since there are lines with varying degree of series compensation in
the Finnish power system.

Fault type, location and inception time are the final varied simulation pa-
rameters. Fault types are single phase-to-ground, phase-to-phase and double
phase-to-ground faults as these are the most common fault types according
to fault statistics. As explained in Section 3.2.1, there are a total of ten fault
locations, two on each transmission line. This way each fault location will be
within the Zone 1 for one relay and within the Zone 2 for at least one other
relay. Therefore, the operation of the first two zones can be analyzed. Fault
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inception time is varied between 10.00 s and 10.01 s from simulation start,
with a time step of 2 ms for a total of six different inception times to sort out
the results, which are not produced by the converter-connected generation.

Fault inception is varied from ten seconds onwards allowing the simula-
tion model to settle into a steady state before the fault occurs. Fault duration
is 500 ms since the used Zone 2 delay is 400 ms. 500 ms is also the maximum
allowed fault duration in 110 kV network. The total duration of each simula-
tion is 10.5 s with simulation time step of 25 us and measurement time step
of 50 ps. Table 4 combines all the simulation variables and their values. The
wind farm and equivalent network values with respect to SCR level were
listed in Table 3.

Table 4. Simulation variables, values and number of combinations.

Variable Values Combinations

SCR level High SCR, 2
Low SCR

Plant type Type-3, Type-4, 3

Synchronous generators

N

Series compensation (%) | 0%, 75 %

Fault type Single phase-to-ground, 3
phase-to-phase,
double phase-to-ground

Number of fault locations | 2 per line (5 transmission 10
lines)

Fault inception time (s) 10.000, 10.002, 10.004, 6
10.006, 10.008, 10.010

Total number of 2160

simulations

As mentioned in Section 3.2.1, the circuit breaker operation is not considered
in the simulations to investigate the relay’s ability to operate as backup pro-
tection for the beginning of the next line section beyond the remote end of
the line. However, in the Finnish power system, faults near one end of a
110 kV transmission line are cleared as Zone 1 faults from the line end near
the fault and as Zone 2 faults from the other end of the line, since 110 kV lines
are usually not equipped with communication links. This situation is illus-
trated in Figure 17. The fault location is inside Zone 1 of Relay 2 and inside
Zone 2 of Relay 1. Therefore, Relay 1 sends a trip signal to its circuit breaker
with Zone 2 delay and Relay 2 sends a trip signal to its circuit breaker without
any delay, when the line is not equipped with communications.
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Figure 17. Fault location near one end of a 110 kV transmission line with
zone settings for Relay 1.

In case there are situations in the simulations, where Relay 1 would fail to
detect the fault near the remote end of that transmission line, these situations
are also simulated with the remote end circuit breaker opening 60 ms after
the fault inception. This is how actual 110 kV line protection would work if
the line were not equipped with communication functions. The 60 ms
breaker opening time assumes that the Relay 2 at the remote end will send a
trip signal 10 ms after the fault inception and the circuit breaker will open in
50 ms after the trip signal, which is roughly the same as actual circuit breaker
opening time.

However, these situations are simulated with the circuit breaker at Bus B
opening only if Relay 2 detects the fault inside its Zone 1, since the breaker
requires a trip signal to operate. If both relays fail to detect the fault, no trip
signal will be sent and therefore circuit breakers would not open.

3.3 Western Finland model and simulations on the model

Rest of the simulations are performed on a model, which represents a large
portion of the transmission system in Western Finland. This section of the
Finnish power system was chosen, because there is already a large amount of
converter-connected generation in the form of wind turbines in the area. In
addition, the amount of wind turbines within Western Finland will continue
to increase in the future. Therefore, this section of the Finnish power system
is ideal for simulating the operation of distance relays in the presence of con-
verter-connected generation on a large-scale model. Simulations on the
Western Finland model are also performed in PSCAD.

Figure 18 illustrates the 400 kV network included in the large-scale West-
ern Finland simulation model. The rest of the power system is modelled as
network equivalents representing generation and loads representing con-
sumption connected to the substations.

The model contains 42 400 kV substations and 59 400 kV transmission
line sections, ten of which are equipped with series capacitors. In addition,
the model contains 150 110 kV substations and 316 110 kV transmission
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lines. For simplicity, only the three 110 kV transmission lines are included in
Figure 18, since those are the 110 kV line sections relevant to the simulations
on the model. One of these line sections has a wind farm connected in the
middle of the line, similarly to the small-scale model.

The 400 kV transmission lines are modelled with frequency dependent
line models and the 110 kV lines are modelled with simplified line models.
The simplified line models consist of positive and zero-sequence resistance,
inductive reactance and capacitive susceptance.

The model also contains a total of 4930 MW of wind power, which is a
mixture of both Type-3 and Type-4 wind turbines, with 1413 MW of Type-3
turbines and 3516 MW of Type-4 turbines. The four DC-links are included in
the model since those are also connected to the grid via converters.

Simulations on the Western Finland model are selected based on the re-
sults from the small-scale model. If there are issues with distance relay oper-
ation in the simulations on the small-scale model, these situations are simu-
lated on the Western Finland model to determine, whether similar issues
could occur on a large-scale model.

In all cases, the simulated fault inception time is 10.00 s since fault incep-
tion time did not have any impact on the relay operation. The fault duration
is 500 ms. Distance relay settings used in the Western Finland model are
listed in Appendix B.
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Figure 18. Topography of the Western Finland model.
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4 Simulation results

This chapter reviews the results from the simulations and the introduces the
key findings from them. The results are divided into two sections: results
from simulations on the small-scale model and results from the Western Fin-
land model. The results from the small-scale model are further divided into
failure to operate, unwanted relay operation, changes in the calculated fault
distance and changes in levels of harmonics.

4.1 Failures to operate in the small-scale model

This section reviews the observed failures to operate, which means any situ-
ation where the relay should send either a Zone 1 or Zone 2 trip signal, but
for some reason fails to do that. Zone 2 failures to operate include failures to
operate for faults on the protected line and failures to operate for faults at the
beginning of the next line section. These both situations are discussed sepa-
rately.

4.1.1 Zone 1 failures to operate

Out of all the 2160 simulations performed on the small-scale model, there
were no observed failures to operate of the Zone 1. This means that the dis-
tance relay dependability for Zone 1 faults does not change when the share of
converter-connected generation in the simulation model increases.

These results also affect the results for Zone 2 failures to operate. As ex-
plained earlier in Section 3.2.3, communication assisted tripping and opera-
tion of circuit breakers can be included in the analysis of the results in cases,
where the relay at the remote end detects the fault within its Zone 1. Since
there are no observed Zone 1 failures to operate, these options are available
for Zone 2 failures to operate in all situations.

Even though there were no observed Zone 1 failures to operate in these
simulations, this does not explicitly mean that such events could not occur.
The simulated fault distance of 10 % is relatively close to the relay and even
large changes in the fault distance would not necessarily move the fault loca-
tion outside of Zone 1.

If the calculated fault distance increases with increasing share of con-
verter-connected generation, Zone 1 could fail to operate for faults near the
end of Zone 1. This possibility is further analyzed in Section 4.3, which fo-
cuses on the changes in calculated fault distance.
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4.1.2 Zone 2 failures to operate

Unlike Zone 1 failures to operate, there are Zone 2 failures to operate in the
high and low-SCR scenarios on all three power plant types. Table 5 presents
the total number of observed Zone 2 failures to operate at both SCR-levels
and a breakdown of results for all three types of generators.

Table 5. Overview of observed Zone 2 failures to operate by generation type
and SCR level.

High SCR Low SCR
Total 166 191
Synchronous generators 48 49
Type-3 wind turbines 49 72
Type-4 wind turbines 69 70

As Table 5 shows, the number of Zone 2 failures to operate increases when
the share of converter-connected generation increases. However, this only
applies to Type-3 wind turbines, since the number of failures to operate in-
creased by only 1 for synchronous machines and Type-4 wind turbines.
Therefore, the reduction in SCR-level is not the only reason for the increase,
since the increase for Type-3 wind turbines is much greater than for the other
two machine types.

Results shown in Table 5 contain both the failures to operate for faults
near the remote end of the line, and for faults at the beginning of the next line
section. Results from Table 5 are further broken down to these two possible
situations in Table 6.

Table 6. Zone 2 failures to operate for faults on the protected line and at the
beginning of the next line section without circuit breakers or communications.

High SCR Low SCR

Fault on the protected 17 35
line

Synchronous machines 7 14
Type-3 wind turbines 6 22
Type-4 wind turbines 4 4
Fault at the beginning 149 147
of next line section

Synchronous machines 41 35
Type-3 wind turbines 43 46
Type-4 wind turbines 65 66

As can be seen from the results in Table 6, Zone 2 failures to operate increase
for faults on the protected line and for faults at the beginning of next line
section, when the share of converter-connected generation increases. The
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increases are especially large for Type-3 wind turbines, which have the larg-
est increase in both categories of fault locations. Failures to operate for faults
at the beginning of next line section decrease with synchronous generators.
This reduction is caused by reduced infeed current at the remote end bus.

Failure to operate for a fault on the protected line section can seriously
reduce the power system reliability. However, these results only include the
independent operation of the relays, which means that communication as-
sisted tripping and circuit breaker operation has been omitted. As mentioned
previously in Section 3.2.3, these can be taken into consideration, if the relay
at the remote end operates for the fault in question, which was confirmed in
Section 4.1.1, since there were no Zone 1 failures to operate.

Failures to operate in 110 kV network are re-simulated with the remote
end circuit breaker opening 60 ms after the fault inception as explained in
Section 3.2.3. Failures to operate in 400 kV network are omitted in, if the
relay interprets the fault within its Zone 2 for at least 15 ms which would be
long enough for the relay to detect the fault. Since there are no Zone 1 failures
to operate, the relay at the remote end always sends a POTT-signal. When
the relay detects the fault within its Zone 2 and receives the POTT-signal, it
will also send a trip signal to its circuit breaker. Therefore, these situations
can be omitted from the results, as this is how the distance protection of
400 KV lines in Finland operates.

There are no Zone 2 failures to operate for faults on the protected line,
when the remote end circuit breaker in the 110 kV network and communica-
tions in the 400 kV network are included. Therefore, all Zone 2 failures to
operate are failures to operate for faults at the beginning of the next line sec-
tion.

Even though there were no Zone 2 failures to operate for faults on the pro-
tected line, the increase in the failures to detect the fault independently
means that situations could arise, where the line protection completely fails
to interrupt a fault. Under normal operating conditions this would not hap-
pen, but in case the relay at the remote end fails to detect the fault, the relay
at the other end could also fail to detect the fault, which would result in a
failure of the line protection and potential widespread disturbance. However,
this situation is highly unlikely since there are always two distance relays at
both ends of each line section in the Finnish power system and this situation
requires both relays to become nonoperative simultaneously.

Failures to operate for faults at the beginning of next line section are also
not a direct threat to the power system reliability. This situation is illustrated
in Figure 19. The fault is within Zone 1 for Relay 3, which would primarily
interrupt the fault. Relay 1 offers backup protection for that fault location and
therefore it would send a trip signal only if Relay 3 fails to interrupt the fault
in time.
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Relay 1

Figure 19. Zone settings of primary and secondary protection for a fault at
the beginning of next line section.

Since there were no Zone 2 failures to operate for faults on the protected line,
when circuit breakers and communication assisted tripping was included, the
increasing share of converter-connected generation does not affect the pri-
mary line distance protection under normal operating conditions.

Even though these types of Zone 2 failures to operate were not witnessed
on the small-scale model, this does not explicitly mean that such situations
could not occur in real-life. Those situations could occur if the calculated fault
distance increases significantly due to the increasing share of converter-con-
nected generation. The changes in calculated fault distance are further inves-
tigated in Section 4.3.

Zone 2 also operates as a backup for faults at the beginning of next line
section. With increasing share of converter-connected generation, there is a
chance that the relays would increasingly fail to detect these kinds of faults.
Under normal operating conditions this is not an issue, but it could cause
issues if the relay at the beginning of next line section fails to detect the fault.

4.2 Unwanted operation in the small-scale model

This section reviews the potential unwanted relay operation witnessed in the
simulations on the small-scale model. Unwanted operation means a situa-
tion, where the relay sends either Zone 1 or Zone 2 trip signal for a fault,
which it is not supposed to. Unwanted operation is equally dangerous to a
failure to operate, since disconnecting lines unnecessarily could lead to dis-
connection of generation or load, which could result in widespread stability
issues and interruptions to customers. Distance relay settings for the relays
discussed in this section are listed in Appendix B.

4.2.1 Unwanted Zone 1 operation

Table 7 presents the unwanted Zone 1 operations witnessed in the simula-
tions on the small-scale model. As can be seen from the results, the number
of unwanted operations increases, when the share of converter-connected
generation increases. All machine types cause some unwanted operation in
the high-SCR scenario, but these occur during random fault ignition times
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and therefore they are not necessarily caused by the machine type. The num-
ber of unwanted operations can exceed the number of simulations in the re-
spective scenario, since multiple relays can operate incorrectly simultane-
ously.

Table 7. Total number of Zone 1 unwanted operations by SCR level and type
of generation.

High-SCR Low-SCR
Total 132 564
Synchronous machines 53 123
Type-3 wind turbines 56 392
Type-4 wind turbines 23 49

The increase in unwanted operation is especially large with Type-3 wind tur-
bines. The number of unwanted Zone 1 operation increases by 600 % com-
pared to 115 % with Type-4 wind turbines and 130 % with synchronous ma-
chines.

Figure 14 illustrated the small-scale simulation model. The situations,
where the most unwanted tripping occurs with Type-3 turbines are fault lo-
cations F7, F8, F9 and F10. The distance relay which would unwantedly trip
for double phase-to-ground faults in these locations is distance relay R4, but
also relays R3, R2 and R1. In these situations, the relay R4 unnecessarily trips
during a couple of fault inception times with Type-4 turbines and synchro-
nous machines, but with Type-3 turbines, the unwanted operation occurs
during every fault inception time. The other three relays also unnecessarily
trip during most of the fault inception times with Type-3 turbines, but not
with Type-4 turbines or synchronous machines. Therefore, the unwanted op-
eration is caused by the Type-3 wind turbines.

Figure 20 shows the three fault impedances seen by relay R4 during the
first 100 ms of a double phase-to-ground fault of phases A and B in location
F9, when the generation is Type-3 wind turbines. As can be seen, the fault
impedance of phase A-to-ground enters the Zone 1 setting area causing the
unwanted tripping. The other two fault impedances also briefly enter the set-
ting area, but too quickly to cause an unwanted trip. The fault impedances
also move rapidly from one place to another, which suggests that some level
of harmonics is present during this situation.
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Figure 20. Fault impedances calculated by relay R4 during a double phase-

to-ground fault of phases A and B at location F9 with Type-3 wind turbines in
the low-SCR scenario.

Figure 21 shows the same results as Figure 20, but with synchronous ma-
chines, and Figure 22 shows the results with Type-4 wind turbines. The fault
impedances quickly enter the Zone 1 setting area with both synchronous ma-
chines and Type-4 turbines, but too quickly to cause any unwanted operation.
In addition, the impedances move around much less, than with Type-3 tur-
bines, which suggests, that a lower level of harmonics is present with these
machine types.
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Figure 21. Fault impedances calculated by relay R4 during a double phase-

to-ground fault of phases A and B at location F9 with synchronous machines
in the low-SCR scenatrio.
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Figure 22. Fault impedances calculated by relay R4 during a double phase-

to-ground fault of phases A and B at location F9 with Type-4 wind turbines in

the low-SCR scenario.

Figure 23 shows the voltage and current harmonics during the first 100 ms
after a double phase-to-ground fault at location F9 measured by relay R4. As
can be seen from the figure, the levels of voltage harmonics are around 20 %
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higher with synchronous machines than with the two wind farms during the
first 20 ms after the fault. After that, the voltage harmonics with Type-3 wind
turbines rise to more than 5 times higher than the synchronous machines or
Type-4 wind turbines.

The current harmonics are highest throughout the entire 100 ms with the
Type-3 wind turbines. Between 30 and 40 ms after the fault, the current har-
monics with the two wind turbine types are around the same level, but after
that the current harmonics with Type-3 turbines rise to extremely high level
compared to the two other machine types.

The levels of harmonics are relevant to around 70—80 ms after the fault
inception, since by that time the distance relay R9 in the 400 kV network
would interrupt the fault, when assuming 20—30 ms fault detection time and
50 ms for the circuit breaker opening. Nevertheless, the levels of harmonics
are much higher with Type-3 wind turbines than the other two, except for the
first 20 ms, when the voltage harmonics are higher with the other two ma-
chines.
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Figure 23. Harmonics measured by relay R4 during the first 100 ms of a
double phase-to-ground fault at location F9 in the low-SCR scenario without
series compensation.

It is also good to point out that according to [42], distance relays are more
sensitive to current harmonics than voltage harmonics. Therefore, the un-
wanted tripping occurs regularly with Type-3 turbines since the levels of cur-
rent harmonics are much higher throughout the fault.

Even though the presented fault impedances and harmonics are for a fault
at location F9, the results for faults at locations F7, F8 and F10 are similar.
Type-3 wind farms increase the levels of harmonics in the 110 kV network
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during faults in the 400 kV network, which results in unwanted operation of
relays in the 110 kV network.

Since the relays temporarily interpret the faults within their Zone 1 caus-
ing the unwanted operation, these can be solved by delaying the Zone 1 oper-
ation. Increasing the Zone 1 delay to 20 ms completely eliminates these un-
wanted operations. Introducing a longer delay slightly increases the fault du-
ration before itis cleared, but this is not an issue in the 110 kV network, where
the maximum allowed fault duration is 500 ms.

Another situation, where unwanted Zone 1 operation occurs is a single
phase-to-ground fault at location F2 and the relay falsely tripping for fault at
this location is relay R3, which means that the relay trips for a fault in the
reverse direction. In the high-SCR scenario, there are no faulty tripping with
Type-4 wind turbines or synchronous machines, but there are two faulty trips
with Type-3 wind turbines. However, in the low-SCR scenario, there are still
no faulty tripping with Type-4 turbines, one trip with synchronous machines
and six with Type-3 turbines. Therefore, this increase in unwanted tripping
is again caused by the Type-3 wind turbines.

Figure 24 shows the fault impedance during a phase-to-ground fault at
location F2 calculated by relay R3 when the generation is Type-3 wind tur-
bines. As can be seen, the relay interprets the fault as a forward fault, even
though the fault location is in the opposite direction. This same faulty direc-
tionality occurs also with a single phase-to-ground fault at location F1.
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Figure 24. Fault impedance calculated by relay R3 during a phase-to-ground
fault of phase A at location F2 with Type-3 wind turbines in the low-SCR
scenario.

Figure 25 shows the fault impedance in the same scenario, but with Type-4

wind turbines. In this situation, the relay correctly interprets the fault as a
reverse fault and therefore there is no problem with relay operation.
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Figure 25. Fault impedance calculated by relay R3 during a phase-to-ground
fault of phase A at location F2 with Type-4 wind turbines in the low-SCR
scenario.

Figure 26 shows the same results, but with synchronous machines. The relay
correctly interprets the fault as a reverse and therefore there is no unwanted
operation in this situation either. The directional misinterpretation only oc-
curs with the Type-3 wind turbines.
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Figure 26. Fault impedance calculated by relay R3 during a phase-to-ground

fault of phase A at location F2 with synchronous machines in the low-SCR

scenario.

This section reviewed the unwanted Zone 1 operation witnessed in the simu-
lations on the small-scale model. The number of unwanted Zone 1 operation
increased, when the share of converter-connected generation increased. The
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increase was especially large in simulations with Type-3 wind turbines,
where the number of unwanted operations grew to seven times the original
amount. Most of these unwanted operations occurred during double phase-
to-ground faults in the 400 kV network. The levels of current and voltage
harmonics in the 110 kV network were elevated and therefore the relays R1—
R4 had difficulties determining the correct fault location and direction, which
caused the unwanted Zone 1 operation.

In one situation, the distance relay R3 misinterpreted faults in the reverse
direction to be within its Zone 1, therefore resulting in a faulty Zone 1 opera-
tion. This occurred only with Type-3 wind turbines, synchronous machines
or Type-4 turbines did not cause any issues. This behavior was witnessed in
both the high-SCR and low-SCR scenarios.

There was also an increase in the unwanted operation with Type-4 wind
turbines in the low-SCR scenario. During double phase-to-ground faults in
the 400 kV network, the relays in the 110 kV network would sometimes in-
correctly declare a Zone 1 fault, but these were random and occurred only
during a couple of simulations.

4.2.2 Unwanted Zone 2 operation

This section reviews the unwanted Zone 2 operation witnessed in the simu-
lations on the small-scale model. There is only one scenario, where a Zone 2
unwanted operation did occur.

The only Zone 2 unwanted operation occurs during a single phase-to-
ground fault at location F2 and the relay which incorrectly determines this as
a Zone 2 fault is relay R3. This is the same situation, where the directional
misinterpretation was witnessed in Section 4.2.1, but the Zone 2 unwanted
operation occurs in the high-SCR scenario, since in the low-SCR scenario the
relay R3 would perform an unwanted Zone 1 trip and therefore no Zone 2
operation could occur.

Figure 27 shows the fault impedance calculated by relay R3 during a
phase-to-ground fault in location F2 with Type-3 wind turbines. As can be
seen from the figure, the impedance moves into the Zone 2 setting area of
relay R3 causing an unwanted Zone 2 operation, even though the fault loca-
tion is in the reverse direction. The impedance also quickly passes through
the Zone 1 area, but that does not cause Zone 1 operation.

The unwanted Zone 2 operation occurs during four of the six fault incep-
tion times. During the other two times the impedance passes through the
Zone 1 area too slowly and causes an unwanted Zone 1 operation. Therefore,
Zone 2 operation does not occur during those two simulations. Regardless,
the fault is falsely interpreted as a forward fault every time.
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Figure 27. Fault impedance calculated by relay R3 during a phase-to-ground
fault of phase A at location F2 with Type-3 wind turbines in the high-SCR
scenario.

Again, this faulty directional interpretation occurs only with the Type-3 wind
turbines. Figure 28 shows the same situation, but with Type-4 turbines and
Figure 29 shows the situation with synchronous machines. As can be seen
form the two figures, there are no issues with the other two machine types.
The fault location is correctly interpreted in the reverse direction and there-
fore there is no risk of unwanted Zone 2 operation with the other two ma-
chine types.
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Figure 28. Fault impedance calculated by relay R3 during a phase-to-ground
fault of phase A at location F2 with Type-4 wind turbines in the high-SCR
scenario.
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Figure 29. Fault impedance calculated by relay R3 during a phase-to-ground
fault of phase A at location F2 with synchronous machines in the high-SCR
scenario.

This section reviewed the Zone 2 unwanted operation in the simulations on
the small-scale model. The distance relay R3 falsely interprets a fault in the
reverse direction as a forward fault in the high-SCR scenario with Type-3
wind turbines. The same directional misinterpretation was also discussed in
Section 4.2.1, where it resulted in unwanted Zone 1 operation for faults in the
reverse direction. These issues did not occur with either Type-4 turbines or
synchronous machines.

4.3 Changes in calculated fault distance in the small-scale
model

This section reviews changes in calculated fault distance in the simulations
on the small-scale model. Change in fault distance is one of the potential ef-
fects on distance relays caused by the increasing share of converter-con-
nected generation, as was mentioned in Section 2.4.2. Increase in the calcu-
lated fault distance could lead to the distance relay underreaching during
faults and therefore delayed tripping. Decrease in the fault distance could
lead to overreaching and therefore too fast tripping or unwanted tripping.

Table 8 presents the changes in the calculated fault distance relative to the
fault location on the line. For example, a single phase-to-ground fault located
at 10 % of the line length in the high-SCR scenario, is calculated on average
at 12.78 % in the low-SCR scenario. The principles used to calculate these
values were explained in Section 3.1.5.
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Table 8. Changes in the calculated fault distance by fault type and fault lo-
cation on the line.

Single Phase-to- Double
phase-to-ground phase phase-to-ground
Fault +2.78 % -1.00 % -1.11%
@10 %
Fault +19.94 % -10.52 % -9.42 %
@90 %

As was shown in Table 8, the fault distance of single phase-to-ground faults
increases when the share of converter-connected generation increases. The
increase in fault distance is caused by the weaker supply and therefore re-
duced magnitude of zero-sequence current. As explained in Section 3.1.2, the
used distance relay model calculates the phase-to-ground fault impedance
from the phase current compensated with the zero-sequence current and
phase voltage.

Figure 30 illustrates the change in the magnitude of zero-sequence current
during a single phase-to-ground fault at fault location F4 measured by relay
R3. As can be seen from the figure, the zero-sequence current is higher in the
high-SCR scenario than in the low-SCR scenario. Since the magnitude of
zero-sequence current reduces, the calculated fault impedance increases and
therefore phase-to-ground faults are interpreted further away in the low-SCR
scenario. Series compensation does reduce the increase by few percent.
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Figure 30. Zero-sequence currents measured by relay R3 during a phase-
to-ground fault of phases A and B at location F4 in the high and low-SCR
scenarios with Type-3 and Type-4 wind turbines.
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The results also explain, why Zone 1 and Zone 2 failures to operate for faults
on the protected line were not witnessed in Section 4.1. The changes in Zone
1 and Zone 2 fault distances are not enough to move the fault location outside
of the zone setting area. The 19.94 % increase in distance of phase-to-ground
faults located at 90 % of line length would move the calculated fault location
t0 109.94 %, which is still within the Zone 2 setting area of 120 % of the line
reactance.

Unlike phase-to-ground faults, the calculated fault distance decreases for
the other two fault types, as can be seen from Table 8. The reduction in fault
distance is also caused by the weaker supply. Figure 31 illustrates the change
in fault distance during a phase-to-phase fault with Type-4 wind turbines.
The fault impedance in the high-SCR scenario initially spins closer to the re-
lay, but then settles into a roughly constant value towards the end of the fault.
However, in the low-SCR scenario, the fault impedance changes more rapidly
towards the end of the fault compared to the high-SCR scenario, which re-
sults from the weaker supply and higher levels of harmonics. This causes the

calculated fault distance to be shorter in the low-SCR scenario than in the
high-SCR scenario.
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Figure 31. Fault impedance during the last 470 ms of a phase-to-phase fault

between phases A and B at location F7 measured by relay R8 with Type-4
wind turbines.

Same situation, but with Type-3 wind turbines is illustrated in Figure 32. As
can be seen from the figure, now the fault impedance spins closer to the relay
near the beginning of the fault, which results in the shorter calculated fault
distance. However, the fault location towards the end of the fault is calculated

very close to the high-SCR scenario, as can be seen from Figure 31 and Figure
32.
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Figure 32. Fault impedance during the last 470 ms of a phase-to-phase fault
between phases A and B at location F7 measured by relay R8 with Type-3
wind turbines.

This section investigated the changes in the calculated fault distance when
the share of converter-connected generation in the grid increases. The find-
ings were very similar to the results from previous studies, which were pre-
sented in Section 2.4.2. Depending on the situation, the calculated fault dis-
tance might increase or decrease when the share of converter-connected gen-
eration increases.

These results also explain, why there were no failures to operate witnessed
in Section 4.1. The changes in Zone 1 and Zone 2 faults regardless of fault
type are not large enough to move the fault location outside of the setting
area, especially since the distance decreases for phase-to-phase and double
phase-to-ground faults. This would result in distance relay overreaching.

However, the increase in calculated fault distance for phase-to-ground
faults could result in Zone 1 failures to operate if the fault location was very
close to the end of Zone 1 setting area. Since the Zone 1 faults in this study
were located at only 10 % of the line length, there were no Zone 1 failures to
operate.

4.4 Simulation results of the Western Finland model

This section reviews the results from the simulations on the Western Finland
model. Three situations were selected to be simulated on the Western Fin-
land model, which caused considerable challenges in the simulations on the
small-scale model.

Thefirst case is a double phase-to-ground fault near substation F in Figure
18 in Section 3.3, while the 400 kV line between substations D and E has been
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disconnected, for example due to maintenance. The studied distance relay in
this case is located at substation E. This situation is similar to the relay R5
with a fault at location 6 in the small-scale model shown in Figure 14, where
a400 kV transmission line is only fed from the 110 kV side during a fault near
the other end of the line. In this case, the distance relay had difficulties de-
tecting the fault near the remote end of the line without communication func-
tions.

Figure 33 shows the fault impedances for a double phase-to-ground fault
at substation E measured by relay at substation F. As can be seen form the
figure, the reactance for phase-to-ground fault of phase A quickly enters Zone
1 setting area, but that is too quick to cause an unwanted Zone 1 operation.
The fault is clearly interpreted well within the Zone 2 setting area and there-
fore the relay correctly detects the fault, even without the help from commu-
nications. There are no issues in Case 1 on the Western Finland model.
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Figure 33. Fault impedances during a double phase-to-ground fault of
phases A and B in Case 1 on the Western Finland model.

The second case is also a double phase-to-ground fault in the 400 kV net-
work, but this time the fault is located near the substation D in Figure 18. The
relay in question is the distance relay at substation D on the 110 kV line be-
tween substations D and C. This situation is similar to relay R4 and fault at
location F7 on the small-scale model, where Type-3 wind farms caused un-
wanted operation of the relays in the 110 kV network during a double phase-
to-ground fault in the 400 kV network. There is a 250 MW Type-3 wind farm
connected to substation D.

Figure 34 shows the fault impedances for Case 2. As can be seen from the
figure, the fault impedances are interpreted far away from the Zone 1 or Zone
2 setting areas, as they should be. Therefore, the relay operates correctly in
this case as well.
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Figure 34. Fault impedances during a double phase-to-ground fault of
phases A and B in Case 2 on the Western Finland model.

The third case is a phase-to-phase fault near substation B on the 110 kV line
between substations A and B. The studied distance relay is located at substa-
tion A on that 110 kV line. In this case there is a wind farm connected via a
40 MW T-branch on the protected line. This situation is similar to relay R1
and a fault located at location F2 on the small-scale model, where there is a
T-branch connected wind farm on the faulted line, but there is also an alter-
native route for the fault current through the 400 kV network. Relays strug-
gled to independently detect the fault in similar situations on the small-scale
model, without the remote end circuit breaker opening.

Figure 35 shows the fault impedance in Case 3. The fault impedance
quickly enters the Zone 1 setting area, but that is too quick to cause an un-
wanted Zone 1 operation in this case. The fault location is interpreted well
within the Zone 2 setting area and therefore there are no issues in this case
either.
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Figure 35. Fault impedance during a phase-to-phase fault of phases A and
B in Case 2 on the Western Finland model.

This section reviewed the results from the three cases simulated on the West-
ern Finland model. Distance relays operated incorrectly in similar cases on
the small-scale model and the simulations on the Western Finland model
were performed to determine, whether similar problems could arise in the
Finnish power system as it is today.

None of the selected cases had issues with distance relay operation. The
relays correctly interpreted the faults within Zone 2 in Cases 1 and 3, and
outside of Zone 1 in Case 2. These situations had issues on the small-scale
model with Type-3 wind turbines. It is possible, that there were no issues on
the Western Finland model, since the share of Type-3 wind turbines is much
smaller than in the small-scale model relative to other types of generation.
Similar issues could arise on the Western Finland model as well, if large num-
bers of Type-3 wind turbines are built within a small area, which has only
limited connection to the rest of the grid.

4.5 Changes in levels of harmonics in the small-scale
model

This section presents the changes in measured voltage and current harmon-
ics during faults in the small-scale simulation model. As mentioned previ-
ously in Chapter 1, high levels of harmonics during faults have caused over-
reaching and incorrect fault direction interpretation of distance protection in
the Finnish power system, and this section reviews, whether the levels of har-
monics changes when the share of converter-connected generation in the
grid increases.
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The results are presented separately for the first 30 ms after fault inception
and for the remaining time until the end of the fault. This is done to study the
harmonics during Zone 1 and Zone 2 operation separately. Also, the fault cur-
rent supply of the converter-connected generation reaches its maximum
value around 20—30 ms after the fault inception [33].

Voltage and current THD in the low-SCR scenario of all three types of gen-
eration are compared to THDs in the high-SCR scenario with synchronous
machines, which serves as the base situation. Difference in THDs between
the low-SCR scenario with synchronous machines and the base situation is
caused by the reduction in fault current, which increases the relative share of
the harmonics. If the THDs of the two wind farm types deviate from the low-
SCR scenario with synchronous machines, the difference is caused by the
wind farms themselves.

The fault types in the following figures are limited to double phase-to-
ground faults since the differences in the levels of harmonics are similar dur-
ing other fault types as well. Additionally, in Section 4.2 the witnessed un-
wanted operation occurred during double phase-to-ground faults and those
were caused by the levels of harmonics. The figures for the other fault types
are shown in Appendix C.

The following figures show the measured THDs from the fault inception
to the end of the fault. The fault occurs at 0.1 s and ends at 0.6 s, since the
fault duration in 500 ms. Y-axis is the levels of harmonic distortion as THD-
percentage. The fault locations and relays were defined in Figure 14 of Sec-
tion 3.2.

Figure 36 shows the voltage and current THDs measured by relay R3 dur-
ing the first 30 ms of a double phase-to-ground fault at location F3 in the
110 kV network. As can be seen from the figure, the harmonics in the low-
SCR scenarios of all types of generation are higher than in the high-SCR sce-
nario with synchronous machines. The apparent increase in voltage THD is
caused by the weaker background grid and consequent smaller fault current,
which increases the relative share of the harmonics. However, the peak volt-
age THD is around 30 % lower with Type-4 wind turbines compared to the
other two machine types.

The current THDs of Type-4 turbines and synchronous machines are
roughly equal to the base situation during the first 30 ms. In contrast, the
peak current THD with Type-3 wind farms is roughly 300 % higher than with
the other two machine types. However, the duration of the peak is less than
1 ms and therefore would not necessarily affect the relay performance. After
the first 10 ms, the current THDs of all machine types settle around the same
level.

73



Figure 36. Voltage and current harmonics in the 110 kV network measured
by relay R3 during first 30 ms of a double phase-to-ground fault at location
F3.

Figure 37 shows the THDs for the remaining 470 ms of the double phase-to-
ground fault at location F3. There is no significant difference in either voltage
or current THD during this period. The voltage THD is lower with the two
wind turbines than in the low-SCR scenario with synchronous machines, but
the difference is less than 3 %. The current THD is slightly higher with Type-
4 wind turbines 150—200 ms after the fault, but the difference is less than
0.5 %. Therefore, the wind farms do not increase the THD levels considerably
during this period.
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