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ENGLISH SUMMARY

Numerous renewable energy sources (RESs) have been coupled with the modern
power grid for environmental protection, so the grid is gradually changing from
synchronous generator (SGs) dominated to power electronics dominated. The RES
power plant is an important way to utilize renewable energy, especially for wind-rich
or solar-rich areas, and the generated electricity is often transmitted to a far end by
sub-transmission or transmission lines. These transitions will bring new challenges
for transmission network protection because of their very different fault signatures
such as the limited current, frequency offset, and variable sequence impedance angles.

The transmission network mainly installs directional elements, distance relays,
differential relays, and auto reclosers. The most commonly used in the transmission
line are fault component-based directional elements including positive-sequence fault
component-based directional elements, negative-sequence directional elements, and
zero-sequence directional elements. Since the sequence equivalent impedance angles
of converter-interfaced renewable energy sources (CIRESs) depend on the executed
fault ride-through (FRT) strategy and the fault conditions, and they may present a
capacitive feature in some cases, directional elements may fail to operate. To manage
this problem, a novel fault coordinative control scheme has been developed to
guarantee the compatibility of CIRESs with line directional elements while the current
limiting condition of CIRESs is satisfied.

Distance relays on the RES side also face severe challenges due to the remote infeed
for the line integrated with CIRESs. The remote infeed current can amplify the
influence of fault resistance and make the apparent impedance out of the protected
range. Inspired by this challenge, two new methods based on active control are
advised. One is to design a novel fault control strategy to adjust the fundamental
frequency current from CIRESs for CIRESs compatible with traditional distance
relays. The other one is to inject a second harmonic from the inverter of CIRESs and
detect the apparent harmonic impedance to determine inside or outside-of-zone faults.

Moreover, the regulated current angle of CIRESs may result in a big current angle
disparity between two terminals of the line under the traditional FRT, which will result
in the sensitivity decline and even misoperation of differential protection, so three
schemes are suggested to manage this issue. For the first method, a novel fault control
strategy is suggested to regulate the phase angle difference of less than 60< so the
operations of differential protection could be enhanced. The latter two methods are
based on the protection algorithm design. A pilot protection scheme based on the
comprehensive current magnitude ratio is developed because the fault current from
CIRESs is far lower than that of the grid. In addition, the improved Euclidean distance
is applied to evaluate the similarity of fault currents between two terminals to detect
internal faults.
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Finally, a control-based scheme is suggested to detect the fault nature to reduce the
secondary impact due to auto reclosing. For this method, CIRESs are controlled to be
a voltage source, and the fault property could be distinguished by detecting the
overcurrent after the current circuit breaker on the RES terminal is reclosed. Due to
the low injected current and the short injection time, the secondary impact is reduced
a lot for permanent faults. The suggested method behaves well for different fault types
and remote high-resistive faults.

In this thesis, the protection adaptive problems and the corresponding solutions are
verified by offline simulation in PSCAD. In addition, the real-time digital simulator
(RTDS)-based experiment testing is also done to validate the suggested protection
schemes.

\|



DANSK RESUME

Talrige vedvarende energikilder (RES'er) er blevet koblet sammen med moderne
stremsystemer pagrund af kravet om miljebeskyttelse, s@nettet er gradvist ved at
andre sig fra synkrongenerator (SG'er) domineret til effektelektronik domineret.
RES-kraftvaerket er en vigtig m&le at udnytte vedvarende energi pd iseer til vind- eller
solrige omr&ler, og den producerede elektricitet overferes ofte til den fjerne ende af
subtransmissions- eller transmissionsledninger. Disse overgange vil bringe nye
udfordringer for transmissionsnetvaerksheskyttelse pa grund af deres eksotiske
fejlsignaturer, s&om den begraensede strem, frekvensforskydning og den variable
sekvensimpedansvinkel.

Transmissionsnetvaerket installerer hovedsageligt retningselementer, afstandsrelaeer,
differentialrelecer og autogenlukkere. Den mest almindeligt anvendte i
transmissionslinjen  er  fejlkomponentbaserede  retningselementer,  herunder
retningselementer baseret pa positiv sekvens fejlkomponenter, retningsbestemte
elementer med negativ sekvens og retningselementer med nulsekvens. Da de
sekvensakvivalente  impedansvinkler  for  konverter-interfacede vedvarende
energikilder (CIRES'er) afhaenger af den udferte fejlkerselsstrategi (FRT) og
fejiforholdene og kan udgere en kapacitiv egenskab i nogle tilfelde, kan
retningsbestemte elementer muligvis ikke fungere. For at klare dette problem er der
udviklet en ny fejlkoordinativ kontrolstrategi for at gere CIRES'er kompatible med
retningsbestemte elementer, mens den nuvarende begraensende betingelse for
CIRES'er er opfyldt.

Afstandsreleeer pARES-siden st& ogsdover for alvorlige udfordringer pagrund af
fierntilferslen til transmissionslinjen med CIRES'er. Fjerntilfeselsstremmen vil
forsteerke virkningen af fejlmodstanden og faden tilsyneladende impedans ud af det
beskyttede omr&de. Inspireret af denne udfordring anbefales to nye metoder baseret
p&aktiv kontrol. Den ene er at designe en ny fejlstyringsstrategi for at justere
grundfrekvensstremmen fra CIRES'er til CIRES'er, der er kompatible med
traditionelle afstandsrelaeer. Den anden er at injicere en anden harmonisk fra CIRES'er
og detektere den harmoniske impedans for at bestemme interne og eksterne fejl.

Derudover vil den kontrollerede stremvinkel for CIRES'er fae til en stor
stremvinkelforskel mellem begge terminaler, hvilket vil resultere i fdsomhedsfald og
endda differensbeskyttelsesfejl, s&der foresl& tre ordninger til at héndtere dette
problem. For den ferste metode foresl& en ny fejlkoordinatkontrolmetode for at
reducere fasevinkelforskellen med mindre end 90< sdedes at ydeevnen af
differentialbeskyttelse kan forbedres. De to sidstneevnte metoder er baseret pa
designet af beskyttelsesalgoritmen. En omfattende stremamplitudeforhold baseret
pilotbeskyttelse er blevet udviklet, da fejlstremmen fra CIRES'er er langt mindre end

Vil
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nettets. Desuden bruges den forbedrede euklidiske afstand til at evaluere ligheden
mellem to terminaler af fejlstrem for at detektere interne fejl.

Endelig foresl& en kontrolbaseret ordning for at opdage fejlens natur for at reducere
den sekundaere p&virkning som fdge af automatisk genlukning. Til denne metode
styres CIRES'er til at vaere en spaendingskilde, og fejlegenskaben kan skelnes ved at
detektere fejlstremmen, efter at afbryderen p&RES-siden er genlukket. P&grund af
den lave indsprgtede strem og den korte indsprgtningstid reduceres den sekundaere
p&virkning meget. Den foresl&ede metode opferer sig godt til forskellige fejltyper og
fierntliggende hgresistive fejl.

| dette speciale verificeres de beskyttelsesadaptive problemer og de tilsvarende
Iesninger ved offline simulering i PSCAD. Derudover udferes det real-time digital
simulator (RTDS)-baserede eksperiment ogs& for at validere de foresl&de
beskyttelsesordninger.

Vi
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CHAPTER 1. INTRODUCTION

1.1. BACKGROUND

To protect the environment and save fossil energy, more renewable energy sources
(RESs) are expected to be integrated into the power grid [1], [2]. The Danish
government has an ambitious plan that all the energy consumption from different
sectors will be from RESs by 2050 [3]. China plans to achieve carbon neutrality by
2060 [4]. Profited from the technology progress and cost decline, converter-interfaced
RESs (CIRESS) such as permanent magnet synchronous generators (PMSGs) based
wind turbines and photovoltaics (PV) become an attractive type to utilize renewable
energy, and they have occupied a large share of the installed capacity in recent years
[5], [6]. For the areas rich in wind and solar energy, many CIRESs will constitute a
large-scale power plant that is often integrated into the far grid by a high-voltage
transmission line [7], as displayed in Figure 1-1. Modern grid codes demand CIRESs
to ride through a fault, hence their fault behaviors differ dramatically from those of
typical synchronous generators (SGs) like the limited fault current, the controlled
phase angle, and the variable sequence impedance angles [8], [9]. These new
signatures will threaten the proper operation of existing protective relays on the
transmission line [10]-[12].

RES ™ Step-up Power plant
transf. Main

Grid
Ry L Ry

Bus1 Bus 2
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Figure 1-1 The transmission line with CIRESs.

CIRES

The frequently used protective relays on the transmission line are directional elements,
distance relays, differential protection, and auto recloser [13], [14]. Fault component-
based directional relays are frequently used in the transmission network, and they
detect the fault direction by measuring the impedance angle that reflects the
impedance feature of the backside system [15]. For SGs, the sequence impedance
angles should be close to 90 so the measured impedance angle should tend toward -
90<for forward faults due to the non-associated reference direction. Therefore, a
positive direction is identified when the measured impedance angle is between -180°
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to 0<Considering a margin [16]. When CIRESs are connected, directional relays could
exhibit minimal sensitivity or even fail to be triggered since the sequence impedance
angles of CIRESs always vary with different fault scenarios [17]. Reference [18]
analyzed the performance of directional elements when the Spanish grid code was
performed. When the decoupled sequence control (DSC) is used, reference [19] tested
the impedance angle feature under three control objectives: 1) suppressing the
negative current, 2) suppressing active power oscillations, and 3) eliminating reactive
power oscillations, and results showed that the impedance angle of CIRESs would be
variable from -180<°to 180 < Hardware-in-the-loop experimental testing was done to
test the operation of negative-sequence directional relays in [20], and a comparable
conclusion is reached. Moreover, a negative-sequence amplitude check is often
executed for this directional element, so they may be not activated if the negative-
sequence fault current is not provided by CIRESs [21]. Similarly, directional relays
on the grid side can detect a forward fault for reverse faults, which will lead to the
wrong operation of the current circuit breaker on the grid side and threaten the safe
operation of the power system [22].

Distance protection is also a common protective relay in the transmission line because
of the relatively fixed protection range [23]. The widely used distance relays have
three types: 1) power-frequency distance relays, 2) fundamental-frequency fault
component-based distance relays, and 3) time domain-based distance relays [24]. For
power-frequency distance relays, the ratio of the measured voltage to the measured
current is defined as the apparent impedance, and it is compared with the protection
zone in the impedance plane to detect internal faults [25]. Its performance was
considered independent of the source impedance behind the relay point in [24], but
this result is obtained without considering the fault resistance. The apparent
impedance expression for the line-to-line earth fault was derived in [26], and the
analysis pointed out the remote infeed current will make the additional impedance
become a large value, so the apparent impedance may be out of the protection range
in the impedance plane. On this basis, the apparent impedance formula is analyzed for
other fault types in [27], and the real-time digital simulator (RTDS) simulations were
performed to confirm this conclusion. Fundamental frequency incremental-based
distance relays detect an internal fault by comparing the operating voltage and the pre-
fault voltage at the fault site, and its performance depends on the impedance feature
of the backside source [24]. The variable sequence impedance angle of CIRESs will
change the original voltage amplitude relationship, so this distance relay may fail to
be activated [28]. Moreover, the sequence impedance amplitude of CIRESs is far
larger than the line impedance, hence the protection sensitivity is very low even
though the incremental impedance angle of CIRESs is close to 90°[15]. For time-
domain distance relays, the least square approach is applied to evaluate the inductance
parameter in the loop differential equation [24]. To only use the single terminal
signals, the remote current is often substituted by the local positive-sequence
superimposed current or zero-sequence current due to both similar current angles [29],
[30]. However, the local positive-sequence superimposed current no longer has the



same phase angle as the remote current when CIRESs are connected, so the basic
assumption for this time-domain distance relay is not satisfied. The local zero-
sequence fault current can be still used, but it is only applicable to asymmetrical
ground faults.

The transmission network usually installs pilot protective relays as the main protection
because of their absolute selectivity and quick speed [31]. Pilot protection is classified
as directional comparison pilot protection and current differential protection.
Directional comparison pilot protection could be further divided into directional pilot
protection and impedance pilot protection [32]. The performance of directional pilot
protection relies on directional elements. If the directional element on the local side
detects a positive directional fault, it will send a tripping signal to the remote side.
When the remote directional element also detects a forward fault and receives the
tripping signal from the other side, the current circuit breaker will be tripped [33]. The
impedance pilot protection has a similar operation logic, but its core element is
distance relays [34]. However, both operations will be affected adversely since
directional elements and distance relays have adaptive problems when CIRESs are
connected. The most frequently applied current differential protection is the
proportional restraint differential protection [35]. For traditional power systems, the
fault currents on both terminals have a similar phase for internal faults, so the
operating current of this differential protection is far higher than the restraint current
[36]. However, the current angle disparity between two terminals may be higher than
90<=and even 120<in some cases, so the operating current would be smaller than the
restraint current, which will lead to a poor sensitivity level or even failure if a large
restraint coefficient is used [37].

In addition, the reclosing function is often installed to raise the resilience of the power
grid, and three-phase reclosing is deployed for 110 kV (and below) lines [38].
Regarding the conventional reclosing scheme, the current circuit breaker on the
remote side is reclosed firstly by detecting no voltage. After that, the circuit breaker
on the local terminal will be reclosed by meeting the synchronization requirements
[39]. Before the beginning of reclosing, a settled time delay is necessary to wait for
the dielectric strength recovery. However, CIRESs might be disconnected from the
power network since the active power from CIRESs is so difficult to match with the
local load that the converter cannot work stably during this period [40], [41]. In this
situation, there is no voltage on the CIRES side, so the condition for the voltage
synchronization is not satisfied, which will result in the failure of reclosing. Moreover,
if the circuit breaker on the grid side recloses with permanent faults, the electric
devices will suffer a serious secondary impact [42]. Therefore, fault nature detection
is significant to maintain the safety of the power system for three-phase reclosing.

In conclusion, directional elements, distance relays, differential protection, and auto
recloser will be challenged when CIRESs are integrated. For these adaptive problems,
the existing solutions will be summarized below.
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1.1.1. DIRECTIONAL ELEMENTS

Some novel directional elements are put forward to detect the fault direction for the
CIRES integration line. The sequence impedance amplitude of CIRESs is far larger
than the impedance sum of the line and the connected grid, so a new directional relay
relying on the impedance amplitude feature was suggested [43]. This method is
effective for different fault types, different voltage levels, and even microgrids.
Similarly, the ratio of the negative-sequence current to the positive-sequence current
was applied to identify the direction of the fault [44]. However, this method is only
effective when the negative-sequence current is not injected from CIRESs. In the
latest grid code called VDE-AR-N 4120, the negative-sequence Q-axis current
reference is settled according to negative-sequence voltage change during and before
a fault, but the negative-sequence D-axis current command value is set to 0. Under
this circumstance, the negative-sequence impedance of CIRESs will be equal to 90
like SGs, so the negative-sequence directional elements can work correctly [45].
However, the positive-sequence impedance angle of CIRESs is not regulated for this
grid code. Similarly, a new controller was designed considering the filter capacitor,
and suitable impedance parameters were calculated to make CIRESs present an
inductive negative-sequence impedance [46]. Furthermore, the positive-sequence
fault loop was designed as a voltage source with a fixed impedance during a fault [21],
but the positive-sequence incremental impedance angle is not modified close to 90
due to the fact that it relates to electrical quantities prior to a fault. Therefore, more
work for active control should be done to ensure the compatibility of CIRESs with
directional components.

Moreover, some schemes are not only suitable for CIRESs but also doubly-fed
induction generators (DFIGs). The least square method was applied to evaluate the
loop resistance, and the resistance sign was different for forward and reverse faults
[11], [47]. Furthermore, the correlation coefficient between the calculated voltage sag
and the detected voltage sag was utilized as an additional criterion to avoid the dead
zone when a near-end fault arises [48]. However, the current waveform during the
first cycle was easily distorted when the hard current limiter was used, so the time-
domain relays will be influenced [49]. In addition, the high-frequency impedance for
DFIGs and CIRESs was established in [19], and then a high-frequency variation-
based directional element was advised. The traveling wave-based protection in [50],
[51] was also effective for RESs, but these methods have a high requirement for the
sampling frequency.

1.1.2. DISTANCE RELAYS

To enhance the operation of distance relays, researchers come up with many new
protection schemes. They can be separated into two aspects. On the one hand, novel
protection algorithms are designed to adapt to RES integration. A new apparent
impedance formula was built to indicate the fault distance between the relay point and



the fault point, but this is only effective for ground faults because the zero-sequence
current feature is used [52]. In addition, reference [12] improved the operation of the
local distance relay by allowing the remote distance relays to operate first, but the
controller of CIRESs may not work stably because of losing the voltage support from
the grid. A distance protection method was put forth using high-frequency fault
components, but the reasonable frequency range may be difficult to be discovered in
some cases [28]. Authors in [53] pointed out that the time-domain distance relay can
detect the fault distance accurately when the voltage and current data on both
terminals are used, but this method needs a high sampling rate. In addition, traveling
wave-based protection strategies are also effective to identify the fault distance
including the single terminal information-based methods and two terminal
information-based methods [54], [55]. However, it is still difficult to detect the initial
wave accurately. In addition, some adaptive distance relays in [56], [57] adjusted the
protection zone in the impedance plane to enhance the protection performance
according to the detected system state, but most of them need remote communication.

Since CIRESs can achieve flexible control objectives, some scholars want to solve
protection problems by developing new control strategies. The salient advantage of
this method is that traditional protective relays can work well with no or few revisions,
so a large amount of investment can be saved. In [58], CIRESs are required not to
inject any fault current to avoid the impact of the RES integration. However, modern
grid codes request that CIRESs must maintain the grid-connected state within a certain
time. To enhance the operation of distance relays, the positive-sequence current angle
of SGs is imitated in [59] by computing suitable current command values such that
the additional impedance is a purely resistive element, thus the reactance component
in the apparent impedance can indicate the distance of a fault. Similarly, the
impedance characteristic of SGs was simulated using the virtual impedance method
in [21], which caused the fault currents between both terminals to have comparable
phase angles. However, for these two methods, the injected reactive current might not
comply with the fault ride-through (FRT) rules. In addition, the resistive reach of
distance relays must be enlarged to cover the amplified resistive component. The
reactive current injection requirement was satisfied in [60], but some errors will be
present between the apparent reactance and the line fault reactance for near-end faults.
Moreover, for island microgrids, a further distance relay relying on the ninth harmonic
was suggested in [61], but the effect of the line capacitance on long transmission lines
cannot be disregarded because the chosen frequency is so high. Therefore, it is an
important topic to measure the fault distance correctly with FRT requirements
satisfied.

1.1.3. DIFFERENTIAL PROTECTION

Many novel pilot protection technologies are suggested to improve the operation of
the original differential protection. In [62], the differential impedance was calculated
by the differential voltage dividing into the differential current, and its magnitude was
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very large for out-of-zone faults, but it was small for internal faults, so internal and
external faults could be detected by setting a reasonable threshold value. In addition,
the fault current from CIRESs is restraint with 1.2 to 1.5 times the nominal current in
order to safeguard the power electronics, but the grid fault current can be ten times
the nominal current, so the phase current magnitude comparison-based pilot
protection was put forward in [63], [64], but it can only resist a small fault resistance
for interphase faults. To improve this ability, the sequence current magnitude ratio
was developed to construct a new pilot protection scheme, but the faulty phases cannot
be identified effectively anymore [65].

In addition to pure protection algorithm design based on power frequency
components, a time-domain differential protection scheme was suggested in [66]. The
linear relationship should be satisfied between the differential current and the first
derivation of the differential voltage for internal faults, so the correlation coefficient
is used to measure this linear relationship, but this method can only withstand a small
noise. Some researchers discovered that the fault current from RESs always had some
differences from that of the grid, so current waveform similarity-based pilot protection
methods were proposed. Pearson correlation coefficient and Cosine similarity in [36],
[67], [68] are two effective mathematical algorithms to measure this feature, they were
computed using 10 ms or 20 ms of current sampling data from two terminals, and they
are close to -1 for external faults since the current waveforms are the opposite, but
they will be far from -1 for internal fault because of the current disparity between both
terminals. However, these two methods will not have a clear result when the CIRES
power plant has a blackout due to 0/0 problem. To deal with this issue, Spearman’s
rank correlation coefficient-based pilot protection was proposed, but different rank
calculation methods need to be adopted for different current amplitudes, so a
complementary criterion was necessary [69]. Therefore, it is better if a unified
criterion can be proposed. In addition, it is not reported that a fault control method is
suggested to enhance the sensitivity of differential relays while FRT requirements are
satisfied.

1.1.4. AUTO RECLOSER

To address this issue, many academics have created a variety of adaptive reclosing
techniques, which can be grouped into four categories: arc feature-based techniques,
terminal voltage-based techniques, shunt reactor-based techniques, and active control-
based techniques. The current and voltage produced by the arc will have lots of high-
frequency components. In order to determine the fault property, references [70]-[72]
assessed the difference between the detected harmonic voltage amplitude and the
calculated value using the least square method. VVoltage’s high-frequency energy was
utilized in [73] to determine the fault nature. Similar to this, the voltage signal's total
harmonic distortion factor was computed in [74]. The artificial-neutral network
(ANN) was employed to identify the permanent fault using the frequency feature of
the residual voltage [75], [76]. Additionally, the high-frequency components were



used to measure the arc resistance to find the transient fault [77]. Additionally,
references [78], [79] noted that the arc resistance would also influence the power-
frequency voltage, and this feature was utilized to constitute a new criterion. However,
these techniques heavily rely on the arc model’s correctness. For the second approach,
a criterion based on the voltage amplitude feature for the single-phase reclosing after
the arc is extinguished was established in [80]. The measured voltage will adhere to
this criterion for transient faults since the voltage amplitude and its angle were
predicted in [81]. However, due to the elimination of the mutual inductance between
the non-faulty and faulty phases, these techniques are not suitable for three-phase
reclosing.

Shunt reactors are frequently deployed on high-voltage transmission lines to make up
for the line capacitance, and the stored energy can provide distinctive voltage and
current characteristics for permanent and temporary faults. To determine the
permanent fault, the integral value of the recovery voltage for the defective phase was
computed in [82]. Along with the fundamental-frequency components, the resonant
component in the measured voltage for transient faults was also found [83].
Accordingly, there was also a clear difference in the frequency spectrum of the shunt
reactor current on the faulty phase for two fault properties [84], [85]. The notion of
parameter recognition was brought into this subject in [86], [87], and for permanent
faults, the computed reactance value differed from the actual value. In addition, the
temporary fault model was established to compute the shunt reactor current for
temporary faults, so the difference between the measured value and the computed
value could be utilized to form a new detection method [14]. Additionally, the
impedance angle measured at the relay point was also different for permanent and
temporary faults [88]. However, the above schemes are established only when the
shunt rector is installed to generate the special transient process, but it may not be
deployed on the 110 kV transmission line. Some active control-based approaches have
also been put forth in recent years because power electronics can achieve the flexible
control goals. In medium distribution networks, the load capacitor and inductor values
are computed using the transient component injected from inverter, and the measured
values were different when different frequency components are used for permanent
failures, but there might not be any local load for large-scale wind parks [89].
Furthermore, the DC capacitor discharging is utilized to inject a low fault current into
the faulty line by controlling the switching state of the power electronics of
STATCOM [38], but a second injection is necessary to identify the fault type.
Consequently, more active control-based methods need to be studied.

1.2. RESEARCH MOTIVATION
1.2.1. RESEARCH QUESTIONS

As reported above, though many new protection principles are designed to adaptive
to the CIRES integration, the application of these methods needs to update the
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protection devices, and some methods even request a high sampling rate, so a
substantial investment is required. Therefore, more advanced protection schemes
should be proposed especially solutions based on active control. In this Ph.D. project,
a series of control schemes are suggested to enhance the operations of directional
elements, distance relays, and differential relays and detect the fault property for
reclosing. The overall research goal is that the protective relays make the smallest
possible changes (or no changes), and the correct operation of protection is achieved
by designing reasonable control strategies for CIRESs. In addition, two new pilot
protection methods are also mentioned.

To main grid security and protect power electronic devices, the following problems
are studied:

e QI1: How to design a new control method for CIRESs to make fault
component-based directional elements operate correctly?

e Q2: How to make distance relays work properly by designing novel fault
control schemes while the FRT conditions can be achieved including the
fault current restraint and the reactive current injection?

e Q3: How to reduce the resistive part contained in the apparent impedance
for distance relays when active control-based methods are used?

e Q4: How to improve the sensitivity of differential protection by an active
control-based method or other schemes?

e  Q5: How to detect the fault property using the converter to avoid reclosing
with a permanent fault?

1.2.1. RESEARCH OBJECTIVES

To deal with these problems, the objectives of the overall Ph.D. project are
summarized as follows:

e Ol: Design a control strategy to ensure the compatibility of converter-
interfaced sources with line directional elements.
To handle Q1, the suitable positive- and negative-sequence fault currents of
converter-interfaced sources are calculated according to the measured
impedance angle of fault component-based directional elements. After that,
these sequence currents are generated by setting the corresponding current
references. During this process, the fault current limiting is also considered
to protect the grid-side converter.

10



e O2: Propose a new fault coordination control method to make distance relays
work properly.
To answer Q2, for different fault types, the apparent impedance expressions
are analyzed to obtain the suitable fault current from CIRESs to make
distance relays work properly. To generate this fault current, the
corresponding current command values are calculated considering the fault
current limiting and reactive current injection.

e 0O3: Develop a harmonic injection-based distance relay to reduce the
resistive part in the apparent impedance.
To address Q3, the second and fourth harmonics are injected into the power
grid from the grid-side converter of CIRESs. Following that, the harmonic
impedance is computed to reflect the fault distance because this harmonic
current is not present on the grid side during the steady state. Therefore, the
problem of the remote infeed can be solved.

e O4: Propose effective methods to enhance the sensitivity of differential
protection by active control and new protection algorithm design.
To answer Q4, by analyzing the current phase angles on both ends, the
suitable current angle of CIRESs is obtained to adjust the angle difference
on both terminals for the faulty phase less than 60< so the operation of
original differential protection is improved. Moreover, two new pilot
protection methods based on the improved Euclidean distance and amplitude
ratio are also proposed.

e O5: Design a fault nature identification method using the voltage control of
the grid-side converter.
To handle Q5, after three-phase circuit breaker trips, the line will not have
any voltage and current signals. To determine the fault property, the grid-
side converter is regulated as a three-phase voltage source, and the small
voltage amplitude will produce a small fault current for a permanent fault
after the circuit breaker on the CIRES side is reclosed. In this way, the fault
nature can be detected while the big secondary impact can be avoided.

1.3. PROJECT LIMITATIONS

Several project limitations are still present, and they are illustrated as follows:
e L1: This Ph.D. project solves the protection problems by designing suitable
control strategies, therefore, the strict reactive current requirement
sometimes needs a tradeoff with the protection objectives.

e L2: In this project, the proposed method based on active control is only
applicable to the RES power plant that is only composed of CIRESs.

11
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However, a power plant may include both CIRESs and DFIGs, but the
proposed method cannot work properly for this case.

e  L3: The full hardware-in-the-loop experiment has not been completed. It will
be future work to detect the protection performance thoroughly.

1.4. THESIS OUTLINE

The dissertation is composed of two parts: Report and Selected Publications. The
report summarizes the outcomes of the Ph.D. project based on the publications made
during the Ph.D. period, as shown in Figure 1-2 (Journals - J, Conferences - C). This
Report includes six chapters, and the specific content is shown as follows:

Thesis title: Advanced Protection Technologies for Power
Grids with Power Electronic Converter-interfaced Sources

|

Report Selected Publications

+— Ch.1 Introduction

+— Ch.2  Fault Coordination Control for CIRESs ‘

Compatible with Directional Elements ClandJ1 ]

t— Ch.3  Advanced Control Technologies for the ‘

Correct Operation of Distance Relays J2and J3 ]

t+— Ch.4  New Methods to Enhance the Operation ‘

of Differential Protection e |

t— Ch.5  Three-phase Reclosing Scheme Based on ‘ J5 L

Active Control

+— Ch.6  Conclusion

Figure 1-2 The chapters and the corresponding publications of this thesis.

e Chapter 1 — Introduction
In this chapter, the background and the research hotspot are pointed out.
After that, the research problems and research objectives are discussed for
the outgoing transmission line connected with CIRESs. Finally, the project
limitations are also mentioned.

e Chapter 2 — Fault coordination control for CIRESs compatible with
directional elements
In this chapter, a novel fault control scheme is suggested to adjust the phase
angle of sequence superimposed impedances such that fault component-
based directional elements could work properly. Meanwhile, the maximum
permitted fault current is achieved to fully use the short-circuit capacity of
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CIRESs. This method is verified in various fault cases like diverse fault
types, diverse fault points, and diverse fault resistances. In addition, the
RTDS experiment is also performed.

e Chapter 3 — Advanced control technologies for the correct operation of
distance relays
In this chapter, two control schemes are put forward to enhance the
performance of distance relays. For the first method, the additional
impedance will become purely resistive by generating the suitable
fundamental frequency current, so the apparent reactance can reflect the fault
distance. For the second method, a second harmonic is provided from
CIRESs into the grid, and the measured harmonic impedance is effective to
reduce the impact of the fault resistance. These two methods are verified by
the PSCAD simulation and RTDS experiment.

e Chapter 4 — New methods to enhance the operation of differential
protection
In this chapter, three schemes are proposed to raise the sensitivity of
differential relays. The first method is a control-based scheme that can make
the phase angle difference between both terminals less than 60< The other
two methods are based on the new protection algorithm design. The
improved Euclidean distance is used to evaluate the disparity between the
current waveforms on both terminals. Moreover, the current amplitude ratio
is utilized to construct another pilot protection method.

e Chapter 5 — Three-phase reclosing scheme based on active control

In this chapter, an active control-based method is suggested to detect the fault
property. After the circuit breakers on both sides trip at the function of
protective relays, the grid-side inverter of CIRESs is regulated as a voltage
source with a small amplitude. There will be a fault current for permanent
faults when the circuit breaker on the CIRES side is reclosed. Therefore, the
fault nature can be detected. PSCAD simulation and RTDS experiment
jointly validate the effectiveness of this method.

e Chapter 6 — Conclusion
In this chapter, the main contents and conclusions of this Ph.D. thesis could
be summarized, and future perspectives are also given.

1.5. LIST OF PUBLICATION

The achievements during my Ph.D. period have been accepted or submitted in
journals and conference proceedings including 5 journal papers (J1-J5) and 3
conference papers (C1-C3).
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CHAPTER 2. FAULT COORDINATION
CONTROL FOR CIRESS COMPATIBLE
WITH DIRECTIONAL ELEMENTS

In this chapter, fault current features of CIRESs are analyzed during the transient state
and steady state. After that, the operation of fault component-based directional
elements is analyzed under traditional FRT strategies. Finally, a novel control
approach is suggested to regulate the sequence superimposed impedance angle of
CIRESs such that directional elements can behave properly.

2.1. THE FAULT CURRENT ANALYSIS
2.1.1. TRANSIENT CURRENT

Figure 2-1 depicts the conventional circuit topology of the grid-side inverter, and it
can be utilized to establish the controller equations.

P;’iin Fa:idc 4@ @
Pci G, Gs Gs
a

+ Ua
a=—C b

T,

DC E
bus

Up

Figure 2-1 The circuit topology of the grid-side inverter. Source: C1 [90].

The circuit equation in the ABC frame can be simply listed with reference to the
topology in Figure 2-1 [90]:

d. .
u,=e,+ LE"" +R-, (2.1)

where subscript ¢ represents three phases, that is, a, b, and c.

The coordination transform can be used to derive the circuit equations in the DQ
frame, as demonstrated in (2.2):

15



ADVANCED PROTECTION TECHNOLOGIES FOR POWER GRIDS WITH POWER ELECTRONIC CONVERTER-
INTERFACED SOURCES

{(5L+ R)iy = U, — €+, L, 2

(sL+R)i, =u, —e, — @, Li,

where subscripts g and d denote the electrical component in the DQ coordinate system.
wpLL is the angular velocity detected by PLL.

In the controller design, feedforward decoupling is typically employed to remove the
coupling term in (2.2) [21]. The controller's mathematical model is displayed in (2.3):

Ug z(kip-'-ﬁj(idref —iy) — oLy + e
S

y (23)

U, :(kip+iJ(iqref —i) + oLy +e
S

where igrer and igrer represent DQ-axis current references, kip and ki; denote proportional
constants and integral constants, and ao denotes the synchronous angular velocity.

The coupling term can be removed by substituting (2.3) into (2.2) since weLL iS
assumed to be equal to ax, yielding (2.4) [90]:

(SL + R)Id = (kip+ﬁ)(idref - Id)
° (2.4)

(sL +R)i, :(kip+%j(iqref —iy)

Only the Q-axis control diagram is provided in Figure 2-2 because the D-axis is the
same, and this control block diagram is easily generated through (2.4).

~ LY sL+R

Figure 2-2 The control block diagram of the Q axis. Source: C1 [90].

It is a second-order system, but it could be converted to a first-order system by zero-
pole cancellation to prevent transient current surges. At this point, (2.5) should be
established:
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k. 1 ,
Kk + i = 2.5
( s st+R s @3)

where « is the first-order system's open loop crossover frequency.

The following conditions for proportional-integral (PI) parameters should be met by
the corresponding coefficient method [91]:

ki, =@, L 26)
ki=o.R .

The closed-loop transfer function is expressed below when the control system's Pl
parameters are settled by equation (2.6):

Go(s)=g1 (27)

The Q-axis current reference change during a fault can be simplified as a step
response. At this time, inverse Laplace transformation is applied to get the Q-axis
current expression:

iqw (t) = iqref - (iqref - iq(O) )e%%t (28)

where iq) denotes the Q-axis current before a fault, which is typically equal to 0. In
addition, the D-axis current expression is the same.

When the Chinese FRT strategy in (2.9) is performed (k is the current restraint
value), and a is set to 2007. igrer IS Settled at 0.663 p.u., and iger is Set to 1 p.u. when
the voltage drops to 40%. Figure 2-3 displays the computed values and simulated
values of the DQ fault currents [90].

oo =Min{2(0.9-uy ), 1}

qref

: (2.9)
qref

idref = k2 —i
As can be observed from Figure 2-3, the current on the DQ axis changes exponentially
when new command values are applied during a fault, demonstrating that a second-
order system is converted to a first-order system when suitable Pl parameters are
settled according to (2.6). In addition, the DQ-axis fault current computed by (2.8)
completely matches the simulation results, which confirms the correctness of this
suggested method.
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Figure 2-3 The computed and simulation values of DQ-axis fault currents. (a) D-axis, (b) Q-
axis. Source: C1 [90].

2.1.2. STEADY-STATE CURRENT

Based on the controller’s equation in (2.3), the controller topology can be drawn in
Figure 2-4, which is also called decoupled current control (DCC) [92]. When the
system operates in normal operation, the outer loop uses the constant DC voltage
control. Once a fault happened, the outer loop is shunted down, and the current
command values will be given directly regarding FRT strategies.

Figure 2-4 The DCC control.

After the positive- and negative-sequence electrical components are separated, a new
decoupled sequence control (DSC) is developed to achieve more flexible control
objectives [93], as shown in Figure 2-5.

B -DQ axis i
B rotation direction £
=]
g+ =]
Vot 0
A (a)
[O]
o
<
+ Positive-sequence g
- Negative-sequence
c T

Ny
S
—
[=
>
&

Control system

Coordinate System

Figure 2-5 The DSC control.
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When DCC is used, the fault current is only composed of the positive-sequence
component, and its expression during the steady state is (2.10) [94], which can easily
be obtained from the coordinate system in Figure 2-4.

i
oy =iy + et SIN [a)ot + 6, +arctan [1q—mf] + 90"J (2.10)

I1dref

where it and igrer denote positive-sequence current command values in the DQ
frame, 61, means the phase-locked angle, and t represents the fault time.

As displayed in (2.10), the magnitude and angle of this fault current are controlled by
irarer aNd i1grer. VWhen the DSC is used, the positive-sequence fault current expression
is the same, but the negative-sequence fault current is also generated in (2.11), and its
amplitude and angle are controlled by izdrer and izqrer [95].

i
i,= /izzdref + g SIN [a)ot —6,, —arctan [Mj +90 ] (2.11)

I2dref

where ixdrer and izqrer denote negative-sequence current command values in the DQ
frame, and G, is the opposite number of Gp.

2.2. ADAPTIVE ANALYSIS
2.2.1. POSITIVE- AND NEGATIVE-SEQUENCE DIRECTIONAL ELEMENT

The performance of positive-sequence fault component-based directional elements
(simplified as positive-sequence directional elements) and negative-sequence
directional elements can be examined after the regulated characteristic of the CIRES
fault current has been identified. By calculating the apparent impedances, Z; and Z,
these two directional elements can determine the fault direction [15], [19]:

AU, U, -U,
1= " T T

(2.12)
Al -1,

=2 (2.13)

where A represents the incremental components before and during a fault, and U and
I denote the voltage phasors and current phasors detected by the directional relay.
Subscript b represents the pre-fault electrical components, and 1 and 2 mean the
positive- and negative-sequence electrical quantities.
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Since there is usually no negative current before a fault [60], AUz is considered equal
to Uz. In the protection field, the current positive direction is from the busbar to the
transmission line, so directional relays ought to identify an impedance angle that is
near -90° for in-of-zone faults. [15]. Because of this, the criteria are typically
described as (2.14) for forward faults:

—180° </Z, <0 (2.14)

where subscript ¢ stands for the sequence number, and £ means the impedance angle.

The sequence fault additional network is displayed in Figure 2-6. In this figure, Zgr
denotes the sequence impedance of the CIRES power park, Zs, Z., and Zr respectively
denote the impedances of the grid, the overhead line, and the main transformer, and
Ry represents the fault resistance. Moreover, 1 represents the ratio of the line
impedance between the relay point and the fault location to the entire line impedance,
and AUs is the superimposed voltage source at the fault site. Additionally, the line
capacitance is ignored since the 220 kV outgoing line is often shorter than 100 km
[36].

Figure 2-6 Sequence fault additional networks. Source: J1 [95].

The apparent impedance Z, measured at Ri» can be expressed as (2.15) when a fault
arises at A [95].

Z,=—(Zgy +Z1,) (2.15)

The angle of Z, is dependent on the angle of Zry since Zgy is significantly greater than
Z1y. However, Zgy is always changed with current command values because 11 and I»
in (2.12) and (2.13) are determined by these references, but the sequence impedance
angles of SGs are stable at about 90< iiqrer is typically generated in response to voltage
sags during a fault to enhance the transient voltage of the grid, and the left room is
used to produce iidrer. Additionally, izgrer and izqrer are typically set to 0 [96]. At this
time, positive-sequence incremental-based directional elements may incorrectly
determine the fault direction since these conventional FRT strategies do not take into
account the impedance angle regulation of CIRESs.

Zy, measured at Rz is expressed as (2.16) when the fault site is at B in Figure 2-6:
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Z,=2,,+Z, (2.16)

Currently, directional elements can accurately identify a reverse direction because the
angle of Z, is dependant on the impedance angle of the grid and the transmission line,
which is close to 90<

However, as the apparent impedance of positive- and negative-sequence directional
elements at Ry is equal to Zry+Zry+Zy, for a reverse fault located at F5 (Figure 2-8),
a positive direction fault may be reported, which will jeopardize the grid's security.

2.2.2. ZERO-SEQUENCE DIRECTIONAL ELEMENTS

The apparent impedance Zo is described similarly as [44]:

z, =% (2.17)

1y
where subscript 0 stands for zero-sequence components during a fault.

Since the main transformer adopts the YND wiring, Zo is always equal to -Zro for an
asymmetrical earth fault at the line, and the equivalent impedance of CIRESs is not
contained in the zero-sequence fault loop, the operations of zero-sequence directional
elements are not undermined by CIRESs. However, zero-sequence directional
elements are only applicable to unbalanced grounding faults, so the operation of
positive- and negative-sequence directional elements must be improved to identify the
direction of a fault under three-phase faults and line-to-line faults.

2.2.3. SIMULATION ANALYSIS

Directional elements are assessed when the FRT strategy in Denmark in Figure 2-7(a)
is performed. For this strategy, iiqrer iS calculated with reference to the voltage drop,
and the left capacity is used to produce iigref [97]. In addition, izarer and izgrer are settled
at 0. In area A, CIRESs should operate in normal situations. They can maintain the
grid-connected state for a certain time in area B, as illustrated in Figure 2-7(b). In
addition, they can be disconnected from the main grid when they operate in area C.

100,

L R e ——
< 80 /
< 70 /
@ /
S 60 /
§ 50 Area B , / Area C
@ 40
g 30 7
g 20 ‘ ——Wind turbine
o7 —- PV
0 0 10 20 3040 50 60 70 8090100 00 0.5 1 15 2 25 3
The reactive current (%) (a) Time (s) (b)

Figure 2-7 The Danish FRT strategy. (a) Reactive current, (b) the time-voltage curve.
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The typical transmission line with 100 MW of the CIRES power park is built in
PSCAD, as shown in Figure 2-8. Fault F1 is oriented at the backside of Ri2, and fault
locations F2, F3, and F4 are internal faults and at 0%, 50%, and 100% of the overhead
line, respectively. Finally, F5 is at the output of the next-level line.

CIRES power plant
Main
2P Collection]  transf. The RES side The grid side

|
|

i R L R
| | line | | Ri2 12 21 |
OBy 7h L e
L ) | e F3 Fa 'S Jpsomd

Figure 2-8 The topology of the simulation model. Source: J1 [95].

When a metallic phase-A grounding fault arises at F2, the associated measured
quantities of directional elements are displayed in Figure 2-9.
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Figure 2-9 The associated phasors detected by directional elements under the Danish FRT.
(a) Measured voltage and current, (b) £Z1, (¢) £Z2. Source: J1 [95].

Figure 2-9(a) shows that the positive-sequence fault current is effectively regulated
by positive-sequence current command values during the steady state. The disparity
that occurs during the transient process arises from the inaccuracy of the phase-locked
loop. In this case, positive-sequence directional elements in Figure 2-9(b) detect an
impedance angle steady at -139.52< which deviates significantly from -90<at 0.5 s.
so this directional element will have a low sensitivity level. Moreover, according to
(2.11), the negative-sequence current angle is uncertain when izarer and ixgrer are settled
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to 0, resulting in incorrect direction identification. As a result, the angle of Z; in Figure
2-9(c) will fluctuate across a wide range. Overcurrent detection is a function that is
incorporated into some commercial directional elements. In this sense, assuming that
negative-sequence current is not output from CIRESSs, negative-sequence directional
elements are not triggered to identify the direction of the fault [22].

2.3. ACTIVE CONTROL-BASED SOLUTION

Appropriate current references are determined by taking into account the requirements
of FRT and line protection to change sequence impedance angles of CIRESs in order
to ensure directional relays behave well.

2.3.1. CURRENT REFERENCE CALCULATION

A. Positive-sequence current command values

To compute appropriate current command values for the proper operation of positive-
sequence directional elements, the required positive-sequence current must be

acquired by analyzing the associated protection criterion. For this aim, the measured
phasors at the relay site are written as follows [95]:

{U1=|U1|4(pl {|1=||1|4a1 2.18)
U, =|Ub|4¢’b Iy =||b|4ab

where a is the current angle, and ¢ denotes the voltage angle.

After (2.18) is substituted into (2.12), the measured impedance Z; of directional
elements can be expressed as:

_|Uy[cos gy —|U, |cos g, +j(|U, [sin g, —[U,|sin g, )

= 2.19
" |1y |cosay —|Ip|cosay, +(|1y[sin e, |1, [sine, ) (@19)
Take the magnitude and the angle of Z;, and they are expressed as:
2 R R 2
U,|cosg, —|U, |cos U, [sing, —|U,|sin 2 2
oo WUl oleos )+ (s Wifsine ) [WR?

\/(|'1|005a1 ~|1ylcosa, ) +(|1fsine, —|1,|sina, )* VA B2

B B
ZZ,=arctan i —arctan —% (2.21)
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where | { represents a phasor's magnitude, and arctan (J is designated as the angle
between -180<and 180< Moreover, A1= |U1|cos¢i-|Up|coS@n, B1=|U1|singi-|Up| Sing,
Az=|l1|cosas-|Ib|cosan, and Ba=|l1|sinai-|lp|sinay.

To guarantee the directional element operates properly, set (2.21) equal to -90so that
the necessary phase angle of 11 is calculated:

o =arcsin ;2 +E (2.22)
1+(tanE)

where E and F satisfy the following relationship:

E=arctan % +90 (2.23)

F=Lolging, — "l tan £ - coses (2.24)

1]

For the amplitude of 1y, it is calculated in Section 2.3.2 when the current limiting of
the grid-side inverter is considered. To generate the required angle in (2.22), the first
condition for iigrer and i1qrer Must be satisfied:

i
k== =tan(e, —90 —6,,) (2.25)

Ildref

Additionally, the peak value of the positive-sequence current, lim, is expressed as

-2 -2 . . .
hret Thgrer N (2.10) as the second constraint, so two suitable current command

. f 1
booe = |[——I
1dref l+k12 im (2.26)

I1qref :kl I1dref

values can be obtained:

Directional elements can work properly for forward faults when current references are
settled by (2.26) since the measured impedance angle is adjusted to -90<

B. Negative-sequence current command values

By computing appropriate negative-sequence current command parameters, the
impedance angle measured by negative-sequence directional relays could be also
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regulated to -90< Firstly, negative-sequence current and voltage phasors detected at
the relay site are written as [95]:

{ , =|1,| Zex, 2.27)
U, =|U2|4(ﬂ2

When (2.27) is substituted into (2.13), the measured impedance Z; yields:

U

ZZZHL(% —a,) (2.28)
2

It can be shown in (2.28) that the measured impedance angle only depends on the

angle difference between the negative-sequence voltage and the negative-sequence

current, so the necessary negative-current angle could be easily computed by taking
the impedance angle in (2.28) equal to -90<

a,=p, +90 (2.29)

To generate this phase angle, the first condition must be satisfied with reference
to (2.11):

i
k, =20 = -tan (¢, + 0, ) (2.30)

Lodref

Additionally, the peak value of the negative-sequence fault current, lom, is i, +i22qref

according to (2.11), so two suitable current command values are computed as follows:

. f 1
i = [—I
2dref l+k22 2m (231)

i2qref =Kyl rer
2.3.2. INITIAL VALUES OF SEQUENCE CURRENTS

To calculate current command values in (2.26) and (2.31), appropriate initial values
for l1m and I2m need to be given considering the restrained short-circuit capacity of
CIRESs. The maximum fault current, abbreviated as y/n (y denotes the overcurrent
multiple, and Iy denotes the nominal current), is typically restricted to 1.2 to 1.5 times
the nominal current [94], [98]. If |l is equal to S times |l4], the initial values can be
calculated by (2.32) [95]:
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[L[+[1,|= @+ B)[1] =1y (2.32)

At this time, three-phase currents must be lower than yly since |11+12| must be less than
[I1]+|12] due to the sequence current angles. To fully utilize the short-circuit capacity
of the inverter, the technique to maximize the fault current is reported in Section 2.3.3.

Additionally, the following will be explored regarding the range of S. Numerous
protection problems will arise if £ is higher than 1 since the phase relationship will be
reversed from ABC to ACB. Meanwhile, |Io] must have a certain amplitude to trigger
negative-sequence directional elements. Considering these two factors, $ should range
from 0.2 to 1 [21].

2.3.3. MAXIMIZE THE FAULT CURRENT

An effective way to find the maximum permitted fault currents is covered in this part.
First, three-phase fault currents are calculated using the Cosine theorem [95]:

IN :\/||l|2 +[1,[2 42|11, |cos Act

1y = I #1," =2]1,]|1,] cos(Aa 60 ) (2.33)

1] =\/||1|2 #|1,* = 2[1,]1,| cos(Aa+60")

where Aa denotes the angular disparity between positive-sequence and negative-
sequence fault currents, and it fulfills the equation below:

i f iZ f
arctan —C +arctan 2L (2.34)

bdret Dydret

Aa=

The following iterative method is used to acquire maximum current command values:

1) The associated peak values lim and lom can be derived when the initial values of |l
and |I,| are defined by (2.32).

2) After sequence current command values have been computed by (2.26) and (2.31),
three-phase fault currents are estimated by (2.33) and (2.34).

3) If the maximum value among three-phase currents is smaller than yl, |l will be

updated by the original value plus 4 in (2.35). Otherwise, |11| will be decreased by /.
Repeat steps 2) and 3) until A converges to the acceptable scope, ¢.
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a=|max {|1, |1, [ 1]} = 71| (2.35)

By using this technique online, the output fault current can be increased to its
maximum value when current references after iteration are given to the current control
loop. The complete control diagram is depicted in Figure 2-10.
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Figure 2-10 The overall control diagram. Source: J1 [95].

The corresponding protection flowchart is drawn in Figure 2-11. After a fault is
identified, the negative-sequence current and voltage are checked whether they
surpass their respective starting values. lset and Uzt are respectively settled to 10%
of the nominal current and 2% of the nominal voltage [22], [96]. Finally, the measured
impedance angle from directional elements is computed. If the impedance angle
ranges from -180<to 0< a positive direction is reported. Otherwise, a reverse direction
can be determined.

Collecting the voltage and
current data

( Exit )

A

A AN

A faultarise?

»le
P

| Foward | | Reverse |

180" < £7, <00

Figure 2-11 The protection flowchart of directional elements. Source: J1 [95].

&|12| = lase?

The impedance angle of
directional relays are computed
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2.3.4. SIMULATION ANALYSIS

A. The effectiveness of the suggested method

The associated measurements of directional elements at Ri, are shown in Figure 2-12
after the suggested control scheme is used (the fault scenario is the same as that in
Figure 2-9). In this case, y is set to 1.5, and p is taken as 0.3.
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Figure 2-12 The associated phasors detected by directional elements for the proposed control
scheme. (a) Angle of the incremental voltage and current, (b) 221, (¢) £Z2. Source: J1 [95].

As seen in Figure 2-12(a), the measured positive-sequence current angle of positive-
sequence directional elements will be regulated with reference to the detected voltage
angle (both trends are similar). In this situation, the impedance angle computed by the
positive-sequence incremental-based directional elements is -90.61<at 100 ms in
Figure 2-12(b), which indicates that the sensitivity of this directional relay is
substantially improved. However, the impedance angle fluctuates significantly during
the first 20 ms because the controller takes one or two cycles to achieve a steady state.
In order to avoid this short transient impact, a minor time delay of 40 ms is introduced
to this protective relay, though this will slow down its operating speed. Moreover,
negative-sequence directional elements also work nicely in Figure 2-12(c). In this
case, the values of iigrer and izqrer are 1.0024 and -0.6800, respectively, demonstrating
the ability of CIRESs to provide reactive power for the power grid to enhance the
transient voltage. Figure 2-13 displays the positive-sequence voltage measured at the
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point of common coupling (PCC), the output power from CIRESs, and three-phase
currents detected at the inverter output.

In Figure 2-13 (a), the positive-sequence voltage detected at PCC falls to 70.5% of
the nominal voltage. According to Figure 2-7, CIRESSs operate in area B, so they can
maintain the grid-connected state within a specific time. Additionally, in Figure 2-
13(b), the reactive power is increased to 0.62 p.u., which indicates that the reactive
power is injected to increase the grid voltage. After two or three iterations, the
suggested iterative method converges, and the phase-A current approaches the
permissible maximum value (1.5 p.u.), as displayed in Figure 2-13(c).
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Figure 2-13 The associated measurement for the suggested method. (a) Positive-sequence
voltage at PCC, (b) power detected at the inverter output, (c) currents at the inverter output.
Source: J1 [95].

B. The effectiveness of the suggested method

The suggested approach is assessed for different fault kinds and fault points, and
simulation results for metallic faults are displayed in Table 2-1. The values in the table
were all collected at 100 ms. G stands for phase to ground, whereas the letters A, B,
and C stand for faulty phases.

Table 2-1 demonstrates that, regardless of fault positions and fault types, the
impedance angle computed by directional relays is near -90=for positive direction
faults, thus the sensitivity has been enhanced. This demonstrates that the sequence
incremental impedance angles of CIRESs are effectively regulated by this innovative
control strategy. The impedance angle estimated at Ry, for reverse faults at F1 shows
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the impedance characteristic of the outgoing line and the connected grid, so directional
elements can report a reverse fault correctly. The generated frequency from the PLL
maintains the power frequency during three-phase bolted faults, so the suggested
method can still work since the fault current from CIRES keeps the fundamental
frequency. However, the fault current may be distorted for some grid-following
inverters due to the instability of the inverter. The suggested control scheme cannot
function effectively in this situation. Additionally, for reverse faults at F5, the
impedance angles observed by direction relays at Rz; are close to 90< so a reverse
fault can be detected. In addition, other simulation cases can be found in J1.

TABLE 2-1 VARIOUS FAULT LOCATIONS AND FAULT KINDS. Source: J1 [95].

Relay Fault points Fault types L7, L7,
BG 79.19 79.20
AB 79.27 79.27
Ry, Fl
BCG 79.21 79.46
ABCG 79.28 /
BG -90.69 -88.87
AB -90.65 -89.49
Rz F2
BCG -90.77 -88.90
ABCG -90.66 /
BG -90.79 -88.61
AB -90.66 -89.50
Ry, F3
BCG -90.78 -88.75
ABCG -90.92 /
BG -90.98 -89.88
AB -90.68 -90.08
Ry, F4
BCG -91.06 -89.33
ABCG -90.92 /
BG 88.55 89.74
AB 88.92 89.13
Ry, F5
BCG 88.88 89.97
ABCG 88.72 /

2.3.5. RTDS VERIFICATION

As shown in Figure 2-14, real-time simulations are performed in RTDS to further
verify the suggested strategy. A PC workstation, an internet router, and two Racks
make up the RTDS platform. The Rack, which consists of many RTDS cards and an
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internet switch, is the fundamental component of the RTDS. Among them, GPC cards
are responsible for operating the complied model that is established in RSCAD. In
addition, a GTWIF card with an internet switch and a router constitutes a local area
network, which can be used to return the generated data from GPC cards to the PC
workstation. Finally, MATLAB programming is used to confirm the effectiveness of
the protection.

Rack GTWIF[ T~~~ ~ ] wo
card [T T T ™
pc | 1 sﬁgﬁlatl Y lSampIes
Workstation T Internet Runtime
GPC cards '";Z\rf}z:;’e interface
Protection
evaluation
RTDS Workstation

@ (b)

Figure 2-14 The RTDS platform. (a) Actual hardware devices, (b) hardware connection way.
Source: J1 [95].

Figure 2-15 shows three-phase fault currents of CIRESs for an AG fault and the
computed impedance angle at R, for two faults at F4 (The fault types are an AG fault
with 100 Q of Ry and a BC fault with 20 Q of Ry).

Current (p.u.)
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180 Time (ms) (a)
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D 90 1
- 0
N -90 f\/\! ——————— -
-180— : : : : : : : :
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Time (ms) (c)

Figure 2-15 The CIRES fault currents and the operations of directional elements. (a) Three-
phase fault currents for AG faults, (b) 221, (c) £Z2. Source: J1 [95].
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The maximum fault current among the three phases is equal to the current limiting
value, as shown in Figure 2-15(a), so the short-circuit capacity is fully utilized. In this
situation, positive-sequence incremental-based directional relays can now behave
properly since the detected impedance angle in Figure 2-15(b) is -90.65 <for this AG
fault and -91.36< for this BC fault. Additionally, for these two situations, the
impedance angles observed by negative-sequence directional relays also get close to
-90<in Figure 2-15(c). These results confirm that the operations of directional
elements could be enhanced by using this novel control mechanism again.

2.4. SUMMARY

This chapter derives the fault current expression during the transient state and the
steady state. At the fault inception, the change of current command values can be
simplified as a step function, so the step response of the control system can be derived
to obtain the transient fault current expression in the DQ frame. When the fault current
comes into the steady state, the actual DQ-axis current will be equal to both respective
command values, and the phase-A positive-sequence current expression during the
steady state is given by the coordinate transform.

Based on this, the operation of directional elements is analyzed. The study shows that
the controlled sequence current of CIRESs under typical FRT strategies will affect the
correct direction identification of fault component-based directional elements.
Therefore, a new fault control method is suggested to regulate the sequence
superimposed impedance angle of CIRESs so that conventional directional elements
can behave well. Meanwhile, the short-circuit capacity of CIRESs is fully utilized by
an iteration method. PSCAD simulation and RTDS experiment confirm the suggested
method.
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CHAPTER 3. ADVANCED CONTROL
TECHNOLOGIES FOR THE CORRECT
OPERATION OF DISTANCE RELAYS

Besides directional elements, distance relays are also a common protective relay on
the transmission line. In this chapter, the severe challenges of distance relays will be
analyzed after CIRESs are connected. After that, two control methods are put forth to
enhance the operations of distance relays. One is to design a new fault control scheme
to generate a fundamental frequency fault current to make distance relays work
properly. The other one is that the harmonic current is provided into the grid from
CIRESs, and the apparent harmonic impedance is computed to eliminate the impact
of the remote infeed.

3.1. ADAPTIVE ANALYSIS OF DISTANCE RELAYS
3.1.1. PHASE TO EARTH LOOP

There is a phase-to-earth loop for single-line ground faults, line-to-line ground faults,
and three-phase ground faults. For a single-line ground fault, the fault phase is earthed
by Ry while the faulty phases are connected by 2Ry, and the middle is earthed by Rs
for BCG faults, as seen in Figure 3-3. The apparent impedances are stated as follows
when a line-A ground (AG) fault or a line-B-to-line-C ground (BCG) fault arises [99]:

loa + 1
Z =7, 4| —WATsA Ip (3.1)
g~ Tk (IWA+kO-3IWOj 9
Mag
lyee + 1 lye + 1
Z. =Z + —wecT'ssc p .| __wsTs8B |p (3.2)
by~ Tk {|WB+|<0.3|WOJRf [IWB+kO-3IWOJ o

M M

bgl bg2

where subscripts W and S are the electrical components on the CIRES side and the
grid side, Zixx means the positive-sequence line impedance from the fault site to the
relay site, and ko denotes the zero-sequence compensation factor. Additionally,

iWBC:iWB + iwc’ iSBC:iSB + isc-

The zero-sequence current dominates the fault current for earth faults on the CIRES
side since the high-voltage terminal of the main transformer is grounded. At the same
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time, the zero-sequence equivalent impedance of the connected grid is often smaller
than that of the main transformer, so there is also a large zero-sequence fault current
on the grid side. In addition, the positive- and negative-sequence fault currents are
also very large, so Is, is much higher than Iy,. Under this circumstance, the Mag
amplitude in (3.1) is far higher than 1, thus the additional impedance has a big
amplitude that prevents the activation of distance relays. Moreover, because of the
substantial zero-sequence fault current between the two terminals, the small angle
difference between the two terminals leads to the dominant resistive component in the
additional impedance. The analysis presented above also applies to (3.2).

3.1.2. PHASE-TO-PHASE FAULT LOOP

There are phase-to-phase fault loops for line-to-line faults, three-phase faults, and
phase-to-phase ground faults. For line-to-line faults, the faulty phases are connected
by Ry, as seen in Figure 3-3. The following does not include the apparent impedance
expression for three-phase faults because it is the same as the expression for phase-
to-phase faults. The measured impedance detected by distance relays is described as
follows for line-B-to-line-C (BC) faults and BCG faults [26]:

Z,, = Zm(mj R, (3.3)
IWB - Iwc
Mbc
Zioyg = zk1+(1+ w} R, (3.4)
IWB - IWC
Mb

cg

The fault current on the CIRES terminal for line-to-line faults only contains the
positive-sequence current when DCC control is used because no zero-sequence fault
current is present on both terminals. When compared to grounding faults, the current
amplitude between two terminals will have a greater difference because the fault
current produced by CIRESs is restrained to 1.2 to 1.5 times the nominal current.
Under conventional FRT techniques, a significant current angle disparity between
both terminals will appear. Consequently, the additional impedance is greater than the
corresponding value for grounding faults because My in (3.3) has a larger amplitude
and angle than My in (3.1). As a result, the fault resistance is more likely to affect
distance relays. In addition, the zero-sequence current component for line-to-line
ground faults will be canceled out by the equations Isg — Isc and fyg — fyc in (3.4).
Therefore, the amplitude and the angle of Mg Will have such big values that distance
relays may be not activated for internal faults.
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In summary, the remote infeed will lead to amplified fault resistance, especially for
phase-to-phase faults, so the operation of distance relays will be undermined due to
the CIRES integration.

3.2. FAULT COORDINATION CONTROL METHOD

In order to make distance relays work properly, the required fault current angle is
derived from the basic principle of distance relays. Following that, the associated
current command values are computed considering the FRT conditions including
reactive current injection and the current restraint.

3.2.1. THE REQUIRED CURRENT ANGLE

A. Single-line grounding faults

The apparent impedance for single-line earth faults is given in (3.1). It can be known
from (3.1) that when the angle of My is controlled to 0< the reactance component is
not included in the additional impedance MagRq. Under this circumstance, the apparent
reactance is equivalent to the line reactance from the relay site to the fault site. To
achieve this point, it is necessary to examine the relationship between the positive-
sequence current angle of CIRES and the angle of Myg.

The sequence fault network (Figure 3-3) is shown in Figure 3.1 for an AG fault at L,.
Z, stands for the line L1, sequence impedances, Zx denotes the line impedance from
the relay site to the fault site, Zr denotes the main transformer impedance, and Zq
denotes the impedance sum of the grid and line Los. U denotes the internal potential
of the connected grid. In addition, the positive-sequence fault loop of CIRESs is
modeled as a controlled current source /., and the negative-sequence equivalent fault
loop of CIRESs can be seen as an open circuit since the negative-sequence fault
current is not injected when the DCC is used [44].

Zy Zn—Za Zgl

1

— e

lwar R P

3R9 “fAl
I @ Upgae Zeo UfAz 20 =2 Zgz }ZZZ Us
c = 4(] — ii‘ie}—‘ F/
lwaz =0 ¢ |‘fA2 ISAZ
Zy Zys Zyw=Zy Zy }ZZO
Twao ¢ leno Isno

Figure 3.1 Sequence fault network for an AG fault. Source: J2 [100].
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As shown in Figure 3-1, sequence currents conform to the relationship below [100]:

ltar = lwat + lsar

IfAz = ISAZ ) IfA1 = IfAZ = Ion (3.5)

Ita0 = lwao + Isao

When (3.5) is substituted for My in (3.1), (3.6) can be obtained:

M. = Tiar + leao + liao _ Blsa, (3.6)
ag 5 g = - .
IWA1"‘|(0‘3|WA0 IWA1+ko'3|WAo

With reference to sequence boundary requirements, the phase angle of Ig, in (3.6) is
equivalent to that of fya,, hence the CIRES positive-sequence fault current angle is
necessary to fulfill (3.7) for M,,'s phase angle to be equal to 0°:

ZIWA1 :ZISAZ (3.7)

In a similar way, the positive-sequence fault current angle of CIRESs should satisfy
(3.8) for BG and CG faults:

{Awm = L, BG 8)

Ay = L,y CG
B. line-to-line faults

From (3.3), it is clear that My.'s phase angle must be exactly 0° for the apparent
reactance to equal the line reactance from the relay site to the fault site. The
sequence boundary conditions must first be supplied for a BC fault to express M.
using sequence fault currents [100]:

IfA1 :_IfAZ

. . . .
ligs + Iy =@ lipg + lgp, (3.9)

lwer = lwer = —j\/§I WAL
where a denotes the rotating factor.

When (3.9) is substituted for My in (3.3), it can result in:

M, = .I.fBl + I:fBZ __ Lo (3.10)

I WBL — Iwc1 IWAl
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The positive-sequence fault current angle of CIRESs must satisfy the following
conditions to adjust the phase angle of My to 0<

Llypg = Zln, 180" = LIy, —180 (3.11)

It is better to compute the angle of Is,, in the above equation with the local data, and
the used approach is described in Section 3.2.2.

Likewise, it is possible to determine the analogous conditions for AB and CA faults:

(3.12)

Llygy = £lss, —180°, CA
Ly = Zlge, —180°, AB

C. line-to-line grounding faults

For line-to-line ground faults, there are two line-to-ground fault loops and one phase-
to-phase fault loop, thus the apparent impedances detected by two kinds of fault loops
are examined independently.

1) Phase-to-phase fault loop. For a BCG fault at L1y, the apparent impedance of Ri,
has been given in (3.4).

The following are the boundary conditions of sequence currents for a BCG fault [100]:

las + |th2 + |‘on =0 (3.13)
When (3.13) is substituted into Mycg in (3.4), (3.14) is obtained:

(IfBl_IfC1)+(IfBZ_IfCZ)__2|.fA2+|.fA0 (3.14)

IWBl - IWc1 IWA1
Since 3Rs is connected in series into the zero-sequence loop for the BCG sequence
fault network, I, will typically be greater than I¢,,. Currently, 2i¢,,will dominate
the numerator of Mg, and the smaller I¢,o will lead to a tiny positive phase angle
when Iy, is adjusted to be equal to I;,,-180< Distance relays can work better in
this condition by rotating the operational zone counterclockwise since MpcgRg has a
small inductive reactance component.

M

bcg =

2) Line to ground fault loop. The apparent impedance detected at Ri, has been
displayed in (3.2) for a BCG fault, and the apparent impedance consists of two
additional impedances, MpgiRf and Myg2Rg, hence Mpg: and Migz should be examined
individually.
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When (3.13) is substituted into Myqg: in (3.14), it can result in:

ligy + lic + lm2 + lico + 2l4co 3ligo

Mg = ‘ - (3.15)

IWB"'ko'SIWBo IWBl+kO'3IWBO

The condition in (3.16) must be met to make Myg1’s phase angle equal to 0°:
e = Lo = £l ieo (3.16)

In this situation, the angle of My is analyzed as follows:

M _ IWB + ISB _ IfB (3 17)
bg2 — 7 3 -0 ) !
’ lwe +Ko-3lweo  lwer Ko - 3lweo

When £ fyyg, is equal to Iygo, 2l leads Iyyg, by an angle, therefore the phase angle
of Mg is greater than 0< Additionally, because of the zero-sequence fault current and
the fact that Ry is the arc resistance with a small value, Mpg2Rg Will not have a very
large amplitude. As a result, rotating the operational zone counterclockwise will
enhance the operations of distance relays.

In summary, by adjusting the CIRES positive-sequence current angle, the additional
impedance can become a purely resistive component for AG and BC faults. For BCG
faults, the protection zone is rotated to elevate the operations of distance relays.

3.2.2. SUITABLE CURRENT REFERENCES

A. The controller based on DCC

Distance protection must first identify different fault kinds before it can pinpoint the
fault loop. We can utilize the method described in [96] that is relying on the relative
angle between the sequence voltages.

It is possible to select the appropriate fault loop once the fault type has been
determined. To elevate the operations of distance relays for various fault kinds, the
positive-sequence current angle of CIRESs is ought to meet diverse requirements, as
shown in the theoretical analysis in Section 3.2.1. For Ri,, an approach must be
developed to compute the negative-sequence current angle on the grid side using only
the local data because it cannot be measured directly.

There is no negative-sequence fault current output from CIRESs for the controller

based on DCC, hence the negative-sequence voltage detected at Ry, in Figure 3-3 is
identical to the negative-sequence voltage at the position of the fault, which is [100]:
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LJRA2 = UfAZ (3.18)

Based on this, the negative-sequence fault current angle on the grid side is computed:

Ligp, = LUpp, — £Z,, +180 (3.19)

Where Zs, denotes the negative-sequence impedance at the right side of the fault
location, and the impedance angle is constant at 84.29 in the established model.

Following that, the necessary CIRES positive-sequence fault current angle is
determined for various fault loops. After that, according to (2.10), it is clear that the
current command values can regulate the positive-sequence current angle. Therefore,
for a specific current angle, the corresponding command values should meet (3.20):

e (3.20)
tan(ZLlya — 6, —90°)

Ildref =

i1gref iN (3.20) is provided in accordance with the particular FRT technigue shown in
Figure 3-2 [101], and then, the relevant iiqrer is determined by (3.20).
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Figure 3-2 A FRT Strategy for reactive current. Source: J2 [100].

The aforementioned procedure does not account for the CIRESS' current restraint.
Therefore, current command values should be changed below to prevent overcurrent:

. [ a——
|1dref = mre% I12dref + I12qref
, N=max|1 +¥————— (3.22)
i — Ilqre/ Ve
1qref N

In this case, if | fifdref +if 1S higherthan y, if,.c would be lower than the specified

value in Figure 3-2, yet this represents an essential concession because the limited
current is more crucial to safeguarding power inverters. If not, it will be equivalent to
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the value that is computed in Figure 3-2. Current references settled with respect to
(3.21) function effectively for distance relays since there is no inclusion of reactance
component in the additional impedance.

B. The controller based on DSC

Besides the DCC, the suggested method is also applicable for the controller based on
DSC when the negative-sequence fault current is provided from CIRESs. The
sequence currents should also fulfill (3.22) when combined with the expression of My
and sequence boundary conditions for AG faults [100]:

4 I.WAl =Z I.WA2 = LI-fAZ =Z I.SA2 (3.22)

Following that, i1gret and iigrer are computed in the same manner as the case when the
negative-sequence fault current is not present. The computation of negative-sequence
current references is analogous. Negative-sequence current command values should
meet (3.23) with respect to (3.20):

g : (3.23)
tan(=6,, +90" — ZLl\yA,)

Lret =

Then, ixqer is provided using the VDE-AR-N 4120 Rules in [20] and is settled with
reference to the incremental negative sequence voltage. izqrer is then calculated using
(3.23). To prevent overcurrent, all the command values must be reduced:

Hgrer = hre M’ il'qref = ilqre%ﬂ
(3.24)

i! — I2dref ir — I2qref
2dref M’ “2aref M

where M is:

2 2
\/(‘Ildref +‘I2dref) J’_(‘Ilqref +"2qref )

M =max| 1, (3.25)
/4

When current references are given according to (3.24), the performance of distance
relays will be enhanced. Since the converter control needs one or two cycles to come
into the stable state, this method is slightly slower than the common operating time of
distance relays.
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3.2.3. SIMULATION ANALYSIS

The simulation topology is displayed in Figure 3-3. The lines Li» and Lps are
respectively 60 km and 40 km long, and the voltage levels for both are 220 kV. In
addition, the CIRES capacity is 200 MW, and the impedance of the equivalent grid is
0.31+ j3.14 Q. In the case of distance relay Rz, zone | covers 80% of the total line,
zone 1l covers 125% of the local line, and the resistive reach is settled to be 100 Q.

{ CIRES ~ Step-Up

H transf. Main
Collection transf.
; Line | @z@

Grid
L. R R L. R
[ Re Lte Ry Rz Lo Re

\ e

Bus 2 Bus 3

@

R,
A— 5y
Rg Ry . B Rg .
Ry c— &,

Figure 3-3 Simulation topology. (a) The system topology, (b) AG, (c) BC, (d) BCG, (e) ABCG.

A. The controller based on DCC

Figure 3-4 shows the related measurements of the controller and Ri2 when a BC fault
occurs at 40% of L1, with 20 Q of Ry, and the suggested control method is performed.
Additionally, Figure 3-4 also provides the apparent impedance for traditional FRT.
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Figure 3-4 The related measurements for a BC fault. (@) Current references, (b) sequence
voltage, (c) magnitude of My, (d) angle of Mec, (e) apparent impedance. Source: J2 [100].
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The starting time of the fault is 0.6 s in Figure 3-4. iigrer is equal to 0.638 and i1gret
equals -1 at 700 ms, as illustrated in Figure 3-4(a), which is settled with reference to
the voltage drop in Figure 3-4(b). Because My in Figure 3-4(c) has an amplitude of
3.364, the effect of fault resistance will be increased. Figure 3-4(d) shows that the
CIRES positive-sequence current angle, Zliy,, is equal to £is,,-180< matching the
control target in (3.11). In this case, the angle of My in Figure 3-4(e) will be close to
0< so the distance relay can function as intended because Ry» observes an apparent
reactance of 10.175 Q, which approaches the line fault reactance of 10.368 Q, but the
apparent impedance is out of the protection zone if the conventional FRT is used. The
simulation results for other fault cases can be observed in J2.

B. The controller based on DSC

The relay Ri12’s measurements for an AG fault with 50 Q of Ry at 40% of L, are
displayed in Figure 3-5.
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Figure 3-5 Associated measurements of Ri2 for an AG fault. (a) Current magnitude, (b)
current angle, (c) Mag amplitude, (d) Mag angle, (e) apparent impedance. Source: J2 [100].

Figure 3-5 (a) and (b) show that a sizable negative-sequence fault current is generated
from CIRESs, and the angle of Iy, is regulated to equal that of fy,,. Currently, in
Figure 3-5(c) and (d), the angle and amplitude of M,y are -0.188<and 1.103. At this
time, the apparent reactance in Figure 3-5(e) is near the line fault reactance of 10.368
Q due to this narrow phase angle, allowing the distance relay to function as intended.

3.2.4. RTDS VERIFICATION

The suggested control-based scheme is also validated based on the RTDS experiment
platform when the controller based on DCC is used. Figure 3-6 shows the associated
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measurements of Ri2 when an AG fault with 100 Q of Ry and a BC fault with 20 Q of
Rg arise at 40% of Li».
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Figure 3-6 The associated measured data of Ri2 for a BC fault and an AG fault at 40% of Liz.
(a) Magnitude of Mc, (b) angle of My, (c) impedance trace. Source: J2 [100].

When iy, is regulated to be equal to £Js,-180for this BC fault, the amplitude
of My in Figure 3-6(a) is 3.584, and the phase angle of My in Figure 3-6(b) is near
0< thus the apparent reactance will approach the line fault reactance of 10.368 Q, as
shown in Figure 3-6(c). As a result, the operation of distance relays is enhanced.
Additionally, a similar instance with AG faults is shown in Figure 3-6(c). But for this
AG fault, the resistive part contained in the apparent impedance is so big, necessitating
an increase in the resistive reach to 160 Q. The maximum recommended resistive
reach is 200 Q for the examined power network since the load resistance measured at
Ri2 is 244.444 Q. These instances once more support the suggested method.

3.3. HARMONIC INJECTION-BASED DISTANCE RELAYS

Another method to elevate the operations of distance relays is proposed in this section.
A 2" order harmonic is provided by CIRESs through the PI controller. However, there
is no this harmonic current on the remote end. Therefore, the apparent harmonic
impedance can indicate the fault distance.

3.3.1. BASIC IDEA

Figure 3-7 depicts the fault loop for an AG failure with Ry when a certain harmonic
current is generated from the inverter of CIRESs (The system topology is the same as
Figure 2-8). I%, denotes the regulated harmonic current source. In addition, the
harmonic currents on the grid side, the CIRES side, and the fault site are denoted as
i, 1., and I, respectively. The transmission line's overall positive-sequence
harmonic impedance is denoted as Z& , and the positive-sequence harmonic
impedance of the transmission line from the fault site to the relay site is marked as
Z3 . Additionally, Z!L stands for the grid's positive-sequence harmonic impedance.
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It is apparent from Figure 3-7 that because the harmonic current is not present on the
grid side, and Ry and the total value of (Z:1 — zH) and Z}L constitute a parallel
branch, Ij' must be less than iy, due to the current divider. ME, will be less than 1 at
this moment based on the measured harmonic impedance in (3.26). Therefore, the
apparent harmonic impedance detected at the relay site could indicate the fault
distance because the influence of fault resistance is suppressed [99].

[H
H_ —H k
Zh =25+~

——R 3.26
kT3l (3:26)
%f—/

H
Mg

where superscript H denotes the related harmonic quantities.

- H_ H
15 2 —Zy

Figure 3-7 The fault harmonic circuit. Source: J3 [99].

3.3.2. FREQUENCY RESPONSE

It is necessary to study the frequency response of the controller to provide a certain
harmonic into the grid. The PI controller is frequently utilized in the current control
loop because it could follow constant command values without any static error. The
tuning method of the PI controller and the corresponding system model have been
given in (2.6) and (2.7). After that, a periodic signal in (3.27) is superimposed at the
D axis because iiqrer is related to the reactive power injected from CIRESs [99]:

ig, (t) =M sinet (3.27)

The transfer function method can be used to determine how it will actually react in
the present control loop combined with the system transfer function Go(s) in (2.7):

,
1o (5) = 1, (5)-Gy (5)=M Szi’hwhz o (3.28)

The time-domain expression for the D-axis current is computed when the inverse
Laplace transform is executed for (3.28):
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2

(e“"ct —coswht) +M za)c ~sinayt (3.29)
[0 + wy,

Wy,

ig, (1) =M

2
@, + o,

Because of the large cut-off frequency w., the DC component in (3.29) will soon fade
to zero. Currently, (3.29) is simplified as:

. a, . ),
igps (t) = M ——===s5in [a)ht —arctan —“J
4}w§+wﬁ @ (3.30)
=MA sin(o,t - )

As observed in (3.30), The actual D-axis current is less than the injected AC signal
because Ap is smaller than 1. In addition, there is an angle difference between the
superimposed signal and the actual harmonic current, but it does not influence the
harmonic impedance calculation. Moreover, because the current loop uses
feedforward decoupling, and the outer DC voltage control loop is shut down during a
fault, igqs(t) won't be fed back to create additional harmonics.

In this case, the current for the D-axis has a settled DC component iiq and an actual
AC component igps(t), and the current for Q-axis includes a DC component iyq.
Currently, the 2r/3s transformation can be used to determine the currents in the ABC
frame:

i, siné@ cosé 1 g + s

i, |=|sin(6-120') cos(0-120') 1 i, (3.31)
L] |sin(0+120') cos(g+120') 1|l O

where @ stands for the phase-locked angle, which is written as wot+61,. Based on
(3.31), the phase-A current formula is as follows:

. 1 .
iga () = -5 A, cos((@, + @, )t + 6y, — ) +iyg COS( gt + 6, )
) (3.32)
+-MA, COS((ay — @, )t + O,y ) + iy Sin (@t + 6, )

As can be seen from (3.32), an n-th harmonic signal added on the D-axis will lead to
the n+1 th and n-1 th harmonic currents measured at the relay site. The fault currents
for phase B and phase C are similar to (3.32), but the angle lags or leads by 120<
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3.3.3. HARMONIC SELECTION

The harmonic order at the relay site is selected taking into account the factors below:

1) Overhead lines are typically used for the high-voltage transmission line. At the
fundamental frequency, the line model of the n-type can be used for the transmission
line less than 300 km [102]. The grounding capacitive reactance and line reactance of
the overhead line will decrease and grow in proportion to frequency, respectively,
hence the appropriate length of the n-type equivalent model for an n-th harmonic can
be [100]:

L, = 30% (3.33)

The harmonic frequency can be selected from 2 and 3 because the overhead line
integrated into CIRESs is often between tens and 100 km long [36]. The fourth
harmonic is also suitable if the length of the overhead line is less than 75 km. The
difference between the n-type model and the frequency-dependent model at these
frequencies is negligible.

2) As the odd harmonics are common for the power grid [103], the 2" or 4" harmonic
is used to prevent obstruction. As a result, the third harmonic should work as the added
signal on the D-axis.

3) To ensure that the protective relay can detect the harmonic current, the injected
harmonic must have a certain amplitude. However, the added D-axis signal should be
limited to decrease the waveform distortion and leave adequate space for the FRT
scheme, hence the added signal should be 0.2 to 0.3 p.u. [104].

4) The harmonic injection duration is ought to be smaller than the total time of the
breaker opening time and the protection operating time on the remote end (about 100
ms) to prevent controller instability [105], [106]. Therefore, the harmonic injection
duration is settled at 100 ms.

3.3.4. THE IMPACT OF HARMONIC INJECTION

The negative-sequence voltage will cause a twofold frequency fluctuation in the
positive-sequence DQ-axis voltages uig and uiq for asymmetrical faults. After a 3"
harmonic current is added on the D-axis, the active power provided by CIRESs would
exhibit fifth frequency oscillations besides its power frequency. Additionally, the
constant current component may cause the active power to fluctuate at the twofold
frequency [12]. The DC voltage will fluctuate in the same ways that the active power
does. However, during the onset of the fault, the voltage control loop would be shut
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down, preventing these fluctuations from entering the controller again to generate
additional harmonics.

The 2™ and 4™ harmonics will be injected into the power grid by adding a 3™ order
harmonic on the D-axis, and these harmonics may raise the fault current peak value
of CIRESs. When the angles of different harmonics in (3.32) are ignored, the greatest
peak value is expressed by (3.34).

ipeak = MAJ + ’\/ i].Zdref + i12qref (334)

After iigrer is given by the particular FRT scheme, i1grer Should meet (3.35) because the
peak value should be restricted from 1.2 p.u. to 1.5 p.u. [94], [98]:

brer = \f(y - MA, )2 — 2 s (3.35)

In summary, the protection flowchart can be observed in Figure 3-7. The 2" harmonic
is provided into the power grid after a fault happens. Distance relays then extract
harmonic voltage and current phasors and compute the apparent harmonic impedance
using the full-cycle Fourier technique. Distance relays would be activated to cut off
the fault with the appropriate delay if the apparent harmonic impedance comes into
zones | and I1. If not, the protective relay will not be activated.

Detecting the voltage
and current data

Cut off a fault

T
Internal fault?

Compute second harmonic »| Compute the measured |
phasors at the relay site harmonic impedance

A third harmonic is added
on the D-axis of the current
control loop

Figure 3-8 The detailed flow chart. Source: J3 [99].

3.3.5. SIMULATION ANALYSIS

The simulation topology is the same as that in Figure 2-8. The nominal capacity of
the CIRES power park is 100 MW, the overhead line length is 40 km, and its voltage
level is 220 kV. In addition, the equivalent grid impedance is 0.1+j3.14 Q. The
protection range of zone | and zone Il are 85% and 125% of the total line,
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respectively, with a resistive reach of 100 Q [52], hence X1, and XL, are calculated
as 22.984 Q and 33.8 Q at the twofold frequency. Additionally, every fault happens
at 0.6 s, y is settled to 1.2, and M is settled to 0.2 p.u..

A. The injected harmonic current

At the D axis, the 3 harmonic signal is added to enhance the operations of distance
relays. Since wc is settled to 400x, the phase angle should be behind the injected signal
by 36.870< and the real harmonic current magnitude for the D-axis should be 0.16
p.u regarding (3.30). Figure 3-9 displays the magnitude and the angle of real and the
injected currents on the D axis when an AG failure (with 20 Q of Rg) appears at the
midpoint of the line.

o
~
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Figure 3-9 The currents on the D axis. (a) Amplitude, (b) phase angle. Source: J3 [99].

The real D-axis harmonic current is 0.158 p.u., which is extremely similar to the
computed value of 0.16 p.u., as observed in Figure 3-9(a). In addition, the real current
angle in Figure 3-9(b) will lag the applied signal by a value of 37.637 < which is nearly
the same as the theoretical value of 36.870< These events demonstrate the accuracy
of (3.30).

In the meantime, Figure 3-10 illustrates the frequency spectrum of the phase-A fault
current, three-phase fault currents, and the reactive power produced by CIRESs.

In Figure 3-10(a), three-phase currents are less than the restrained current value,
ensuring that the inverter is not damaged by the added harmonic component. The
phase-A current in Figure 3-10(b) currently only has a power frequency order, a 2"
order, and a 4" order, which is consistent with the study in (3.32). The FRT condition
for reactive power injection is still met because the provided reactive power in Figure
3-10(c) will be essentially identical for the two FRT techniques.
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Figure 3-10 The related measurements from CIRESs. (a) Three-phase currents, (b) frequency
spectrum, (c) reactive power. Source: J3 [99].

B. Zone I distance relay

The effectiveness of zone | distance relays is examined in this section. The apparent
harmonic impedance is displayed in Figure 3-11 after a BC failure with 10 Q of Ry
and an AG fault with 20 Q of Ry arise at the midpoint of the line. In addition, the
amplitude and the angle of the numerator and denominator of M. is also presented
in Figure 3-11.

Because the numerator of M\ is less than the denominator, as seen in Figure 3-11(a),
the additional impedance has a tiny value. At the same time, the resistive component
dominates the additional impedance since the numerator angle of M. leads the
denominator by 14.266 <in Figure 3-11(b). For this BC fault, the reactance component
included in the observed harmonic impedance just increases by 1.149 Q compared to
the line fault impedance of 1.52+j13.52 Q, as shown in Figure 3-11(c), so the
measured impedance enters zone | such that distance relays could be triggered
instantly. For this AG failure, the increased reactance part is equal to 6.338 Q, and it
is still within zone 1. However, distance relays are likely to fail due to the increased
reactance component if a fault arises at the reach limit. To make distance relays have
better performance, the protection zone can be rotated counterclockwise by a certain
angle [59]. As for other fault scenarios, they can be found in J3.
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Figure 3-11 The associated measured data for the suggested method. (a) Magnitude, (b)
phase angle, (c) measured harmonic impedance. Source: J3 [99].

3.3.6. RTDS VERIFICATION

The RTDS experiment testing is also performed to verify the suggested scheme.
Figure 3-12 displays the observed harmonic impedance and the related measurements
when a BC failure with a 20 Q of Rg and an AG fault with a 100 Q of Ry arise at the
midpoint of the line.

The safe operation of the controller is guaranteed because the three-phase fault
currents in Figure 3-12(a) are less than the current upper limit of the inverter for BC
faults. The superimposed signal and the actual value on the D axis are shown in Figure
3-12(b), and both relationships satisfy (3.30) for this BC failure. The detected
harmonic impedance in Figure 3-12(c) comes into zone | for this BC fault, so the
distance relay can function as intended, but the measured impedance is stable at zone
11 for this AG fault because of high fault resistance, so the distance relay will trip with
a time step of 0.3 to 0.5 s. These results further validate the suggested strategy.
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Figure 3-12 The fault current of CIRESs and the measured impedance based on RTDS. (a)
Three-phase currents, (b) D-axis fault current, (c) harmonic impedance. Source: J3 [99].

3.4. SUMMARY

In this chapter, combined with the apparent impedance formula, it is found that
distance relays may fail to be triggered due to the remote infeed, especially for phase-
to-phase faults.

In order to deal with this issue, two schemes are put forth. One is to adjust the angle
of the fundamental frequency current to ensure that the apparent reactance is
equivalent to the line fault reactance by designing a suitable fault control scheme.
Consequently, the apparent reactance could indicate the fault distance accurately
while reactive current injection and the limited current condition can be satisfied.

The other method is to generate a second harmonic from CIRESs. The controller of
CIRESs can achieve the flexible control objective including the harmonic injection.
By adding the 3™ harmonic at the D-axis, a 2" harmonic and a 4™ harmonic could be
found at the relay site. Meanwhile, the requirements for the reactive current and the
limited current are considered when current command values are computed. After
that, the harmonic impedance is computed to reflect the distance of a fault. This is
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effective because there is no harmonic current on the remote end. PSCAD simulation
and RTDS experiment are done to verify the above two protection schemes.
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CHAPTER 4. NEW METHODS TO
ENHANCE THE OPERATION OF
DIFFERENTIAL PROTECTION

Distance relays cannot cut off all the faults with no delay, so differential protection
often works as the main protection due to its absolute selectivity and high speed. In
this chapter, the adaptive problem of proportional restraint differential protection is
analyzed, and new solutions are proposed including a control-based method and two
new protection algorithms.

4.1. ADAPTIVE ANALYSIS OF DIFFERENTIAL PROTECTION

The fault current angles between both terminals for conventional transmission lines
with two-terminal synchronous sources are essentially the same for internal faults but
the opposite for external faults. As a result, for internal faults, the operating current in
(4.1) will be significantly larger than the restraint current, and the result is the opposite
for external faults [69].

{Iopzkllresand Lop = lopo- 41

Iop :|IS+ IW|'Ires :|IS_IW|

where lop stands for the operating current, lres stands for the restraint current, and lqopo
stands for the starting current. I and Iy, stands for the current phasors detected at Ry,
and Rz, respectively, and ki denotes the restraint coefficient, which is settled at 0.8.

These current phasors will meet the relationship in (4.2) if a BC fault develops at the
transmission line [107]:

Twe + Twe + Tsg + lsc =0 (4.2)

When the controller based on DCC is used, the fault current of CIRESs keeps balanced
(only includes the positive-sequence current), so (4.2) can be transformed to (4.3):

] ] 4.3

Isg + Tsc = Twa
Additionally, the angle difference between sz and Isc will be marginally less than

180°<[36]. As a result, when CIRESS are coupled, the current phasor relationship can
be drawn in Figure 4-1.
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When Iy leads that of Igg by a certain angle less than 180 ©in Figure 4-1(a), the angle
difference between Jsc and iy is greater than 90=and less than 120< In this case, the
operating current is smaller than the restraint current for phase C. Additionally, when
the phase angle of Ig¢ lags that of Isz by a certain angle less than 180<in Figure 4-
1(b), the angle difference will be greater than 120< so the sensitivity of differential
protection may be declined and even it will fail to be activated.

Figure 4-1 Current angle difference between both terminals. Source: C2 [107].

Moreover, a significant zero-sequence fault current is present on both terminals of the
transmission line for grounding faults, so the angle difference between the two
terminals is drastically minimized. As a result, differential protection can work

properly.

In conclusion, traditional differential protection may not operate properly for line-to-
line faults but can work for earth faults.

4.2. ACTIVE CONTROL-BASED METHOD

An appropriate fault current angle of CIRESs is discovered to ensure that differential
relays can perform properly. After that, the associated current command values are
computed considering FRT requirements.

4.2.1. SUITABLE CURRENT ANGLE

The sequence fault network for a BC fault is shown in Figure 4-2 (the system topology
is Figure 2-8).

TI fA2

Figure 4-2 Sequence fault network for a BC fault. Source: C2 [107]
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The impedances for the grid and the transmission line are denoted by Zs and Z,,
respectively. The grid is described as a fixed voltage source with a constant
impedance, whereas CIRESs are modeled as a regulated current source. Moreover,
the fault resistance is denoted by Ry The following is true in accordance with
sequence current boundary conditions for line-to-line faults [107]:

{I.fAl = _I.fAZ (4.4)

Twar + 1sar = lea

On this basis, Figure 4-3(a) shows the angle relationship among different sequence
currents. The angle of Is,, will also be equal to that of Iy, when the angle of iy, is
regulated to be equal to that of frs; according to (4.4). In this case, Figure 4-3(b)
shows the phase current angles on two terminals. The angle difference between /g
and I will be equal to that between Iy and Isc, and both will be less than 60<
Under this circumstance, traditional differential protection will function as intended
because the operating current is greater than the restraint current for internal faults.

Figure 4-3 The relationship among different currents for line-to-line faults. Source: C2 [107].
Since Ri2 cannot directly measure the phase angle of Izs;, a scheme to discover this

angle must be given. Since CIRESs do not produce any negative-sequence current,
(4.5) can result in [107]:

I'SAZ = I.fAZ (4.5)
Uraz =Ugar == lsaz ((1_H)ZL2 + Zsz)

The impedance angle of (1-u)Z,2+Zs, can be thought of as a constant number of about
84.29°since the grid impedance angle is stable, so the phase angle of I¢s, can be
computed by Ug,, With reference to (4.5). As a result, (4.6) can result in:

Lgny = LUgp, - Z((l_ 1)Z,+ 2, ) +180 (4.6)
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The necessary phase angle of fyy,, in Figure 4-3(a) can then be determined as follows:
ANypg = Llipy = L, —180 4.7

It can be found that the control objective in (4.7) is the same as (3.11), so the control
strategy in Section 3.2.2 is reasonable to enhance the operations of differential
protection besides distance relays.

4.2.2. SIMULATION ANALYSIS

This section will carry out the necessary simulation testing to verify the traditional
differential protection issues and the correctness of the suggested approach. The
simulation topology is the same as in Figure 2-8. The CIRES power park has a 500
MW nominal capacity and a 40 km long, 220 kV transmission line. Since the grid
impedance is settled to 0.4+j12.568 Q and the line positive-sequence impedance is
0.043+j0.432 Q/km, the CIRES capacity is equal to one-fourth of the short-circuit
capacity of the integrated grid. In addition, the fault time is set to 0.6 s. K1, K2, K3,
and K4 are respectively 0%, 50%, and 100% of the line and the output of the next-
level line.

A. Adaptive analysis

When a BC fault happened at K1 and the conventional Danish FRT is performed, the
related measurements of conventional differential protection are given in Figure 4-4.
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Figure 4-4 Associated measurements of differential protection for Danish FRT strategy. (a)
Angle difference, (b) ratio of the operating current to the restraint one. Source: C2 [107].
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It can be known in Figure 4-4(a) that the angle difference between both terminals of
fault currents is 117.148< for phase C, and 55.724<° for phase B. Under this
circumstance, the ratio between the operating current and the restraint current will fall
below the threshold value for phase C, so the differential relay for phase C would fail
to be triggered.

B. Different fault points
To enhance the operations of differential protection, the suggested control scheme is

executed under identical fault conditions. At this time, the associated measured
quantities are illustrated in Figure 4-5.

180 v
D) Y Phase-A Phase-B - — — Phase-C
8 i,
c
(<5} 1
30 ]
= ' X 700
°© 1 Y 38.273
@ i LN 1 RS-t
[=)) =
N I AL LY
600 610 620 630 640 650 660 670 680 690 700
Time (ms) (a)
25 T -
2r 5. X 700
P Y - Y 1542
_91.5* i e e e T T T e e e e e
§ 1k o . Setting value
05F =&
i Phase-A Phase-B — — — Phase-C
0 n
600 610 620 630 640 650 660 670 680 690 700
Time (ms) (b)

Figure 4-5 Related measured data of differential protection for the given control strategy. (a)
Angle difference, (b) ratio of the differential current to the restraint one. Source: C2 [107].

As seen in Figure 4-5(a), the angle differences are roughly equal to 38.273 <for phase
B and phase C, and both are less than 60< These results are identical to the findings
in Figure 4-3(b). In this case, the ratios between the operating current and the restraint
current for phase B and phase C are higher than the setting value, hence differential
protection could function as intended.

Table 4-1 provides an overview of the current angle difference and the ratio of the
operating current to the restraint current detected by differential relays when BC
failures arise at different fault points. All values are derived from 100 ms after the
fault inception.

As seen in Table 4-1, the ratios of the operating current to the restraint current are
essentially equal for two faulty phases, and these values are greater than the setting
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value since the current angular disparity between both terminals is smaller than 60<
Furthermore, the ratio will be less than the setting value for external faults, hence
differential protection can keep being blocked. These simulation findings are identical
to the theoretical study.

TABLE 4-1 THE RELATED MEASUREMENTS OF DIFFERENTIAL PROTECTION. Source: C2 [107].

Fault location A B C

Difference 179.871 37.987 38.273

Kl Ratio 0.008 1.551 1.542
Difference 179.867 35.336 35.398

K2 Ratio 0.008 1.358 1.352

K3 Difference 179.865 32.967 32.869

Ratio 0.009 1.192 1.191
Difference 179.897 179.567 179.621

Ka Ratio 0.009 0.004 0.004

4.3. AMPLITUDE RATIO-BASED METHOD

In addition, the fault current of CIRESs is often far less than that from the grid, so a
current magnitude ratio-based pilot protection can be suggested.

4.3.1. BASIC PROTECTION PRINCIPLE

The circuit loop can be depicted in Figure 4-6 for a three-phase fault at the
transmission line (The system topology is the same as in Figure 2-8). In the figure,
CIRESs are modeled as a controlled current source, and the traditional grid is modeled
as a voltage source integrated with a constant impedance. A is the ratio of the line
impedance between the fault site and the grid-side relay site to the total line impedance.

i

Bus1 (1-4)Z, Az, Bus 2

Ic

Figure 4-6 The fault circuit for a three-phase fault. Source: C3 [65].

In this situation, the fault currents on both terminals conform to the relationship below
[65]:

Is (AZ, +Z5)=Eg —(ly + |'S) R, (4.8)
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After that, the current amplitude ratio between two sides, denoted by ¢, is written as:

Es/lw — R,

9 (4.9)
AL +Zs5+ R,

‘§=||'s/|'w|=

The fault current from CIRESs is restrained with 1.2 times the nominal current, so the
magnitude of Eg/ly, is significantly bigger than Ry and (AZ.+Zs+Ry) if Ry is not a large
value. In addition, it is also slightly smaller than the load impedance. As a result, ¢is
typically greater than 1. When there is no wind or light, CIRESs may not provide the
fault current. So as to avoid the invalidation of the protection, the criterion can be
revised as:

i :‘I.W/ |‘s‘ <Mset (4.10)

where 75 is the setting value of the suggested protection scheme.

Ul :|I‘W/I-S| <Msetr7h :|I.Wl/|‘51| < Mgt

.. (4.12)

m, :||W2/|sz|<775et
When one condition of #s, 51, and 72 is achieved, the criterion will be triggered to cut
off the fault. For 71, 71, and 72, the setting value can be the same since the considered
factors are the same.

4.3.2. PROTECTION SETTING

It is important to think about the impact of the fault current of SGs since the decayed
DC component will cause a tiny inaccuracy in the extraction of power frequency
components. Additionally, different types of current transducers (CTs) on both
terminals will also lead to a difference in measurement accuracy. With reference to
these factors, the threshold value can be tuned as [65]:

MTset =1_prelperpstpnp (412)

where prel Stands for the reliability factor, which is typically between 1.2 and 1.3. per
stands for the error coefficient of CTs, which is typically settled at 1.1. ps stands for
the same type coefficient, which is 0.5 when the CTs on both ends are the same and 1
when their type is different. pn, stands for the non-periodic component factor. It is
settled to 1 if a fast saturation relay is used, and it can be chosen between 1.5 and 2 if
a series resistance is present to remove the unbalanced current [63]. Considering these
factors, #set can be taken as 0.82.
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The suggested protection lacks the function of phase selection if the sequence current
magnitude ratio is utilized, hence it is necessary to add an extra criterion to achieve
the phase selection. The particular protection logic diagram is shown in Figure 4-7.

{nf‘ m, 772}<7759t

The relay
operates

‘ Faulty phase selection

‘ Fault starting element

Figure 4-7 The protection logic diagram. Source: C3 [65].

4.3.3. SIMULATION ANALYSIS

In this part, the operations of the suggested protection will be verified. The simulation
topology is the same as in Figure 2-8. The nominal capacity of the CIRES power park
is set to 500 MW, and the overhead line is 80 km. in addition, the grid equivalent
impedance is settled at 0.3+]9.42 Q, and the positive- and zero-sequence impedances
of the transmission line are 0.076+ j0.338 Q and 0.284+ j0.824 Q, respectively.

A. Different fault points and fault types

First, Figure 4-8 depicts the simulation results for the phase current magnitude ratio-
based criterion for inside-of-zone faults at F2 at 0.6 s. For AG and BC faults in Figure
4-8(a) and (b), #s for the faulty phase is lower than the setting value, so this method
can function as intended. A similar occasion could be seen for ABCG faults in Figure
4-8(d). However, since there is a significant zero-sequence fault current on the CIRES
terminal, the phase-C sensitivity for this BCG fault in Figure 4-8(c) is relatively low.
To improve the protection sensitivity, positive- and negative-sequence current
magnitude ratio-based criteria are therefore required, as shown in Figure 4-9.

Since the most serious scenario should be taken into account in the protection subject,
the curve in Figure 4-8 with the poorest sensitivity is used as #s in Figure 4-9. Aimed
at AG and BC faults, #1 is the largest, and 7 is the lowest in Figure 4-9(a) and (b)
since no negative-sequence fault current is provided from CIRESs. As a result, the
sensitivity of 7, is the highest. Additionally, in Figure 4-9(c), #s is greater than 4,
indicating that the positive-sequence current ratio-based approach is more sensitive to
BCG faults. Since the fault currents on both terminals only include the positive-
sequence components for ABCG faults, so 7 is essentially identical to #s in Figure 4-
9(d). At the same time, # at this point has no significance, so the criteria relied on the
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negative-sequence current magnitude ratio ought to be triggered after an unbalanced
fault is determined.
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Figure 4-8 The method based on phase current amplitude ratio for inside-of-zone faults. (a)
AG, (b) BC, (c) BCG, (c) ABCG. Source: C3 [65].
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Figure 4-9 The method based on comprehensive current ratio for internal faults. (a) AG, (b)
BC, (c) BCG, (c) ABCG. Source: C3 [65].
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Additionally, the associated measured quantities of the proposed method are also
shown in Figure 4-10 for outside-of-zone faults on the right side of Rz:. Only the
operations of the suggested method are provided for AG and BC faults because the
curves for the other fault types are identical.
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— Setting value |-
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Figure 4-10 Performance for outside-of-zone faults. (a) AG, (b) BC. Source: C3 [65].
As observed in Figure 4-10, the suggested protection scheme will not operate for
external faults because #r, 771, and 7. are near 1 at 640 ms and greater than the threshold

value under AG and BC failures.

B. Different fault resistances

TABLE 4-2 THE SUGGESTED METHOD UNDER VARIOUS FAULT RESISTANCES. Source: C3 [65].

Fault kind Ry () nf N1 n2
10 1.210 1.210 0.010
25 1.740 1.597 0.010

AG
50 2.728 1.495 0.002
100 2.766 1.379 0.002
5 0.720 0.844 0.002
10 0.740 0.907 0.002
BC
15 0.761 0.976 0.002
20 0.787 1.050 0.002
10 1.473 0.749 0.001
25 1.532 1.198 0
BCG
50 2.041 3.610 0.002
100 2.350 2.314 0.004
10 0.476 0.475 /
25 0.606 0.605 /
ABCG

50 1411 1.408 /

100 7.692 7.650 /
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The effect of fault resistance will be taken into account in this section. If a fault
develops at the exit of Riy, the fault current is the smallest on the grid side, therefore
the capacity to withstand fault resistance of the suggested method is also at its lowest.
Table 4-2 shows the simulation findings for faults at F2 for diverse fault resistances.
The maximum fault resistance is settled to 20 Q for BC faults since the fault resistance
for line-to-line faults is the arc resistance. Additionally, 100 Q is assumed to be the
maximum fault resistance for grounding faults. The data at 640 ms is the source of all
the values in the table.

Since 7, in Table 4-2 is substantially smaller than the threshold value for unbalanced
faults, 7, is triggered to cut off the fault even for faults with high fault resistance. In
addition, more novel techniques need to be investigated for this fault condition as the
suggested scheme can only cover 25 Q under ABCG failures.

4.4. EUCLIDEAN DISTANCE-BASED METHOD

It is clear that the transient fault current characteristics of CIRESs differ greatly from
that of SGs in terms of phase angles, amplitudes, and frequency characteristics. These
disparities can be measured using the improved Euclidean distance to detect internal
and external faults.

4.4.1. BASIC PROTECTION PRINCIPLE

The Euclidean distance was often applied to measure the spatial distance between two
space vectors, h={hy,ho,....hn} and g={01,02,...,gn}, and its specific expression is as

follows [32]:
qﬂ/zm _gi)2 (4.13)
i=1

where g denotes the Euclidean distance, and h; and gi denotes any element of the
vectors h and g.

h and g are corresponding to current sampling points on two sides inside a time
window when the Euclidean distance is applied in the protection field. In order to
make it convenient for the protection setting, the Euclidean distance stated in (4.13)
is normalized by dividing by the minimal value of the square root of the square sum
of two sampling sequences. At this time, it is not possible to obtain a valid calculation
result if the current sampling values on one side are equal to 0. To avoid this situation,
a constant is added in the denominator as the stability factor, so the improved
Euclidean distance is expressed as follows:

63



ADVANCED PROTECTION TECHNOLOGIES FOR POWER GRIDS WITH POWER ELECTRONIC CONVERTER-
INTERFACED SOURCES

o i:; - (4.14)
mm{ >hZ > gl J+,6’

The currents on both terminals of the line are exactly opposite for both normal
operation and external faults. Under this circumstance, the improved Euclidean
distance g1 will be zero when all sampling points are treated as their corresponding
absolute values. But for inside-of-zone faults, the transient currents between two ends
differ significantly, thus g1 in (4.14) is much larger than 0. Therefore, the protection
operation condition is as follows:

0 > O (4.15)

where Qset denotes the suggested threshold value, which is covered in the next part.

For the time window that is used to compute the Euclidean distance, a long window
could increase the stability of the calculation result, but the operating speed will
become slow. Considering the trade-off between numerical stability and protection
speed, 20 ms is selected as the time window.

Figure 4-11 shows the protection flowchart of the suggested protection scheme. After
a low-pass filter is applied to the collected current data between both terminals, the
improved Euclidean distance gi is computed. The circuit breakers on both terminals
will cut off the fault if gi is higher than the threshold value; if not, an external fault
could be identified. Please note that the suggested scheme is also suitable for the
transmission line with DFIGs.

Collecting current data |
between both terminals

|

Low-pass filter

l | External faults

A
Compute the improved
Euclidean distance q;

= N
Y
Internal faults Trip the line

Figure 4-11 The protection flowchart. Source: J4 [32].
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4.4.2. PROTECTION SETTING

In the protection tuning, the impact of the angle error, the amplitude error, and the
noise is taken into account. It is assumed that the current amplitude error at both
terminals is 10%. When the sampling rate is 5 kHz, the angle error due to the sampling
delay is lower than 0.9 because the sampling delay between both terminals is often
smaller than 5% of the sampling step. The total angle error is finally fixed to 7°
because current transformers (CTs) on both sides might also cause a tiny angle error.
When fault currents between both terminals contain a 10% error in amplitude and a
7<error in angle, the improved Euclidean distance is displayed in Figure 4-12 when
the sampling rate is 5 kHz. Assuming that the current magnitudes between both
terminals are 1.1p and p, respectively.

0.162 o ” 0.195
o = =TT g 0197,
] .
S 0.161 0185
3 o .
2 S 0.18 N
< S . 4
S 0.16 gours N K
K=} — N .
g g 0.17
W 0.159 W o.165 N

0.16 ¥
20 3 40 50 60 70 703 -02 01 0 01 02 03
Time (ms) @) The slip s (b)

Figure 4-12 Euclidean distance of fault currents with a certain error. (a) different current
magnitudes, (b) different slips. Source: J4 [32].

As shown in Figure 4-12 (a), the normalization process ensures that the amplitude p
has no influence on g:. When the noise impact and a particular margin are taken into
account, the threshold value is settled at 0.3 since the maximum value of gz in Figure
4-12 (b) is 0.1911 under various slips.

When the current sampling points are equal to 0 on one side, the stability factor £ is
attached to the denominator to prevent an invalid result. This issue will occur if the
power from RESs is low, or the circuit breaker recloses with a permanent failure. In
this case, the protection scheme must guarantee that non-faulty phases can keep being
blocked. Given that a line capacitance current is present on the grid side, £ ought to
be chosen to minimize its impact. The introduction of the stability factor g will decline
the sensitivity of the suggested protection scheme for inside-of-zone faults, but the
impact is limited since the line capacitance current is very low. The peak value of the
capacitance current for non-faulty phases can be expressed as (4.16) when the
maximum voltage is considered 1.05 times the nominal voltage [32].

1.05V2U,,

| = NN
Cmax »\/§XC

(4.16)
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where Xc denotes the grounding capacitive reactance of the overhead line. After that,
the stability factor is obtained as follows:

= Kee JZ('Cmax sin(a)oti))z :qu—'” (4.17)

qset i=1 set

where kr denotes a reliability coefficient that ranges from 1.15 to 1.3.

The line capacitance current will not cause the suggested criterion in (4.14) to be
activated wrongly when £ is set in accordance with (4.17) since q; is always lower
than Qset.

4.4.3. SIMULATION ANALYSIS

In this part, the operations of the suggested protection will be evaluated. The
simulation topology is the same as in Figure 2-8. The nominal capacity of the power
park is 500 MW, and the grid impedance is equal to 0.4+j12.568 Q. Moreover, the
line length is 40 km. The power sources can be transformed between CIRESs and
DFIGs, and all the faults develop at 0.6 s.

A. Time window selection
The time window is respectively settled to 10 ms and 20 ms, to study its impact on

the suggested method. Under this circumstance, the improved Euclidean distance is
now displayed in Figure 4-13 when a BC fault for DFIGs happens at F4.
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Figure 4-13 Performance under various time windows. (a) 10 ms, (b) 20 ms. Source: J4 [32].

Analyzing the results in Figure 4-13(a) and (b), it can be known that the improved
Euclidean distance g; will vary within a wide range after the fault while the time
window is set to 10 ms. This result is detrimental to the reliability of the suggested
scheme. Since the proposed method can operate within 3 ms (1.2 ms for 10 ms of the
time window and 2.2 ms for 20 ms of the data window), the reliability is more
significant than the operating speed, so 20 ms is chosen as the final value for the time
window.
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B. Stability factor selection

According to (4-17), p is settled at 0.6. When the system is operating normally and
RESs have no output power, Figure 4-14 displays the phase-A fault currents on both
terminals and the operation of the suggested technique.
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Figure 4-14 Phase-A current and the related Euclidean distance when RESs have no power.
(a) Phase-A current waveform, (b) improved Euclidean distance. Source: J4 [32].

It is apparent from Figure 4-14(a) that even though the RES-side fault current is O
since there is no power provided from CIRESs, the line capacitive current is still
present on the grid end. In Figure 4-14(b), q. is smaller than the setting value, and this
shows that the stability factor could mitigate the impact of the capacitance current.

C. Different fault locations and fault types

Figure 4-15 provides gz for external BC faults at F1 and Fb5.
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Figure 4-15 The value q: for external faults. (a) F1, CIRESs, (b) F5, CIRESs, (c) F1, DFIGs,
(d) F5, DFIGs. Source: J4 [32].
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In Figure 4-15, the improved Euclidean distance q; is always less than the threshold
value, making it possible to successfully block the suggested protection.

In addition, the value q; is given in Figure 4-16 for AG and BC faults at F3 to assess
the operation of the suggested approach for inside-of-zone faults.
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Figure 4-16 The value g for inside-of-zone faults at F3. (a) AG, CIRESs, (b) BC, CIRESs, (c)
AG, DFIGs, (d) BC, DFIGs. Source: J4 [32].

As shown in Figure 4-16(a) and (b), g1 for CIRESs can quickly overtake the threshold
value for faulty phases but is smaller than the threshold value for non-faulty phases.
Therefore, the proposed approach performs well regardless of whether there are BC
faults or AG faults. In addition, the suggested approach can work well for DFIGs
according to Figure 4-16(c) and (d).

4.4.4. RTDS VERIFICATION

The suggested protection scheme is validated based on the RTDS experiment
platform, too. The improved Euclidean distance is illustrated in Figure 4-17 for the
situation when AG and BC failures manifest at F3at 0 s.

As known in Figure 4-17(a) and (b), the suggested method can function well for AG
and BC failures when the source is CIRESs. Similarly, the faulty phases are also
detected when the source is DFIGs, and the non-faulty phases are not triggered
according to simulation results in Figure 4-17(c) and (d). The protection speed is
likewise comparable to the PSCAD simulation findings. These phenomena once more
firmly support the suggested protection scheme.
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Figure 4-17 The simulation results for internal faults based on the RTDS experiment
platform. (a) AG, CIRESs, (b) BC, CIRESs, (c) AG, DFIGs, (d) BC, DFIGs. Source: J4 [32].

4.5. SUMMARY

This chapter analyzed the adaptive problem of traditional proportional restraint
differential protection and proposed three novel methods to enhance its performance.

The first method designs a new control strategy to decrease the current angle
difference between both terminals by less than 60<for line-to-line faults. As a result,
the operating current of differential protection is always larger than the restraint
quantity, so conventional differential protection can function as intended.

However, this may be difficult to be performed for protection engineers since fault
control strategies of CIRESs are managed by the manufactory. Therefore, a
comprehensive current magnitude ratio-based pilot protection is also suggested. The
fault current of CIRESs is far lower than that from the connected grid, and this feature
can be applied to form a new protection method. This scheme can be suitable for
diverse fault points and fault kinds, and it can work well for different fault control
strategies.

Following that, an improved Euclidean distance-based pilot protection method is also
put forward, which is applicable to both CIRESs and DFIGs. The approach relies on
the fact that the fault signatures of RESs are significantly diverse from those of SGs,
and the improved Euclidean distance can be utilized to detect this difference. The
suggested scheme can function as intended for various fault locations and fault types.
In addition, the proposed scheme is also applicable to the case when RESs do not
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provide any power, or the circuit breaker recloses with a permanent failure. Moreover,
this method uses a 20 ms of data window to compute the improved Euclidean distance,
so the extraction of the power frequency phasors is not necessary, which avoids the
impact of frequency offset on the suggested method.
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CHAPTER 5. THREE-PHASE
RECLOSING SCHEME BASED ON
ACTIVE CONTROL

In addition, fault nature detection is also important for the resilience of the power
system. In this chapter, a fault nature detection scheme relying on active control will
be proposed to avoid the secondary impact after the current circuit breaker recloses
on a permanent failure. After that, the time sequence for reclosing is also discussed to
restore the power supply if a temporary fault is detected.

5.1. FAULT NATURE DETECTION
5.1.1. LOW CURRENT INJECTION

The studied topology is depicted in Figure 5-1(a). Five fault locations, designated K1,
K2, K3, K4, and K5, are located at 0%, 25%, 50%, 75%, and 100% of the line away
from Bus 1. The circuit breakers BRK2 and BRK3 are deployed on both terminals of
the transmission line to cut off the fault. BRK1 is the grid-connected switch of the
wind turbine, and back-to-back converters are used to link the wind turbine to the grid,
and an LCL filter is placed at the inverter outlet to remove high-order harmonics in
Figure 5-1(b). Moreover, a chopper circuit is also equipped on the DC side to impede
overvoltage caused by power imbalance during a fault.

Main transf. T ission [ Grid
BRK2 lransmission liné  prk3
o N | | | @
8_0 \@ | A ‘ﬁl § § § § é‘T [
K1 /K2 /K3 /K4

W S
Bus1 K5 Bus2

Source-side converter N Grid-side converter

(b)

Figure 5-1 The studied system topology. (a) Line, (b) structure of PMSGs. Source: J5.
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After BRK1 and BRK2 are reclosed, a low fault current can be measured at the relay
site to distinguish a temporary fault or a permanent fault when a novel control scheme
is proposed to make the converter interfaced generation system act as a regulated
voltage source. By using pulse width modulation (PWM) technologies, the voltage on
the inverter outlet can be regulated [93]. Three-phase voltages at the inverter terminal
can be stated as (5.1) when the modulation wave is m [108].

(5.1)

where Egc is the DC bus voltage, and uou: is three-phase voltages at the inverter
terminal.

The modulation wave is often calculated by the required terminal voltage divided by
half of the nominal rate of the DC voltage. However, the DC voltage will fluctuate
once a fault appears. During an asymmetric fault, active power will experience a
twofold frequency fluctuation because the negative-sequence voltage is a double-
frequency component in the rotating positive-sequence DQ frame, as seen in (5.2)
[12]:

P =P, + P, cos(2at) + P, sin(2eayt) (5.2)

Po stands for the average power, P¢; and Ps; are the active power's double frequency
components, and w; denotes the fundamental frequency angular velocity.

The DC capacitor discharge provides active power on the AC side when the source-
side converter is blocked, so (5.3) yields in accordance with the power balance [J5]:

c9e P (5.3)
dt Eg.
By resolving (5.3), Eqc can be written as:
£, - Jé[_zpot . Ppcos2at —Rysin2ayt - R, J e (5.4)
2]

where Eqco denotes the initial value of the DC bus voltage.

It is apparent from (5.4) that the DC voltage Eq4 gradually decreases with double-
frequency oscillations. According to (5.1), uow Will have a triple frequency
component, which will cause the active power to fluctuate at a quadruple frequency.
Accordingly, the DC voltage will fluctuate with a quadruple frequency. In this way,

72



CHAPTER 5. THREE-PHASE RECLOSING SCHEME BASED ON ACTIVE CONTROL

various harmonic components are produced on DC and AC sides. Therefore, the
modulation wave should be calculated by the actual value of the DC voltage instead
of the nominal value to remove the effect of the DC voltage variation. Assumed that
the required three-phase voltage is Ucout (its amplitude is Uam), the related modulation
wave should be:

1
mcout = ucout/2 Edc (5'5)

Consequently, the inverter acts as a three-phase voltage source because the DC
voltage at the inverter terminal no longer has an impact on the AC voltage according
to (5.5). An overcurrent on the faulty phases will be measured at BRK2 for permanent
faults after BRK1 and BRK2 have been reclosed. If not, a temporary fault will be
detected. As a result, the criterion for a permanent fault is:

I, > L (5.6)

where lg: is the threshold value, which will be covered in the following section, and
the subscript ¢ stands for the defective phase.

The combined duration of the protection operation and the circuit breaker opening for
110 kV transmission lines is often estimated to be 200 ms [109]. In addition, the
insulation recovery time (arc extinguishing time) is typically 200 to 300 ms and
depends on a number of variables, including wind speed, humidity, and arc length
[85], [86]. Given these characteristics, 500 ms following the fault is chosen as the time
to reclose BRK1 and BRK 2. The period for fault nature determination is set to 40 ms
in order to offer enough information to extract the fundamental frequency current.

5.1.2. THRESHOLD VALUE SETTING

There is no load current for temporary faults after the grid-side current circuit breaker
is on, so the threshold value can only be settled with the intention of minimizing the
influence of the capacitance current on the non-faulty phase. Additionally, the cable
line is not taken into consideration because overhead lines are the main type for the
high-voltage transmission line. The sequence equivalent loops of phase A, assuming
it is the non-faulty phase, are shown in Figure 5-2. In the diagram, Xc represents the
line capacitive reactance, Z, stands for the equivalent impedance of the transmission
line, and Zs stands for the total impedance of the main transformer, the collecting line,
the step-up transformer, and the LCL filter. The positive and negative-sequence
impedances of these elements are identical because they are static elements.
Additionally, Usa denotes the voltage at the fault location, Ev denotes the effective
value of the applied voltage, and Ura is the voltage measured at BRK2 (marked in red
point).
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The capacitance current can be represented as follows according to Figure 5-2 [J5]:

= U:fAl . QfAZ + U:on 5.7)
“Xer Xz X

ZEl ZLl A

X2 ZLZ
Ny

@ (b)

XCl

Figure 5-2 Sequence equivalent circuit. (a) Positive-sequence, (b) negative-sequence, (c)
zero-sequence. Source: J5.

Additionally, because Xco is often higher than Xc1 and Xcz, the capacitive current
conforms to the following relationship:

. U
Ic < ICmax = _j)f(A (5.8)
C1

At the same time, Usa can be regarded as being equal to Ey since the current in the
non-faulty phase is incredibly low. Therefore, the threshold value can now be set as
follows:

ky,Ey

rel
XCl

Lot = KoorKy Toma = K

rel u " Cmax

(5.9)

where k, denotes the overvoltage factor from 1.5 to 2, and ke denotes the reliability
factor, which can be selected between 1.2 and 1.5.

5.1.3. THE APPLIED VOLTAGE AMPLITUDE

To protect these electrical devices, Uam should not be greater than the nominal voltage,
|e, Uam< UNm.

In order to safeguard the converter from overcurrent problems, the current at the
inverter terminal cannot overtake the limiting value of the converter. In addition, when
CIRESs are regulated as a controlled voltage source, the fault current will have a DC
component besides the power frequency component since the inductive current in an
AC system cannot vary abruptly. When BRK2 recloses on a permanent fault, the
maximum inrush current can now be represented as (5.10) [J5]:
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w=@+€wﬂy =K_I (5.10)

m m™m

where Iy, denotes the peak value of the steady-state AC component, T, denotes the
decayed time constant of the DC component, and Ky denotes the inrush factor that
ranges from 1.8 to 1.9 in actual calculations [38].

The maximum AC component lyv should meet (5.11) when the inrush current is lower
than the current limiting value of the inverter.

ALY (5.11)

where Iy denotes the nominal current, and y is the inverter's current restraint multiple.

The main transformer's wiring connection is YND, so there is no zero-sequence fault
current at the inverter terminal for an unbalanced earth fault at the transmission line.
Under this circumstance, the fault current at the inverter terminal is at its maximum
for three-phase metallic faults at K1. To compute the applied voltage value, the loop
impedance is illustrated when the unlocked turbine number is ny:

1
ZZl = n_(ZFI + Zstep ) + Zco + ZTl (5.12)

v

where Zgep, Zr1, and Z, are the impedances of the step-up transformer, the LCL filter,
and the collection system, and Zr; is the main transformer's positive-sequence
impedance.

At this time, the fault current at the inverter outport for three-phase faults is stated as:

| - _Ev (5.13)

Take Imax equal Iy, and the related applied voltage amplitude Ev is obtained:
EV = IV ‘ZFI + Zstep + r]vzco + nvZTl‘ (5-14)

When ny is equal to 1, Ey is considered to be at its minimal value according to (5.14).
At this point, under no circumstances will the fault current at the inverter terminal
exceed the current limiting setting. The final value of the applied voltage Uan will be
the smaller value between v2Uy and v2Ey.
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5.1.4. THE MINIMUM UNLOCKED NUMBER

More unlocked wind turbines (perform the proposed control method) can lower the
loop impedance between the inverter outport and the fault location, which is
advantageous for fault nature detection due to the increased fault current, as can be
seen from (5.12). The minimum unlocked number should be computed with the
understanding that the criterion must detect the fault nature reliably for remote high-
resistance faults (the worst scenarios). The evaluated largest fault resistance is 100 Q
for grounding faults and 20 Q for phase-to-phase faults, so four permanent faults at
K5 have been studied: an AG fault with 100 Q of fault resistance, a BC fault with 20
Q of fault resistance, a BCG fault with 100 Q of fault resistance, and an ABCG fault
with 100 Q of fault resistance.

1) An AG fault with 100 Q of fault resistance. The fault current flowing through the
BRK2 is as follows [J5]:

3E,

[ (5.15)

2

" \/(2R21 +2R,; + R, +3R; )2 +(2XZl +2X 5+ X+ XTO)

When Ry; is disregarded, the minimum unlocked number of wind turbines can be
computed by setting Imin1 equal to lset:

X + Xstep (5.16)

nminl =
2
l\/gEV _(ZRLl +Ro +3R; )2 - Xy _%XLO _%XTO —Xeo = Xy

24 12

set
2) A BC fault with 20 Q of fault resistance. The fault current measured at BRK2 is
displayed as follows:

ninz = /3 Ev (5.17)
2 2
\/(2R21 +2R; +Re) +(2Xgy +2X )

After that, the smallest unlocked number can be calculated by setting Imin2 equal to

lset:

Xg + X
Fl step (5 18)

min2 =

1 [3Ey 2

2\/|2V_<2RL1+Rf) =Xy = Xeo = Xn
set

n

3) A BCG fault with 100 Q of fault resistance. The phase-B and phase-C fault currents
measured at BRK2 can be expressed as:
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o= [ 2 Zya+Zip+a(Zrg +2Z00 +3R; )] 5.19)
Ly, +Z ,+Zrg+Z o +3R
i a_zzz +Z,+a’(Zrg+2Z,+3R;) (5.20)
fo o TRm Zsy+Ziy+ 2o +Zo+3R
where I is equal to:
. E
e = > (5.21)

(Zso +Z0,)(Zyo + 2o +3R;)
Ly, +Z ,+Zyg+Z,+3R

Ly +Z)+
The minimal unlocked number nmins is calculated using a searching approach because
it is difficult to take the modulus of gy and Igemin. These are the detailed steps:

(D Set ny equal to 1, the fault currents for phase B and phase C are computed by (5.19),
(5.20), and (5.21).

@ Increase ny until Iy and le are both greater than lst. In this way, Nmins can be
computed.

4) An ABCG fault with 100 Q of fault resistance. In this case, the fault current
measured at BRK2 is computed as follows:

E
I mina = = ; (5.22)
\/(Rﬂ +Ry +R) +( Xy +X1y)
If we set Imina equal to lse, the smallest unlocked number can yield:
n XF| + Xstep (5.23)

min4 — E2 5
ITV_(RLl"'Rf) =X = Xeo = Xn

set

The ultimate minimum unlocked number of wind turbines is (5.24) to guarantee that
the suggested criterion can recognize all the defective phases in any situation.

i round(np), if n < round(np) 624
round(np)+1, if n, > round(np)
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where round () denotes the rounding function, and n; is equal to:
np = maX(nminl' nmin2 ’ nmin3’ nmin4) (525)

where max () denotes the maximum value function.

By this process, the minimum unlocked number of wind turbines is computed to detect
the fault property reliably.

5.2. FAST MATRIX PENCIL EXTRACTION METHOD

The charging and discharging process between the line inductance and the line
capacitance will produce the inter-harmonic after reclosing BRK1 and BRK2. In
addition, the fault current will also include the decayed DC component to ensure
waveform continuity. These components will compromise the accuracy of the
conventional fast Fourier transform (FFT) algorithm. To extract accurate power
frequency phasors, a fast matrix pencil extraction (FMPE) approach is used [110].
The following are the detailed steps of this algorithm:

1) Assumed that the initial signal, y(t), is composed of a finite number of attenuated
cosines [J5]:

y(t)=Zp:A,e’l"t cos(2x f.t+¢,) (5.26)

where A, denotes the amplitude of the n-th order, p denotes the number of sub-signals,
/n denotes the attenuation coefficient that is smaller than 0, ¢, represents the initial
phase angle of differential signals, and f, represents the frequency of every sub-signal.

2) After a low-pass filter is applied to y(t), the filtered signal is sampled at 5 kHz. The
matrix Y below is built using the data within one cycle (100 consecutive sampling
points):

y@® y(@ - y(60)
Y = y(:2) y(:3) y(fil) (5.27)
y(41) y(82) -+ y(00) ],

3) A reference signal with the formula s(t)=cos(2fot) is constructed, where fo is the
fundamental frequency. The next step is to repeat step 2) to create a new sampling
matrix S:

78



CHAPTER 5. THREE-PHASE RECLOSING SCHEME BASED ON ACTIVE CONTROL

s@ s(2 --- s(60)

s(2) s(3) --- s(61)

S= (5.28)

s(41) s(82) --- s(100)

41x60

4) The Moore-Penrose pseudoinverse of matrix Y is designated as Y*, and it is right
multiplied by the matrix S to produce the matrix A, that is, A=SY*. Then, matrix A is
subjected to QR decomposition to generate an orthogonal matrix Q and an upper
triangular matrix R. Additionally, the matrix R can be expressed as the singular
product form of the upper triangular full-rank matrix W and the diagonal matrix A,
i.e., R=AW.

5) A similar transformation is done for matrix A to yield matrix B, i.e., B=WQA, and
its second-order principal minor is designated as matrix C. Thus, the characteristic
roots of matrix C are precisely the two non-zero characteristic roots of matrix B, as
well as a pair of conjugate complex eigenvalues corresponding to frequency fo:

A, =axjb (5.29)

After that, the power frequency current amplitude A; in (5.26) can be expressed as
(5.30):

1 1
_1_1 (5.30)
AT Tl

In this way, the power frequency current amplitude can be successfully extracted to
identify the fault property. Only the measured value after 20 ms at the beginning of
detection can be used for the fault nature detection because this technique needs one
cycle of the data window.

5.3. TIME SEQUENCE FOR RECLOSING

When the conventional three-phase reclosing technique is reclosed, BRK3 is reclosed
first after the insulating capacity at the fault location has been recovered. And then,
BRK1 and BRK?2 are reclosed to recover the power supply. Figure 5-3 depicts the
detailed time sequence diagram for this traditional reclosing. The time sequences on
both sides are different because the circuit breakers on both sides may be triggered by
various relays with various time delays. In the diagram, tor stands for protection
operation time, tor stands for the circuit breaker’s opening time, t, stands for the arc
extinguishing time at the fault location, and tarp stands for a time delay before
reclosing for the circuit breaker that trips first (assuming BRK3).
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BRK2 tor2 | tor2 ty
tors  tors t
BRK3 220 ARD
0 - - !
Trip3 Trip2 Reclose 3 't

Figure 5-3 The time sequence of the conventional reclosing method. Source: J5.

When a fault occurs, PMSGs will perform the FRT strategy to raise the grid voltage.
After BRK2 and BRK3 trip, the FRT control will be stopped because of the open
circuit. Before detecting, the suggested voltage control scheme will be executed to
make PMSGs act as a three-phase voltage source. After 500 ms following the fault,
BRK1 and BRK2 are reclosed. When BRK2 detects an overcurrent, BRK2 is turned
off once more, and the inverter is once more blocked. For permanent faults, the
secondary impact will be lessened because the fault current provided by PMSGs is far
lower than that from the grid. If there is no overcurrent, a temporary fault will be
detected. At this time, the inverter will be blocked after 40 ms, and BRK3 will be
reclosed. After that, the conventional control mechanism will be restarted, and the
power supply will be progressively restored. Figure 5-4 illustrates the specific time
sequence diagram for the proposed scheme. In this diagram, the term "Re" stands for
reclosing the associated circuit breaker, and t; stands for the detection time. Only a
short detection time of 40 ms is added compared to the conventional time sequence
diagram, thus tarp for BRK3 is extended by the same 40 ms.

t 1, f
BRK2 pr2 ‘ QF2 tu {j
tors  tors tarD
BRK3 I [
Control : Stop | Voltage control ‘\
0 .3 :. 14 r/ >
Trip3 Trip2 Re2Re3 t

Figure 5-4 The time sequence of the suggested scheme. Source: J5.

5.4. SIMULATION VERIFICATION

The suggested approach will be tested considering diverse fault conditions. The
nominal capacity of the wind farm is 100 MW with a unit capacity of 1.5 MW. The
length of the transmission line is 80 km with a voltage level of 110 kV. The fault time
is 0.6 s, the voltage regulation mode will work at 1.1 s, and the persisting period is 40
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ms. In addition, with reference to the line capacitance parameter, I is settled to
0.0178 kA.

5.4.1. PSCAD SIMULATION

A. Minimum unlocked number

First, in order to guarantee that the fault currents at the inverter terminal do not exceed
the current restraint value of the inverter, the applied voltage is estimated as 0.2245
kV in accordance with (5.17). The minimum unlocked number is thus determined to
be 4 in accordance with (5.25) to lessen damage to wind turbines under permanent
faults and guarantee that the faulty phases can be reliably recognized. Figure 5-5
shows the fault current at the inverter terminal during various permanent metallic
faults at K1.
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Figure 5-5 The fault current at the inverter outport for various fault types. (a) AG, (b) BC, (c)
BCG, (d) ABCG. Source: J5.

The highest permitted fault current peak value is 4.835 kA when the current limiting
value of the inverter is set to 1.5 p.u. for 1.5 MW of single unit capacity. Under this
circumstance, the inverter will not be damaged by overcurrent since three-phase fault
currents at the inverter outport in Figure 5-5 are always lower than the current restraint
value for various fault types. The fault loop's positive- and negative-sequence
impedances are far greater than its zero-sequence impedance, which results in a
relatively tiny negative-sequence current for BCG faults. Additionally, since the
inverter terminal is on the low-voltage side of the step-up transformer, there is no
zero-sequence component, and three-phase currents detected at the inverter terminal
are very similar for BCG and ABCG faults.
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B. Remote faults with high resistance

Four of the worst fault scenarios are simulated to evaluate the operation of the
suggested technique for remote faults with high resistance. When these permanent
faults arise, the current amplitudes measured at BRK2 can be seen in Figure 5-6.
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Figure 5-6 The fault current for remote permanent faults with high resistance. (a) AG, (b) BC,
(c) BCG, (d) ABCG. Source: J5.

The suggested detection approach can reliably determine the fault nature and fault
kinds, as can be shown in Figure 5-6, the currents on the faulty phases are higher than
the threshold value and the currents on the non-faulty phases are lower than the
threshold value. Three-phase fault currents for ABCG faults in Figure 5-6(d) are
0.0233 KA. For a BC fault with 20 Q of fault resistance in Figure 5-6(b), the sensitivity
is at the lowest. The phase-B current in this case is 0.0218 kA, and the phase-C current
is 0.0200 KA.

C. Different unlocked numbers

In this part, the effectiveness of the suggested scheme will be assessed under various
unlocked numbers of wind turbines. The fault conditions are identical to those
displayed in the last section. In this case, Table 5-1 shows the measured fault current,
with all values measured at 1140 ms.

When more wind turbines are unlocked at the same applied voltage, the fault current
in Table 5-1 will be increased since this is equal to a reduction in the impedance of
the fault circuit. As a result, the sensitivity of the suggested criterion is effectively
enhanced by the more unlocked number.

82



CHAPTER 5. THREE-PHASE RECLOSING SCHEME BASED ON ACTIVE CONTROL

TABLE 5-1 AMPLITUDE UNDER DIFFERENT WIND TURBINE NUMBERS. Source: J5.

Unlocked Resistance Phase-A Phase-B Phase-C
number © EOPES © (kA) (kA) (KA)
AG 100 0.0341 0.0090 0.0096

BC 20 0.0108 0.0218 0.0200

4 BCG 100 0.0018 0.0394 0.0362
ABCG 100 0.0233 0.0233 0.0233

AG 100 0.1376 0.0076 0.0010

20 BC 20 0.0099 0.0955 0.0940
BCG 100 0.0058 0.1508 0.1154

ABCG 100 0.1040 0.1041 0.1040

AG 100 0.2116 0.0076 0.0103

BC 20 0.0099 0.1742 0.1726

40 BCG 100 0.0076 0.2257 0.1723
ABCG 100 0.1769 0.1769 0.1770

AG 100 0.2350 0.0077 0.0104

BC 20 0.0098 0.2095 0.2079

>0 BCG 100 0.0080 0.2492 0.1942
ABCG 100 0.2050 0.2044 0.2040

AG 100 0.2629 0.0080 0.0104

BC 20 0.0096 0.2597 0.2577

66 BCG 100 0.0085 0.2760 0.2254
ABCG 100 0.2388 0.2389 0.2391

D. Comparison with the FFT algorithm

The FMPE method is employed in place of the conventional FFT approach to extract
fundamental frequency phasors, and a comparison is made to show off its benefits.
When the unlocked wind turbine number is set to 4 and an AG failure with a 100 Q
fault resistance and a BC failure with a 20 Q fault resistance arise at K5, three-phase
currents, and the extracted fundamental-frequency phasors are illustrated in Figure 5-
7.

Figures 5-7(a) and (b) show that the current on the non-faulty phase will include inter-
harmonic, and the current on the faulty phase will have a decayed DC component, so
the fault current amplitude obtained by the FFT approach is currently unstable. When
using FFT, phase B and phase C, particularly in Figure 5-7(c), may be mistaken for
the defective phases. The FMPE approach is therefore superior for the scenario under
study since it can precisely extract fundamental frequency phasors from complex low-
frequency harmonics.
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Figure 5-7 The current waveforms and the extracted phasors under FFT and FMPE. (a)
current for AG, (b) current for BC, (c) amplitude for AG, (d) amplitude for BC. Source: J5.

5.4.2. RTDS VERIFICATION

The suggested approach is also validated by the RTDS experiment platform. The fault
currents measured at BRK2 are displayed in Figure 5-8 when various remote high-
resistance faults developed at K5.
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Figure 5-8 The overcurrent for remote high-resistance faults based on the RTDS platform. (a)
AG, (b) BC, (c) BCG, (d) ABCG. Source: J5.

The currents on the faulty phases will be greater than the setting value under various
remote high-resistance faults, as displayed in Figure 5-8. The fault current in Figure
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5-8(d) for ABCG faults is 0.0233 kA, which is identical to the PSCAD simulation
result. For other faults, comparable circumstances can be also observed. Figure 5-9
further displays the effectiveness of the suggested scheme for temporary faults.

0.05 2 T T T -

Acti‘ve poWer
0.04 15 Reactive power
E3 31
2 0.03 . S
2 | i 5 05
= 0.02 ! g
g ] g 0
001 J i 05

0 ]
20 30 40 50 60 70 80 100 200 300 400 500 600 700 800
Time (ms) (a) Time (ms)

Figure 5-9 The detected fault current and the restored power based on RTDS. (a) The fault
current, (b) the restored power. Source: J5.

The data after 60 ms are convinced since the fault detection starting time is assumed
to be 40 ms. A temporary fault can be detected since the observed currents in Figure
5-9 (a) are always lower than the threshold value after 60 ms. The output power from
the wind farm in Figure 5-9 (b) will then be restored after a period of fluctuation when
BRK3 is then reclosed. These results from PSCAD and RTDS support the proposed
method once more.

5.5. SUMMARY

By adjusting the voltage modulation wave, the inverter is regulated as a controllable
three-phase voltage source. Based on this, it is feasible to reveal the fault property by
detecting the overcurrent at the relay point.

To increase the accuracy of the extraction in a complicated harmonic environment,
power frequency phasors are extracted using an FMPE method. The fault current
flowing through the inverter cannot exceed its current limiting value, this point is
considered to determine the magnitude of the applied voltage. Additionally, the
minimum unlocked number of PMSGs is computed to make sure that this suggested
technique still works for remote faults with high fault resistance. Even though the
circuit breaker recloses on permanent faults, the secondary impact is relatively
minimal because the fault current generated by wind turbines is much lower than that
from the grid. The suggested criterion can be applied for various fault types and fault
locations without the second injection, and these features are verified by both PSCAD
simulation and RTDS experiment.
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6.1. SUMMARY

This Ph.D. thesis was focused on the advanced control strategies of CIRESs to
enhance the operations of the protection system on the outgoing transmission line
including directional elements, distance relays, differential protection, and auto-
reclosing. In addition, two new protection algorithms are also introduced briefly to
enhance the performance of the differential relay. In this thesis, the challenges caused
by the RES integration are clarified, and the corresponding solutions are given, and
they can be summarized as follows:

In Chapter 1, the impact of the CIRESs on the protection system and the existing
solutions have been reviewed. The advantages and limitations of these methods are
also clarified. Though these methods are effective to improve the operations of
protective relays, their applications on an actual power system need a lot of investment
since all the protection devices near the CIRES power plant are necessary to be
updated. Therefore, more protection methods should be proposed, especially methods
based on active control.

In Chapter 2, the fault current expressions during the transient process and steady state
are derived, and the study shows that the fault current of CIRESs will be controlled
by current command values during the steady state. After that, a new control strategy
is developed to make directional elements operate correctly based on the derived fault
current and the basic protection principle. Meanwhile, the fault current can reach the
maximum allowable value of the inverter, so the short capacity of CIRESs is fully
utilized. Therefore, the impact of the CIRES integration on directional elements can
be avoided.

In Chapter 3, two control methods are designed to enhance the performance of
distance relays. In the first method, a novel fault control scheme is suggested to adjust
the power frequency current to make the angle of the additional impedance equal to
0< In this way, the apparent reactance measured at the relay point is equal to the line
replica reactance, so the fault distance could be measured correctly. Meanwhile, the
reactive current injection in the grid code can be satisfied in most cases. For some
occasions where the fault current from CIRESs overtakes the current restraint value,
the injected reactive current needs to be scaled down to meet the current limiting
condition. In addition, the apparent impedance still includes a large resistive part, so
the quadrilateral protection zone with a big resistive reach needs to be applied. In
order to overcome this shortcoming, another method is proposed based on harmonic
injection. A 2" harmonic current is provided from the inverter by adding a 3" order
signal on the D-axis. As the Pl controller cannot follow the AC reference signal
accurately, the actual response is derived by the transfer function method. After that,
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the measured harmonic impedance can work properly for internal faults since the
remote infeed is disappeared. Meanwhile, the current restraint and the reactive current
injection requirements in the grid code are also satisfied.

As for Chapter 4, it is proved that the control method in the first method of Chapter 3

is effective to reduce the phase angle difference of the faulty phase to be less than 60°
when a line-to-line fault arises at the transmission line. Therefore, the sensitivity of
differential protection can be improved a lot. In addition, two novel pilot protection

approaches are suggested to replace traditional proportional restraint differential

protection. For the first method, the current amplitude difference is utilized to

establish a new protection scheme since the fault current of CIRESs is far lower than

that from the power grid. This method is easily applied in the power system since only
a small revision needs to be done for traditional differential protection. For the second

method, the improved Euclidean distance is applied to detect the time-domain current
waveform disparity, so it is not necessary to extract the power frequency phasors,

which avoids the impact of frequency offset. In this way, this method is applicable to
DFIGs and CIRESs.

In Chapter 5, a new three-phase reclosing method is proposed based on active control
to reduce the strong secondary impact after the circuit breaker recloses on a permanent
failure. The inverter of CIRESs is regulated as a voltage source, and a low overcurrent
can be detected for permanent faults. Reversely, a temporary fault can be identified if
there is no overcurrent. Since the produced overcurrent for permanent faults is much
smaller compared with the inrush current from the grid, it is effective to reduce the
severe secondary impact. In addition, all the faulty phases can also be identified
reliably. Moreover, the suggested reclosing method can work properly for remote
faults with high fault resistance.

6.2. MAIN CONTRIBUTIONS

The main findings of this Ph.D. thesis could be concluded below:
e Control strategy for the correct operation of directional elements
A fault control strategy is designed to ensure the compatibility of CIRESs
with line directional elements on the transmission line. Meanwhile, the short-
circuit capacity of CIRESs is fully utilized by an iterative algorithm. The
developed control technique can behave properly for various fault types,
fault locations, and high-resistance faults.

e New methods to enhance the operation of distance relays
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In order to improve the performance of distance relays, two new methods
based on active control are proposed, and their advantages could be
summarized:

1) The fault control strategy is designed to enhance the operation of
distance relays while FRT conditions including reactive current
injection and fault current restraint are satisfied.

2) The method based on the harmonic injection can reduce the big resistive
part contained in the apparent impedance compared with the first
method.

3) Two methods can function as intended for diverse fault locations, fault
types, and high resistance faults.

New methods to enhance the operations of differential protection

Three novel methods are proposed to enhance the operation of conventional
differential protection, and the main advantages are as follows:

1) For the first method, a new control strategy is developed to reduce the
current angle disparity between both terminals for line-to-line faults, so
the impact of the CIRES integration on traditional differential protection
can be avoided.

2) A comprehensive current magnitude ratio-based pilot protection is
suggested as the second method. The suggested approach could be easily
applied in the real power system since only small revisions are done for
traditional differential protection.

3) Finally, an improved Euclidean distance-based pilot protection method
is suggested. This approach takes advantage of the transient current
characteristics, so it could be applied to diverse power sources and FRT
strategies.

Active control-based three-phase reclosing scheme

A new three-phase reclosing scheme is developed to reduce the secondary
impact caused by reclosing on permanent faults. After the inverter is
regulated as a three-phase voltage source, the fault property could be
identified by detecting the overcurrent. The injected overcurrent is very small
compared with the situation where the grid-side circuit breaker recloses on a
permanent fault. Meanwhile, the suggested method is effective for remote
high-resistance faults.
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6.3. RESEARCH PERSPECTIVES

Fault control strategies have been developed for the correct operation of protective
relays including directional elements, distance relays, differential relays, and the
reclosing scheme. In addition, two new pilot protection schemes are also suggested.
However, some problems still need to be resolved, as illustrated in the following:

e Since the controller can only achieve the limited control objectives, some
traditional FRT requirements are difficult to be satisfied when the correct
operation of protective relays works as the control goal.

e The typical controller needs tens of milliseconds to correctly track the new
current references after the fault inception, and then protective relays can
operate, so the operating speed of protective relays will be slower than the
common value of about 20 to 30 ms. Therefore, accelerating the response
speed of the controller is an important topic.

e The performance of the suggested methods should be evaluated under more
complicated fault scenarios, such as double-circuit lines, multiple faults, and
series compensation lines.

e The stability of the controller is a prerequisite for the proper operation of the
proposed method. However, the controller can lose stability in a weak grid
and some complex transient processes. Therefore, the stability range should
be analyzed, and a controller with robust performance should be developed.

e  Offshore wind farms are also an important way to utilize wind energy. These
wind farms can be integrated with the main grid by the modular multilevel
converter. Therefore, for the AC tie line between wind farms and MMC, both
terminals are power-electronics-based devices. At this time, flexible control
methods on both sides can produce new fault behaviors, so new protection
methods should be proposed.

e In future experimental work, the commercial protective relays should be
connected to the RTDS system by the power amplifier. It is more effective
to validate the effectiveness and protection speed of the suggested fault
control methods.
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