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Abstract

In the light of recently approved grid codes, photovoltaic (PV) systems connected to
distribution networks in the event of a fault must remain connected and actively support
the grid voltage recovery. These requirements have imposed various challenges on not
only protection schemes but also Fault Location and Isolation Systems (FLIS) of distribu-
tion networks, especially when PV penetration reaches a certain high level. Therefore,
the work presented in this thesis focuses on the development of solutions to these issues.
This task is approached as follows.

First, the thesis studies all new grid codes applicable to PV systems connected to both
medium voltage (MV) and low voltage (LV) networks. Then, a detailed analysis of the
control strategy for PV inverters meeting all of the above grid requirements is provided.
In addition, the study briefly describes main components, such as load, transformer, bat-
tery energy storage system. To evaluate solutions proposed in the thesis, models of three
real MV grids, including Grid-1 with three LV microgrids, Grid-2, and Gird-3 are built
either in DIgSILENT | PowerFactory or in Matlab | Simulink, depending on the study pur-
poses. Finally, the unconventional fault behavior of PV systems with the designed control
method and the impacts of their high integration on distribution protection schemes and
FLISs are analyzed and discussed.

From the knowledge of the drawbacks indicated above, there is a proposition of a
directional method based on the measurement of prefault voltage and during-fault nega-
tive sequence current. Equations describing the proposed method for different fault types
are first derived by using circuit theory and then used for numerical analysis. The next
step is the evaluation of the proposed method when being applied for Grid-2 by simula-
tions in DIgSILENT | PowerFactory. Results obtained from the simulations indicate that
the utilization of these above quantities provides an highly efficient polarization method
for detecting fault direction, even for extremely high PV integration.
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Afterwards, by using the above directional method, together with other protection
principles, the thesis further presents various protection strategies suitable for MV distri-
bution networks with connected LV microgrids. The protection strategies are developed
starting from PV interface protection to ensure their fault ride-through capability and re-
quirements for successful islanding of the LV microgrids. Special attention also focuses
on the protection elements for primary and backup functions, the coordination between
different protection levels, and the need for communication assistance. Additionally, a
grid control facility is mentioned to achieve the smooth transition of LV microgrids to
the islanded mode in the event of external faults. Indeed, the simulation results of the
proposed protection schemes provide evidences of high effectiveness.

Furthermore, two FLISs are constructed. One is founded on an artificial neural net-
work whereas the other relies on a Multi-Agent System (MAS) with an IEC 61850-oriented
design. Requiring only a small number of measuring points, the former FLIS allows sim-
ple implementation while ensuring high accuracy and low computation time. On the
other hand, the latter solution depends on the data exchange between neighboring agents
and their ability to make operational decisions locally. A comprehensive description of
the agents’ structure and their operational logic is offered. To assess the MAS-based FLIS,
the thesis offers two different methods . The first is a cosimulation system comprising
DIgSILENT | PowerFactory simultaneously coupled with several Python programs via
an OPC server. The second is the implementation of a Controller-Hardware-in-the-Loop
platform. Various case studies show high effectiveness of the operational coordination
and the interoperability between agents. Finally, the evaluation results indicate that the
two proposed FLISs correctly identify concerned faulty sections with reduced operation
time, improving several system reliability indices, such as SAIDI and CAIDI.

Key words: Protection, fault location, fault isolation, smart grids, renewable energy



Resume

A la lumiere des codes de réseau récemment approuvés, les systémes photovoltaiques
(PV) connectés aux réseaux de distribution en cas de panne doivent rester connectés et
soutenir activement le rétablissement de la tension du réseau. Ces exigences ont im-
posé divers défis non seulement aux systémes de protection, mais aussi aux systémes de
localisation des pannes et d’isolement (FLIS) des réseaux de distribution, en particulier
lorsque la pénétration du photovoltaique atteint un certain niveau élevé. Par conséquent,
les travaux présentés dans cette these se concentrent sur le développement de solutions
a ces problemes. Cette tache est abordée de la maniére suivante.

Tout d’abord, la these étudie tous les nouveaux codes de réseau applicables aux sys-
temes PV connectés a la fois aux réseaux moyenne tension (MT) et basse tension (BT). En-
suite, une analyse détaillée de la stratégie de contrdle pour les onduleurs PV répondant
a toutes les exigences du réseau ci-dessus est fournie. En outre, I’étude décrit brievement
les principaux composants, tels que la charge, le transformateur, le systeme de stockage
d’énergie par batterie. Pour évaluer les solutions proposées dans la thése, des modeles de
trois réseaux MT réels, dont le Grid-1 avec trois micro-réseaux BT, le Grid-2 et le Gird-3
sont construits soit dans DIgSILENT | PowerFactory soit dans Matlab | Simulink, selon les
objectifs de 1’étude. Enfin, le comportement non conventionnel des systémes PV en cas
de défaut avec la méthode de contrdle congue et les impacts de leur intégration élevée
sur les schémas de protection de la distribution et les FLIS sont analysés et discutés.

A partir de la connaissance des inconvénients indiqués ci-dessus, il est proposé une
méthode directionnelle basée sur la mesure de la tension avant défaut et du courant de
séquence négative en cas de défaut durable. Les équations décrivant la méthode pro-
posée pour différents types de défauts sont d’abord dérivées en utilisant la théorie des
circuits, puis utilisées pour I’analyse numérique. L'étape suivante consiste a évaluer la
méthode proposée lorsqu’elle est appliquée au réseau 2 par des simulations dans Pow-
erFactory. Les résultats obtenus a partir des simulations indiquent que 1'utilisation des
quantités susmentionnées fournit une méthode de polarisation tres efficace pour détecter
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la direction des défauts, méme pour une intégration PV extrémement élevée.

Ensuite, en utilisant la méthode directionnelle ci-dessus, ainsi que d’autres principes
de protection, la thése présente en outre diverses stratégies de protection adaptées aux
réseaux de distribution MT avec des micro-réseaux BT connectés. Les stratégies de pro-
tection sont développées a partir de la protection de 'interface PV pour assurer leur ca-
pacité a surmonter les défauts et les exigences pour un ilotage réussi des micro-réseaux
BT. Une attention particuliere est également accordée aux éléments de protection des
fonctions primaires et de secours, a la coordination entre les différents niveaux de pro-
tection et a la nécessité d’une assistance en matiére de communication. En outre, une
installation de contréle du réseau est mentionnée pour assurer la transition en douceur
des micro-réseaux BT vers le mode iloté en cas de défaillances externes. En effet, les résul-
tats de simulation des schémas de protection proposés attestent d"une grande efficacité.

En outre, deux FLIS sont construits. L'un est fondé sur un réseau neuronal artificiel,
tandis que l’autre repose sur un systeme multi-agent (MAS) dont la conception est ori-
entée vers la norme CEI 61850. Ne nécessitant qu'un petit nombre de points de mesure,
I’ancien FLIS permet une mise en ceuvre simple tout en garantissant une grande précision
et un faible temps de calcul. En revanche, la seconde solution dépend de 1’échange de
données entre agents voisins et de leur capacité a prendre des décisions opérationnelles
au niveau local. Une description compléte de la structure des agents et de leur logique
opérationnelle est proposée. Pour évaluer le FLIS basé sur MAS, la these propose deux
méthodes différentes . La premiere est un systéme de cosimulation comprenant Pow-
erFactory simultanément couplé a plusieurs programmes Python via un serveur OPC.
La seconde est la mise en ceuvre d'une plate-forme de type Controller-Hardware-in-the-
Loop. Diverses études de cas montrent une grande efficacité de la coordination opéra-
tionnelle et de I'interopérabilité entre les agents. Enfin, les résultats de 1’évaluation in-
diquent que les deux FLIS proposés identifient correctement les sections défectueuses
avec un temps de fonctionnement réduit, ce qui entraine I’amélioration de plusieurs in-
dices de fiabilité du systeme, tels que SAIDI et CAIDL

Mots clés: Protection, localisation de défauts, isolement des défauts, énergie renou-
velable, réseaux intelligents.
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2 1. Introduction

1.1 Context, problem statement and research objectives

The history of the power system dates back to the end of the 19th century, when the
first complete DC power system was built by Thomas Edison in September 1882. This
network consisted of a DC generator supplying electricity to 59 households [1]. However,
with the invention of the transformer and AC transmission by L. Gaulard and J.D. Gibbs
in Paris, the AC system had dominated the DC system. The first complete three-phase
AC electrical network came into service in 1893. It was a simple, small-scale system
with a few generators and loads located in a small geographical area. In parallel with
economic and population growth in many countries, electricity production worldwide
has increased significantly, as shown in Figures 1.1a, [2]. This figure shows that global
electricity production at the end of 2017 was three times higher than in 1980.
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Figure 1.1 — (a) Global electricity production, and (b) Carbon dioxide emissions by sectors

To meet such a high demand for energy, it was necessary to build a large, centralized
power generation facility. Some countries have successfully operated a variety of giant
power generation complexes with nominal capacities in multiples of tens of GW. High
electricity consumption would result in high greenhouse gas emissions, as sizeable cen-
tralized power plants typically operate with polluting primary energy sources such as
fossil fuels, except for nuclear and hydroelectric plants. Several studies, such as [3], have
indicated that electricity and heat production are responsible for the highest emissions of
greenhouse gases (Figure 1.1b), accounting for up to half of global emissions.

As a result, many countries have targeted their efforts on climate change mitigation.
The Kyoto Protocol, in 1998, was the first international agreement to facilitate the re-
duction of greenhouse gas emissions. This attempt and other subsequent negotiations,
including the COP25 negotiation in Paris in 2015, put increased pressure on the govern-
ments of many countries to introduce new energy policies aimed at reducing their level
of dependence on fossil fuels such as coal for power generation. Many solutions have
been proposed, and some are at the research stage. Among the others, the development
of renewable energies is considered to be the highest priority. Renewable sources can
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include different types of energy, such as low-impact hydropower, wind power, solar
power, and other minor energy sources such as biofuels, tidal, geothermal, wave power,
and so on. These renewable sources, which are normally small in size, can be categorized
in Distributed Energy Resource (DER) group. [4, 5]. In other words, DER can be defined
as the production of electricity that takes place at or near customer locations to meet their
energy demand. DER can range from a few kW to tens of MW . DER technologies can be
based on fossil fuels, renewable sources, and waste heat.

The installation of DERs can offer various advantages. By increasing the integration of
DERs, nations can address their carbon emissions, achieving sustainability goals for long-
term socio-economic development. In addition, in some countries with limited capacity
or natural resources, generating electricity from renewable energy can reduce their de-
pendence on imported fuels. Technically, the efficient use of renewable energy can help
local utilities to diversify energy supply, reduce congestion on high-load transmission
lines during peak hours, provide several ancillary services such as frequency and voltage
control, and reduce transmission and distribution losses. In addition, the construction
of DER-based generating units can provide a redundant reserve for critical loads dur-
ing outages. The ability to peak shaving during the high tariff period is also a decisive
advantage of DERs.

On the other hand, compared with other DER, inverter-interfaced PV systems that
are based on solar energy and wind turbines that lie on wind energy have achieved more
significant technological advancements and cost reduction. The future dominance of so-
lar and wind energy is a clear trend in the total share of global electricity generation. It is
predicted that 40% of electricity generation will come from wind and solar power com-
bined with low-impact hydro-power and other energy sources by 2040, almost double
the 21% share in 2017. The increase in the cumulative capacity of PV systems and wind
turbines in recent years can be seen in Figure 1.2a, [6]. Globally, the cumulative capacity
of wind turbines reached 656 GW in 2019, about 14 times more than in 2004. The cumu-
lative PV capacity even shows a more remarkable rise of 174 times over the same period,
from only 3.7 GW in 2004 to about 647 GW in 2019. It is worth mentioning that although
wind energy has dominated solar energy in the last period, the overall cumulative PV
capacity is expected to exceed that of wind turbines in 2020 with 789 GW and 782 GW,
respectively.

Furthermore, unlike wind turbines, which are mainly installed on High Voltage (HV)
transmission grids, the majority of PV systems are interfaced with Medium Voltage (MV)
and Low Voltage (LV) distribution grids. For example, the data provided by [7, 8] indicate
that, at the end of 2015, about 94% of the cumulative installed PV capacity in Germany
was connected to the LV and MV grids (Figure 1.2b). Distribution System Operators
(DSO) have historically planned and operated their networks passively with less invest-
ment and application of advanced intelligent technologies compared to transmission net-
works. As a result, DSOs may find it more difficult to work on the integration of DERs
in general, and PV systems in particular, and on quality of service compared to Trans-
mission System Operators (TSO). Therefore, the study only aims to consider in detail the
DER technology that relies on solar energy, i.e., inverter-based PV systems. Wind energy,
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whose generating units are connected to the distribution networks via power electronic
inverters, is also considered.
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Figure 1.2 — (a) Global cumulative capacity of wind turbines and solar PV systems, and (b) Distri-
bution of PV capacity across voltage levels in Germany by 2015

Over the last decade, many standards, such as those described in [9, 10, 11], have
suggested that PV inverters should not actively regulate the voltage at their Points of
Common Coupling (PCC). Moreover, these grid codes have required the connected PV
systems to operate at a power factor at least greater than 0.9 under the control of the
Maximum Power Point Tracking (MPPT) system to extract as much energy as possible
from the PV panels [12, 13]. As a result, these systems have been primarily operated as
active power sources without reactive power capability. At the same time, PV systems
had to disconnect from the grid when faults were detected in the grids [9, 10, 11]. These
requirements were valid when the penetration level of PV systems was low.

Nevertheless, due to the rapid reduction in the price of photovoltaic cells and ad-
vances in power electronics technology, the penetration of photovoltaic systems into the
MYV and LV grids can reach such a level that it can lead to a violation of grid integration
[14, 15, 16]. One of these problems is the potential overload or overvoltage that can be
observed in both MV and LV feeders, especially when a very large part of the PV systems
is realized, due to the intermittent solar radiation and the resulting imbalance between
PV generation and load consumption [17, 18, 19]. Thus, several suggestions were put
forward. A solution has been proposed in [20] where the maximum power extracted
from PV systems should be limited. However, this solution runs counter to the policies
on the reduction in greenhouse gas emissions supported by most governments around
the world. As a result, many countries have proposed specific grid codes for integrated
PV systems to participate in steady-state voltage regulation through reactive power con-
trol. Specifically, connected PV systems should be able to inject or absorb reactive power
to control voltage locally. This functional capability is called static voltage support or
voltage var control and recently mentioned in various studies, [21, 22, 23, 24].
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Another problem is that the disconnection of a large number of PV systems by the
operation of the anti-islanding protection can lead to more serious events, such as a large-
scale power outage. For example, IEEE 1547, UL 1741 or VDE-AR-N 4105 required all PV
systems in LV networks to disconnect within 0.2 s if the voltage at their Points of Com-
mon Coupling (PCC) falls below 0.8 p.u [9, 10, 11]. If this requirement is met, faults on
transmission systems, which can lead to widespread voltage drops, would present seri-
ous risks to the post-fault active power balance. In particular, the disconnection of PV
systems following the transmission faults can create an additional voltage drop within
the MV and LV grids, which would cause more PV systems to be dropped out. Therefore,
in response to grid violations, PV systems must remain connected in terms of Fault Ride
Through (FRT) and simultaneously support the grid voltage during the faults in terms
of dynamic grid support by injecting reactive power, [21, 22, 23, 24, 25, 26, 27]. This new
capability of PV systems can stabilize the grid in case of faults and prevent the large-scale
disconnection of PV systems. In addition, the new grid codes also require the PV sys-
tems to offer other advanced functional capabilities, including frequency control, power
quality control, remote demand response, and communication with intelligent inverters
[27]. However, these new functional capability of the PV systems, especially the dynamic
voltage support capability, has made the fault contribution of PV systems unneglectable.
Moreover, their fault behaviors have changed due to the reactive power injection during
faults. Many potential problems caused by the high PV integration have been reported
in [28, 29, 30, 31, 32]. Most of these problems are mainly related to radial distribution
networks, and their extent depends on the penetration and size of the PV systems.

First, the PV systems in distribution networks are installed along the MV and LV
feeders. As a result, fault currents sensed by the distribution protective devices, such as
feeder relays, become bidirectional since they are fed by both the external grids and the
downstream connected PV systems. When the fault currents injected by the PV systems
reach a high level, they may cause several problems for the distribution protections, such
as false or sympathetic tripping. In addition, the coordination between the recloser and
the fuse is also affected since the PV systems can remain connected to feed the fault even
when the feeder CB is open. Details of these impacts are investigated in Appendix F.
Besides, the current Fault Location and Isolation System (FLIS)s that are mainly based on
non-directional fault indicators should be revised due to the effects of bidirectional fault
currents. If no appropriate action is considered, system reliability indices such as System
Average Interruption Duration Index (SAIDI), Customer Average Interruption Duration
Index (CAIDI) obviously deteriorate.

Next, for dealing with the false tripping issue, one may suggest supplementing the
conventional overcurrent protections with Directional Element (RDIR). The operating
principle of the commercially digital directional relays is mainly based on the phase dis-
placement between the measured fault currents and voltages. These operating quantities
are primarily imposed by synchronous machines. Therefore, for these RDIR elements to
properly operate when being applied for distribution networks with high PV penetration,
the fault currents and voltages should be similar to those of conventional synchronous
machines. However, the amplitude and waveform of PV fault currents may be different.
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According to the most recent studies, the fault behaviors of inverter-based PV systems
are mainly determined by their control schemes [33, 34]. Hence, these sources act as
current-controlled voltage sources under fault conditions rather than as voltage sources
as synchronous machines usually do. Unconventional characteristics and the wide vari-
ety of fault signals can cause malfunction to the existing directional relays. These impacts
are demonstrated in Appendix E.8.

Further, one increasing trend in the smart grid research is that small networks con-
sisting of DERs and loads are encouraged to be designed and operated in a deliberate
and controlled manner to maximize the benefits of DERs and reduce the technical issues
associated with their high penetration. Such sub-networks are referred to as “LV micro-
grids”, which were first proposed in [35]. These LV microgrids must be able to operate
properly in both modes of operation, including grid-connected and islanded operation
modes. However, in LV microgrids with high penetration of inverter-based PV systems,
their protection systems may suffer from low fault current levels when the microgrids
are operated in islanded mode. In fact, the fault currents contributed by the PV sys-
tems are limited due to the thermal withstanding limit of their electronic inverters, e.g.,
only about 1.2 times the inverter rated currents [33]. Therefore, in the islanded mode,
the short-circuit capacity of the microgrids with high PV penetration can be considerably
lower than that of a conventional grid with synchronous generators of the same power.
The overcurrent relays applied may not be sensitive enough to detect this fault condition.
The problem may be aggravated by the PV intermittent nature.

Finally, the slow operation of the overcurrent-based protection schemes presently be-
ing used in distribution networks cannot guarantee the FRT requirements of the con-
nected PV systems. For instance, in France, faults on MV feeders in urban networks are
only eliminated after 0.5 s [36]. Such long time delay may cause the PV systems con-
nected to adjacent healthy feeders to be tripped unnecessarily. Another problem is that,
the current fuse-based protection schemes of the LV microgrids cannot ensure their suc-
cessful islanding in the case of an external fault because the fault currents contributed by
PV systems installed inside the concerned microgrid are not large enough.

Hence, we can conclude that the increased integration of PV systems in the MV and
LV distribution networks has profoundly influenced their protection systems as well as
their Fault Location and Isolation System (FLIS). A entire revision of the traditional phi-
losophy of distribution protection, which was supposed to operate in a radial configura-
tion with unidirectional power flow, [28, 37] is required. The question of how to integrate
PV systems into distribution networks without impacting their protection systems and
FLIS is one of the main directions of smart grid research. Therefore, the objectives of the
thesis are the following:

1 To review all new grid code requirements imposed by countries worldwide;

2 To comprehensively investigate the impacts of high PV penetrations on the
distribution protection as well as fault location and isolation systems in the
context of new grid code requirements;
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3 To formulate a PV detailed model with a control strategy that not only facili-
tates the fault detection but also fulfills the grid code requirements;

4 To develop a directional algorithm for fault direction detection within distri-
bution networks with high PV penetration;

5 To propose protection settings for PV interface protection in order to avoid
them from unwanted tripping and also be used as a foundation for develop-
ing MV and LV distribution protection;

6 To propose different protection schemes for LV microgrids and MV distribu-
tion networks with the consideration of the new grid code requirements ap-
plicable for PV systems. The proposed schemes should be able to operate in a
selective and coordinated manner. The successful islanding of the connected
LV microgrids can be ensured in the event of external faults;

7 To develop an Artificial Neural Network (ANN)- and a Multiagent System
(MAS) based FLISs for MV distribution network with high penetration of PV
systems;

8 To develop a cosimulation system, and to implement a Controller Hardware-
in-the-Loop (CHIL) platform with IEC 61850-based communication infras-
tructure for validating the proposed MAS-based FLIS.

1.2 Grid codes applicable to PV systems

Many new grid codes require PV systems to have a wide range of advanced functional
capabilities, as summarized in [26, 38]. Among these capabilities, this study aims to de-
tail only the static voltage support, the dynamic grid support, and finally, the frequency
control requirements because of their relevance to the research topic.

1.2.1 Static voltage support requirement

According to [24], static voltage support or voltage var control means controlling the
voltage in the MV grid under normal conditions, when slow voltage variations in the dis-
tribution network are kept within the allowed limits. In particular, in case of operational
requirements and upon request of the system operator, PV systems must participate in
the control of the static voltage in the MV grid. The implementation of a static voltage
support capability for PV systems connected to the MV grid has long proven itself.

However, in most countries, the requirement for static voltage support is still not
applied for PV systems connected to LV grids, except in Italy and Austria [27, 39], due
to their comparatively high costs. Nevertheless, the relevance of PV systems in LV grids
is still increasing. Thus, newly installed PV systems within LV grids must, in the future,
take over the control of the grid voltage. The German Network Technology Forum has
revised the code of practice "Power plants connected to the low-voltage grid" (VDE-AR-N
4105) for this [40].
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In terms of steady-state voltage support, PV systems should be able to provide reac-
tive power control capability (reactive power injection or absorption) based on the power
factor (cos ) at PCC. The values of cos ¢ can vary from 0.95,pderezcited t0 0.950perexcited
corresponding to the second and third quadrants as shown in Figure 1.3, [24]. The oper-
ating value of reactive power can be set by either:

1 fixed power factor, i.e. constant cos ;
2 variable set-point defined by cos ¢(P) -characteristic;
3 fixed value in MVar, i.e. constant Q;
4 controlled value defined by Q (V') characteristic.
Implementation of the PV static voltage support can be varied in a wide range be-

tween different countries, even among DSOs in one country. Examples of Q(V) and
cos (P) characteristics required by different German DSOs are shown in Figure 1.3, [41].

A

1T

Underexcited

0.9 095 1.0 1.05 1.1
Example of Q(U) characteristics

Grid P py system

—P of different DSOs
cos
0.95
Grid P py system Over-
excited P,p.u.
Overexcited e 1 pl
11 Under-
excited
0.95

cosp=0| —Q

Example of a ¢(P) characteristic

Figure 1.3 — PV static voltage support
1.2.2 Dynamic grid support requirement

In terms of the dynamic grid support capability, the PV systems should be capable of:

1 staying connected in the event of faults in external grids (FRT requirement);
2 feeding a reactive current to the network to support the grid voltage;

3 controlling the postfault reactive power consumption to not exceed the pre-
fault value.
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The Fault Ride Through (FRT) requirements vary from country to country. For exam-
ple, the French grid code stipulates that only generating units with a maximum power
greater than 5 MV should remain connected during external faults. In contrast, the Ital-
ian grid operators require that generating units connected to the Low Voltage (LV) grid
with a rated power greater than 6 £V A should be able to overcome external grid faults
[22]. Similarly, in addition to the grid connection obligation [24, 42], the German grid
legislation also comes into force for grid-connected PV systems [43] at LV level. More-
over, several recent studies in Japan have also proposed FRT requirements for PV systems
located in LV distribution networks [39, 44, 45]. Figure 1.4 illustrates different FRT char-
acteristics during a fault imposed on PV systems in various countries [46, 47].

1.0 Australia

0.9 - - - Denmark

0.8 Finland
) e France
z —— Germany
= 0.5 Italy

Japan

0.3 . —— Norway

0.2 — Spain

0.1 — US

0015 03 05 0.7 1.00 1.50 2.00
Time, s

Figure 1.4 — FRT requirements in various countries

Concerning the requirement of reactive current injection under grid faults, its aims are
twofold: first, to prevent the inverter from being tripped by its over-current protection
and second to help the grid voltage recovery. The reactive current control should be
triggered in case of the grid voltage decrease of more than 10% of the nominal voltage
(i.e., in case of voltage drops below 0.9 p.u.). The reactive current required to be injected
should be kept equal to at least 2% of the PV inverter rated current per each percent of
voltage drop as shown in Figure 1.5, and can be expressed as follows, [48]:

deadband if0.9<V/y, <1.1 (1.1a)
I, = K= VOIn + I if0.5<V/v, <09 (1.1b)
—1I, if /v, < 0.5 (1.1c)

where V' is instantaneous grid voltage during a fault, 1} is grid voltage before fault oc-
currence, and V,, is the nominal voltage. I, is reactive current, /,, is the nominal current,
and I, is reactive current prior to fault inception.

In the event of an unbalanced fault, the amount of reactive current injected should
be confined in a range not to cause the voltage on the healthy phases higher than 1.1V},
where V,, is the nominal voltage at the Points of Common Coupling (PCC). Additionally,
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Figure 1.5 — Dynamic voltage support requirement in the event of fault for PV systems

the PV systems should be able to provide a reactive current of at least equal to the in-
verter rated current if required. Opposed to the static voltage support requirement that is
applied to both MV and LV systems, the dynamic voltage support is just required for MV
PV systems in most countries. However, in the study, it is assumed that the PV systems
connected to both MV and LV grids can offer dynamic voltage support during faults.

1.2.3 Frequency control via active power regulation

Due to the highly intermittent characteristics of solar energy, the active power sup-
plied by PV systems depends upon the external environmental conditions and therefore
be uncertain. When the amount of connected PV systems is high, their fluctuation in
power output may cause frequency deviation from the permitted range or even grid in-
stability [49, 50]. Moreover, the potential disconnection of a large number of PV systems
due to the operation of their interface protection may degrade the situations. Thus, many
authorities in different countries have modified and updated their grid codes, to which
the frequency control requirement through active power regulation has been added. For
instance, the authorities in Germany have required that the connected PV system must
be able to decrease its power production at over-frequency.

In detail, when the system frequency exceeds 50.2 Hz, each PV system should re-
duce its active power output with a gradient of 40%/Hz of the generated power [24].
If the system frequency is above 51.5 Hz or below 47.5 Hz, the PV systems should be
disconnected from the grid by their interface protection. The requirement active power
reduction in the event of over-frequency can be observed in Figure 1.6. The amount active
power reduction that should be regulated by the PV inverter controller is defined as:

0 if 47.5 < f < 50.2
AP = ¢ 0.4P,,(50.2 — f) if 50.2 < f < 51.5 (1.2)
PV shall be disconnected from the grid if f <47.5 or f > 51.5

where P, is the instantaneous available power delivered by the PV systems, and f is the
system frequency in H z.
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Figure 1.6 — Active power control at over-frequency

Table 1.1 represents several selected grid codes from European countries for PV sys-

tems connected to distribution networks.

Table 1.1 — Grid code requirement for PV systems in different countries

Country

Germany
Austria
Italy
Spain
France

Requirement
Static voltage support Dynamic voltage support ~ Active power reduction
MV LV MV LV MV LV
Yes Yes Yes No Yes Yes
Yes optional Yes No Yes Yes
Yes >6 kVA Yes >6 kVA Yes Yes
>2 MW No >2 MW No >2 MW Yes
Yes No >5 MW No No No

1.3 Thesis contributions

Taking into account all the above, the contribution of the thesis can be summarized as

follows:

1

A detailed description of a PV inverter control strategy, which meets the dy-
namic voltage supports imposed by the new grids codes on the PV systems
connected to the Medium Voltage (MV) and Low Voltage (LV) distribution
networks, is offered. Moreover, the PV systems are proposed to inject Nega-
tive Sequence (NS) currents in the event of unbalanced faults to mitigate the
oscillation of active power. The injection mechanism of NS currents can facil-
itate the detection of these kinds of faults. Next, based on this control algo-
rithm, a fault model of PV systems is derived. Finally, the equation expressing
the magnitudes and angles of PV fault sequence impedances are obtained and
their possible values are evaluated by analytic analysis.

The thesis further develops a directional algorithm dedicated for distribution
networks with high PV penetration. One of the salient feature of the pro-
posed approach is that it can deal with the non-conventional patterns of PV
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fault current and voltage waveforms. Moreover, it can be immune from the
high penetration of inverter-based PV systems as well as other influencing
factors such as load imbalances, short circuit power of external grid, faults
close to measurement location, fault types, and fault impedances. The pro-
posed directional method is then deployed for developing effective protection
schemes and Fault Location and Isolation System (FLIS)s.

Strategy for the coordination of protection schemes between MV and LV dis-
tribution networks is provided. These schemes can operate in a selective and
coordinated manner. One element can serve as redundant protection for the
others and can differentiate between forward and reverse faults. The coor-
dination between MV and LV protections not only allow the connected LV
microgrids to achieve successful islanding in the event of external faults, but
also ensure the Fault Ride Through (FRT) requirements of the connected PV
systems.

The thesis develops two FLISs for MV distribution networks with high PV
penetration. The first system is based on the Artificial Neural Network (ANN)
method that can achieve high accuracy of faulty line-section location with
short time computation. The second approach is Multiagent System (MAS)-
based system, in which decision-making on faulty line-section is made locally
by the respective agents, based on the fault direction information exchange
among them. Normally, the number of affected customers on the second stage
of power restoration process (the operation phase of Remotely Controlled
Switch (RCS) in traditional FLIS) can be large. By applying the proposed
FLIS, the DSOs can reduce the duration of this stage, and thus significantly
improve the system System Average Interruption Duration Index (SAIDI) and
Customer Average Interruption Duration Index (CAIDI) indices.

The thesis designs a cosimulation system consisting of DIgSILENT | PowerFa-
ctory, Python, and OPC-DA server. The network is simulated in PowerFac-
tory, the agents are simulated by using Python language. The agents hosted
in Python engine receive measured signals from PowerFactory via OPC-DA
server, process them and then return the results back to the PowerFactory.
As a result, the obtained system allows to evaluate the proposed MAS-based
FLIS within the pure software environments.

Finally, the thesis implements a Controller Hardware-in-the-Loop (CHIL) plat-
form for testing the MAS-based FLIS. The interoperability of the equipment
involved is verified with the inclusion of IEC 61850 communication as well as
real controllers (Raspberry PIs) and digital relays.
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1.4 Thesis structure

The thesis has been organized in 5 chapters, and 9 appendixes as follows:

In the first chapter, the thesis statement and objectives are mentioned. We also sum-
marize the thesis contributions in this chapter.

Chapter 2 presents the models of all common system components such as overhead
lines, underground cables, transformer, external grids as well as loads that are needed for
the transient studies. The loads modeled are a combination of static and dynamic types
that make the load transient behaviors as close as possible to "real life". Additionally,
since the requirements of new grid codes are the foundation of the research, we conduct
a thorough investigation on the new grid codes applicable to the PV systems in different
countries. The objectives of the analysis is to integrate the grid code requirements into
the PV models for obtaining proper PV transient behaviors for studies in the following
chapters. Then, a control strategy for PV systems that fulfills the PV voltage dynamic
support requirement is developed and validated by simulations.

Chapter 3 presents a new directional algorithm for distribution networks with high
penetration of PV systems. First, the algorithm is evaluated by applying analytical ap-
proach for the fault equivalent circuits involving the PV models developed in Chapter
2. The proposed direction method is then evaluated by simulations in the software envi-
ronment DIgSILENT | PowerFactory. Different fault scenarios are conducted in order to
evaluate the performance of the proposed methods.

Chapter 4 develops different protection schemes for both MV and LV networks. The
developed MV protection scheme can not only provide the accurate operation for fault
within the protected MV network but also ensure the selective operation with the con-
nected LV microgrids. Such a selectivity between two protection levels enables that suc-
cessful islanding of the LV microgrids in the event of faults in external HV or MV net-
works. On the other hand, the LV microgrid protection schemes are designed to have
different setting groups adaptable to both operation modes of the protected microgrids.
The FRT requirements of the connected PV systems are also met.

Chapter 5 proposes two FLIS systems. The first method is based on a state-of-the-art
ANN network. A Multi-layer Perceptron (MPL) is used for classifying the faulty line-
sections. The designed ANN network is first trained with a partial data set and then is
test by the remaining. The second approach is based on a MAS system with a IEC 61850-
based design. The MAS-based FLIS is evaluated first by a co-simulation system and then
by a CHIL platform.

Appendices from A to I are included at the end of the thesis.
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2.1 Introduction

The algorithms toward the distribution protection schemes as well as Fault Location
and Isolation System (FLIS), which will be developed in the subsequent chapters, should
be validated. Within the scope of this thesis research, we make use of three different real
distribution networks with parameters provided by local utility companies. Besides, sev-
eral Low Voltage (LV) microgrids with detailed data on loads and other component pa-
rameters are offered. Thus, in this chapter, the models of all components involved in the
three given networks for electro-mechanical and electro-magnetic simulations in the soft-
ware environments DIgSILENT | PowerFactory and Matlab/Simulink are presented. The
purpose of the simulations is twofold. The first objective is to generate fault data that em-
ulate the measured currents and voltages from real distribution networks for validation
of the directional algorithm developed in Chapter 3 and the Artificial Neural Network
(ANN)-based FLIS proposed in Chapter 5. The second goal is to create fault operation
scenarios for the evaluation of the protection schemes in Chapter 4 and the Multiagent
System (MAS)-based FLIS in Chapter 5. Moreover, the networks being modeled are used
for validation by using the developed CHIL platform in Chapter 5.

2.2 Overview of distribution systems

HV/MV.  CB| Three-phase primary HV/MV CB| Three-phase primary
Zandis; s
I i i ) LV/MV
Substation J J Substation AT

Two-phase lateral Fﬁe L L L I =

LV/MV

[U [] . \Neutral A
conductor .
T

S, A

b B 4
Single-phase lateral - Neutral LV/MV

[ U [F‘ conductor AT
Erii i LpLpE :

a) North American layout b) European layout

Figure 2.1 — North American vs European distribution network layouts

Distribution systems are the part of the power systems that are connected with High
Voltage (HV) transmission networks via HV/MYV transformers located at primary distri-
bution substations. Distribution networks receive electricity from HV transmission net-
works and deliver it to ultimate customers. There are two main structures of distribution
networks, including European and North American. The main differences lie on their
layouts, as shown in Figure 2.1, [51]. The Medium Voltage (MV) feeders in North Amer-
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ica use 3-phase, 4-wire multi-grounded systems while in Europe 3-phase, 3-wire systems
are dominant. Moreover, European MV /LV distribution transformers are mostly three-
phase with a rating of 50 to 1000 £V A, whereas the common North American ones are
single-phase with much fewer ratings of 25 or 50 £V A.

As the studied networks provided by the local utility companies are operating on
the European layout, we would focus only on this type of network structure. Figure
2.1 illustrates two levels of distribution networks, one is MV network, and the other is
Low Voltage (LV) network. HV/MV transformers at each primary distribution substa-
tion transforms the HV power to the MV power. Originated from the secondary bus-bar
systems of the HV/MV transformers, the outgoing MV feeders deliver this power to
MV /LV transformers. Each HV/MYV substation can offer a connection of up to 20 MV
feeders. Close to end-users, MV/LV transformers receive the power on the MV voltage
and steps it down to LV circuits. From the LV side of the MV /LV transformers, the LV
distribution circuits connect to the end-users via distribution service boards.

2.2.1 LV distribution networks
2.21.1 Overhead lines and underground cables

LV networks represent the final level in a power system and are often operated man-
ually. The connection group of distribution transformer windings are mostly DYn-11
group, [52]. Similar to MV networks, for LV networks, underground cable lines are used
in urban areas, while overhead lines are preferred in rural areas. The LV feeders may con-
sist of lots of laterals and sub-laterals. The structure of LV networks can be categorized
into three levels, depending on the supply reliability requirement of connected loads [4].

For the first level, the MV side of a distribution transformer is connected to an incom-
ing MV feeder. The LV conductors are radial. The layout of the second level is similar;
however, the outgoing LV feeders can be open-ring or can be doubled where each is con-
nected to a single transformer. LV network loads can be three-phase, two-phase, or single
phase. The connection of two-phase/single-phase customers leads to inherently unbal-
anced characteristics of LV networks. Typical cross-sectional areas used for LV feeder are
twisted overheads 70 and 150 mm? Al with neutral 54.6 or 70 mm?; and underground
cables 150 and 240 mm? Al with neutral 50, 70 or 95 mm?.

2.2.1.2 MV/LV distribution transformers

MV/LV transformers have standard ratings of 50, 100, and 160 kV A for the pole-
mounted type, and 160, 250, 400, 630, and 1,000 £V A for the pad-mounted type.

2.2.1.3 LV neutral system
Concerning the earthing systems for LV networks, the IEC 60364-5-54 standard has

defined three main categories described by two letters, including IT, TT, and TN systems
as shown in Figure 2.2, [53]. For the first letter, which is identified by the earthing mode
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of the transformer neutral, "I" is the acronym of the French word "isolé" meaning isolated
from earth, and "T" stands for "terre" meaning directly connected to the earth. For the
second letter, which is defined by the earthing method of the exposed conductive parts
of installations, T indicates that the conductive parts of equipment frames are directly
earthed, whereas N (neutre) implies that conductive parts of the equipment frame are
directly connected to the neutral conductor. The third earthing method, i.e. TN, may
further be divided into three sub-categories. The first subgroup is named TN-C if the
network-neutral and protective earth conductors of customer installations are the same.
The second subgroup is called TN-S if these two conductors are independent. The last
one is abbreviated as TN-C-S if the TN-C method is applied between the neutral point of
network transformer and the TN-C system.

MV/LV

MV/LV

MV/LV

MV/LV

/

|

L

c)

oo e

E

AN/

Figure 2.2 — LV earthing systems with (a) IT, (b) TT, (c) TN-C, and (d) TN-S

2.2.2 MV distribution networks
2.2.2.1 Urban and rural networks

MYV networks are usually operated in a radial configuration. However, they are also
designed such that a loop can be quickly established by using normally opened switches.
This architecture enables one feeder to be reserved for one or several adjacent lines. Two
kinds of MV networks are currently used in practice, including urban and rural networks.
The urban networks are mainly underground cables and are used in densely populated
areas. They consist of cables, usually three-phase, with synthetic or paper insulation. This
type of network is used to meet the needs of improving the quality of the power supply
and the environment, such as visual impact and insensitivity to weather conditions. On
the other hand, the rural networks are primarily overhead lines and used in regions with
low load density, for instance, rural areas, small towns, or villages.

Urban feeders are usually shorter in length compared with rural ones. Average length
of urban feeders ranges from 3 to 10 km with cross-sectional areas of 150 or 240 mm?.
Mean length of rural feeders vary from 10 to 35 km with cross-sectional areas typically
of 240 mm? for the substation outlet, and 148 mm? and 54 mm? for the main and lateral,
respectively, [54]. The maximum allowable power for each outgoing MV feederis5 MV A
for rural networks and 6 MV A for urban networks. This value is imposed by the limit
of 400 A on the outgoing bay from the HV/MV substation. The value of the Positive
Sequence (PS) reactance per unit length of overhead lines is normally equal to 0.3 or 0.35
Q/km. The Zero Sequence (ZS) capacitance per unit length of overhead lines is usually
taken as 5 pF'/m, and that of underground cables is much higher, which is often equal to

0.155 pF'/km for a 50 mm? section.
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2.2.2.2 HV/MV distribution transformers

Ratings of the HV/MV substation may range from 5 MV A for a small rural substa-
tion to over 280 MV A for urban one [51]. Within a HV/MYV distribution substation, the
number of HV/MYV transformers is often limited to 2 in rural areas and 3 in urban areas.

2.2.2.3 MYV neutral systems

The method of earthing, whether neutral or not, is a crucial element as it determines
the main characteristics of earth faults. This kind of fault may account for up to 80% of
the total number of faults and can cause the local increase of the ground voltages on the
healthy phases when they occur. Currently, for earthing the neutral of MV networks, util-
ity companies around the world are applying five main earthing approaches, according
to [4, 55, 56], as shown in Table 2.1. None of these methods are dominant throughout the
world. Some methods are specific to some countries, while several systems can be found
within a single country.

Table 2.1 - MV earthing systems in several typical countries

Method
Solidl d
Distributed © 1 y an Impedance Designed
undistributed Unearthed
earthed earthed earthed
earthed
Country
HV/MV HV/MV HV/MV HV/MV HV/MV
Australia X - -
Canada X
US
Spain X X X X
France X
Japan X

The neutral system has a direct impact on the planning of the networks in order to
ensure the safety of personnel and property, and on the quality of the power supply.
The dielectric strength of all the networks and their components is notably determined
according to the rise in the ground voltage in the event of a fault, whether it occurs on
the HV, MV, or LV networks. The main differences between these methods reflect in the
response of the networks once ground-faults occur. Therefore, the selection of a neutral
earthing system is of significant importance because it directly defines the levels of the
ground fault current and also the voltage surge that are usually contradictory. Hence,
the choice of earthing system is usually resulted from the compromise between technical
requirements and operating expenses.
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2.3 Overview of distribution protection

2.3.1 LV distribution protection

LV network protection schemes are very different depending on the operations and
traditions of the Distribution System Operators (DSO). The main schemes used by ENEDIS
(main french DSO) are described below.

2.3.1.1 Underground-cable networks
An underground type LV network that is used in urban areas has the following pro-

tections in series, from the customer location to the HV side of the MV /LV transformer.
A protection scheme of a typical LV urban network is illustrated in Figure 2.3.

LV feeder

Source MV/LV transformer FD

Hon (D

IMT FMT IBT

Figure 2.3 — A protection scheme of a typical French LV underground-cable network

Customer: A circuit breaker denoted by letter "d" is used to disconnect the LV system
from the customer’s facilities when a fault or overload affects them. The standard rated
currents of customer circuit breakers are 30, 45, 60, and 90 A. These values represent the
upper limits of the setting current. There is also a fuse signified by AD and placed at
the beginning of each entrance service. It is designed to interrupt those fault currents
that exceed the breaking capacity of the customer circuit breaker. In France, the standard
values of its rating are 45, 60, and 90 A.

Distribution board of building: A fuse denoted by FC is deployed to clear faults
within a distribution board of a building to prevent LV outgoing feeders from unneces-
sary disconnection. In France, the standard ratings of the fuse FC are limited to 125, 200,
250, and 400 A.

LV outgoing feeder: A fuse denoted by FD is installed at the beginning of the LV
feeder. The fuse FD is in charge of eliminating faults that are located between itself and
the distribution board of the building. In France, the standard ratings of the fuse FD are
confined to 200, 250, and 400 A.

MV/LV transformer: A fuse FMT is used for protecting the MV/LV transformer
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against damage in distribution transformers or providing backup protection for LV feed-
ers. In networks with operating voltages between 12 and 24 kV, its ratings are 3, 6, 16,
43, and 63 A. There are also disconnecting switches for low voltage (IBT) and medium
voltage (IMT) on both sides of the transformer.

2.3.1.2 Overhead-line networks

An overhead line network, which is mainly used in rural areas, is equipped with the
following protections, as shown in Figure 2.4.

1 Customer’s circuit breaker d;
2 Customer’s circuit breaker d and a fuse AD accompanying this circuit breaker;
3 FD of the LV outgoing feeders, if applicable;

4 Circuit breaker D for a pole-mounted substation and switch I or the circuit
breaker D in the case of a cabin-type substation (simplified low-level substa-
tion). On this type of network, no fuse or circuit breaker has been installed for
the MV/LV secondary distribution transformer, but their installation is being
considered;

5 A surge arrester for protecting transformers against atmospheric disturbances.

Source MV/LV transformer FD LV feeder

A

D

A

Arrester

v
4 I

Figure 2.4 — A protection scheme of a typical French LV overhead-line network
2.3.2 MV distribution protection

In general, the MV protection schemes are intended for the detection and elimination
of faults of all kinds: phase faults and ground faults. According to [57], the French MV
protection scheme is structured in three levels as follows, Figure 2.5:

1 Level 1: Protection of the outgoing feeder;

2 Level 2: Protection of MV busbar whose purpose is to protect the busbar and
be a backup of the possible failure of the outgoing feeder circuit breakers. This
protection is to trip the Circuit Breaker (CB) on the MV side of the transformer;
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3 Level 3: Protection of HV/MYV transformer and associated equipment whose
role is to protect the auxiliary equipment connected to the transformer on the
MYV side. This protection is to trip the CB on the HV side of the transformer.

Point at which the fault
Source HV/MV transformer MV busbar L impedance is largest

Outgoing feeder
o | - é /r

MV/LV transformer

‘ Level 3 ‘ Level 2 ‘ Level 1

Xs Ry Xr R, Xp ; F
X, : reactances of the source
Ry and X7: resistance and reactance of the HV/MV transformer, respectively

Ry and Xp: resistance and reactance of the MV feeder, respectively

Figure 2.5 — A French typical MV radial network and its different protection levels

Moreover, each level has two protection types that are phase and ground protections.
The former, which is independent of the network ground system, is to deal with phase
faults. The phase protection is mainly composed of phase overcurrent relays, either def-
inite or inverse time. On the other hand, the latter, which should be adapted to the net-
work earthing system, is against the ground faults. The earth protection utilizes different
types of protection depending on the network grounding system and the protection lev-
els mentioned above.

2.3.2.1 Protection against phase faults

The principles for calculating phase fault currents are identical for any radial network.
Fault calculation aims to determine the lowest possible fault current, from which the
current setting threshold is derived. The setting threshold is determined by considering
the current of two-phase fault, which is lower than that of three-phase fault. According
to Figure 2.5, the two-phase fault current can be defined by, [57]:

Vi

2) _
2\/R% + (Xs + Xp + Xp)?

Iy

2.1)

(2)

where 1 F2 is the two-phase fault current and V,, is the grid nominal voltage;

)

the maximum load current of the protected feeder. It also should be higher than the

Level 1: The setting current should be lower than 0.81 (2 , but it must be higher than

inrush current in the event of load recovery connected to the feeder.
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Level 2: The busbar protection should not trip before the feeder protection if the fault
is located on the feeder. The most straightforward setting is to refer to the rated current
of the HV/MYV transformer or MV busbar fed from the feeder, i.e., 1.6 times the rated
current of the transformer or 1.3 times the rated current of the busbar. The lower value is
selected after verifying that this setting is higher than 1.2 times the highest setting current
of the outgoing feeders.

Level 3: The setting depends on that chosen for MV busbar. It is either twice the rated
current of the transformer (in the case of a setting equal to 1.6 times the rated current of
the transformer) or 1.6 times the rated current of the busbar (in the case of a setting equal
to 1.3 times the rated current of the busbar).

2.3.2.2 Protection against earth faults

The earthing system in French MV distribution networks is primarily low-resistance
grounded. In rural distribution networks, the ground-fault current is limited to 150-300
A primary. In the urban networks, which have higher capacitive currents, the resistor
is selected to limit the ground fault current to a maximum of 1000 A. The reduction of
ground-fault current avoids high constraints on the equipment.

Level 1: The ground overcurrent function is set to 1.2 times the capacitive current of
the feeder. A margin of 20% is selected to prevent the protection from false tripping.

Level 2: The current threshold is set to be equal to 1.2 times the maximum current
among the setting currents of Level 1.

Level 3: HV/MV transformers are mainly protected from non-electrical quantities
that do not distinguish between multi-phase and single-phase faults. This kind of protec-
tion typically includes a Buchholz relay.

2.3.2.3 Time setting

The principles of time selectivity settings described in this paragraph are only valid
for networks equipped with definite time overcurrent protection, as is the case in Europe.

Constraints: Itis required to ensure at least an interval of 0.3 s between two protection
levels. However, it can be reduced to 0.25 s when digital or numerical relays are used.
The time delay of the protection on the customer side is fixed at 0.2 s according to the
standard NF C13-100. This value should be taken into account when determining the
time delay of the outgoing feeder protection.

Level 1: ENEDIS uses only one time-delay of 0.5 s. This value helps to ensure the
minimum time interval between the user delay of 0.2 s and network protections. Delay
of 0.5 s also can help to avoid the impacts of the inrush current caused by the load re-
connection during the operation of reclosing function.

Level 2: The time delay of the protection level is set at 0.8 s that ensures the selectivity
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interval of 0.3 s with the protection of outgoing feeder. This value is quite long, which
may cause severe impacts on the busbar system. Hence, an alternative method is using a
direct transfer trip that will be presented in more detail in the subsequent section.

Level 3: Based on Level 2 time delay, the time delay of this level is fixed at 1.1 s.
2.3.2.4 Other protections
Apart from the above protections, there are other protection functions as follows, [57]:

1 Protection of the link between HV/MV transformer and MV busbar;

2 Resistive earth detector measures the current flowing in the transformer neu-
tral, i.e. ground current on transformer MV side. It backs up the ground
protection of outgoing feeders and trips incoming CB after a time delay;

3 Internal protection of the transformer acting on the CB on the HV side;

4 Tank earth protection of the transformer acting on the CB on the HV side.

2.3.2.5 Recloser application

In the present practice, the utilities often implement reclosers at the beginning of MV
overhead feeders to clear temporary faults without causing prolonged power interrup-
tion to customers [54]. Its operating principle is as follows. When a feeder relay detects a
fault, it issues a trip signal to open the respective feeder CB. It should be noted that, for
those feeders to which a recloser is applied, the time delay of their relays is reduced to
0.15 s instead of 0.5 s, as previously mentioned, Figure 2.6. However, after the first trip,
the feeder relay moves to delayed trips for further trips if the fault is permanent. The
time delay of the second and third consecutive trips of the relay is usually 0.5 s

0.5s
Close
Circuit breaker
Open
0.3s Time
Fast cylce a)
0.5s 0.5s
Close
Circuit breaker
Open 7/
0.3s 15s Time
Fast cylce Slow cycle

b)

Figure 2.6 — Recloser cycles for (a) a transient fault, and (b) a permanent fault

After a predefined time delay, the recloser automatically commands the CB to reclose.
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If the fault is transient, it has already been cleared. The supply is restored to the customer
connected to the affected feeder; otherwise, the feeder relay trip the CB again. The reclos-
ing cycles for a transient and a permanent faults are depicted in Figure 2.6, [57] .Typically,
the process of recloser operation is as follows:

1 Fast cycle: recloses the CB within about 0.3 to 1 s after the feeder CB opening;

2 Slow cycle: If the fault still exists, the feeder relay trips the CB again. Then,
the recloser is delayed for about 15 to 30 s before reclosing the CB.

3 The CB is finally reopened if the fault still exists after 0.5 s by the feeder relay.

There may be cases where a third closing attempt is made after about 20 s or 30 s,
e.g. to give the Remotely Controlled Switch (RCS) installed on the affected feeder time to
operate, or to burn the the tree branch or bird which provoked the fault. This is the case
in France where switches take advantage of the second power outage to open when the
loads are dropped out, as they are unable to operate on short-circuit currents, [58].

2.4 Studied distribution networks

There are three real distribution grids, provided by three utility companies, two (Grid-
1 and Grid-3) from France, and one (Grid-2) from Vietnam. The studied networks are
operating at 20 £V for MV level and 0.4 kV for LV level for French networks, and 22 kV/
and 0.4 £V for Vietnamese network.

2.4.1 Description of Grid-1

Figure 2.7 sketches the single-line diagram of Grid-1. The network is supplied by
either External Grid A or B via 63/20 kV transformers. There are 4 feeders, but only two
of them are modeled in detail with complete inputs of line sections and LV loads. All the
feeders are underground cables with the cross-section area decreasing for sections located
further from the HV/MYV substation. Several laterals tapped from the feeder backbones
to feed local LV loads via MV/LV transformers. LV loads consist of both three-phase
and single-phase loads making the LV networks unbalanced in nature. The total rating
capacity of loads is 7 MV A with a power factor to be assumed equal to 0.9. The daily load
consumption, which is shown in Figure A.1, varies according to 24h-time characteristics,
and the peak and lowest loading conditions occur at 19 i and 04 h, respectively.

Three LV microgrids that contain various PV systems are included at nodes "06",
"10", and "16". These grids could be operated in both operation modes, including grid-
connected and islanded modes, even if the latter operation mode is not allowed today. In
grid-connected mode, the frequency is imposed by the external grid. However, in an iso-
lated mode, it is required to install a Battery Energy Storage System (BESS) within each
grid for frequency and voltage control. The microgrid concerned in the study is LV mi-
crogrid 1. This network consists of several PV systems and one BESS unit as presented in
Figure 2.8. The control algorithms of these generating units have already been developed
in Chapter 2 that fulfill the new grid code requirements. One diesel generator is also im-
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Figure 2.7 — Single-line diagram of Grid-1

plemented to serve as a reserve supply in case of long term islanding. However, the grid
services, such as frequency control, is till hold by the BESS unit. It is noted that in the
study, the LV microgrid is mainly operated grid-connected mode. It is only turned into
isolated operation when a fault occurs on the external grid or on the host MV feeder. The
LV grid earthing is the TN type. According to [59], the TN system is the most appropriate
approach for LV microgrids since the tough voltages at the faulted bus are smaller than
those of the TT and IT types. Moreover, in the TN system, an earthed fault, in principle,
provides sufficient current to operate an overcurrent device.

2.4.2 Description of Grid-2

Gird-2 is an isolated MV network whose operating voltages are 22 and 0.4 £V'. Single-
line diagram of Gird-2 is shown in Figure 2.9. The original form of the network consisted
of only 7 transformer-diesel generator units. The later installation of solar and wind
energy-based DERs and a BESS is proposed according to the investment of the national
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Figure 2.8 — Single-line diagram of LV microgrid 1

electricity corporation and some local private companies. The total installed capacity of
PV systems and wind turbine are intended to reach 6.8 MW and 3 MW, respectively.

The structure of Grid-2 is similar to that of Grid-1, where three radial feeders origi-
nated from the 22 £V busbar systems of the generation center and supply various single-
phase and three-phase LV loads. Besides, feeder 1 and feeder 2 are meshed at several
points by normally-open switches. The earthing system used for Grid-2 is a solidly and
undistributed earthed method.
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2.4.3 Description of Grid-3

Grid-3, which is depicted in Figure 2.10 is a rural French MV distribution network
supplied from a 63 £V external grid via a 63/20 kV transformer. There are 6 MV feeders,
in which each feeder is modeled by several line sections based on the PI model. Only
Feeder 1 with total active and reactive powers of 4401 kW and 829 kV ar, respectively, is
detailed as shown in Figure 2.10. The loads are distributed along the feeder. The feeder
is divided into 4 zones by 3 switches from S1 to S3. Four PV systems of 440 kW each are
integrated into these 4 zones.

BETA-CQ) eD=z= B =% z4'D
External grid PVl PV2 PV3
| | |
o /t\( I S@ |

MV/LV substation

S3 Feeder 1

Feeder 2

Feeder 6

Figure 2.10 — Single-line diagram of Grid-3

2.5 DIgGSILENT | PowerFactory

DIgSILENT | PowerFactory is a leading power system analysis computer-aided tool
for many applications in generation, transmission, distribution and industrial analysis.
It provides a wide range of calculation functionality, even for highly complicated prob-
lems, with state-of-the-art algorithms including real-time simulation ability. An abundant
number of pre-defined and tested models of power system components can be found in
its component library.

Depending on the purposes of study, DIgSILENT | PowerFactory requires different
sets of component inputs with a user-friendly graphic interface. The data management
system in DIgSILENT | PowerFactory would be highly appreciated thanks to its flexibility
and effectiveness, allowing users to model and simulate large networks with thousands
of components. In particular, data in DIgSILENT | PowerFactory are classified and stored
in a multi-variable database concept, enabling the data entering, filtering, sorting as well
as importing and exporting as simple as possible.

On the other hand, the Digsilent Programming Language is provided for creating au-
tomated and integrated solutions. Users can design and build new calculation functions
for their calculation purposes. In transient studies, the Digsilent Programming Language
is used for generating control blocks of several system components such as synchronous
generators, PV and wind systems, protection and control systems ...
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DIgSILENT | PowerFactory can be interfaced with many programming languages like
Python via integrated API (Application Program Interface). The Python scripting lan-
guage can be employed for generation of automatic tasks and user-defined calculation
commands and integration of PowerFactory into other applications. By combining Python
and PowerFactory, users can access to extensive standard libraries and third-party mod-
ules, e.g. interface to external database and web service.

In the study, many calculation functionalities of DIgSILENT | PowerFactory are used
ranging from simple tasks such as load flow, quasi-dynamic simulation to more complex
applications like optimal power flow, optimal RCS placement, electro-mechanical and
electro-magnetic transient simulations. Cosimulation between PowerFactory and Python
via OPC DA communication protocol is also put in use.

2.6 System impedance valuemodeling

2.6.1 HYV external grid

As the thesis mainly focuses on the distribution network, the HV external grid is
modelled as a voltage source with an internal impedance. The model implies that all
synchronous generating units connected to the grid are at remote areas far from the distri-
bution networks under study. The transient response of these generators therefore can be
neglected except for those synchronous machine-based distributed generators installed
inside the studied distribution networks like diesel generators.

2.6.2 Substation transformer

In the study, we model both primary and secondary distribution transformers by us-
ing a three-phase two-winding transformer model. Due to the inherent unbalance of
the studied networks and also the requirement of unbalanced fault analysis, the trans-
former should be modeled in detail for each symmetrical sequence circuit. The Positive
Sequence (PS), Negative Sequence (NS), and Zero Sequence (ZS) equivalent circuits of
the simulated transformer are illustrated in Figure 2.11, [60].

TCu,HV Lo HV TCu,LV Zo,LV TCu,HV Lo, HV TCu, LV Zo,LV

Figure 2.11 — (a) PS/NS and (b) ZS equivalent circuits of a transformer

The leakage reactances and winding resistances are included on the primary and sec-
ondary sides, and the magnetizing branch accounts for core losses. The magnetizing
reactance and parallel resistance represent these losses. The transformer rating depends
on the maximum total load capacity of all the connected feeders that generally takes up
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from 50 to 60% of the its rating. For this study, the transformer rating, nominal voltages
and short-circuit voltage are the most important. The core losses and saturation are ig-
nored. The transformer load tap changer, which is located on the HV side, is assumed to
be adjusted manually for high- and low- load simulation scenarios. This adjustment is to
keep the voltage within £10% at all customer connection points on the LV sides.

2.6.3 Overhead lines and underground cables

The distribution feeders are normally short in length and divided into numerous sec-
tions of different cross-sectional areas as opposed to the transmission lines. Hence lines
in the study are assumed to be symmetrical, transposed, and modeled in sections. More-
over, we only consider MV lines of three-phase three-wire layout. The lines at LV level,
which may be single-phase, are not accounted for. Since in this study, we mainly focus
on the fundamental frequency components; other high-frequency components are ne-
glected. Therefore, as being well-established, the equivalent PI-circuit, which is shown in
Figure 2.12 is most suitable for modeling distribution line sections. The sequence compo-
nents of line impedances can be calculated by Equations 2.2 and 2.3, [60]:

Z, 0 0 (z,+2-2, 0 0

Zoo=1|0 2, 0] = 0 Z,—-Z, 0 (2.2)
0 0 Z 0 o  zZ.-Z,
Y, 0 o] [Y.+2-Y, 0 0 |

Yoo=10 Y; 0] = 0 Y. -Y, 0 (2.3)
0 0 Y, 0 0 Y.-Y,

=m

Y
Zm ¢ _2’”
z g] Y, |j Y,
=m T 2
LQLQL¢ QLQL¢L
2 2 2 2 2 2

Figure 2.12 — Equivalent circuit of three-phase line

o

2.6.4 Load

Generally, loads in distribution networks may be composed of different types of elec-
trical devices covering all customer demands for daily life and production. Loads can be
incandescent lamps, heater, air-conditioning, refrigerators in households or arc-furnaces,
and motors in small- and medium-size factories. Despite the abundant type of electri-
cal devices, it can be grouped into two types as static and dynamic loads. In practice,
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the exact composition of loads could be found very difficult and varies in a wide range
depending on many factors such as season, time of day, etc. For electro-mechanical and
electro-magnetic transient studies, a three-phase load can be modeled as a combination of
static and dynamic loads in which the portion of each load type can be manually set. The
single-phase load, on the other hand, can only consist of the static type. The static load
can be divided into three types including constant power, constant current, and constant
impedance and represented in a common form by using three polynomial terms as, [60]:

P="R {ap <”>eap +bp <“>6bp +ep (”)e”’} (2.4)
Vo Vo Vo
-l () as)] e

where ap +bp +cp = 1, ag + bg + cg = 1, and v is the voltage at the load connection
point in p.u, vg is the nominal voltage.
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Figure 2.13 — Block diagram of the dynamic load model

The type of static load is selected by specifying respective exponents e, /€y, /€., and
€aq/€bg/€co- In the study, the constant impedance type is obtained by assigning ap =
bp = ag = bg = 0 and e., = e, = 2. Dynamic loads depend on grid voltage and
frequency variations, and its model can be represented by the block diagram illustrated
in Figure 2.13, [60]. In the three studied networks, all loads connected to one MV /LV
transformer are represented by one aggregated load except for the LV loads in the three
LV microgrids included inside Grid-1. These loads will be modeled in detail. The rating
capacity of the aggregated load is equal to the summary of those of all the loads.

2.7 PV systems

2.7.1 Structural configuration of a PV system

PV systems are interfaced with the AC network through power electronic Voltage
Source Inverter (VSI). As indicated in [61], there are two typical structures of PV systems.
The first configuration is the two-stage system containing a boost DC/DC converter that
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decouples the direct connection between the PV panels and the AC output for prevent-
ing ripples of AC output power from being included in PV voltage. Nevertheless, once
achieving a necessary DC voltage level by a proper number of PV modules connected
in series, the boost DC/DC converter can be removed, and the structure becomes the
single-stage scheme. This topology is more efficient, low-price, and easier implemen-
tation compared with the former [61] and therefore, would be considered in this study.
Figure 2.14 shows simplified diagrams of the two structures.

PV array DC/AC PCC Grid PV array DC/DC DC/AC PCC Grid
Z'PV iabc ) )

tpy ipc Labe

n | ! = ! n |
v Lt v L +J
DclfxDGmm DCI:\Domm -IWM
a) b)

Figure 2.14 - Single-line structural diagram of (a) single-state and (b) two-stage structures for
grid-connected PV systems

As it can be seen from Figure 2.14a, the single-stage PV system consists of a PV array,
a DC-link capacitor, and a three-phase DC/AC inverter connected with the grid via a fil-
ter, and then a step-up transformer. Moreover, a controller called Maximum Power Point
Tracking (MPPT) system is installed for extracting maximum available power from the
PV panels. The MPPT operating point is not constant but rather depends on the atmo-
spheric conditions, including temperature and solar irradiation. In the applied PV config-
uration, the DC/AC inverter performs the DC-link voltage control and other functional
features imposed by grid codes such as static and dynamic grid supports, and power
quality commitment. In this section, the modeling and simulation of PV systems that are
compliant with the grid requirements presented in Subsection 1.2 are investigated.

2.7.2 PV module equivalent circuit

Solar cells are the building element of PV modules; their equivalent circuit is depicted
in Figure 2.15. The relationship between output current and voltage of a PV module, i.e.
Ipy and Vpy, can be expressed by the following equations [62]:

qVpy mlIpyRs + Vpy
Ipy = Ipp — L EEUAZUS N 2.6
Py = Ipn— L [exp ( L KbT) ] s 26)
Rp+ R E
Ipy = |:ISC,STCH +o; (T — TSTC’)] (2.7)
Rp Estc
Iy (=T
[ = ,sTC + i STC) 2.8)

T —Tsrc
exp [q <Voc,STC + OéVN”[(bT> — 1]
ce

where N,y is the cell number of the PV module; ¢ = 1.6e~'?; C is magnitude of electron
charge, K}, = 1.38¢723 is Boltzmann constant; n is diode factor; «; and «, are temperature
correction factor for current and voltage, respectively, 1/K; T the temperature, K; Tsrc
is the temperature at the Standard Test Condition (STC), K; F is solar irradiation, W/ m2;
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Isqt is the cell saturation current, A; Ipy, is the photo-current at the STC, 4; Rs and Rp
are the series and shunt resistances, respectively, §); I, s7c, A and V,. sTc,V are the short
circuit current and open-circuit voltage at the STC, respectively.

Rs Ipy

Ip N

B I,
T i‘ MDim ¥ Rp Vv

Figure 2.15 — Equivalent circuit of a PV cell

All the values of the parameters involved in Equations 2.6, 2.7, and 2.8, which are
required for the modeling of the PV module in the study, are provided in Table A.1. These
parameters are offered by manufacturers at STC with standard irradiation Es7¢ = 1000
W/m? and temperature Tsrc = 25 °C. Based on the above mathematical equation and
given parameters, the I-V and P-V characteristic curves of a PV module at different values
of solar irradiation can be determined, as shown in Figure 2.16.
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Figure 2.16 — PV characteristic curves at different solar irradiation

2.7.3 PV array and MPPT algorithm

The model of PV array is constructed by assembling an appropriate number of the
above PV modules. For example, in our study, 20 modules connected in series in a string
and 140 parallel strings are considered. As it can be observed on Figure 2.16, the maxi-
mum output active power of the PV array varies with the solar irradiation and solar cell
temperature. Hence, a tracking system named MPPT system is implemented for tracking
the maximum power point of the PV array. Various MPPT algorithms have been devel-
oped in which two commonly used are Perturb and Observe method and Incremental
Conductance method [63]. The MPPT system will track the operating voltage of the PV
array to extract as much active power as possible, enabling the PV system operating at
its highest efficiency. In the study, the operating mechanism of the MPPT system is sim-
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plified. The voltage V},,, and current I,,,, at maximum power point corresponding to
each simulation operating point, i.e., simulation hour during a day, are adjusted by the
temperature and irradiation correction factors as:

InFE

Vinpp = Vimpp,PV,STC * In Eare: CQy (2.9)
E

Timpp = Tinpp,PV,STC * Fore Q; (2.10)

where V,,,,, pv.sTc and I, pv,sTc are the voltage and current at the maximum power
point at the STC, respectively.

Then, the maximum output active power of the PV array corresponding to the oper-
ating point with MPPT control would be:

Pmpp = Vmpp ’ [mpp (2.11)

The preliminary theoretical results of the modeled PV array with solar irradiation of
1000 W/m? and the ambient temperature of 33° are shown in Table A.2.

2.7.4 PV model for steady-state studies

Time-domain transient simulations require the initial parameters of the studied net-
work to be specified in advance, which can be derived only from valid power flow cal-
culations. These initial conditions describe the network steady-state operating status at
the beginning of the transient simulation, satisfying the requirements of zero-derivatives
of all state variables of the components involved in the study, such as load, generators,
controller, etc. Hence, before developing transient models for generating units of the
studied networks, i.e., PV systems and BESS, their presentations in steady-state opera-
tion should be developed first. For power flow simulations, the active power delivered
by the installed PV systems should be given. In the study, the active power output of the
PV systems for each simulation scenario is calculated in advance according the equations
given in Subsections 2.7.2 and 2.7.3 under normal condition with the MPPT control.

Concerning reactive power capacity requirement, as discussed in Subsection 2.6.1, in
most countries, the PV systems connected to LV and MV distribution network should of-
fer the static voltage support feature. Hence, we propose that each PV system has a local
controller that can control the PV reactive power injection following the laws imposed
by local authorities. As mentioned above, there are several operation modes for PV re-
active power controllers. In the thesis, we assume that all the PV deliver reactive power
capacity following the Q(V') characteristic, in particular, voltage Q-droop control mode.
The control algorithm means that the amount of reactive power required to be injected
is proportional to the deviation of the grid voltage from the set-point value. Nonethe-
less, the reactive power output should not exceed the maximum inverter value defined
in Equation 2.13 to prevent PV inverter from thermal damage. The block diagram and
characteristic of the control unit are shown in Figure 2.17 [24].
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Based on the control characteristic illustrated in Figure 2.17, the additional reactive
power that should be delivered by the PV systems for local voltage regulation can be
determined by:

Vier =V _ 100S5,, AV
AQ = QTef -Q= _eroopSn 74 = ddroop V,, (212)

where: V' is the actual voltage, V; V,.; is the voltage reference dictated by local operator,
V; Q is the actual output reactive power of the PV systems, Var; Qsetpoint is the specified
dispatch reactive power of the PV system, Var; S, is the PV nominal apparent power,
V A; Qaroop is the reactive power increment for 1% voltage deviation, %; ddroop is the
droop value needs to be assigned in the PV model, %.

Vl”, DU
AV _ Vier
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Q-droop control diagram Q-droop control characteristic

Figure 2.17 — PV voltage Q-droop control

In the study, the ddroop value is selected equal to 2% as recommended by many na-
tional grid codes that will result in an increase of reactive power by 50% of the PV nominal
apparent power in case of a voltage drop of 0.1 p.u. However, the reactive power capacity
delivered by the PV system depends on its nominal inverter rating current [47]. Partic-
ularly, the maximum value of reactive power that the inverter can inject during normal
operation with the Maximum Power Point Tracking (MPPT) scheme is restricted to:

Qmaz </ S2 — P2 (2.13)

where P, is the PV active power at the maximum-power operating point regulated by
the MPPT controller; S, in the inverter rating apparent power.

2.7.5 PV model for transient studies
2.7.5.1 Selection of the control scheme

The transient response of the Voltage Source Inverter (VSI)-based PV systems to grid
faults largely depends upon their control algorithms. Hence, when conducting tran-
sient studies under fault conditions in the presence of VSI-based PV systems, the correct
models of their inverter control scheme are of essential importance. Various control al-
gorithms dedicated to PV inverter control under fault conditions, which have realized
their dynamic support requirement, as specified in Subsection 1.2, have been investi-
gated. Among numerous methods, the control algorithm under double Synchronous
Reference Frame (SFR) reported in [64] is found as the most common technique in sev-
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eral recent pieces of research. Double SFR means that there are two control sub-systems,
one controls PS current in positive-sequence SFR, and another regulates the NS current
in the negative-sequence SFR, simplifying the estimation of reference current for the de-
coupling relationship between the active and reactive powers. In the case of symmetrical
faults, the NS current reference equals zero.
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Figure 2.18 — Schematic diagram of the PV system

The above control frame is used by [65], in which the active power output quality is
improved, but its side effect is the oscillation of the reactive power output and the intro-
duction of NS current. In contrast, a control algorithm developed in [66] can eliminate the
NS current, but results in the oscillation of both active and reactive output powers. The
suppression of such power oscillations can be achieved as demonstrated in [67], but with
current distortion. Other approaches, such as presented in [68] and [69], can satisfy the
Fault Ride Through (FRT) requirements by generating the necessary inverter currents,
but in the case of unbalanced voltage drops, such a control scheme may result in the
risk of excessively high inverter output current. Consequently, the selection of control
algorithms is the compromise between the power oscillation and the current quality.

For realizing the dynamic grid support requirement as presented in Section 1.2, the
control algorithm used for the PV inverters in this study involves two control loops as
illustrated in Figure 2.18. The first loop is named the inner current control loop, and the
second one is called the outer voltage control loop, [70]. The outer loop regulates the
inverter DC current and maintains the voltage of the DC-bus. The output of this control
loop, which is the reference current, is delivered to the inner control loop. Then, the
inner control loop regulates the current according to the reference current provided by
the outer control loop to achieve the maximum output active current. Besides, the inner
control loop also controls the injection of PV reactive current for supporting grid voltage
during fault. The structural diagram of a three-phase VSI-based PV system is provided
in Figure 2.18. In the following, the control scheme of the PV systems is presented.
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2.7.5.2 AC-side dynamic models

Based on the schematic diagram of the considered PV in Figure 2.18, the relationship
between the grid voltage and the VSI AC-side current is described by:
dl
Vig = Eaq + Ld—jq + Ry, (2.14)
where L and R are the inductance and resistance of the filter, respectively; Ey, is the
voltage at the terminal of the VSI, Vg, is the grid voltage, and I, is the VSI AC-side
current, all in dg-frame.

By applying Equation B.1 for Equation 2.14, we obtain the expressions of the grid PS
and NS voltages in Synchronous Reference Frame (SFR) frame as:

dI

Ej = Ld—;lq + RI] + jwLIf + Vi (2.15)
dl;, ‘

By = L3 + RIg, — jwLly, + Vg, (2.16)

Then, applying Equations B.3 and B.4 to these above equations and rewriting them in
separate d- and g-components, we can obtain the formulae describing the dynamics of
PS and NS components in the dg-frame as, [64]:

L—dld+ =wLI’ IT+ET + 2.17

dt—“’q_RdJr 4~ Va (2.17)
dIJ + + + +
al; _ _ _ _

LW = —(.ULIq — RId =+ Ed — Vd (2.19)
qu_ B B B B

where Ij, I (;L , I and I, q are the control outputs; E:[, E; , E; and E, are the control

inputs; and Vd+, Vq+, V, and V, are the disturbances.
2.7.5.3 DC-bus dynamics

In a VSI-based PV system, the DC-link voltage should be regulated to extract as much
active power as possible. Hence, the formulas describing the DC-link voltage are re-
quired. As presented in [71], the DC-bus dynamics of the PV systems can be obtained
from the power balance principle and from Figure 2.14 as:

d

PPVarray - @

1
(20‘/50) = Ppc (2.21)

where C' is the capacity of the DC link; V¢ is the DC link voltage; Ppc is the DC-side
power of the PV inverter; Ppy 4,4y is the power delivered by the PV array.
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In Equation 2.21, Ppy4,rqy Varies according to the atmospheric conditions, so cannot
be controlled by the control system. Therefore the control objective should be via Ppc. If
we ignore the loss in switching processes, the DC-side power of the inverter can be as-
sumed to equal its AC-side terminal power, i.e., Pi/s7. Therefore, the equation describing
the dynamics of the DC-bus is derived from the Equation 2.21 as:

¢ dVie

=P —P .
2 dt PVarray VSI (2 22)

where Py g7 is the AC-side power of the PV inverter.

In the above equation, V¢ is the state variable and also the control output. On the
other hand, Py g; is control input, and Ppy 4,rqy is the disturbance. Since the study aims
to control the power delivered by the PV system, i.e., Ps and @g, the AC-side terminal
power of the PV inverter, i.e., Pysr, should be expressed in terms of these two power
quantities, as follows, [71]:

B oL\ _ dPs [ 2L Qs
Prst = s+ (3 ) o + (372 ) 5% 02

where Vs is the voltage at the PV coupling point.

Substituting for Py g7 from Equation 2.23 in Equation 2.22, we obtain the equation
expressing the dynamic of the DC-bus voltage as:

dVio _ 2 2 [PSJF <2LPSD) dPg] +3 <2LQ50> dQs

c 3ve ) dt | C\ 3vZ ) dt

P - — 2.24
dt C PVarray C ( )

where Pgy and Qs are active and reactive power under a steady-state condition of the
PV systems, respectively.

From Equation 2.24, we can deduce that Vp¢ is the output, Ps is the control input,
and Ppy grray and Qg are the disturbance inputs.

2.7.5.4 Current reference derivation

The inverter apparent power under unbalanced grid faults is defined by, [64]:

S = (ejwtvdz + e_thVd;) (ejth;; + e_jthoZ]) =P+ jQ (2.25)

By applying Equations B.3 and B.4 for de, Vigr I;l;, and I, in Equation 2.25, the de-
scriptions of active and reactive powers of the considered PV systems under unbalanced
fault conditions can be formulated as:

{ P = Py + P.ycos (2wt) + Py sin (2wt) (2.26)

Q = Qo + Q2 cos (2wt) + Qg2 sin (2wt)
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Equation 2.26 indicates that apart from the fundamental components, i.e. Fy and Q,

the active and reactive powers generated by VSI-based PV systems under unbalanced
fault conditions also contain second-order harmonic cosine and sine coefficients, i.e. P.s,
Py, Qc2, and Q2. These harmonic components are caused by the voltage unbalance. As
presented in [64], these coefficients Py, P2, Qc2, and @52 can be computed by:

P Vi v v Vg
Q v —vi v v | [
Pey Vi th Vd+ VqJr 1 ;r (2.27)
Paz Ve Ve SVE OV '
Qc2 L R AR
_QSQ_ -_Vd_ _Vq_ Vd+ V;;_ _

Six components in Equation 2.27 need to be controlled while there are only four con-
trolling current quantities. Our objective in the study is to maintain the quality of PV
active power output with zero ripples, so the coefficients P.» and Ps» should be canceled
out or, in other words, should be equal to zero. Therefore, we can remove the two last
rows of the coefficient matrix in Equation 2.27, leaving the reactive power ripples of PV
systems uncontrolled. Assigning the values P and @ to P,.; and Qs respectively, we
can obtain the reference quantities as follows.

Lires VitV

Loer | _ 2 |Vd" —Vd PM/D] (2.28)
Lgpep| 3 \Va Vg | [Fei/c

Iq_ref Vq_ Vdi

where Ic—lt'ef and I;;,ef,
tively; D — (V1) + (V) + (V) + (V)5 G = (V) + (V)P = () = ()

I,. s and Iq‘re ; are reference currents in PS and NS SFR, respec-

The determination of P,y and @,y is detailed in the following.

2.7.5.5 Power reference determination

The value of P,.s is derived from the output of the MPPT system, whereas that of
Qe is obtained following the characteristic of the dynamic voltage support requirement
presented in Figure 1.5. In the study, a value of 2 for variable % in Equation 1.1b is chosen.
Nonetheless, opposed to the static voltage support requirement as discussed in subsec-
tion 2.7.4, particularly, in Equation 2.13, in the event of a fault, the connected PV systems
should assign the highest priority to reactive power injection for supporting the grid
voltage recovery. The PV maximum reactive current during a fault can reach the nominal
inverter current if the voltage drops below 0.5 p.u. Therefore, the PV systems can work at
maximum power point only in case of enough available capacity. The flowchart of power
reference determination is illustrated in Figure 2.19. Note that in all the equations in the
flowchart, subscript n denotes nominal values.
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Figure 2.19 — Flowchart of the power reference generation process

2.7.5.6 DC-link voltage control

The control of DC-link voltage can be seen in the Figure 2.20. In practical opera-
tion, the outer voltage control loop regulates the DC-link voltage at the reference voltage
Vinpp,res at the maximum power point dynamically determined by the MPPT system ac-
cording to the change of weather conditions. However, in the transient study, because
of the very short duration of the considered fault scenarios, the weather conditions, and
hence, the reference voltage V;,,;,, .y can be regarded as unchanged. Consequently, in this
study, during a fault, the V;,,;, ¢ is assumed to be constant and the MPPT algorithm re-
mains as presented in Subsection 2.7.3. By applying Laplace transformation to Equation
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Figure 2.20 — Control block diagram of the modeled PV system in dual dg-frame

2.24, and consider Ppyqrqy and Qs as disturbance inputs, one can deduce the transfer
function of DC-link dynamics [71], as follows:

2 2L Pg
2L P,
P A T
S S TS
v(s) Vi, O s C s (230)
LP
where 7 = 50 is time constant.

In the case of voltage drop during fault, the PV inverter output active current, i.e., the
d-component current, should increase to maintain the PV system operating at the maxi-
mum power point. At the same time, the PV system should increase the reactive current
injection for voltage recovery support. The inverter current, in this case, may exceed its
nominal value and should be limited. Hence, the PV output active power shall be limited
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to the maximum value, i.e., P4z, as presented in Figure 2.19 by increasing the DC-link
voltage for keeping a sufficient room for reactive current injection. As indicated in Fig-
ure 2.21, DC-link voltage may occasionally reach its highest value, i.e., the open-circuit
voltage under STC, and thus the inverter must be chosen to withstand this voltage level.
Consequently, the number of the series PV module in a string should be limited to ensure
that the overall open-circuit voltage of the PV array is assuredly less than the maximum
operating voltage of the PV inverter. Nevertheless, the value of DC-link voltage should
below the maximum permitted value of the inverter, Vpciq., defined by:

Vimaaz
Voe < VDCOmaz = Smaz, V5T (231)

Nseries

where ngeries is the number of PV modules per string.
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Figure 2.21 — DC-link voltage limit

According to the PV parameters provided in Table A.1, nserics is 20, V,e s7c is 43.8
V, so the overall open-circuit of the PV array would be 20 x 43.8 = 876 V. The nominal
voltage of the VSI modeled in the study should be higher than this value.

2.7.5.7 PS and NS current controls in dual dq-frame

As demonstrated in [71], the relationships between the voltage at inverter terminal
and DC-link voltage in dual PS and NS dg-frames are defined as:

Ef =" (2.32)
Bf = (2.33)
E; = %m; (2.34)
E; = %m; (2.35)

where m, m}, my, and m, are the PWM modulating signals in PS and NS dq-frames.

Because of the appearance of wL term in Equations 2.17, 2.18, 2.19, 2.20, the dynamic
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response of d-component and g-component of each sequence current are coupled. To

eliminate these dynamic coupling, we define m,;, mJ, my,and m, as follows, [71]:
2
mb = —— (ul — wLI+ + VJr 2.36
d Vbe ( d ) ( )
2
+ + FVr
2
my = —— (ugy +wlLl +V, 2.38
4 Vpo (g a) (2.38)
2
g = o (ug —wLI; +V,/~ 2.39
my =g (ug —wLIy +V,) (2.39)

where u:[, u;r, u, , and u, are four new control inputs, [71].

q

Using Equations 2.36, 2.37, 2.38, and 2.39 to substitute for mj, m;r, my , and my in
Equations 2.32, 2.33, 2.34, 2.35, and then substituting the obtained expressions of Ef, Ef
E;,and E; to Equations 2.17,2.18,2.19, and 2.20, we receive four decoupled, first-order,
linear systems as follows:

I+

Lé%:—R@ng (2.40)
I+

L= =—RIJ +uy (2.41)
Iy -

LE{:—RQ-+%1 (2.42)
Iy -

Lﬁ —RI; +u, (2.43)

These above formulas indicate that the current in dual dg-frame can be regulated by
uf, uf, uy, and u, respectively. Figure 2.20 illustrates the inner current control loops
for PS and NS components in dg-frame. The difference between the reference and mea-
sured currents is compensated by the corresponding PI controllers. The outputs of PI
controllers will be processed to generate modulating signals for operating the PV in-
verter, i.e. mz{, m;r, m, , and my . As it can be seen in Figure 2.20 and Equations 2.40,
2.41,2.42, and 2.43, the response of the PV systems to four current control loops are the
same, hence, their corresponding PI controllers will have the same integral and propor-
tional coefficients, i.e. identical k, and k;. Let us consider Equations 2.40 and 2.41, the
transfer function of the AC-side dynamics in dual PS/NS dq frames would be as:

IS S N 1

G+_G7 -4 _d 9 ___- 2.44
I ug ug  uy; ug  SL+R 244)

2.7.5.8 Model validation

In order to validate the proposed PV control scheme, we assume a two-phase fault
with Ry = 10 Q occurring on Section 03-04 of Figure 2.9. Two fault scenarios are carried
out. In the first scenario, PV-1 is a traditional type without dynamic voltage support.
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Figure 2.22 — PV response to a single-phase fault under different control strategies with (a) PV-1
reactive current, (b) DC-link voltage, (c) PV-1 reactive power, and (d) Voltage at the PV-1 PPC

In contrast, in the second scenario, the PV-1 participates in system voltage recovery by
injecting an additional amount of reactive power. Moreover, in the latter simulation,
PV-1 also provides static voltage support. The results obtained from simulations in the
software environment DIgSILENT | PowerFactory can be observed in Figure 2.22.

Figure 2.22a shows that PV-1 without Fault Ride Through (FRT) capability injects no
reactive current during fault as opposed to an increment of about 0.4 p.u. in case of with
FRT capability. As a result, PV-1 reactive power almost remains at 0 kVar for the for-
mer scenario compared with about 370 £V ar for the latter one (Figure 2.22¢), leading to
a significant increase of the voltage at the PV-1 PCC from 0.75 p.u. to just under 0.8 p.u.
as demonstrated in Figure 2.22d. It should note that the reactive power plotted in Figure
2.22c is of the fundamental component. Any higher-order components and ripples are
removed. Figure 2.22b also reveals that the DC-side voltage increase in the case of FRT
capability is higher than in case of without FRT capability. It is obvious since the PV con-
trol loop should increase the DC-link voltage to allow the VSI injecting reactive current
for voltage support, as stated in Subsubsection 2.7.5.6. Fortunately, the DC-link voltage
increases to just over 800 V' that is still less than the maximum permitted level of 876 V.
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2.8 Battery energy storage system

The objectives of the Battery Energy Storage System (BESS) implementation in LV
microgrids included in Grid-1 of Figure 2.7 is twofold. First, the BESS maintains the
voltage and frequency stability of the LV microgrids when being switched from the grid-
connected mode to the islanded mode in case of permanent external faults. Second, it
regulates the voltage and frequency of the LV microgrids when operated in the islanded
mode. For Grid-2, along with offering V/f control, the BESS is also intended to pro-
vide a fast inertial response when the overall system inertia is low to maintain frequency
stability. The low-inertia issue may occur when most synchronous diesel generators are
switched off, and the load demand is mostly covered by the PV systems.

DC voltage source Converter Transformer Grid
= VDC [DC Idr«fflim [qu—l'i'm,
PTVLP{I@
S0C [(lr(%f T ,fgrid
- P‘ Charge v
— I P meas
controller aref Q
Battery AT controller Prcy | Frequency
k—» controller

Figure 2.23 — Structural block diagram of the BESS

The study proposes to deploy the BESS model provided in [72]. This model is com-
posed of a battery model, a voltage-sourced converter, and a BESS control system. The
battery model can charge/discharge to absorb/inject energy, balancing power supply
against load demand. The converter transforms DC power from battery to AC grid and
vice versa. The control system ensures the proper operation of the BESS with necessary
control purposes, which consists of different controllers as depicted in Figure 2.23, [72].

2.8.1 Battery model

A simplified model of battery in [72], which includes a constant internal resistance
(Z;) connected in series with a SOC-controlled voltage source, is employed. State of
Charge (SOC) represents the battery current loading state. An example of set of parame-
ters needed for modelling the battery used in Grid-2 (Figure 2.9) is provided in Table A.3.
The DC voltage level at the battery terminal, which is sent to the DC-voltage source, is
defined by:

Voo = VinaeSOC + Vipin(1 — SOC) — Ly Z; (2.45)

where V},,4, is cell voltage of discharge cell, V;,,;», is cell voltage of fully charged cell; Ijq:
is current flowing through the battery internal impedance Z;; and SOC is the State of
Charge of the battery.
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2.8.2 Frequency controller

The frequency controller contains two parts, as presented in Figure 2.24, [72, 73]. The
tirst part is based on a traditional droop-based proportional controller with a small dead-
band. The droop coefficient determines the amount of active power that should be deliv-
ered in case of a frequency deviation, and can be defined by:

P Prg =~ (f = freg) (246)

where P and f are the measured values of the BESS active power and grid frequency,
respectively; P..; and f,.; are the reference active power and frequency, respectively;
and K is the droop coefficient.

fref

Droop-based control

D Pdroop
Sorid > » Deadband » 1/K > > Pref
+ -
v
> % » X » 2Hg,,
PHsyn

Synthetic Inertia control

Figure 2.24 — Model of the BESS frequency controller

The second part is to emulate the inertia response that is normally offered by con-
ventional synchronous generators. The inertia response can be adjusted by varying the
synthetic inertia constant H,,,, and represented to the system via an additional active
power control signal defined by:

d T
PHsyn = 2Hsynfgrid% (247)

where f;,iq is the measured grid frequency in p.u.; H,y, is the synthetic inertia constant.

2.8.3 Active/Reactive power controller

The active power reference obtained from the frequency controller is filtered by a
first-order integral and then forwarded to the PI control block to generate a d-component
current reference. On the other hand, the voltage deviation is compensated by a g-
component current reference generated by the combination of a very slow integral control
block for tracking the set-point and a slope with a deadband for proportionally support-
ing voltage. The PQ controller model can be seen in Figure 2.25, [72]. All the needed
parameters are provided in Annex A.
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Figure 2.25 — Diagrams of the BESS PQ controller with (a) active, and (b) reactive power loops

2.8.4 Battery charge control

The battery charge control is composed of two components. The first component is a
charging controller, which aims at meeting all boundary requirements presented in Table
A.3. The control objective of the second component is to restrict the absolute values of
the BESS output currents to its converter thermal limit.

2.9 Overview of IEC 61850 standard

IEC 61850 is a comprehensive standard for the design of a substation automation sys-
tem and its applications. It defines methods for the device description in substations and
an information exchange mechanism between these devices at the time of configuration
and at the time of execution. IEC 61850 allows the integration of all protection, con-
trol, measurement, and monitoring functions through a common protocol. However, IEC
61850 is much more than a new protocol. It describes an engineering process and architec-
ture with many new benefits that affect the design, specification, engineering, operation,
and maintenance. In the study, all the elements involved in the protection as well as fault
location and isolation systems are modeled by using the model specification in the IEC
61850 standard. We named each function according to the corresponding Logical Node
(LN) as specified in IEC 61850-5. The names of all standard LNs have four characters.
The LN names used in the study are given in Table 2.2. The overall description of the IEC
61850 standard are provided in Appendix L
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Table 2.2 — LN names in the IEC 61850 standard

LN name Functionality LN name Functionality
Group P: protection functions Group R: protection-related functions
PIOC Instantaneous overcurrent RDIR Directional element
PTOC Time overcurrent RBRF Breaker failure
PTUV Undervoltage RSWF Switch failure
PDIR Direction comparison RDRE Fault counter
PTRC Protection trip conditioning RREC Autoreclosing
Group C: control Group X: switchgear
CILO Interlocking XCBR Circuit breaker
CSWI Switch controller XSWI Circuit switch
Group G: generic references Group T: instrument transformers
GPAC Generic automatic TCTR Current transformer
process control TVTR Voltage transformer

2.10 Conclusion

This chapter starts by describing different distribution layouts, along with distribu-
tion earthing systems and distribution protection schemes. Moreover, the study also
briefly mentions main network components that are needed for the transient studies,
such as load, transformer, overhead lines, underground cables. Next, a detailed analy-
sis of the control strategy for PV inverters meeting all of the requirements of new grids
is provided. Furthermore, to evaluate solutions proposed in the thesis, models of three
given real MV grids, including Grid-1 with three LV microgrids, Grid-2, and Gird-3 are
built either in DIgSILENT | PowerFactory or in Matlab | Simulink, depending on the study
purposes. Based on these grid models, the proposed control strategy for PV inverters is
validated by simulations in DIgSILENT | PowerFactory when being applied for the PV
systems of Grid-2. On the other hand, model of the BESS with the necessary controllers
is also analysed and constructed in DIgSILENT | PowerFactory. Finally, the chapter ends
with the overview of the IEC 61850 standard.

Furthermore, in the next chapter, based on the proposed control strategy of the PV
inverter and the component models built in DIgSILENT | PowerFactory, a new directional
method will be proposed and validated.
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3.1 Introduction

As discussed in Chapter 1, the integration of Distributed Energy Resource (DER)s, es-
pecially PV systems, into distribution networks has imposed lots of challenges. The need
for the development of a new Directional Element (RDIR) element that can be used for
protection as well as fault location and isolation of such an active distribution network
is rather urgent. In this chapter, firstly, the review of related studies on the directional
algorithm is carried out. After, a new method dedicated to distribution networks with
high penetration of inverter-based PV systems is proposed. Then, the detailed fault char-
acteristics of the PV system during fault is developed based on the PV model developed
in Section 2.7. Finally, the proposed method is evaluated by using analytical analysis and
then verified by simulation under different fault conditions in the software environment
DIgSILENT | PowerFactory.

3.2 State-of-the-art

3.2.1 Fundamental operation of a RDIR element

Protection engineers have used RDIR elements for determining the fault directions
regarding relay locations throughout the years. The RDIR element should be designed
such that faults on different ends of the protected component can be categorized into
two types, namely forward and reverse faults. Let us consider a simple two-source net-
work with a Voltage Transformer (TVTR) and a Current Transformer (TCTR) as shown
in Figure 3.1a. Faults with currents flowing from bus to line are considered forward. In
contrast, faults with the currents leading from line to bus are regarded as reverse.

Source S L1 L2 Source R
| TCTR |
| Fde/7 TVTR - l. Fr'vs/7 |
Bus R —38-» RDIR Bus S
’VR|ZOO wad Drws |V5|46
Irvs -[fwd
—— B S
a)
""" ITUS ervs
\< 0 fwa V ~
Ifwd ‘ \
Forward fault b) Reverse fault

Figure 3.1 — Fundamental operating principle of a RDIR element

The RDIR element compares two signals for making direction decisions. The first
signal is called operating quantity, and the second one is named reference or polarizing
quantity. The latter signal should be able to maintain its polarity regardless of forward
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or reverse faults. In contrast, the former quantity should reflect the change in polarity
according to two fault locations. Normally, the current phasor is used as the operating
signal, while the voltage phasor at the relay location is chosen as the reference quantity.
This RDIR element is called voltage-polarized RDIR element, [74, 75, 76, 77]. However,
currents can also be used as reference quantity instead, and the method is referred to as
current-polarized or current-only RDIR elements, [78, 79, 80, 81].

3.2.2 Torque-product-based RDIR element

This type of RDIR element is operated based on the calculation of a so-call torque
product to identify fault direction:

T =|A||B|cos[0a — (05 +0)] (3.1)

where A and B are polarizing and operating signals, respectively; 64 and 6p are their
phase angles.

The polarizing signal may be phase or sequence voltages, or sequence current. The
operating quantity is phase or sequence currents. If a voltage signal polarizes a RDIR
element, it is named voltage-polarized RDIR element. In contrast, if a current signal
polarizes a RDIR element, it is referred to as current-polarized element.

3.2.2.1 Phase voltage-based polarization

The phasor diagram shown in Figure 3.1b describes the fundamental principle of a
voltage-polarized RDIR element. In case of a forward fault, the operating current lags the
reference voltage by an angle 6,4 that is equal to the angle of the fault loop impedance.
By contrast, for a reverse fault, the current leads the voltage by an angle approximately
equal to 180° minus the angle of the fault loop impedance. The angle displacements
between the operating and polarizing quantities for two fault locations are as:

{A(V] Itwa) = Opwd = 024> in case of a forward fault; (32)

LV, Iryps) = Orps = 07, + 180°, in case of a reverse fault

where Z;,,q and Z,,, are the fault impedances of the forward and reverse faults, respec-
tively and 0z, ,, and 0z, are their phase angles.

To ensure that the phase displacement between operating and reference signals are
within the boundaries established for all types of forward and reverse faults, an angle
named Maximum Torque Angle (MTA) was introduced [76]. Figure 3.2 shows the perfor-
mance of the 90°-connect RDIR element with 45° MTA for a phase-B-to-phase-C fault. In
practical application, the RDIR element in each phase calculates a so-called torque value
defined by Equation 3.3 to determine the fault direction.

T = |Vpot|[Lop| cos(@vpol — 01, — MTA) (3.3)

where V,,; and I, are the measured voltage and current; 6y, , and 0y, are their angles.
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Figure 3.2 — Performance of the 90°-connection RDIR element with MTA of 45°

Equation 3.3 indicates that the obtained torque is highest when the phase difference
between the current and voltage inputs is equal to the MTA. This also implies that the cur-
rent input I in Figure 3.2 leads the voltage input Vo4 by the MTA. A positive produced
torque declares a forward fault, and a negative value indicates a reverse fault.

3.2.2.2 Sequence voltage-based polarization

Although achieving high performance in most fault conditions, the above RDIR ele-
ment may face with incorrect operation in case of a typical reverse phase-to-ground fault
within a network providing much dominant Zero Sequence (ZS) fault current over the
remaining two sequence currents, [82]. This issue becomes more concerned when the
polarization method is applied for distribution networks with grounded neutrals, i.e.,
short lines and low system ZS impedances. Hence, instead of phase quantities, the lat-
ter generations of directional relays use sequence quantities as the reference factor. A
study in [83] proposed to use a single Positive Sequence (PS) voltage-polarized RDIR ele-
ment for coping with balanced fault and another Negative Sequence (NS) or ZS voltage-
referenced one for other unbalanced faults. The equation for calculating the torque value
of PS voltage-polarized RDIR element is defined as, [83]:

T+ = [VF||[IF | cos [y+ — (04 + ezz)} (3.4)

where V't and It are polarizing and operating quantities, 6y+ and 6;+ are their phase
angles, and 0 7} 18 angle of the protected line impedance.

For detecting fault direction under unbalanced faults, RDIR elements usually make
use of sequence quantity inputs. The NS and ZS voltage polarized RDIR elements calcu-
late their sequence torque-products by, [84]:

T — IV-II"| cos 18004‘9\/7 _ 917 +60.)| =T COSng (35)
Zy

T° = [VO[|1°| cos [1800 +Oy0 — (Bp0 + ezg)} = |T°) cos f0 (3.6)
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where 6 z7 and 00 are the line NS and ZS impedance angles; and |T~1, Op—, |T°| and 00
denote magnitudes and phase angles of the NS and ZS torque-products, respectively.

The positive value of the obtained torque-product (I~ or 7°) indicates a forward
fault, and its negative value declares reverse faults. Moreover, the value of 7~ or TV
should exceed a minimum threshold to be considered as valid directional decisions. This
requirement prevents the RDIR element from incorrect direction decisions in case the
magnitudes of either sequence voltage or current are not sufficient to offer reliable out-
puts. The ZS voltage for direction identification for unbalanced faults involving ground
when the NS quantities cannot offer reliable angle characteristics, [85].

3.2.2.3 Sequence current-based polarization

In some typical networks, the magnitude of polarizing sequence voltage may be in-
sufficient to offer reliable reference; thus, polarization based on ZS current can be an alter-
native approach to determine the direction of ground faults [86, 84]. The torque-product
values of this RDIR element is defined as:

T° = |Lu|31°] cos(fr,,, — t370) = 1 T°| cos B0 3.7)
where I,,,; is the polarizing current and 31° is the operating quantity.
Similarly, positive 7 indicates forward faults and negative T declares reverse faults.

3.2.3 Impedance-based directional RDIR element

Another solution to the extremely low V,,; is to compute the ratio between reference
and operating quantities rather than the torque-product of Equation 3.1, [86].

- _ V]
+ = cos (- = (0 +0,.)] (3.8)
V|
0 — o cos |:9V0 — (670 + 922)} (3.9

The RDIR element compares the obtained impedances with the predefined thresholds
to establish the fault direction. The fault is forward if the derived value is less than the
forward threshold. In contrast, the RDIR element informs a reverse fault if the calculated
value exceeds the reverse threshold.

3.2.4 Superimposed component-based RDIR element

For this type of RDIR element, a study in [87] developed a new approach that cal-
culated a superimposed PS impedance for determining fault direction under all fault
conditions. The superimposed PS impedance is defined as the ration between the super-
imposed voltage to the superimposed current:
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_ AR

AZ) = AL

(3.10)

where AV} and Al are the incremental PS voltage and current.

For calculating the voltage and current increments, prefault values of these signals
should be memorized for about five cycles prior to the fault inception. The obtained
value is expected to be situated in the third quadrant for a forward fault and in the first
quadrant for a reverse fault. This method can perform well under close-in fault condi-
tions, i.e., almost zero polarizing voltage, thanks to the prefault voltage values that can
offer a more stable and reliable polarization.

3.2.5 ANN-based RDIR element

Apart from these above methods, RDIR elements can also be based on Artificial Neu-
ral Network (ANN). A study in [88] proposed to use a multi-layered feed-forward neural
network for fault direction detection. The method can avoid the impacts of fault types,
prefault loading conditions, fault location, and impedance variations. It was evaluated
by implementing a digital signal processing platform and can deal with missing data is-
sues. A back propagation of a Levenberg-Marquardt learning method is presented in
[89]. This method proved its advantage by the reduced size of the designed network.
Various methods of a similar operating principle can also be found in [90, 91, 92].

The authors in [93] designed a modular neural network to identify the fault direction
for transmission line protection. The method was then implemented on a digital process-
ing platform for performance evaluation. The obtained results revealed rather promising
effectiveness. ANN with the Levenberg-Marquardt algorithm was also applied in [94]
with the time taken for direction decision making less than half cycle of the fundamental
frequency. This method can mitigate all issues related to various fault conditions.

3.2.6 Application of directional methods for distribution networks

Conventional distribution networks are normally operated in radial configuration,
hence non-directional overcurrent protection is adequate for handling unearthed faults
[77, 95, 96]. RDIR elements are only used for protecting distribution networks against
ground faults [97, 98]. Generally, directional principles applied for traditional single-
source distribution networks are inherited from those developed for transmission net-
works that are presented in the above subsections. The selection of the most suitable
directional methods for ground faults in a distribution network depends on its ground-
ing method [97]. For some networks, for instance, a low-impedance grounded system,
several methods are integrated simultaneously, and the best choice is selected during the
processing by the RDIR element itself based on the current network configuration.

With the ever-increasing integration of Distributed Energy Resource (DER)s into dis-
tribution networks, fault currents have been turned into bidirectional. For dealing with
the bidirectional fault currents, there are several solutions. One can suggest differential
protection [99], but high investment cost is a substantial disadvantage of this method. Re-
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cent studies in [100, 101, 102, 103, 104] proposed to use directional overcurrent or distance
protection. However, these researches just reused the existing directional principles that
have been used over the years. A thorough analysis of the performance of these RDIR
elements under high penetration of DERs was neglected.

On the other hand, various studies toward the development of directional methods
dedicated to distribution networks in the presence of DERs have been reported recently.
Research in [80] presented a method that determines fault direction by comparing the
phase change of PS current in reference to the prefault current. The main advantage
of this method is that it does not require a voltage signal, reducing the implementation
cost. Similar principle also reported in [105]. In this paper, the authors developed two
algorithms for detecting the fault direction. The first one is to compute the ratio of ZS
and NS currents of the fundamental frequency, and the second is to calculate the ratio of
the ZS and PS components of the fifth harmonic currents. These ratios were then plotted
on complex planes for finding the boundaries separating forward and reverse faults. The
results showed that when the fault resistances are high, uncertainty areas where forward
and reverse faults cannot be distinguished will appear.

Another paper using the ratio of NS and PS currents and also the ratio of their incre-
ments over fault duration was presented in [79]. In this study, the authors also developed
two fault models of inverter-based DERs. For handling the increased impacts of syn-
chronous generator-based DERs, the authors also designed an approach based on Sup-
port Vector Machine technique for realizing optimal decision boundary between forward
and reverse areas [106]. The simulation results have demonstrated the high effectiveness
of the method. However, the challenges of using the current-only directional algorithm
for distribution networks with DERs can also be found in [78]. The authors concluded
that this type of directional methods should be used as a secondary choice where voltage
signals are not available rather than being considered as a good alternative solution.

A comprehensive study on the development of a directional algorithm for a microgrid
with high penetration of DERs has been recently published in [107]. This research con-
sidered all types of DERs, including four types of wind turbine generators and inverter-
based DERs. After indicating the cases when the traditional directional algorithms may
face potential maloperation, the authors proposed two directional algorithms, one for
balanced faults and the other for unbalanced faults. These algorithms used the ratios
of subtractions between prefault and during-fault values of sequence voltages and cur-
rents to obtain operating quantities. Operating zones for the RDIR elements, depending
on their locations, were defined. The proposed method showed excellent performance
under various fault conditions.

After investigating state-of-the-art studies related to directional algorithms, we have
realized that there are a limited number of studies focusing on directional methods ded-
icated to distribution networks with a high level of inverter-based DERs. A dominant
number of researches deployed those principles developed for transmission networks.
One of the assumptions when applying the present directional algorithms for distribution
networks with a high integration of DERs is that their fault characteristics are similar to
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those of conventional synchronous generators. Synchronous generator-based DERs, such
as diesel generators, or wind generators of Type 1 (Squirrel Cage Induction Generator)
and Type 2 (Wound-Rotor Induction Generator with Variable External Rotor Resistance)
may respond to faults in the same way with synchronous generators, [108].

Under unbalanced fault conditions, the NS circuit of these DERs can be assumed to
be similar to synchronous generators and, therefore, may be represented by a single NS
impedance. Consequently, NS current is defined by the NS voltage caused by the fault
condition and the NS impedance of the fault loop. In contrast, full converter-based NS
wind turbine generators or inverter-based PV systems have different fault patterns, [108].
The NS currents of these DERs are imposed by the inverter controller [34], leading to
an unconventional characteristic of the phase displacements between NS currents and
voltages. The application of the existing directional algorithms for unbalanced faults in
the context of high penetration of converter-based DERs should be revised.

Moreover, a majority of studies did not consider the Fault Ride Through (FRT) re-
quirement when analyzing the performance of the applied directional algorithms, except
for the approach presented in [107]. However, it did not allow the inverter-based DERs
to inject NS currents under fault conditions. As stated in [109, 100], no NS injection possi-
bly causes over-voltage issues in healthy phases under unbalanced faults. Additionally,
no NS current generation may make the unbalanced faults with a low fault level more
difficult to be detected. Therefore, in this chapter, we intend to develop a directional al-
gorithm for distribution networks with a high penetration of inverter-based PV systems.
The dynamic voltage support requirement imposed by current grid codes is achieved by
the control scheme developed in Section 2.7. This control strategy enables the PV systems
to provide NS current during unbalanced faults. The objectives of NS current generation
are twofold: (i) to facilitate the detection of unbalanced faults [109], and (ii) to reduce the
increased voltage in healthy phases under such fault conditions.

3.3 PV fault characteristics

Let us consider a simplified MV network provided in Figure 3.3. The network consists
of two 22 kV overhead lines L1 and L2, connected to an external grid. There is also a
three-phase inverter-based PV system coupled with the network via an 22/0.4 kV step-
up transformer. A TVTR and a TCTR are implemented for data measurement.

PV system PCC Transformer L1 L2 Grid

(1—my) my (1 —my) mo

TCTR
HEN | — T a

Bus R Fros —3 F Bus S

[Vr[£0° Forward fault Reverse fault  |Vs|Z£0

Figure 3.3 — Single-line diagram of the studied network
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In Figure 3.3, the red dot at the Current Transformer (TCTR) location indicates its
polarity mark. The secondary current of the TCTR is in phase with its primary current
if the latter flows in at the polarity mark, i.e., from Bus-S to Bus-R. Conversely, the two
currents are in opposite directions. So, for the forward fault (Fy,,q) of Figure 3.3, the
current sensed by the RDIR element is in phase with the current flowing in line L2. By
contrast, for the reverse fault (F},;), the current sensed by the RDIR element is out-of-
phase with the primary current flowing in L1. Without loss of generality, we assume that
the voltage angle at bus-R is reference phasor, and its phase angle, therefore, is equal to
zero. The voltage phasor at bus-S leads that at bus-R by an angle 4.

3.3.1 Equivalent sequence circuits of PV systems

Fault analysis of inverter-dominated grids requires proper transient models of the in-
volved components, in our case inverter-based PV systems. In the study, the sequence
circuits of such PV generating units during unbalanced faults are developed and pro-
vided in Appendix B.2. It worth mentioning that in the case of an earthed fault, the PV
system circuit is open to the Zero Sequence (ZS) current due to the delta connection of at
least one of the PV transformer windings. As a result, the part of the circuit that contains
PV systems does not conduct the ZS during earthed faults.

PS dq

control loop

NS dq

control loop

Figure 3.4 — PV equivalent sequence circuits under unbalanced fault conditions

Equations B.7 and B.8 have shown that the sequence currents contributed by the PV
systems are controlled separately. The PS current is regulated by the PS dg-frame con-
troller while NS current is controlled by the NS dg-frame controller, following the control
scheme in Figure 2.20. Therefore, for all types of unsymmetrical fault, the PV system can
be represented by only two separately voltage-controlled current sources, namely PS and
NS current sources, [110]. Consequently, the final equivalent sequence circuits of the PV
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systems and the external grid during unsymmetrical faults are as illustrated in Figure 3.4.
The interconnection pattern of these sequence circuits is defined by the fault types.

3.3.2 Evaluation of the angles of PV fault sequence impedances

The development of the equations representing the angle features of the PV fault se-
quence impedances is provided in Appendix B.3. By observing these above formulas,
we can conclude that the angle characteristics of the PV PS and NS fault impedances are
defined by the fault severity, i.e., the voltage drop and the unbalance factor of the volt-
age at the Point of Common Coupling (PCC). Concerning voltage drop, in some cases,
for instance, PV systems and faults are close to the RDIR location, the PV systems may
suffer a severe voltage drop, even zero-voltage condition [110]. However, these PV sys-
tems should not be disconnected as declared by grid codes and satisfy the requirement on
dynamic voltage support. The reactive power injection in such a case may reach inverter
nominal apparent power, leading to no active power generation. Consequently, the phase
angle of their PS and NS fault impedances are the same and equal to 7/2. Regarding the
voltage unbalance factor, the study in [111] indicates that this factor is usually inside the
range of 0.1 < 8 < 0.4 even though higher values can also be observed.

0,+ ,degree 0, . degree
Zpy? g Zpy) g

0.5
0.4

0.5 0.3 0.5 .
06 47 02 Bipu. A 02 B,pu.
0.8 0.9 0.1 " 09 01
v, p-u. : Y, p-u.
a) Positive-sequence impedance b) Negative-sequence impendance

Figure 3.5 — Analytical evaluation of the PV fault angle characteristics

The preliminary analytical evaluation of the PS impedance angle characteristic is in-
cluded in Figure 3.5. The projections of three-dimension plot of the PS impedance angle
characteristic on v — 6}, and 8 — 0}, planes in Figure 3.5 show that the angle charac-
teristic of the PV PS impedance is within the range of 10 to 40°and therefore, that of NS
impedance varies from -40 to -10°. Except for those cases when voltage at the PCC drops
below 0.5 p.u., the value for PS component is 90°and that for NS component is -90°.

3.3.3 Evaluation of the magnitudes of PV fault sequence impedances

The development of equations expressing the magnitudes of the PV sequence imped-
ances under faults is included in Appendix B.4. Equations B.25a and B.25b have drawn a
conclusion that the magnitudes of the PV PS and NS fault impedances, similar to those of
their angle characteristics, entirely depend on the voltage unbalance factor and the fault
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severity. By changing the values of 3 and 7 by steps within the ranges similar to what
being carried out in Subsection 3.3.2, the initial assessment of the magnitudes of PV PS
and NS impedances are shown in Figures 3.6.
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Figure 3.6 — Analytical evaluation of the magnitude of the PV sequence impedances

Figure 3.6 indicates that the magnitudes of the PV sequence impedances can reach
200 €2 in the case of minor voltage drop but can decrease to below 5 2 if the voltage drops
considerably. Hence, we can conclude that the variation of the PV sequence impedances
is largely dependent upon the voltage drop level, and in turn, the PV inverter control
strategy. Based on these initial evaluation of the PS and NS fault impedances of the PV
systems, the study on the impacts of non-conventional PV fault behaviors on the existing
NS directional algorithm is provided in Appendix E.8.

3.4 Formulation of the proposed directional algorithm

As demonstrated in Appendix ES8, the traditional NS directional principle cannot
guarantee the accurate operation for distribution networks with high penetration of PV
systems due to their unconventional current and voltage waveforms during unbalanced
faults. Therefore, in the study, we intend to propose a new approach that can offer re-
liable performance under the condition of high PV penetration. In particular, instead of
the NS product-torque, the proposed method calculates an impedance based on the ratio
between the prefault voltage and the during-fault NS current, as follows:

— o VFprefault
Zmeasured — I-

(3.11)

In Equation 3.11, Vppcfaur is the prefault voltage measured at the location of the
RDIR element in Figure 3.3. The prefault values of the voltage are deployed because, in
steady-state operation, the voltage is normally maintained within a permitted range and
therefore, can offer a reliable reference compared with the strange pattern of faulted quan-
tities likes NS voltage in the context of high penetration of inverter-based sources. The
use of prefault voltage as polarizing quantity has been applied in previous researches,



3.5. Evaluation of the proposed RDIR by analytical approach 63

such as in [87, 107]. However, these methods are different from the proposed algorithm
since they use the subtraction between the prefault and during-fault values to detect the
fault direction. Due to the contribution of PV systems to the grid voltage recovery during
the fault, in terms of reactive power injection, these methods still face various issues, as
discussed in Section 3.2.6.

Another method such as [79] uses the ratio between the increments of PS and NS cur-
rents, i.e AI" /AT, to identify the fault direction. The simulation results have demon-
strated its effectiveness. However, as recommended in [78], current-only RDIR methods
should be regarded as alternative solutions only if one should consider a low-cost im-
plementation. The traditional voltage-polarized directional techniques should have the
highest priority over the others. Concerning the operating quantity, despite strange pat-
terns, NS current is still an effective information source for fault description, as demon-
strated in the study in [107]. In the following, we evaluate the proposed method by using
the analytical approach.

3.5 Evaluation of the proposed RDIR by analytical approach

In this section, we apply the superposition theory presented in Appendix D.1 for eval-
uating the proposed directional approach. Since the pure-fault circuits provided in Fig-
ure D.1c describes the equivalent network for three-phase balanced faults and so cannot
be deployed for other unbalanced faults. Therefore, a suitable pure-fault sequence cir-
cuit should be developed to investigate various fault types. Moreover, all quantities are
denoted by A symbol to represent the superimposed-state network. For simplicity, we
assume that the PS and NS impedances of network components are identical, except for
those of PV systems. Besides, the ZS impedance of the line is assumed to be three times
its PS value while that of the transformer remains the same as its PS impedance is. In the
case of a forward fault, the RDIR element measures the NS current fed by the external
grids. In contrast, for a reverse fault, the RDIR element operates on the NS current con-
tributed by the PV systems. In the following, the formulas describing z__ . will be
investigated separately for each type of unbalanced faults. Depending on the fault type,
we need to connect those sequence equivalents diagrams developed in Appendix D.2 in
an appropriate way for forming the corresponding sequence connection diagram.

3.5.1 Single-phase-to-ground fault

Figure 3.7 illustrates the interconnected superimposed-state circuit of a phase-A-to-
ground fault of Figure 3.3, in which the equivalent PS, NS, and ZS sequence circuits are
taken from Appendix D.2. An additional impedance Z; that stands for fault impedance
is added to this circuit.

By applying the second Kirchhoff’s law to the overall circuit given in Figure 3.7, one
obtains the relationship between the prefault voltage at the RDIR location, i.e. Vipye fquit,
and the fault sequence voltages, as follows:

Veprefault = —AVE — AVy — AVE + 37, Al (3.12)
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VFpTefault

AIf = AT; = ALY

—

37,

1
| S

Figure 3.7 — Superimposed circuit for a single-phase-to-ground fault

3.5.1.1 Forward fault

From Figure D.2, the relationship between the PS and NS currents sensed by the RDIR
element can be acquired as:

-
AT = YA = ¢p g AT (3.13)
Ctwd
where g = ¢rwi/ct i c]fw q4and c;, , are obtained from Tables D.1 and D.2.

By substituting Equation 3.13 and the related equations provided in Tables D.1, D.2,
and D.3 to Equation 3.12, the relationship between the prefault voltage at the Voltage
Transformer (TVTR) location and the NS current fed to the RDIR element in case of the
single-phase-to-ground forward fault is defined as follows:

Viprefault = [c f0dZ s+ Zuios + Crug (ZOZ fwod T 3Zf)} AL (3.14)

As indicated in Appendix D.2, the NS current is equal to the corresponding superim-
posed quantity if we assume that the prefault network is balanced. Hence, A~ is equal
to I~. Based on Equations 3.11 and 3.14, the impedance measured in case of a forward
single-phase-to-ground fault with the inputs of Ve fqu: and I is as follows:

— VFprefault _
“measured— fwd — 17, = Zz fwd (3.15)

where Zs~ ;= ¢twdZ fwd—2 F 2 fwi-2 T Crud (Z%j fwd T 3Zf)-
3.5.1.2 Reverse fault

Similarly, by analyzing Figure D.2, the relationship between the PS and NS currents
sensed by the RDIR element in this fault type can be determined as:

C;’US — -
ALY, = o Alpy = crusAlpy (3.16)

TUS

where ¢,5 = cros/ch,s; ¢, and ¢, are obtained from Tables D.1 and D.2.

By substituting Equation 3.16 and the related equations provided in Tables D.1, D.2,
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and D.3 to Equation 3.12, the relationship between the prefault voltage at the TVIR loca-
tion and the NS current fed to RDIR element in case of a reverse single-phase-to-ground
fault is defined as follows:

Veprefautt = [Crvs (Zyps—1 + Zpy) + (2} 51 + Zpy) +
Cros (350 + 377 ) | AL, (317)

The NS current fed to the RDIR element in this fault scenario is in opposite direction
with the primary NS current since it flows into the Current Transformer (TCTR) at the
non-polarity mark as illustrated in Figure 3.3. Hence, based on Equations 3.11 and 3.17,
the impedance measured by the RDIR element in case of a reverse single-phase-to-ground
fault with the inputs of Vrpre foue and —1,,, is as follows:

— VFprefault _
“measured—rvs T];V = _ZZ rUS (3.18)

where Z3. ., = crus (Zymy + Zy) + (st + Zv) + Crus (200 + 371
3.5.2 Two-phase fault

Figure 3.8a illustrates the superimposed-state circuit of the phase-B-to-phase-C fault
of Figure 3.3 in which the equivalent sequence diagrams are taken from Subsection D.2.
By applying second Kirchhoff’s law to the overall circuit given in Figure 3.8, one obtains:

VFprefault = _AV; + AVFT - ZfAIE (319)
Zs 37,
| —
T AL T Al Zy ﬁ T AlY Zy TAI; Zy h T Al
P Y F- p O Ft b -
+ + + + +
AVE AVy AV AV AVy
VF‘prefault VF;)refault
N+ » N~ » N N+ Y N-

a) b)

Figure 3.8 — Superimposed circuits for (a) two-phase, and (b) two-phase-to-ground fault
3.5.2.1 Forward fault

For a forward fault, the PS current can be expressed via the NS current as:
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.
ATt = — YN = cpgAT” (3.20)
wad

By substituting Equation 3.20, and the related equations, provided in Tables D.1, D.2,
and D.3 to Equation 3.19, for a two-phase forward fault, the prefault voltage at the TVIR
location can be expressed via the NS current fed to the RDIR element as:

VFprefault = (wadZJj_wd_Q - Z]—”’—wd—2 - C;def> AI™ (321)

Finally, based on Equations 3.11 and 3.21, the measured impedance is as:

- VEprefault _
“measured—fwd — % = Zz fwd (3.22)

where szwd = chdewde — wadf2 — cfdef.
3.5.2.2 Reverse fault

The PS current sensed by the RDIR element is represented by the NS current as:

cr_vs — —
ALf, = 7 Alpy, = crpsAl gy, (3.23)

TUS

Consequently, the relationship between prefault voltage and NS current sensed by the
RDIR element is defined by:

VFprefault - [C""US (Zr—’t)s—l + Z]—L—V) B (Z:;Js—l + ZI;V) - C;stf} AIJ;V (324)

Based on Equations 3.11 and 3.24, the reverse measured impedance is defined by:

— o VFprefault o
Zmeasured—rvs - S rus

el (3.25)
_IPV

where Zg | o= crus (Zh 1+ Z5y) = (Z)sr + Zpy) — CrusZy
3.5.3 Two-phase-to-ground fault

The superimposed sequence network for a phase-B-to-phase-C-to-ground fault is il-
lustrated in Figure 3.8b. All the expressions determining the involved impedances in this
tigure can be found in Tables D.1, D.2, and D.3. Impedance Z describes fault impedance
between two faulted phases and impedance Z, signifies ground fault impedance. By
analyzing the network of Figure 3.8b, one can get:

Viprefaut = —AVE + AIEZy + AVy — Al Z; (3.26)
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3.5.3.1 Forward fault

By applying the first Kirchhoff’s law to the network of Figure 3.8b, the relationship
between Al and A~ can be expressed as:

+ —
N ( Zfwi-2 T Cruals

— Cty Al™ = wadAfi (3.27)
Z3 ppq + Zr + 32, ! d)

+
Ctwd

Substituting Equation 3.27 and those equations provided in Tables D.1, D.2, and D.3
to Equation 3.26, the desired expression can be realized as:

VEprefault = <Cf’LUdZ]J’rwd—2 ~ Z} o T CrudChpaZs — wade) AVAN (3.28)

Finally, we have the expression for the impedance measured by the RDIR element
with the reference quantity Vpp,efqu and 1 as:

_ VFprefault — 7=

Zmeasuredffwd = I- 3 fwd

(3.29)
— _ + + + —

where ZZ fwd — CfTUdewde - wade + Cdewade - wade'

3.5.3.2 Reverse fault

Similar to the forward fault, we can derive the necessary formula expressing the rela-
tionship between the PS and NS currents measured by the RDIR element as:

1
+
Alpy = —
TUS

( — ZI;V + Zrt;s—l + Cr_stf
—Crys

7T, 2, ) Alpy = cros Ay (3.30)

Substituting all the above equation and those Equations offered in Tables D.1, D.2,
and D.3, the relationship between prefault voltage and the NS current measured by the
RDIR element for a two-phase-to-ground reverse fault is defined by:

VFprefault = [Crvs (Z:Z)s—l + Z;V) - (Z;Z)s—l + ZI;V) + CT”USC::USZf - C;vszf] AII;V (331)

Finally, we have the expression for the impedance measured by the RDIR element
with the reference quantity Vip,efaue and —Ip,, as:

— o VFp'r'efault — _g-
Zmeasured—rvs — - S rus

- (3.32)
_IPV

where Zi rus Cros (Z—Zs—l + Z;V) - (Z;‘t)s—l + ZI;V) + CTUSCTt)SZf - c;stf'

r
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3.5.4 Conclusion

In this part, we have obtained the expressions of the measured impedances for all
kinds of unbalanced faults. The non-linear relation between state variables, i.e., fault cur-
rent and voltage have been eliminated, leaving only impedances in the final equations. In
the following, we evaluate numerically the possible ranges of the measured impedances.

3.5.5 Preliminary numerical calculation

3.5.5.1 Component impedance value investigation

Equations 3.15, 3.18, 3.22, 3.25, 3.29, and 3.32 indicate that the measured impedances
are fully defined by the impedances of the associated components. The possible values
of all elements involved in the network in Figure 3.3 are given in Table 3.1. As mentioned
in Subsection 2.2.2 the length of MV feeders range from about 3 to 50 km. A set of typical
types of diverse MV feeders are taken from [112], where their relative impedances are in
range of 0.35 to 0.49 Q/km.

By varying all the involved parameters, we can determine the possible ranges of the
measured impedances; and therefore, the thresholds for fault direction determination can
be obtained. For simplicity, we assume two operation scenarios of the external source,
one for low and one for high loading conditions that correspond the short-circuit capac-
ities of 400 MV A and 1000 MV A, respectively. Hence, the external source impedance is
0.484 () for the former scenario and 1.21 € for the latter one. The line length varies by a
step of 10 km from 3 to 53 km, and the fault resistances are within the range of 0 to 40 Q.

Table 3.1 — Typical ranges of the network component impedances and its angles

Element
HV grid Line PV transformer Fault resistance
Zs, 82 0zs,° 21, 0z,,° Zr, 0z.,° Ry, Q
0.484 —1.21 85 2.33—12.5 65 — 85 9.85 75.5 0—40

Regarding system state parameters, the voltage unbalance factor, 3, is assumed to
vary within a range of 0.1 to 0.4 as stated in Subsection 3.3.2. In addition, voltage at
the PV terminal is assumed to change from 0.9 p.u. to 0.1 p.u. by a step of 0.1 p.u. The
rating capacity of the PV system ranges from 1.6 to 6.4 MW, which emulates the PV
portion within an interval of 20 to 80% out of the overall network load capacity. The final
possible ranges of PS and NS impedances of the PV system are obtained based on the
equations derived in Subsections 3.3.2 and 3.3.3.

For each fault type, there are 1600 values of the measured impedances obtained from
1600 combinations of the involved parameters, in which a half for forward faults and the
other half for reverse faults. For all three types of unbalanced fault, we have totally 4800
values of calculated impedances.
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3.5.5.2 Overall results and conclusion

We plot all the measured impedances derived from the numerical calculation for all
three different unbalanced faults on one R-X plane. Since the obtained values vary in
a wide range up to several thousand (2, only a part of the plot closed to the separation
boundary is zoomed in and inserted in Figure 3.9 for a better illustration. We can observe
that the reverse impedances are mainly situated in the lower area in contrast with the
forward impedances.
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Figure 3.9 — Numerical results of the proposed NS impedances on the R-X plane

It is evident that due to the unconventional behavior of PV systems during faults, the
measured impedances in case of reverse faults, which mainly consist of PV impedances,
vary in a much more extensive range. A boundary can be drawn as a baseline for realizing
setting thresholds, i.e., forward and reverse. It should be noted that the forward limit has
to be located on a certain distance from the reverse threshold for preventing any possible
overlap between two fault locations, i.e., forward and reverse faults.

Figure 3.9 indicates that the reverse reactances X tend to rise when the reverse resis-
tances R are behind a typical value, in this case, -50 Q2. Hence, we can adjust the slopes
of these threshold lines to prevent the reverse impedances from invading the forward
area. Although there are still a few values located in false areas, the probability of such
false location appears to be minimal, only 1 or 2 per a total of 4800 points. The proposed
method, therefore, has demonstrated itself as a promising directional candidate.
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3.6 Evaluation of the proposed algorithm by simulations

For investigating the effectiveness of the proposed method, Grid-2 (Figure 2.9) is con-
sidered. However, for simplification purposes, the PV-01 and WT are disconnected, leav-
ing only PV-02 subject to investigation. The RDIR element is assumed to be placed at
Bus-10 with the Current Transformer (TCTR) polarity mark indicated. So, faults on those
sections located between Bus-10 and PV-02 are considered as a reverse fault. Conversely,
faults placed from 22 £V Bus-1 to Bus-10 are forward faults. However, due to the short
length of all the network sections, we also propose to increase the length of sections 04-05
and 14-15 by a step of 2 km for 5 consecutive increments to account for the impacts of
feeder length. Fault resistances are assumed to vary within a range of 0 to 90 {2 by a step
of 10 2 following the statistical data on the potential values of fault impedance, [113].
Various fault scenarios on Feeder 1 with parameters tabulated in Table 3.2 are conducted.
We use the equations offered in Appendix C for fault data extraction.

Table 3.2 — Set of parameter for simulated fault scenarios

Fault type

Single-phase-ground fault, two-phase fault, two-phase-ground fault

Fault location

Forward fault 10-11, 11-12, 12-13, 13-14, 14-15, 16-17, 17-18, 19-20
Reverse fault 01-03, 03-04, 04-05, 05-06, 06-07, 07-08, 08-09, 09-10
Element parameter
PV-02 capacity Ppy, % | 20 + 80 by a step of 20
Fault resistance R;, Q2 1 0+ 90 by astep of 10
Section length 1, km | 2 + 10 by a step of 2

3.6.1 Single-phase-to-ground fault
3.6.1.1 Impacts of fault resistances and PV penetration level
3.6.1.1.1 Low- and medium-impedance faults

For Medium Voltage (MV) distribution networks, a fault impedance within a range
of 0 to 40 2 can be considered as low- and medium-impedance faults, [113]. Figure 3.10
shows the results for Ry from 0 to 40 Q with the overall capacity of the connected PV
systems equal to 20% out of the total load capacity of the grid. We can witness that
there is a relatively wide separation region that allows the developed RDIR element to
distinguish between the forward and reverse faults with no effort. It implies that we
can easily set the forward and reverse thresholds for the proposed RDIR method. The
forward threshold should be higher the reverse one by a reasonable value for preventing
the RDIR element from any potential overlap. The proposed algorithm performs well
for low- and medium-impedance faults, which are within the range from 0 2 to 40 .

The higher the fault resistance, the further the steady-state values of z from the

separation boundary are located.

measured
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Figure 3.10 — Evaluation results for single-phase fault for Ry € [0 : 40] Q with Ppy = 20%, (a)
entire trajectory in the R-X plane, and (b) a part zoomed in on R-axis with R € [—250 : 250] 2

The results for PV capacity of 40% are shown in Figure 3.11. Here, one noticeable fea-
ture, when the penetration level of the PV system increases, is the move to the left of the
measured reverse reactances. The values of reactances for reverse fault scenarios of 30
and 40 (2 fault resistances are approximately equal to -1000 and -400 (2, respectively, com-
pared with positive values for the previous fault scenarios of the same fault resistances.
Another additional distinct difference is that the measured NS reactances for forward
fault scenarios decrease. For example, as can be witnessed in Figure 3.11, the reactances
for this fault locations reduce to establish their stable during-fault values at about only 5
(1, leading to a narrower area located between forward and reverse thresholds.
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Figure 3.11 — Evaluation results for single-phase fault for Ry € [0 : 40] Q with Ppy = 40%, (a)
entire trajectory in the R-X plane, and (b) a part zoomed in on R-axis with R € [-500 : 250] Q2

These changes of the measured NS impedance trajectories can be explained by the
greater participation of PV systems in network fault voltage recovery. When the fault
resistances are high, the voltage drops during faults are limited, leading to an increased
amount of reactive power injected by the PV systems. On the other hand, in case of
lower fault impedances of 0, 10, and 20 €2, although the PV injected reactive currents can
reach their nominal currents, the amount of reactive power generation is limited due to
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the large drops of the fault voltages. Such a trend can be seen more clearly for the fault
scenarios with higher PV portions. However, despite the changes, separating boundary
can be realized with no effort, reflecting high effectiveness of the proposed method.
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Figure 3.12 — Evaluation results for single-phase fault for Ry € [0 : 40] Q with Ppy = 60%, (a)
entire trajectory in the R-X plane, and (b) a part zoomed in on R-axis with R € [—300 : 100] Q2
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Figure 3.13 — Evaluation results for single-phase fault for Ry € [0 : 40] Q with Ppy = 80%, (a)
entire trajectory in the R-X plane, and (b) a part zoomed in on R-axis with R € [—250 : 50] ©

Figure 3.12 represents the results for PV share of 60%. Although the values of the
measured NS impedances are established at levels similar to the case of 40 % PV, their
trajectories can invade the forward area if the setting boundary remain the same as in
the previous cases. For instance, the blue orbit of the measured impedance for 30 Q2
reverse fault in Figure 3.12b increases up to about 40 €2, causing incorrect identification
of fault direction. Hence, the boundary separating the forward and reverse areas should
be modified. In the study, we propose to decrease the forward area by increasing the
slope of its border by an angle of approximately 160° at the resistance equal to 150 2 as
shown in Figure 3.12b. Here, we can observe a similar pattern of the setting thresholds in
Figure 3.12b with those in Figure 3.9. The similarity between the numerical calculations
conducted in Section 3.5.5 and simulation results have confirmed not only the correctness
of the PV models, and the related control algorithms, but also the effectiveness of the
proposed directional method. The same evolution of the measured impedances can be
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obtained for the case of Ppy = 80%, as shown in Figure 3.13. However, in this case, the
changes start to happen from the fault resistance equal to 20 2 instead of 30 §2. The correct
operation of the proposed method can be achieved with the same setting thresholds.

3.6.1.1.2 High-impedance faults

Results for fault scenarios with Ppy = 20% for higher fault resistances are provided in
Figure 3.14. In this case, the reactances of reverse measured impedances are still located
in the right of the forward reactances. Hence, for a low level of PV penetration, the
trajectory of the measured impedances for high-impedance faults are similar to those for
low- and medium-impedance faults. The proposed method, again, successfully detects
the fault direction with a high-reliability level reflected via a wide separation area.
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Figure 3.14 — Evaluation results for single-phase fault for Ry € [50 : 90] Q with Ppy = 20%, (a)
Trajectory in the R-X plane, and (b) zoomed in on R-axis with R € [—2000 : 1000] 2

— Ry =50Q — R; = 60Q Ry =700 — R; =800 — R; = 90Q
10 - , , , : , v,_-i' 5 : ,
o Forward area \‘!__/'l 0 Forward area { !’,"
N s | . N
—~10 } 4
_10 L
o o Boundary / )
- ,/ \l
= 20| y = -15 | Reverse area ’1"
\ /
,'l E\‘_, =20 // { //,
[} — / ,
=30 R g Z, - = ¢
,1 ‘: 'y —>- 7_neasured fwd _s | -5 zrlzeasured—fwd ,\' L
"\ ll + aneasured—rvs + z’rneasured—r’us e
-40 - -30
-180 -165 -150 —135 —-120 —105 -90 -75 ~200 -175 -150 -125 —100 -75 —50
R, R.Q
a) b)

Figure 3.15 — Evaluation results for single-phase fault for Ry € [50 : 90] © with the PV capacity of
(a) 40% and (b) 80%, respectively

The trajectories for fault scenarios with higher proportion of PV systems are repre-
sented in Figures 3.15. We can see that when the installed capacity of PV systems in-
creases, the impedances measured by the proposed algorithm for reverse faults tend to
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move closer to the forward area. However, there is still a sufficient space, in which the set-
ting thresholds that have already been deployed for low- and medium-impedance faults,
can achieve a correct performance.

3.6.1.2 Impacts of faults closed to RDIR location

For faults closed to the RDIR location, the measured voltages drop significantly, even
equal to zero, which possibly result in false direction identification. Values of traditional
torque-product are too small for triggering direction algorithm. The proposed method
can avoid these issues by using the prefault values of voltage memorized in two cycles
prior to fault application. Let us consider a close-in fault, located on a distance of 0.5% of
the section length from the Voltage Transformer (TVTR) location of Figure 2.9.
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Figure 3.16 — (a) Three phase voltage during close-in phase-A-to-ground fault and (b) the corre-
sponding evaluation results of the proposed RDIR element

Figure 3.16 shows that voltage of the faulted phase reduces to approximately zero;
however, the decayed values of the measured impedances have located far from the sep-
aration area, allowing the proposed algorithm to realize reliable operation. The setting
thresholds for forward and reverse faults can remain the same as above.

3.6.1.3 Impacts of load imbalance

In the theoretical evaluation of the proposed method, we assume balanced loads prior
to faults, and therefore the prefault values of NS currents are zero. The superimposed
NS current can be considered equal to the NS current measured by the RDIR element.
However, the practical operation of distribution networks has indicated that completely
balanced loads never can be achieved due to variations of loads over the times. Load
changes in each phase are caused by numerous unpredictable factors, for instance, cus-
tomer consumption characteristics, weather conditions, etc. Consequently, the imbalance
is an inherent feature that always exists in distribution networks. Its impacts on the per-
formance of protection units, in particular, the designed RDIR element, therefore, should
not be neglected. To investigate such effects, we should modify the loads for obtaining
a larger load imbalance level. The details of three-phase loads of Feeder 1 (Figure 2.9)
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are provided in Table 3.3. Load in phase A is considered as the base level. Phase B load

is assumed to consume by 22% more than the base level, and phase C load, by contrast,
decreased by 12%.
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Figure 3.17 — (a) and (b) three-phase currents and their sequence components; and (c) and (d)
three-phase voltages and their sequence components

Table 3.3 — Voltage and current imbalance due to unbalanced loads

Phase P/Pyases % Current, kA Voltage, kV Imbalance, %
Voltage Current
A 100 0.069 12.7
B 122 0.071 13.0 1.48 16.15
C 88 0.056 12.8

The current and voltage wave-forms and their PS and NS components are represented
in Figure 3.17. Based on Figure 3.17c and d, the imbalance levels of voltage and current,
which are calculated by [114], are 1.48 and 16.15%, respectively. The voltage imbalance
level is less than the permitted range of 2% suggested by [115]. Figure 3.18 depicts the
results for 20% PV capacity with fault resistances within a range of 0 to 40 €2. The patterns
of the measured impedances during fault are different from those of Figure 3.10a due
to the impacts of prefault NS voltage on the prefault reference voltage. The presence
of NS voltage component in steady-state operation causes the prefault voltage phasor
to deviate from the position at which the perfectly-balanced prefault voltage is located.
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Nonetheless, because the imbalance level within the MV grid is normally limited to less
than 2% as mentioned previously, the steady-state values of measured impedances are
properly placed within proper areas, demonstrating the effectiveness of the proposed
algorithm. The setting thresholds for both forward and reverse faults remain the same as
the previous settings.
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Figure 3.18 — Evaluation results for single-phase fault under 20% unbalanced load conditions with
20% PV capacity

The impacts of load imbalance are also examined for the increasing PV capacities. As
can be seen in Figure 3.19, the measured impedances in case of forward faults are located
very close to the upper boundary, especially when fault resistances are high. Nonetheless,
the proposed method can perform well regardless of the presence of unbalanced loading
conditions, even with high fault resistances.
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Figure 3.19 — Evaluation results for single-phase fault under 20 % unbalanced load conditions
with (a) 40%, and (b) 80% PV capacities

3.6.1.4 Impacts of external grids

For estimating the effects of external grids, the diesel generators of Grid-2 are re-
placed by an external grid with the short-circuit capacity increasing from 400 MV A to
1000 MV Aby a 200 MV A step. The traditional NS torque-based RDIR element is affected
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when the NS source behind the TVTR location is strong, i.e., low NS impedance. In such
a case, the measured NS voltage can be too small that cannot offer a correct polarization,
[83]. In contrast, Figure 3.20 has demonstrated the reliable operation of the proposed ap-
proach under different network short-circuit powers. The proposed RDIR algorithm can
rid this issue thanks to the reliable polarizing signal provided by the prefault memorized
voltage. Hence, the effects of grid short-circuit capacity can be minimized.
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Figure 3.20 — Evaluation results for single-phase fault under the variation of external grid power
with (a) Ry = 0Q and Ppy = 20%, and (b) Ry = 10 Q and Ppy = 80%
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Figure 3.21 — Evaluation results for single-phase fault under the variation of solar irradiation with
Ppy =80%, and (a) Ry =09, and (b) Ry = 20 Q2

3.6.1.5 Impact of variation of solar irradiation

The impacts of the intermittent nature of solar sources are also evaluated as illus-
trated in Figure 3.21. The proposed RDIR method has shown a high effectiveness in the
case of solid faults with the values of the measured impedances located far away from
the separation boundary. In contrast, in case of Ry = 20 2, the measured impedances
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tend to move closer to the separation border at high hours of solar irradiation. This is
because during high hours of solar irradiation, the amount of reactive power injected by
the connected PV systems is higher, leading to higher measured reactances.

3.6.1.6 Overall evaluation considering all affecting factors

Figure 3.22 represents one-point-for-one-fault-scenario z,_ 4 on the R-X complex

plane with the variation of fault resistances, PV capacities, line sections, and lastly fault
locations on each section. In particular, the fault resistance increases from 0 to 90 Q2 by a
step of 10 €2, and the PV capacity varies by step change of 10% from 10% to 80%. We move
the fault location along Feeder 1 by a step of 20% of the section length from 20% to 80%.
Combined with the two fault locations in reference to the RDIR location, i.e. forward and
reverse faults, we receive totally 2 x 10 x 8 x 8 = 1280 pointsof z_ . . on Figure 3.22.

The marker size in this figure increases corresponding to the increase of the PV capacity.
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Figure 3.22 — Overall characteristic of z_ for single-phase-to-ground fault

measured

For a better illustration, a part of Figure 3.22 closed to the boundary between two ar-
eas is zoomed in on the X-axis, as shown in Figure 3.23. We can see that the measured
impedance locations for forward and reverse faults are consistent with those numerically
evaluated in Section 3.5.5 and shown in Figure 3.9. One more time, we can confirm that
the consistency between numerical evaluation and simulation has demonstrated the cor-
rectness of the proposed PV models.
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Furthermore, as shown in Figure 3.23, it is undemanding to draw appropriate bound-
ary lines in the R-X complex plane to allow the proposed RDIR element to properly detect
the fault direction. The boundary line (red solid line) in Figure 3.23 can be realized by
giving a coordinate of point B, at which the slope of the boundary lines should increase
by an angle of approximately 160°. Afterward, the forward (upper) and reverse (lower)
boundary lines can be obtained with a proper distance from the boundary line for ensur-
ing a minimum sensitivity level of the proposed RDIR element. Based on the resulted
bounded areas, if the impedance measured by the RDIR element is located inside the up-
per blue-shaded zone, it declares a forward fault. By contrast, the RDIR element states a
reverse fault if the computed impedance is situated inside the lower brown-shaded zone.
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Figure 3.23 — Operating characteristic of the proposed method for one-phase-ground fault
3.6.2 Two-phase faults

Similar to what being presented in Subsection 3.6.1, partially zoomed-in trajectories
of the measured impedances in case of two-phase fault for low- and medium-impedance
fault are inserted in Figure 3.24. For this kind of fault, the fault voltage only decreases
moderately, resulting in a limited contribution of PV systems to the system voltage re-
covery. In other words, the amount of reactive power injected by PV systems during
faults is less than that for single-phase faults. Hence, the trajectories of the measured
reverse impedances during faults remain almost the same for different PV installed ca-
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pacities, except for the situation when the PV installed capacity reaches the highest level
considered, i.e., Ppy = 80%. In such generating conditions, the measured impedances
for reverse faults are shifted to the left since the amount of reactive power delivered by
the PV system has become more considerable, Figure 3.24d.
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Figure 3.24 — Evaluation of the proposed RDIR element for R; € [0 : 40] 2 with (a) Ppy = 20%,
(b) Ppy = 40%, (C) Ppy = 60%, and (d) Ppy = 80%

The effects of other factors such as faults with higher impedances, external source
power, close-in fault, and unbalanced loads are also taken into consideration. Since the re-
sults of the two-phase fault are similar to those of the above single-phase-to-ground fault,
all the results are included in the Appendix E.1. Concerning a so-called high-impedance
fault, the measured impedances for reverse faults show a homogeneous pattern for dif-
ferent PV capacities. Only for Ppy = 80%, these values move closer to the boundary
lines. In the remaining cases, forward impedances well distinguish from reverse ones.

The overall evaluation of the proposed RDIR approach for two-phase faults under all
possible affecting factors is depicted in Figure 3.25. All the considered fault conditions
for this kind of fault are left the same as for single-phase-to-ground fault. The overall
figure shows that if we leave the boundary lines unchanged, the reverse impedances are
situated rather far from the separation area. In contrast, only a few forward impedances
are located very close to the forward boundary line. However, none of these values has
entered the false area, i.e., reverse region. The proposed method, therefore, has proven
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its high effectiveness for two-phase faults.
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Figure 3.25 — Operating characteristic of the proposed method for two-phase fault
3.6.3 Two-phase-to-ground fault

The detailed results, obtained for each fault scenario taking into account all factors
that may affect the performance of the proposed method in the event of a two-phase-to-
ground fault, are included in Appendix E.2. In this subsection, only the overall picture is
provided in Figure 3.26. Similarly, as can be observed from Figure 3.26, we can reaffirm a
consistent characteristic of the proposed impedances derived from simulations with those
acquired from the analytical approach illustrated in Figure 3.9. Moreover, the trajectories
of the measured impedances are almost similar to those for single-phase-to-ground and
two-phase faults. With a high proportion of PV systems, the corresponding substantial
injection of reactive power results in the shift of the measured reverse reactances to the
left. However, they are still located in the proper region, confirming the high performance
of the proposed method. The boundary lines that have been set for the two previous
fault types can remain unchanged. The distance between the closest forward and reverse
values are long enough for the proposed approach to ensure the correct detection of fault
direction. None of the false direction decision may happen based on what we can witness
in Figure 3.26. However, for an extremely high PV penetration, for instance Ppy = 80%,
the values of the measured impedances are situated very close to the boundary line.
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Figure 3.26 — Operating characteristic of the proposed method for two-phase-ground fault

3.6.4 Summary evaluation of the proposed method for all kinds of unbal-
anced fault

At this stage, the performances of the proposed method for all unbalanced faults have
been presented. The results show high accuracy and dependability of the so-called NS
impedance-based RDIR element. The high accuracy is verified by the proper locations of
the obtained impedance values within the corresponding areas. In other words, values
for forward faults are situated in the setting forward area, while those for reverse faults
are located in setting reverse areas. Only one or two values in the case of reverse single-
phase-to-ground fault are located in the false region. These values are mainly affected by
the PV systems since the NS currents fed to the RDIR element in these cases are mostly
contributed by the inverter-based PV systems. When the PV capacity reaches its highest
level, faults with low impedance, even zero-impedance faults, may lead to massive volt-
age drop. The FRT-compliant control strategy presented in Section 2.7 has forced the PV
systems to generate as much reactive power as possible. The active power production
may reduce to zero, resulting in such unusual values of the measured impedance.

The representation of all results in one R-X plane, as shown in Figure 3.27 suggests
that one can deploy a unique setting pattern for all kinds of unbalanced faults. There
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Figure 3.27 — Operating characteristic of the proposed method for all unbalanced faults

are two critical setting factors that should be carefully considered for obtaining the high
effectiveness of the proposed RDIR element. The first factor is the boundary line, and
the coordinate of the point, at which its slope should be altered. The last parameter is
the distance from the central boundary line, based on which the forward and reverse
boundary lines are drawn.

3.7 Procedure for fault direction determination

Since the proposed RDIR method relies upon the prefault voltage, an algorithm for
detecting the exact moment of fault occurrence shall be equipped with a fault detector
to avoid any possible overlap between the prefault and during-fault data, [78]. Figure
3.28 shows the flow chart of the algorithm. The during-fault data shall be collected for
two cycles after the fault detection. The fault detector may be in kind of Instantaneous
Overcurrent Protection (PIOC) or Under-Voltage Protection (PTUV) elements.

The method is explained as follows. Once a fault has been detected, the RDIR ele-
ment processes the current signals to determine the precise sample number N, at which
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Figure 3.28 — Flowchart of fault direction detection process

the fault has happened. Then, the RDIR element computes the criterion values for fault
direction determination by using Equation 3.11 for each sampled value as:

VT [Nip — 2N + K] (333)

k] =
Zmeasu'red[ ] I— [Nm + k]

where N is the number of samples per cycle and is equal to the number of samples per

data window.
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For a reliable operation of the fault direction detection, the calculation of z,_ casured 1S
repeated N times. For each value of 2 .. . situated in the forward area of Figure 3.27,
a so-called index Dy, increases by 1; otherwise, index D, increases by 1. The RDIR
element calculates N consecutive values of . . ie. from the sample at V;, to the
sample at IV;,, + N. At the end of the iteration process, the RDIR element compares D4
with Dy.s. If Dyyq is larger than D,.,, the fault is forward; otherwise fault is reverse.

3.8 Conclusion

First, the chapter conducted a review of state-of-the-art directional methods used for
distribution networks. Then, fault characteristics of inverter-based PV systems under
the control strategy proposed in Section 2.7 were also obtained. Based on these charac-
teristics, several limitations of the existing methods for distribution networks with high
penetration of PV systems were analyzed and indicated in Appendix E8. Evaluation
results showed that the phase displacement between the NS current and voltage of the
inverter-based PV systems did not remain the same as that of conventional synchronous
sources. Indeed, this angular relationship depends not only on the fault loop impedance
but also on the PV control strategy. In some typical fault scenarios, the traditional RDIR
element may misoperate as shown in Figure F.5.

From the knowledge about the drawbacks indicated above, a new directional algo-
rithm that relies on the ratio between the prefault voltage and during-fault NS current
was developed. First, we eliminated the non-linear relationship between the NS cur-
rent and prefault voltage by expressing 2
components for each fault type by using circuit transformation method. These equations
were then used for the numerical analysis and the results showed that there would be a
clear separation for distinguishing between forward and reverse faults. Finally, Grid-2
was used to evaluate the proposed method under different fault scenarios by simula-

4 through impedances of the involved

tions in DIgSILENT | PowerFactory. The simulation results indicated the same pattern of

Z 4 compared with those results obtained from the numerical approach. The con-

measure
sistency between the evaluation results of the numerical and the simulation approaches
confirmed the correctness of the designed PV model and its control strategy. The pro-
posed algorithm demonstrated its high performance and accuracy under different influ-
encing factors, such as fault impedances, PV penetration levels, fault locations as well as
other factors such as load imbalance, short circuit capacity of the external grid. In the next
chapter, the proposed RDIR will be applied for developing various protection schemes

for MV distribution networks and their included LV microgrids.






Chapter 4

Development of distribution protection schemes with

high PV penetration
Contents
41 Introduction . .......... ... ... ... 88
4.2 State-of-the-art of distribution protection . . . ... ... ........ 89
421 LV microgrid protection . . . . ........... . ... ... ... .. 89
422 MVnetwork protection . ... ... ... ... . ... .. .. ... .. 92
4.3 Proposition of PV FRT-compliant interface protection . ... ... .. 95
43.1 Voltage-based protection settings . . . . ... ......... ... .. 9
43.2 Frequency-based protection settings . . ... ............. .. 9
4.4 Protection scheme for LV microgrids . . . .. ............... 97
441 Considered LV microgrid . . . .. ............. ... ... ... 97
4.4.2 Proposition of the developed protection scheme. . . . ... ... ... 98
44.3 Protection scheme for grid-connected mode . ... ........... 100
444 Protection algorithm for the islandedmode . ... ........... 102
445 Casestudy . ....... ... ... 103
4.5 Protection scheme for MV networks . ... ................ 113
45.1 Proposition of the protectionscheme . . . . ... ... ... ... .. .. 113
452 Casestudy ............... .. ... 117

4.6

Conclusion . . . . . . . . 119




88 4. Development of distribution protection schemes with high PV penetration

4.1 Introduction

In traditional distribution networks, fault currents usually flow in a single direction,
from the substation to the fault location, and fault detection is not complicated. Hence,
the protection systems of these networks are designed for unidirectional energy flow.
Fault detection is carried out by comparing the magnitude of the current waveform with
a predefined threshold value, without the need for special signal processing. These pro-
tection systems must meet the following objectives [57]: (i) to ensure the continuity of
supply to consumers, (ii) to safeguard the safety of persons and property, and (iii) to
avoid the partial or total destruction of equipment.

With the increase in the PV penetration into distribution networks, many grid codes
provided in [21, 22, 23, 24, 25], require that PV systems remain connected in terms of
Fault Ride Through (FRT) and simultaneously support the grid voltage during the fault
in terms of dynamic grid support by injecting reactive power as already mentioned in
Chapter 1. Therefore, Distributed Energy Resource (DER)s in general, and PV systems
in particular, have been significantly involved in the grid transient process during fault
events, and their impacts on the fault behavior of the systems should, therefore, be taken
into account. In particular, many issues may occur, such as blinding and false tripping,
low fault currents, malfunction of traditional directional methods, which are studied in
depth in Appendix F and Section E.8. Hence, the current protection systems of MV and
LV distribution networks with high DER penetration may no longer function properly.

As far as the LV distribution grid is concerned, as many research studies indicate, high
integration of PV systems can transform a LV grid into a new grid called the LV microgrid
[35]. This new type of LV distribution grid may be necessary to be able to operate in both
grid-connected and isolated modes and should be protected against all kinds of faults.
One of the essential requirements for successful islanding of the microgrids is to ensure
the FRT capacity of the connected PV systems, which significantly enhances the post fault
active power balance. Besides, the dynamic voltage support of the remaining connected
PV systems also increases the voltage quality of the islanded microgrid. The study of
the ability of PV systems to support FRT is of significant importance, and therefore, has
already been developed in Section 2.7. However, the existing interface protection of PV
systems cannot guarantee their FRT capability. Moreover, even in the case of FRT capabil-
ity realization, the present fuse-based protection system of a LV network may not be able
to handle the considerable difference in fault currents when the LV microgrid switches
from one operating mode to another and vice versa [28, 29, 30, 31, 32].

In the isolated mode, the exceptionally high fault current provided by the external HV
grid is not present. The low level of the fault current supplied by PV systems, and possi-
bly Battery Energy Storage System (BESS) is not sufficient for the responsible protection
devices to operate within an acceptable time frame. In addition, fast and accurate oper-
ation of the LV microgrid interface protection must be ensured to guarantee successful
islanding of the microgrid. Currently, the LV microgrid is connected to the MV network
viaa MV/LV transformer protected by a fuse or a Circuit Breaker (CB) with an integrated
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Instantaneous Overcurrent Protection (PIOC) or Time Overcurrent Protection (PTOC) el-
ements. These protective devices cannot detect external faults to facilitate the islanding
of the LV microgrid due to the low fault currents contributed from PV systems inside the
concerned LV microgrid.

Concerning the MV distribution protection, the operation of feeder overcurrent relays
are time-delayed in order to guarantee the selective operation with the downstream LV
network protections. In France, these time delays are typically in range of 0.5 s [54] that
appears too long for meeting the PV FRT requirements. For instance, for a fault on the
backbone of the MV feeder, its Circuit Breaker (CB) is tripped by its protection relay
within 0.5 s. If the time delay of PV interface protection, as recommended in the version
2017 of the VDE-AR-N 4105 standard [116], or BDEW grid code [24], or the IEEE Std
1547-2018 [26, 117], is set at 0.2 s, all the PV systems connected to the LV microgrid are
tripped unnecessarily. The successful islanding of the LV microgrid containing these PV
systems cannot be realized.

In light of these drawbacks of the conventional MV and LV distribution protection
systems, in this chapter, we intend to propose new protection schemes that can not only
satisfy the FRT requirement of connected PV systems, but also ensure the successful is-
landing of included LV microgrids. The operation of the respective protection elements
in the LV and MV networks is carried out quickly and correctly in a selective manner. The
protection systems are mainly based on the principles of overcurrent, undervoltage, and
underfrequency functions. The RDIR algorithm developed in Chapter 3 is deployed to
support these elements in differentiating between forward and reserve faults. A commu-
nication network is needed to transfer interlocking signals between different protection
levels of the two LV and MV networks in order to reduce the coordination time, and then,
in turn, ensure the efficient islanding of the LV microgrids.

4.2 State-of-the-art of distribution protection
4.2.1 LV microgrid protection

4.2.1.1 Protection schemes without communication requirement

A relaying system capable of protecting the LV microgrid in both modes of opera-
tion without communication support is presented in [118]. This system is mainly based
on the principles of overcurrent and undervoltage. The load fuses do not need to be
replaced. All types of faults, including high impedance faults, are correctly detected
at a very reasonable implementation cost. Reference [119] suggests an adaptive protec-
tion strategy without the need for a communication system. Fault detection is based on
the discrimination of voltage drops due to short-circuit incidents, and those caused by
overloads. A study published in [120] deployed the components of fault voltages and
currents at the protection locations to determine the system impedance. The settings of
the instantaneous overcurrent protection could be automatically adjusted by comparing
the impedances of the external grid with that of protected microgrids. A paper in [121]
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presents a protection system that has the same protection strategy for both isolated and
grid-connected modes of operation. A study in [122] proposes a new method for detect-
ing and suppressing symmetrical and asymmetrical faults for looped microgrids with
converter-interfaced DERs, without the use of expensive protection devices or physical
communication links.

Disadvantages: The main disadvantage of the above methods is that time coordina-
tion starts at the lowest level of protection, i.e., the lateral fuses. At low fault levels, the
melting time of these fuses may be too long, which negatively affects the FRT capability
of the connected DERs. Additionally, the operational coordination between the feeder
protection element and the lateral fuses may result in a very long delay in the feeder pro-
tection. DERs connected to a non-faulty feeder may suffer from spurious tripping. For
example, as presented in [118], a two-phase fault on a feeder line is suppressed by a time
overcurrent element after 0.286 s that exceeds the usual 0.2 s time delay of the DER inter-
face protection. Another minor shortage of the above approaches is that they do not take
into account the interface protection of the connected DERs.

4.2.1.2 Adaptive protection

In [123], a complete adaptive protection system for LV microgrids was developed.
The LV feeders are segmented into different protection zones using a large number of
switchboards and CBs. The study presents a protection concept that the setting thresh-
olds of the protection elements can be automatically adjusted to adapt to the change of
network configuration. Also, the time-current curve of the Molded-Case Circuit Breaker
(MCCB) electronic trip unit is continuously modified to adapt to the considerable mod-
ification of the network. A similar protection scheme for LV microgrids has also been
published in [124]. A central protection unit capable of communicating with the down-
stream protection relays has been set up. This communication was necessary to calculate
and update the pickup thresholds, as well as to detect the fault direction. The authors
sorted the relays into pairs, and time coordination was performed within each pair. An
advantage of the proposal is that it does not require a fast real-time communication chan-
nel for protection purposes, but only a slower and cheaper serial communication link for
updating the operating states of the DERs and loads. However, the overall configuration
of the whole network, which should consist of operating curves or setting parameters
for all the concerned protection elements, was still lacking. A similar adaptive protec-
tion scheme has also been presented in [125], where an islanding detection approach is
deployed to identify the network operation states. The setting thresholds of the relevant
overcurrent relays are then updated to adapt to the new operating state of the network.
In [126], a microgrid configuration and its protection scheme with real digital relays and
a Generic Objective Oriented Substation Event (GOOSE)-based communication network
were developed. The proposed system could handle different fault locations, e.g., fault
at utility feeder or at interface bus. However, the grading margin between two protection
levels was only 0.02 s, which seems technically unfeasible with the available equipment.

Disadvantages: The disadvantage of the proposed methods is the high investment
cost due to the need for real-time communication channels and a large number of CBs
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with integrated digital relays. For LV microgrids typically spanning about 1 km, such
a large number of expensive advanced devices seems hardly justified. Also, the FRT
requirements for connected DERs imposed by the new grid codes have been neglected.

4.2.1.3 Impedance/Admittance protection

Researches in [127, 128] proposed protection methods utilizing the total admittance
of the protected line segment. The method can detect and isolate faults in both oper-
ation modes. Another paper in [129] measured the impedance to protect against dif-
ferent faults with various fault impedances. The communication-assisted impedance-
differential protection scheme was developed for rapidly eliminating faults. The inverse-
time low-impedance protection with the inverse-time tripping curve serves as a backup
function for protecting single-end feeders alone.

Disadvantages: However, as the LV conductors are always short with a normal range
of only 1 km, the protection can only cover a very small part of the segment. Moreover,
harmonics, transient behaviors of the fault currents, and fault resistance can degrade the
accuracy of the extraction of the fundamental components.

4214 Protection schemes considering the FRT requirements

Several researches that focused on the development of the FRT capability of PV sys-
tems were provided in [130, 131]. Also, references [132, 133] have proposed an intelligent
protection concept dedicated to the protection of LV microgrids taking into account the
FRT requirements of the connected DERs. In these articles, the authors divided a LV mi-
crogrid into different protection zones, each of which is covered by a protection element
corresponding to each operating mode. A very fast and advanced communication net-
work based on the IEC 61850 protocol is proposed to be installed to obtain an adequate
selectivity between the protections of the customer and the host feeder.

Disadvantages: Although the above methods have shown very high performance,
the high investment cost cannot be justified in the context of protecting small LV micro-
grids. The number of LV networks with a limited capacity of about 500 to 1000 £V A can
reach hundreds of thousands. Therefore, the construction of such a large number of com-
munication facilities may not be cost-effective. In addition, the real-time communication
protocol dedicated for protection purposes, such as the transmission of interlocking sig-
nals, should be based on GOOSE messages. However, this communication mechanism
is limited in the substation area if other measures such as Virtual Local Network Area
(VLAN) encapsulation are not considered.

4.2.1.5 Conclusion

As mentioned above, although a series of studies focusing on the protection issues
of microgrids with a high proportion of DERs in general, and PV systems in particular,
has been published, some researches have not examined the functioning of the interface
protection of the connected DERs. In contrast, others have focused only on the Fault
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Ride Through (FRT) capability of the DERs themselves. In addition, several papers have
proposed the use of communication and new digital protective devices to protect LV mi-
crogrids. Although the idea is quite consistent with the new trend of research topics in
smart grids, such implementation requires very high investment costs in reference to the
limited capacity and number of customers of LV networks. Therefore, in this chapter,
a protection scheme for LV microgrids is proposed, taking FRT capability of the con-
nected PV systems into consideration. The setting parameters of this protection system
are the foundation of elaborating the protection scheme of the host MV distribution net-
work. The proposed system includes several setting groups that can adapt to changes in
the operating modes of the protected LV microgrids. The transfer of control signals for
changing the protection setting groups and also the control strategies of the connected
DERs does not require dedicated, fast, and expensive communication channels. It can
be integrated into the existing communication infrastructure of utility companies or into
new low-cost infrastructures. The proposed protection system is evaluated by applying
for protecting LV microgrid 1 of Figure 2.8 under various fault scenarios in the software
environment DIgSILENT | PowerFactory. The LV microgrid 1 is connected to Node-06 of
the MV Grid-1 of Figure 2.7.

4.2.2 MYV network protection
4.2.2.1 Adaptive protection

In [102], a practical implementation of an adaptive protection system was described.
A network automation controller has been set up, which is responsible for the auto-
matic control action and the change of the setting groups. The interface protection of
the installed DERs was based on voltage/frequency measurements. The authors also
took into account the FRT requirements of the connected DERs. However, the study fo-
cused mainly on network control and islanding instead of protection. Another adaptive
protection system for the adaptability of the setting thresholds was mentioned in [134].
Compared with the conventional overcurrent protection, the proposed method updated
the operating state of the connected DERs prior to recalculating the pickup values. Two
adaptive protection elements were implemented, one covering about 80% of the pro-
tected line and the other the remaining 20%. A simulation result for a phase-to-phase
fault was provided. Similar techniques also could be found in [135, 136, 137].

Reference [138] presented a hybrid framework for adaptive protection of the distri-
bution network based on the IEC 61850 standard. Interlocking logic and fault current
direction detection logic has been integrated into each of the local controllers. Besides,
local controllers could communicate with each other and with the central controller via
a common communication network. Signals required for protection purposes, such as
trip and block signals, and status changes, were exchanged using the GOOSE message
mechanism. However, the mechanism for coordination between the protection elements
of the different protection levels was still lacking.

A study in [139] deployed superimposed sequence currents for network protection,
which was demonstrated by mathematical formulas. Depending on the type of connected
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DERs, an adaptive factor was derived from calculating the setting thresholds of the de-
ployed inverse-time overcurrent relay. The simulation results demonstrated the high
performance of the proposed method, which was also validated using a Hardware-In-
the-Loop test platform. In [140, 141], an adaptive directional inverse-time overcurrent
protection scheme was designed and also verified for specific fault scenarios. The coordi-
nation started with the determination of the operating state of the DERs. By calculating
the system impedances, the peak current can be obtained.

A scheme presented in [142] applied an optimization technique to determine the opti-
mal delay for each relay. All faults were correctly detected and isolated, as demonstrated
by the results of the Hardware-In-the-Loop tests. Similar methods of adaptive calculation
of pick-up values for the overcurrent relays involved can be found in [143, 144]. Several
studies that have used Phase Measurement Unit (PMU) to implement adaptive protection
systems have been reported in [145, 146]. The authors proposed to use PMU real-time
measurements for estimating the actual topology of the protected network. Any substan-
tial change in network configuration would result in the recalculation of the settings of
the inverse-time relays by using optimization techniques.

Disadvantages: Although the studies mentioned above can be very effective and ac-
curate, various issues need to be taken into consideration. Firstly, some of the methods
required to implement a large number of expensive devices such asPMU, digital relays,
fast communication channels. Secondly, most of them neglected the FRT requirements
of the connected DERs and the coordination with downstream LV microgrid protection.
The critical time for successful islanding of the LV microgrids was not taken into account.

4.2.2.2 Differential protection

Papers in [147, 99] proposed differential protection systems by using communication
assisted digital relays on each line segment. Primary protection is provided by the instan-
taneous differential relays, while the relays on adjacent feeders offer backup protection.
In the event of a communication or relay failure, a protection scheme based on voltage
comparison is used as tertiary protection. Moreover, the proposed approach can handle
high impedance faults by relying on the high sensitivity of Current Transformers (TCTR).
However, it is not possible to detect all faults, which inevitably leads to dead zone pro-
tection. Another article described in [148] has also developed a differential scheme that is
based on conventional overcurrent relays and a communication link for data exchange. It
is necessary to transfer the current measurements from the relays located at the end of the
feeder to those located in the substation zone. Dedicated protection schemes have been
designed for the feeders and the LV bus. The protection of the DER interface is based on
the principles of under/overvoltage and reverse power flow. However, back-up protec-
tion has not been taken into account. The performance of the proposed systems could be
affected by load imbalances and switching transients.

A similar protection idea was described in [149], but the difference in energy level be-
tween two measuring points was used instead. Many types of faults were detected and
isolated correctly, even with high impedance faults. However, this approach required a
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large number of measuring points as well as a dedicated communication channel for data
transfer. The calculation time for the protection criterion was not mentioned. In [150],
communication-assisted multi-terminal differential protection was designed. A central
protection unit has been implemented to adjust the operating and restraint thresholds
of the multi-terminal protection zone. However, only the protection concept was pre-
sented; validation or test results were not mentioned. Another research in [151] applied
the Wimax communication network for the differential protection. However, the authors
focused only on communication aspects instead. The research in [152] is a combination of
two studies in [150] and [151]. However, validation results were still not available. Ref-
erence [153] proposed another differential scheme that is based on a data mining model.
The results of the performance comparison showed that the proposed system achieved
higher accuracy in fault detection (99.7% on average) compared to overcurrent (70%) and
differential (85.5%) protections. However, an essential protection factor namely the pro-
cessing time, that is most concerned in a data mining application for protection purposes,
has not been studied.

Disadvantages: The above protection systems require very sensitive TCTRs and a
dedicated, fast, and reliable optical communication network, which seems quite expen-
sive to use in distribution networks. The number of MV distribution networks can reach
several thousand, and therefore requires a huge budget for large-scale implementation.
Moreover, the authors neglected many factors affecting the performance of a differential
scheme such as unbalanced loads, harmonics, asynchronous measurements, TCTR satu-
ration, and inrush currents. We should note that the load imbalance, which significantly
influences the sensitivity of the differential protection, is an inherent nature of the distri-
bution networks. The issue is more common in the United States where MV single-phase
loads are rather common as mentioned in Chapter 2.

4.2.2.3 Multiagent-based protection scheme

A Multiagent System (MAS) protection system for the MV network was mentioned
in [154]. The network was divided into different segments that were protected by corre-
sponding protection agents installed on the bus bars interconnecting different areas of the
network. A communication channel is required for the exchange of fault data between
the adjacent relay agents. Based on the measured and received fault current signals, each
relay agent calculated the fault direction using wavelet transform and communicated this
value to its neighbors in order to locate the fault. Another MAS-based protection scheme
was presented in [155]. Only simplified binary status signals (0 or 1) are required to
exchange between adjacent protection agents. Based on the received information, each
agent has successfully detected whether the fault is internal or external before making
the final tripping decision. The simulation results showed that this protection system
correctly tripped all types of faults. A similar system was also published in [156].

Disadvantages: Although the research mentioned above has demonstrated its high
performance, several problems have not been mentioned, such as selective operation
with connected DERs, islanding of LV microgrids, delays of the protection elements.
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4.2.24 Distance protection

A distance protection system dedicated to distribution networks containing converter-
based DERs was presented in [157]. The converter was represented by a voltage source to
obtain the formulas for calculating impedance parameters. The theoretical results calcu-
lated by Matlab have closely matched the results simulated in PSCAD/EMTDC. A RDIR
element was also required to control the distance relay. The different types of faults were
correctly eliminated. Another scheme found in [158] is also based on the distance mea-
surements. Two protection zones with a margin of 0.2 s covering the entire protected line
were set up. Impacts of the intermediate DERs have been investigated.

Disadvantages: A similar shortcoming is that they did not consider the FRT require-
ment of the DERs. Besides, operation coordination was not mentioned. Various influenc-
ing factors such as ZS currents, earthing systems, load imbalance have been ignored.

4.2.2.5 Conclusion

The extensive review of the previous literature indicates that the studies on MV pro-
tection mainly considered MV networks as an independent protection entity. None of
these methods focused on the operational coordination between the protection devices of
the MV network and the integrated LV microgrids. The delay of the MV feeder protection
is the decisive factor for the successful islanding of the LV microgrids and also the FRT
requirements of the PV systems connected to the MV and LV feeders. Therefore, in the
following, a protection scheme for MV grids that ensures selective operation with those
of LV microgrids and the FRT capability of PV systems is developed. A communication
channel for the transfer of the interlocking signal must be set up.

4.3 Proposition of PV FRT-compliant interface protection

This part aims to describe the requirements imposed by the new grid codes on the
DER interface protection. Up to now, many countries have revised their grid codes in the
sense that DERs in general, and PV systems, in particular, should be able to remain con-
nected during external disturbances to contribute to system stability. This requirement
is called "fault ride through", as already presented in Chapter 1. The FRT requirements
differ from country to country as illustrated in Figure 1.4. Therefore, in this study, we
propose to take the German grid code as the reference for developing PV interface pro-
tections thanks to its detailed specification for the PV interconnection requirements in
both MV and LV networks. Also, we propose that those PV systems connected to LV
level are required to meet the FRT requirements. According to the considered voltage or
frequency FRT requirements, one can suggest three different zones as, [117]:

1 Zone 1: must trip;
2 Zone 2: ride-through or trip is allowed - "voluntary ride-through';

3 Zone 3: must ride-through operation.
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In order to achieve these above FRT capability, the interface protection of PV systems
and their corresponding setting thresholds should be coordinated with the FRT capa-
bility in order to avoid any violation. Generally, two kinds of PV protection function
are distinguished from its FRT requirements, including voltage FRT versus undervoltage
protection functions, and frequency FRT versus underfrequency protection functions.

4.3.1 Voltage-based protection settings

The Under-Voltage Protection (PTUV) settings must be coordinated to avoid conflict
with the voltage FRT requirements, [117]. This means that the time delays of the PTUV
elements must be set at a margin sufficient to the duration requirements of the voltage
FRT. Within the margin between the "mandatory passage" and "mandatory trip" regions,
the FRT voltage requirement is optional. To correctly determine the time delays of the
PTUV elements, the clearance times of the protection schemes of external networks must
be taken into account. Typical clearance times for HV and EHV systems are presented
in [117]. EHV transmission networks are usually protected by two high-speed protection
schemes, e.g., differential protection or teleprotection. In general, the primary protection
operates instantaneously without any intentional delay. The operation time of such a
protection scheme is between 0.07 s and 0.1 s. Backup protection systems used to deal
with interphase or phase-to-ground faults, or CB or relay failures are tripped with an
intentional delay of between 0.16 s and 0.32 s [117].

On the other hand, HV transmission lines are usually protected by distance schemes
with much slower clearance times. For faults occurring in zone 1 of the distance protec-
tion, clearance times can be in the range of 0.1 s to 0.16 s. Faults detected by zone 2 are
eliminated within a range of 0.2 s to 0.42 s. For high impedance faults, clearance times
are often set in the range of 0.5 s to 0.92 s. As a result, we propose to implement two
tripping levels for the phase PTUV element as recommended in the guideline of the Ger-
man Association of Energy and Water Industry [24] for MV-connected PV systems and
VDE-AR-N 4105:2011 [11] for LV-connected PV systems. The overall setting parameters
for the undervoltage element of PV interface protection are provided in Table 4.1.

4.3.2 Frequency-based protection settings

Similarly to the phase PTUV element setting, the pickup values and time delays of the
Under-Frequency Protection (PTUF) element are also derived from the standards given
in [11] and [24]. The setting values are provided in Table 4.1.

Table 4.1 — Settings of PV undervoltage and underfrequency functions

Function Description Level  Threshold Unit Time,s
PTUV1 Undervoltage protection High-set 0.45 pu. 0.2
PTUV2  Undervoltage protection Low-set 0.8 pu. 1.2
PTUF1 Underfrequency protection High-set 46 Hz 2

PTUF2 Underfrequency protection Low-set 47 Hz 3
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4.4 Protection scheme for LV microgrids

The Low Voltage (LV) microgrids must be able to operate correctly in both modes of
operation, including grid-connected and islanded operation [35]. Moreover, they must be
able to switch smoothly to islanding, intentionally, or unintentionally. Intentional island-
ing takes place typically after reaching power balance in isolated LV microgrids. Uninten-
tional islanding occurs in case of failure of external MV distribution networks. To achieve
a power balance for the intentional and unintentional islanding of the LV microgrid, we
propose to implement a Central Control Unit (CCU) and a master unit.

The CCU is responsible for the economical and energy-efficient operation of the net-
work while meeting the technical boundary conditions in grid-connected and islanded
operation modes. In the study, the authors focus only on the technical aspects related to
the network concerned. The master unit deployed in the study is a kind of Battery Energy
Storage System (BESS), providing voltage and frequency control functions. Its capacity is
assumed to be sufficient to cover the total demand of the highest priority customers for
a certain pre-specified period. In the case of unintentional islanding, an essential role of
the CCU and the BESS system is to achieve the post-fault active power balance to guaran-
tee the stability of the islanded LV microgrid. The model of the BESS with the necessary
control functionalities has already been presented in the Section 2.8.

The developed protection scheme must ensure the safe operation of such a flexible
subnetwork, not only in the grid-connected operation mode but also in the islanded
mode. A fixed set of protecting parameters seems impractical for protecting the LV micro-
grid due to the wide range of fault currents between the two operation modes. Therefore,
different setting groups should be pre-specified in the protection devices to adapt to each
operating condition of the network concerned, resulting in an adaptive protection scheme
for the LV microgrids. We propose that the CCU assumes the responsibility for changing
the setting groups of all relevant protection devices when the LV microgrid is switched
from one mode to the other.

4.4.1 Considered LV microgrid

The concerned network is the LV microgrid 1 of Figure 2.8. When the microgrid is
transferred to the islanded mode, the BESS assumes responsibility for frequency control.
All the PV systems that are remained connected after isolation of external disturbances
should participate in voltage control by injecting a certain amount of reactive power as
presented in Section 2.7.5. With the proposed control strategy, the network is able to come
into steady-state operation with frequency and voltage in permitted ranges after island-
ing. Moreover, when detecting a transition between operation modes by monitoring the
status position of the interface Circuit Breaker (CB), i.e. CBO in the case, the CCU sends
control signals to all protective devices to change their setting groups corresponding to
the present operation mode. The changing process should be delayed long enough to
avoid any possible malfunction due to postfault transients of current and voltage. In this
part, a protection scheme for an islanded LV microgrid is developed.
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4.4.2 Proposition of the developed protection scheme

Since the LV microgrid is able to operate in two modes, the coordination of all relevant
protection devices must be considered for different operating conditions. To meet the
Fault Ride Through (FRT) requirements imposed by the new grid codes presented in
Section 1.2, the PV interface protection must be reconfigured according to the operating
parameters given in Table 4.1. Besides, it should be noted that the time delays of the other
protections must be compatible with those of the PV interface protection. Therefore, the
protection time limit of the PV interface is considered as the basis for the development of
the LV microgrid protection scheme.

Naturally, the FRT requirements of inverter-based PV systems present a demand for
feeder and load protections to respond very quickly to faults. As indicated in the Ap-
pendix F, the fault currents provided by inverter-based PV systems may not be large.
Therefore, a fuse-based protection system seems unable to protect a certain LV microgrid
in both modes of operation. In this study, we suggest replacing all feeder fuses with CBs
controlled by intelligent protection relays, abbreviated to Feeder Intelligent Electronic
Device (FIED). Moreover, the islanded LV microgrid is very sensitive to disturbances due
to a lack of inertia, requiring fast and reliable switching devices to achieve unintentional
islanding. Therefore, a fast-operating static switch (CB0) controlled by a Central Intelli-
gent Electronic Device (CIED) replaces the step-down transformer fuse in Figure 2.3 and
Figure 2.4 to ensure quick and smooth islanding of the LV microgrid.

Additionally, the fuses installed at the beginning of each lateral, i.e. fuses in Figure 2.3
and fuses AD in Figure 2.4 have to be replaced as their fixed melting times will be signifi-
cantly extended due to a low level of fault currents in the islanded mode. A long delay in
clearing faults may lead to unwanted disconnection of the PV systems, causing instability
of the islanded network. Moreover, as indicated in [159], if the customer’s fuses remain
unchanged as presented in Subsection 2.3.1, selectivity between FIEDs and fuses seems
to be barely achieved, since these devices should then trip in a few tens of milliseconds.
Hence, the study proposes to replace the lateral fuses by Molded-Case Circuit Breaker
(MCCB)s with integrated electronic trip units. The electronic trip units allow precise set-
tings both in terms of disconnection times and current thresholds. Modern electronic
MCCBs can trip faults in less than 0.03 s and can handle a wide range of current ratings
from 15 A to 2500 A, [160].

A remarkable feature of MCCB:s is that their tripping curves are adjustable, allowing
selectivity to be achieved with the FIEDs. Besides, the electronic release circuit of MCCBs
offers a solution for protection against small earth faults called function G, improving the
earth protection sensitivity. One of the advantages of function G is that a fault on the
supply side of a MCCB, i.e., a fault between the transformer secondary winding and its
connecting conductors across the terminals of the MCCB, does not cause the MCCB to
intervene. The reason is that the fault current does not affect either the Current Trans-
former (TCTR) of the phase or the TCTR of the neutral. When the microgrid changes to
a new operating mode, the CCU sends a signal to all MCCB controllers to modify their
tripping curves. The simplified diagram of the protection scheme is shown in Figure 4.1.
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Figure 4.1 — Protection scheme for a LV microgrid

Overall, four typical protective devices are required to protect a LV microgrid:

1 CIED: interconnection network protective device that replaces the traditional
D circuit breaker of Figure 2.4 or FMT fuse of Figure 2.3, and is responsible
for network interconnection;

2 FIED: LV feeder protective device that replaces the conventional feeder FD
fuse. It covers faults on the respective feeder, and also provide backup pro-
tection for downstream elements, such as lateral MCCBs or DIEDs;

3 MCCB: lateral protective devices that replaces lateral FC fuse. It disconnects
the respective lateral for faults within its coverage;

4 DER Intelligent Electronic Device (DIED): PV interface and facility protection
element, including protection of master unit, i.e. BESS. The former isolates
PV systems from the network when a fault occurs on the host feeder while
the later deals with the internal faults.

We developed two predefined sets for each operating mode. However, operators can
design more setting groups to adapt to different practical operating conditions according
to network configuration and load and generation capacities. As mentioned earlier, when
a transition between these two modes occurs, the CUU sends control signals to FIEDs to
modify their setting groups. The configuration and protection coordination between the
protection devices concerned are presented below.
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Overall, the developed protection scheme of the LV microgrid is mainly based on
Time Overcurrent Protection (PTOC) and Under-Voltage Protection (PTUV) elements.
The RDIR element that provides a very sensitive selectivity between two levels of pro-
tection to meet the PV FRT capability is required. However, under fault conditions in-
volving significant fault impedances, neither the fault current nor the voltage drop could
be sufficient for the phase current or voltage protections to detect faults or distinguish
between overload and fault conditions [161]. Therefore, additional fault detection al-
gorithms should be added to provide backup protection if the primary ones fail. We
propose to use NS and ZS currents and voltages, to serve as redundant fault detection
mechanisms. Since these components only appear under unbalanced conditions, the set-
ting thresholds can be set at a level lower than the nominal values. However, to avoid
malfunction caused by unbalanced loads, these thresholds must be chosen carefully. Fi-
nally, high impedance faults causing fault currents in the same order with load currents
that cannot be detected by the fundamental current and voltage components are outside
the scope of the study.

4.4.3 Protection scheme for grid-connected mode

Since the setting thresholds for protection functions change case by case, in this part
we only focus on the time grading between different protection levels. A detailed set of
configuration parameters is provided in a case study.

4.4.3.1 Lateral protection

For any type of fault occurring inside a lateral area, its protective device must elim-
inate the fault as quickly as possible. As already presented in Subsection 2.3.1, we can
choose different MCCBs with ratings according to the load capacity of protected laterals,
[160]. The very short tripping time of only 0.03 s greatly improves protection selectivity.
Such a short clearance time also ensures that lateral faults are isolated before the time
delay of PV interface protection has elapsed.

4.4.3.2 PV protection system
In the proposed scheme, protection of the PV systems is composed of, [31]:

1 PTOC element: facility protection for protecting against overloads and faults
inside the PV installation.

2 PTUV and PTUF elements: interface protection for tripping the PV systems,
preventing them from unwanted islanded operation.

In a similar way to the lateral protection, the PV PTOC elements must be coordinated
with those of the host feeders. We propose to install an additional MCCB at the PV PCC
to provide facility protection. The selection of the operating parameters for the trip unit is
made in a same way as for the lateral MCCBs. Therefore, all faults in the PV installation
are eliminated before the host feeder PTOC time delay goes by.
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A DER Intelligent Electronic Device (DIED) with a separate CB is installed for the
interface protection, whose setting parameters are derived from Table 4.3. The clearance
times of these protections, which are normally equal to 0.2 s, are the time constraints for
the design of the LV feeder protection in order to guarantee the FRT requirements.

4.4.3.3 LV feeder protection

A LV feeder protection unit, i.e. FIED, includes:

1 Forward Time Over-Current Protection (PTOCF) element: provides primary
protection against faults in its covered area and controlled by a RDIR element.
The RDIR function is necessary to avoid any possible false tripping, although
it seems unlikely to occur in LV microgrids dominated by inverter-based PV
systems. In addition, the PTOC element must serve as a redundant back-up
protection for the MCCBs of the PV systems and the laterals downstream;

2 Reverse Under-Voltage Protection (PTUVR) element: provides backup for the
microgrid CIED or neighboring feeder protections. This element is controlled
by a RDIR element that only allows it to trip in the reverse direction.

Regarding coordination in the forward direction, in order to not only quickly elimi-
nate severe faults but also to be sufficiently sensitive to low fault levels, the feeder PTOCF
element must have at least two tripping levels, including a fast high-set module, i.e.
PTOCF1, and a slow low-set modules, i.e. PTOCF2. The delay of the PTOCF1 level
should be shorter than that of the PV interface protection, i.e. PTUV element. Moreover,
it should be long enough to be coordinated with the MCCBs. As the trip time of the
MCCBs in the instantaneous part is less than 0.03 s, (Figure 4.2), we set the time delay
of the PTOCF1 to 0.13 s. On the other hand, that of the PTOCEF?2 is fixed at 0.45 s to be
graded with the MCCB time-delayed part, (Figure 4.2).

The significant delay of the PTOCF2 is not likely to have any impact on the FRT capa-
bility of the PV systems connected to neighboring feeders. The voltage drop caused by
fault on one feeder is generally low, and therefore corresponds to the PV PTUV2 delay,
ie., 1.2 s (Table 4.1). In conclusion, the feeder PTOCF element, which is only allowed to
operate in the forward direction, has two operating thresholds, one is triggered by the
high fault current for 0.13 s, and the other is initiated by the low fault currents for 0.45 s.
These time delays are fully compatible with the maximum disconnection times for fault
protection on TN earthing systems recommended by IEC 60364-4-41 [162].

Concerning the settings of the backup protection, i.e., the PTUVR element, its time de-
lay should be set to an appropriate value to ensure coordination with the PTUV element
of the microgrid interconnection protection, i.e., CIED, and PTOCF elements of adjacent
FIEDs. Besides, this time delay shall be long enough to allow the PV PTUV2 elements to
trip their respective CBs before the fault is completely eliminated, avoiding undesirable
islanding. Therefore, a delay of 1.5 s is chosen to ensure a minimum grading margin of
0.2 s with that of the PTUV2 element of the PV systems.
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4.4.3.4 Secondary transformer protection

The protection of a MV/LV transformer in a LV microgrid with high PV penetra-
tion also has two operating levels. The high-set level protects against severe faults with
fault currents up to ten times the transformer rated current, or 1.5 times the maximum
fault current at its LV side. This trip level must trip instantaneously for any fault current
exceeding the setting threshold. A time delay of 0.1 s is selected. The low-set level is
allowed to operate at a much lower current, approximately 1.5 to 2 times the transformer
rated current with a delay of 0.65 s to ensure a 0.2 s grading margin with the feeder
PTOCEF1 elements. This function can also provide backup for the LV feeder protection.

4.4.3.5 Protection against external faults

The ability to quickly and accurately detect and eliminate external faults must be
achieved to ensure a successful islanding of the microgrid. External faults are detected
and eliminated by the operation of the CIED Reverse Under-Voltage Protection (PTUVR)
element, which is allowed to trip only in the reverse direction. Once a voltage drop below
the pickup threshold coinciding with the fault current in the reverse direction is detected,
the PTUVR element trips CBO (Figure 4.1) after a predefined delay. The respective micro-
grid is switched into an isolated mode. The faster the operation of the PTUVR element
for external faults, the lower the risk of instability imposed on the LV microgrid after is-
landing. Therefore, we propose that the PTUVR element should have two tripping levels.
The high-set PTUVR1 should trip within 0.13 s to prevent the PV systems located inside
the concerned microgrid from undesirable disconnection. The delay of the PTUVR2 is 0.5
s, which is sufficient to be coordinated with the 1.2 s delay of the PV PTUV2 element.

4.4.4 Protection algorithm for the islanded mode

4.4.4.1 Lateral protection

For a network with high PV penetration, the fault currents in islanded mode are rel-
atively low compared to those in grid-connected mode [119]. A low fault level means a
longer fault clearance time if tripping curves of the MCCBs remain unchanged. Hence,
we propose to decrease the tripping thresholds of the MCCB to achieve fast responses at
low fault levels. The solution is rather promising since, in islanded mode, only the most
priority customers are maintained in service. Other loads that are not important are usu-
ally shed. Since the ground fault level does not depend on the capacity of the load, the
setting of function G remains the same.

44.4.2 PV and BESS interface protection

The PTUV and PTUF parameters of PV systems and BESS remain the same as in regu-
lar operation to ensure the FRT capability of the PV systems. The BESS facility protection
must be equipped with an additional Reverse Time Over-Current Protection (PTOCR)
element to prevent the BESS from feeding a fault in case of failures of the feeder primary
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protection. Such an element must be coordinated with the feeder PTOCF elements. In
general, it has only one trip threshold with a time delay of 0.53 s.

4.4.4.3 Feeder protection
The feeder protection for islanded operation is based on the PTUV element:

1 Forward Under-Voltage Protection (PTUVF) element: provides primary pro-
tection against faults in the forward direction. Two tripping levels are re-
quired. The high-set PTUVF1 eliminates faults that cause considerable volt-
age drops in less than 0.13 s. Such a delay is required to avoid undesirable
disconnection of PV systems connected to neighboring feeders. The low-set
PTUVE2 is delayed for 0.45 s to coordinate with the slow part of Molded-Case
Circuit Breaker (MCCB) tripping curves.

2 Reverse Under-Voltage Protection (PTUVR) element: provides backup pro-
tection for PTUVF element of the adjacent feeders and is delayed for 1.5 s.

Besides, in the case of two-phase faults with high fault impedances, the voltage drop
of the system may be slight due to the injection of reactive power by the BESS. The feeder
PTUVF element may not sensitive enough to detect such faults. It is, therefore, necessary
to implement an additional two-set Forward Negative-sequence Time Over-Current Pro-
tection (PTOCQF) element, i.e., PTOCQF1 and PTOCQEF2, with time delays of 0.13 and
0.45 s, respectively. To protect against earth faults, unrestricted earth fault protection,
which has already been used for a grid-connected mode of operation, is also deployed.

4.4.5 Case study

In this part, the performance of the proposed protection scheme is evaluated by im-
plementing it on the LV microgrid 1 in Figure 2.8. The network and proposed protection
scheme are simulated in the software environment DIgSILENT | PowerFactory. The de-
tailed configurations are explained in Appendixes G.1 and G.2.

4.4.5.1 Grid-connected mode
4.4.5.1.1 Configuration results

The overall settings are provided in Table 4.2. The current-time-based coordination
results for different protection levels including lateral, LV feeder and microgrid interface
protections, for instance, MCCB7-FIED1-CIED3 , during grid-connected mode is illus-
trated in Figure 4.2. The voltage-based and frequency-based coordination of three ele-
ments DIED1-FIED1-CIED3 is shown in Figure 4.3 and Figure 4.4.

4.4.5.1.2 Evaluation

Various fault scenarios have been simulated for the LV microgrid 1 in Figure 2.8, and
provided in Appendix G.3. We assume that all faults occur at t = 1 s. Table G.1 presents
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Table 4.2 — Overall setting parameters for grid-connected operation mode

Device Function (1! (2)2 (3) 4)* G)° ®° (7 8)8
MCCB7 PTOCP1 N [ kA  High-set 3.0 003 Fl None
PTOCP2 N° T kA Low-set 1.5 025 Fl1 None

PTOCG1 N I° kA Highset 0.12 0.03 F1 None
PTOCG2 N I° kA Low-set 0.05 025 F1 None

DIED1 PTUV1 N V pu. High-set 045 02 F3,F4 Fl,F5 F6
PTUV2 N V pu. Low-set 08 12 F3,F4 F1,F5 F6
PTUF1 N f H» High-set 475 0.2 F3,F4 F1,F5F6
PTUE2 N f Hz Low-set 485 3 F3,F4 F1,F5,F6
PTOCP N [ kA - 0.1 0.03 E2 F3, F4, F5, F6
PTOCG N I kA - 0.03 0.03 F2 F3, F4, F5, F6

FIED1 PTOCPF1 F¥ T kA High-set 866 013 F3,F4 Fl,F5, F6, F2
PTOCPEF2 F 1 kA Low-set 144 045 F3,F4 Fl1,F5,F6,F2
PTOCQF1 F I~ kA Highset 11 013 F3,F4 Fl,F5 F6, F2
PTOCQF2 F I= kA Low-set 062 045 F3,F4 Fl1,F5, F6,F2
PTOCGF1 F I° kA Highset 042 0.13 F3,F4 F1,F5 F6, F2
PTOCGF2 F I kA Low-set 0.17 045 F3,F4 F1,F5F6, F2
PTUVPR RY Vv pu. - 08 15 None F8,F9, Fl11
PTUVQR R V= pau. - 0.05 15 None F8,F9,F11

CIED3  PTOCP1 N [ kA  High-set 274 01 FI10 F3, F4, F8, F9
PTOCP2 N [ kA Low-set 289 0.65 F10 F3, F4, F8, F9
PTOCQ1 N I~ kA Highset 141 01 F10 F3, F4, F8, F9
PTOCQ2 N [~ kA Low-set 135 0.65 F10 F3, F4, F8, F9
PTOCG1 N I1° kA Highset 99 0.1 FI0 F3, F4, F8, F9
PTOCG2 N I° kA Low-set 04 0.65 FI10 F3, F4, F8, F9
PTUVPR1T R V p.u. High-set 0.7 013 FI1 None
PTUVPR2 R V pu. Low-set 08 0.7 Fll None
PTUVQR1 R V~ pu. High-set 0.08 0.13 Fl11 None
PTUVQR2 R V— pu. Low-set 0.05 0.7 Fl1 None

! Trip direction.

2 Operating quantity in which I stands for current, V' for voltage, and f for frequency.
3 Unit of operating quantity.

* Tripping stage.

> Value of operating quantity.

® Operating time, s.

7 Faults covered by the function as a primary protection.
8 Faults covered by the function as a backup protection.
? None directional.

10 Forward direction.

11 Reverse direction.

some of the obtained results for solid faults at various locations. If the primary protection
fails to eliminate faults, other pre-configured protection elements function correctly as
backup protection. The operating time of each protection function in the result tables is
counted on the time between the fault occurrence moment and the moment when the
protection function concerned issues the trip.
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Figure 4.2 — Current-time coordination of LV microgrid 1 in grid-connected mode

For example, Figure 4.2 indicates that, for a phase-to-phase fault with Ry = 0.01
2 occurring at the end of the lateral (F5 of Figure 2.8), the fault current level is 4.76 kKA.
According to the tripping curve shown in Figure 4.2, MCCB9 trips in approximately 0.03 s

indicated by node a; the high-set module Forward Negative-sequence Time Over-Current
Protection (PTOCQF1) of FIED1 does not trip CB-F1 despite the fault detection. If MCCB9
trip circuit does not work for any reason, FIED1.PTOCQF]1 provides a backup trip after
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Figure 4.3 — Voltage-time coordination for grid-connected operation mode

0.13 s as illustrated by node b in Figure 4.2. Shortly afterwards, all PV systems connected
to the LV Feeder 1 are also disconnected by their phase PTUV1 elements within 0.2 s
following the FIED1 trip. All the operating quantities are provided in Table G.2.

Another example is a three-phase fault at F3 with Ry = 0.01 ), i.e., a fault at the be-
ginning of the LV Feeder 1 backbone, the fault level is 14.65 kA (node c in Figure 4.2). The
high-set FIED1.PTOCPF1 element correctly detects the fault and triggers its correspond-
ing CB-F1 after 0.13 s. All PV systems connected to the LV Feeder 2 succeed in overriding
the fault. Also, since the voltage drops at the Point of Common Coupling (PCC) (horizon-
tal cyan line in Figure 4.3) are less than 0.5 p.u., the PV systems connected to the faulty
feeder line are disconnected by their PTUV1 elements after 0.2 s (node a in Figure 4.3),
preventing them from unintentional islanding.

If CB-F1 does not operate, Phase Time Over-Current Protection (PTOCP)2 element of
the CIED3 operates with a fault current of 12.5 kA after 0.65 s (node d in Figure 4.2). The
difference between the fault currents detected by the FIED1 and the CIED3 (14.65 kA vs.
12.5 kA) is due to the fault current contribution of the PV systems on the healthy feeders.
All PV systems on the healthy feeder, i.e., LV Feeder 2, are disconnected from the grid
within 1.2 s (node b in Figure 4.3) after the fault occurrence. Such a long delay is due to
the high level of voltages at all the PCCs of these PV systems (the violet line in Figure
4.3). Finally, all the feeder PTUVR elements provide backup operation by tripping their
respective CBs after 1.5 s (node c and the pink horizontal line in Figure 4.3).



4.4. Protection scheme for LV microgrids 107

52
51
50
[N
T 49
> N\ ARRRR RN RRRRRRRY
g NN RN R RR RN
g AR RN NN RN R RRRRN
o 48
E AN\ NN
NN M IR R RRRRRREEY
47
46
0 1 2 3 4 5 6

DER continuous operating area with power reduction requirement AP = 20F,, 50‘520’ f

DER continuous operating area with no generation limit

N\\\\| CIED.PTUF tripping area N\ DIED.PTUF tripping arca

Figure 4.4 — Frequency-time coordination for grid-connected operation mode

Similarly, for faults on adjacent feeders, e.g. a fault occurring at F8 on the LV Feeder
2 (Figure 2.8), the module Forward Phase Time Over-Current Protection (PTOCPF)1 of
FIED?2 identifies a forward fault and trips its CB-F2 within 0.13 s. The FIED1.PTUVR
element also detects a fault due to a considerable voltage drop on the LV busbar. How-
ever, its trip is delayed by 0.33 s since the FIED1.RDIR element has detected a reverse
fault. If CB-F2 does not open for any reason, the fault lasts more than 0.13 s. Therefore,
the FIED1.PTUVR element trips its corresponding CB-F1 after 1.5 s. When a disturbance
occurs due to an internal transformer fault, i.e., at F10, depending on the fault levels, the
fault is suppressed either by a high-set PTOC1 or a low-set PTOC2 modules of Central
Intelligent Electronic Device (CIED) of the LV microgrid 1. In our case, we assume a two-
phase fault with Ry = 5 ) occurring on the primary side of the MV/LV transformer. The
fault level is 1.154 kA on the 20 £V side, or 57.7 kA when referred to 0.4 £V, and thus is
eliminated by CIED3.PTOC1 element in 0.13 s (node e in Figure 4.2).

For an external fault at F11, for example, a three-phase fault with Ry = 2 Q in the
middle of Section 03-04 in Figure 2.7, the voltage sensed by CIED3 reduces to 0.522 p.u.
and thus initiates the operation of the CIED3.PTUV element to trip CBO in 0.13 s. The
LV network is switched to islanded operation. The transient behaviors of different grid
parameters are shown in Figure 4.5. The BESS controller immediately increases its active
power according to the frequency control algorithm presented in Chapter 3, as shown
in Figure 4.5e. As a result, the post-fault frequency of the islanded LV microgrid 1 is
maintained within the permitted limits (Figure 4.5b). In addition, after islanding, the
variations of the PV operating parameters, such as voltage, current, active and reactive
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powers, gradually stabilize and reach steady-state conditions, as shown in figures 4.5e to
4.5h. If CB0 operates unsuccessfully, the feeder PTUV element commands their CBs to
open after the time delay of 1.5 s delay has elapsed.
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fault at F11 with Ry = 5 2 in grid-connected mode

When a disturbance happens due to a transformer internal fault, i.e. at F10, depend-
ing on fault levels, the fault is cleared either by a high-set PTOC1 or a low-set PTOC2
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elements of the transformer protection. In our case, we assume a phase-A-to-ground
fault with Ry = 5 Q applied on the primary side of the MV/LV secondary transformer,
the fault level is 1.154 kA at 20 KV side, i.e. 57.7 kA when referred to 0.4 kV side, the
fault is cleared by the CIED3.PTOC1 in 0.13 s (node e in Figure 4.2).

The proposed system can also handle higher impedance ground faults. For this type
of fault, the microgrid CIED3.PTUVR fails to detect the fault due to slight drops of phase
voltages. The fault is detected and cleared within 0.13 s by Reverse Negative-sequence
Over-Voltage Protection (PTOVQR) of CIED3 thanks to the increase of NS voltage up to
0.1 p.u. As a result, the LV microgrid 1 is successfully islanded with operational parame-
ters such as voltages, and system frequency is stabilized, as shown in Figure 4.6.

It is worth mentioning that the RDIR method developed in Chapter 3 has shown high
accuracy and reliability. For all fault scenarios that have been carried out, the developed
RDIR algorithm accurately detects the fault direction even for high impedance faults. The
results for higher fault impedance cases are given in Tables G.2 and G.3.

4.4.5.2 Islanded mode
4.4.5.2.1 Configuration results

Figure 4.7 illustrates the current-based coordination for the islanded mode. The co-
ordination results for protection elements based on the phase undervoltage principle are
shown in Figure 4.8. The overall settings are tabulated in Table 4.3.

4.4.5.2.2 Evaluation

Various fault scenarios have been simulated for the LV microgrid 1 in the islanded
mode, and all the results are represented in Appendix G.4. Assuming at¢ = 1 s, a direct
phase-A-to-ground fault occurring at F5 on lateral L9. The function G of MCCB9 correctly
eliminates the fault after 0.03 s thanks to the rise of the ZS current to 730 A (node a in
Figure 4.7). All the PV systems have successfully ridden through such a fault. If MCCB9
fails to operate, the unrestricted earth protection of the FIED1 trips after 0.13 s. After, all
PV systems connected to LV feeder 1 will be disconnected after 0.2 s.

Concerning faults on the LV feeder backbone, assuming a solid three-phase fault hap-
pens at the far end of the LV feeder 1, i.e. at F4 in Figure 2.8. The voltage measured at the
LV busbar drops to 0.678 p.u., leading to the tripping of FIED1.PTUVF1 after 0.13 s (cyan
horizontal line and node a in Figure 4.8). The fault is cleared, and the system voltage is
recovered. Therefore, all the PV systems on LV feeder 2 remain connected to the grid.
Meanwhile, regarding PV systems connected to faulted LV feeder 1, some trip after 0.2
s (violet horizontal line and node b in 4.8) while the others trip after 0.33 s depending
on the distance between their PCCs to the fault location. This is because for those PV
systems located far from the fault, the voltage drops at their PCCs are only sufficient for
triggering their low-set PTUV2. Only after the FIED1.PTUVF1 operation, the voltage at
their PCCs reduce below 0.45 p.u., initiating their PTUV1 to trip after 0.33 s.
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Table 4.3 — Overall setting parameters for islanded operation mode

Device Function (1)! (2> (3)° @* 55  ®° @ 8)8

MCCB7 PTOCP1 N° I kA  High-set 3.0 0.03 F1 None
PTOCP2 N [ kA Low-set 15 025 F1 None
PTOCGl N I° kA Highset 0.125 0.03 Fl None
PTOCG2 N I kA TLow-set 005 025 F1 None

DIED1  PTUV1 N V  pwu High-set 045 02 F3,F4 F1,F5F6
PTUV2 N V  pu Low-set 08 12 F3,F4 F1,F5,F6
PTUF1 N f Hz High-set 47 2 F3,F4 F1,F5,F6
PTUF2 N f Hz Low-set 48 3 F3,F4 F1,F5,F6
PTOCP N I kA - 0.1 0.03 F2 F1, F5, F6
PTOCG N I kA - 0.03 0.03 F2 F1, F5, F6

DIEDO0 PTUV1 N V  pwu High-set 045 016 F10 F3, F4, F8, F11
PTUV2 N V p.u. Low-set 0.8 1.2 F10 F3, F4, F8, F11
PTUF1 N f Hz High-set 47 2 F10 F3, F4, F8, F11
PTUF2 N f Hz Low-set 48 3 F10 F3, F4, F8, F11
PTOCPR R | EA - 0.1 053 F12 None
PTOCQR R I~ kKA - 0.02 053 F12 None

FIED1 PTUVPF1 F! V  pu. Highset 0.7 0.13 F3,F4 F1,F5,F8, F9
PTUVPF2 F V  pu. Low-set 0.8 045 F3,F4 Fl1,F5, F8, F9
PTUVQF1 F V  pu. High-set 0.1 0.13 F3,F4 F1,F5,F8, F9
PTUVQF2 F V~ pu. Low-set 005 045 F3,F4 F1,F5 F8 F9
PTOCQF1 F I~ kA High-set 0.13 F3,F4 F1,F5,F8, F9
PTOCQF2 F I~ kA Low-set 045 F3,F4 F1,F5, F8, F9
PTOCGF1 F I° kA Highset 042 0.13 F3,F4 F1,F5 F8 F9
PTOCGF2 F I kA Low-set 0.17 045 F3,F4 F1,F5F8,F9
PTUVPR R V  pu. - 0.8 1.5 None F§, F9,F10
PTUVQR R V— pu. - 005 1.5 None F8 F9, F10

! Trip direction.

2 Operating quantity in which I stands for current, V for voltage, and f for frequency.
3 Unit of operating quantity.

* Tripping stage.

> Value of operating quantity.

® Operating time, s.

7 Faults covered by the function as a primary protection.
8 Faults covered by the function as a backup protection.
? None directional.

10 Reverse direction.

1 Forward direction.

The details of the fault voltage levels at the Points of Common Coupling (PCC) of the
connected PV systems, and the operating times of their protection are provided in Table
G.4. The system responses under such a fault condition is illustrated in Figure 4.9. We
can observe that the network frequency is maintained at nearly 50 Hz before and after
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Figure 4.7 — Current-time coordination for islanded operation mode

the fault. Figure 4.9c and d show that after a variation over a short time period, the active
powers and currents of the PV systems return their prefault levels. Power supply to all
customers of LV feeder 1 can be maintained. In case of CB-F1 failure, the fault persists
over the trip delay of the Reverse Phase Time Over-Current Protection (PTOCPR) element
of the BESS, and thus it trips BESS after 0.53 s by the phase fault current of 5.42 KA.

Consider a phase-B-to-phase-C fault at F3 with a higher fault impedance of Ry = 0.1
2, neither the phase nor NS voltage elements, i.e. PTUVF and PTOVQF, have properly
detected the faults since the retained phase fault voltage of 0.85 p.u. and NS voltage of
0.03 p.u. are not enough for initiating the corresponding trips. However, fortunately, the
fault is successfully removed by the feeder PTOCPF1 element trips in a timely manner
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Figure 4.8 — Voltage-time coordination for islanded operation mode

with the NS current rising to 1.74 kA (node b in Figure 4.7). All PV systems of LV feeder
1 are isolated from the fault by their PTUF element after 2.13 s.

If the fault still exists, only the PTOCQR element of the BESS can detect the fault and
trips after 0.53 s. After 1.2 s from the BIED trip, all PV systems are disconnected by their
PTUV1 elements. Moreover, the disconnection of BESS also causes a more severe voltage
drop of 0.33 p.u. at the LV busbar, leading to the operation of the LV Feeder 2 PTUVR
backup protection after 1.5 s (the horizontal pink line and node c in Figure 4.8).

4.5 Protection scheme for MV networks

4.5.1 Proposition of the protection scheme

The protection scheme of a MV distribution network typically can be divided in five
different protection areas including: MV/LV distribution transformer, PV systems con-
nected to the MV feeders, MV feeder, MV busbar, HV/MYV distribution transformer.

4.51.1 MYV/LV transformers and the associated LV microgrids

The protection of the MV /LV distribution transformer feeding the connected LV mi-
crogrids has already been developed in the Section 4.4. Such a protection zone can be
regarded as the lowest protection level when coordinating with the protection of the MV
distribution network. The time delay of the MV /LV transformer protection is 0.33 s. If
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current during fault at F4 of LV feeder 1 in islanded operation mode

no additional mean is applied, the time delay of the upper protection level should last
longer than 0.53 s for ensuring a minimum discrimination margin of 0.2 s.

4.5.1.2 PV protection

Protection of PV systems should be able to prevent them from unwanted tripping and
also protect them from short circuits occurring inside their installation.

4.5.1.3 MYV feeder protection

Conventionally, the French MV feeders are equipped with a non-directional Phase
Time Over-Current Protection (PTOCP), and a Ground Time Over-Current Protection
(PTOCG) elements. The selection of the PTOCG element depends on the magnitude of
the ground-fault current, which is, in turn, determined by the system earthing method.
In our case, the used system earthing method is a low-impedance grounding system that
limits the ground-fault current to 150-300 A in rural systems, and a maximum of 1000
A in urban systems as mentioned previously in Subsection 2.3.2. Therefore, a ground
overcurrent element is the typical solution.
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On the other hand, a Negative-sequence Time Over-Current Protection (PTOCQ) ele-
ment is also required when the fault impedance is high, and neither PTOCP nor PTOCG
elements can detect the fault. The PTOCQ element can achieve higher sensitivity than the
PTOCP element to identify phase-to-phase faults since it is unaffected by the balanced
load current. Consequently, its setting thresholds can be set below the feeder rated load
current, regardless of the cold load pickup current. Additionally, the PTOCQ element is
not affected by the mutual coupling between circuits, [163] and can, thus, provide better
fault coverage than a PTOCG element for earth faults at the remote end of a long feeder.

To avoid false trips caused by the possible high level of fault currents provided by
the downstream connected PV systems, Directional Element (RDIR) should be imple-
mented to control all the deployed PTOC elements. In other words, the PTOC element
can time out, but the trip is held pending if the fault direction does not satisfy the prede-
fined one. The principle of operation of the RDIR element concerned is derived from that
developed in Chapter 3. Besides, a simple Breaker Failure Protection (RBRF) element,
which includes a timer triggered by the trip signal from the feeder PTOC element, is also
implemented. The settings for various Forward Time Over-Current Protection (PTOCF)
elements, must follow the rules below:

1 Forward Phase Time Over-Current Protection (PTOCPF): should include a
high-set PTOCPF1 and a low-set PTOCPF2 modules. Pickup for PTOCPF1
can be set at ten times the feeder rated current to immediately eliminate se-
vere faults while that for PTOCPEF2 should be, at least, two times the feeder
rated current to ensure some cold load pickup margin.

2 PForward Negative-sequence Time Over-Current Protection (PTOCQF): has
only one module whose calculation of pickup current is derived from [164].

3 Ground Time Over-Current Protection (PTOCG) element: includes only one
tripping level, since the ground-fault current only contributed by the util-
ity source and is determined mainly by the grounding resistance value. The
pickup current for the PTOCG element is required to be just higher than the
maximum capacitive current of the feeder. A pickup value in a range of 0.1 to
0.3 times the feeder load rated currents is suitable for this case.

The time delay of the MV feeder protection, on the one hand, must be sufficiently long
to be discriminated from downstream LV microgrid protections. On the other hand, it
must be fast enough to prevent PV systems connected to adjacent feeders from unwanted
tripping. The delay of the LV microgrid interface protection, which has already been
presented in Section 4.4, is 0.13 s. Thus, the time delay of the host MV feeder protection
must be set at least 0.33 s to ensure grading margin of 0.2 s. With such a considerable
delay, a fault, which causes a significant voltage drop propagating over the whole MV
network, may probably affects the Fault Ride Through (FRT) requirements of the PV
systems connected to the healthy feeders, [118]. Therefore, the protection of MV networks
without communication support seems difficult to achieve.
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To meet the PV FRT requirements, the study proposes to implement a communication
mechanism for the transfer of interlocking signals between the LV microgrid 1 interface
protection and the host feeder protection devices, e.g. CIED3 and FIED1 in Figure 2.7.
An interlocking signal is directed to the corresponding FIED1 to block its operation only
if the CIED3 detects a forward fault. Thus, there is no need to establish discrimination by
the time between the CIED3 and the FIED3 in the forward direction. We can set the time
delay of the FIED1.PTOCF1, and the FIED1.PTOCF2 elements to 0.1 s and 0.3 s, respec-
tively. To provide backup protections for the transformer and the neighboring feeders,
two undervoltage elements, including a Reverse Under-Voltage Protection (PTUVR) and
a Reverse Negative-sequence Over-Voltage Protection (PTOVQR), are proposed and al-
lowed to trip after 0.7 s with operating thresholds of 0.7 p.u. and 0.1 p.u., respectively.

Regarding the setting of the Breaker Failure Protection (RBRF) element, its timer has
two delay levels. If the Circuit Breaker (CB) concerned does not open, the RBRF element
first sends a response to the CB after a predefined delay. If the CB does not open after
the end of the second delay, the RBRF element triggers an external trip to the CBs of
all adjacent feeders connected to the same MV busbar. The RBRF element also sends
a control signal to the CIEDs of the LV microgrids connected to the adjacent feeders to
transform them into islanded operation.

4514 MV busbar protection

Similar to the MV feeder protection, the busbar protection consists of a PTOCP, a
Negative-sequence Time Over-Current Protection (PTOCQ), a PTOCG, and a RBREF ele-
ments. To ensure effective backup of the feeder PTOCP element, the bus PTOCP element
must be set as low and as fast as possible, while ensuring proper selectivity with the
feeder PTOCP element. However, when the bus load current is large compared to the
bus phase fault current, it is not possible to set a pick-up current for the bus PTOCP el-
ement that is high enough to support the maximum load current with some reserve for
cold load pick-up, but sufficiently sensitive to the minimum bus phase fault currents.

Hence, the study proposes to use a Under-Voltage Protection (PTUV) element for
holding the bus PTOCP operation until the bus voltage drops below its pickup threshold.
With a voltage-based torque control, the bus PTOCP element can be set as close as possi-
ble to the phase overcurrent setting of the feeder that has the highest load capacity. The
pickup of the bus PTOCQ element is slightly higher than the feeder settings. A pickup
value of 1.2 times that of the feeder can be considered reasonable.

The bus PTOC elements must have a time delay long enough to be graded with that
of the feeder protection to avoid maloperation upon the occurrence of a fault in the MV
feeder. Thus, the high-set PTOC1 elements have a time delay of 0.3 s, and the low-set
PTOC2 elements have a time delay of 0.5 s. The 0.3 s delay time may in some cases seem
too long and a bus interlock protection scheme can be applied. In this scheme, the delay
of the bus PTOC elements can be greatly reduced; however, it must be long enough for
the feeder protection to send an interlocking signal once a fault is detected in its area.
feeder protection to send an interlocking signal once a fault is detected in its area.
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4.5.1.5 HV/MV transformer protection

For the protection of HV/MYV transformers against faults, Phase Differential Protec-
tion (PDIF) and Ground Differential Protection (PDIFN) are used as the primary element
while a PTOC element is used as a back-up element. The differential protections is of an
absolutely selective nature and does not need to coordinate with lower protection levels,
such as MV bus and MV feeder protections. Therefore, in this section, we focus only
on the configuration of the transformer PTOC protection. In general, transformer PTOC
protection consists of three different elements, namely PTOCP, PTOCQ, and PTOCG ele-
ments on both sides of the protected transformer.

Protection settings on the primary side: The thresholds for the PTOCP and PTOCQ
elements on the HV level should be set at approximately 1.3 times fault currents mea-
sured at the primary side for a three-phase solid fault, and a phase-to-phase fault on the
secondary side, respectively. The pickups selected in such a way normally exceed the
transformer inrush current. For example, with a short-circuit impedance of 7%, a three-
phase fault on the 20 £V side of a 63/20 kV transformer causes a fault current of, at most,
15 p.u. Therefore, the pickup current of the PTOCP element would be at least 20.6 p.u.,
which is above the typical inrush current range. With respect to the ground protection,
since the neutral of primary windings are unearthed, there is no ZS current detected at the
transformer HV side. The pickup current for the PTOCG element can be adjusted quite
sensitively. However, it must be checked for false currents due to the current transformer
error during transformer inrush or faults on the secondary side.

Protection settings on the secondary side: The PTOC elements on the secondary
side of the transformer must be time-delayed in order to be coordinated with the MV
bus PTOC elements. For the PTOCP element, the pickup currents must be set to carry
the maximum expected load current of the transformer. Since the transformer is capable
of carrying a considerable overload for a certain period of time, the PTOCP threshold
is normally set at 2 times the rated current of the transformer. On the other hand, the
PTOCQ pickup is set at 0.5 times the rated load current. The PTOCG element provides
protection against near-neutral faults at the secondary level of the transformer. It must
be coordinated with the bus PTOCG element to allow the bus to trip first, and therefore
be set slightly higher than the bus ground pickup, about 1.3 times.

4.5.2 Case study

The proposed protection scheme developed is validated on the Grid-1 of Figure 2.7 in
the software environment DIgSILENT | PowerFactory. The overall settings for the Grid-1
protection scheme are tabulated in Table 4.4.

The simulation results included in Appendix H have indicated that the proposed pro-
tection scheme could handle all kinds of faults at different locations with different fault
impedances. Thanks to the interlocking signal mechanism, the feeder protection MV
could quickly eliminate faults within its protected areas, avoiding undesirable discon-
nection of PV systems connected to adjacent feeders.
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Table 4.4 — Overall setting parameters for the proposed MV protection scheme

Element Function 1) (2) (3) @ (5) 6) 7 8)
CIED3 PTOCP1 N [ A High-set 720 033 F1 None
PTOCP2 N I A Low-set 60 0.65 F1 None
PTOCQ1 N [I- A High-set 36 033 F1 None
PTOCQ2 N [ A Low-set 18 0.65 F1 None
PTUVRI1 R V pau. High-set 0.7 0.13 F3,F4 F5, F6, F7
PTUVR2 R V p.u. Low-set 0.8 0.7 F3,F4 F5, F6, F7
PTUVQR1 R V— pu. High-set 0.1 0.13 F3,F4 F5, F6, F7
PTUVQR2 R V— pau. Low-set 0.05 0.7 F3,F4 F5, F6, F7
PTUF1 R f H~z High-set 48 1 F3, F4 F5, F6, F7
PTUE2 R f Hz Low-set 49 2 F3, F4 F5, F6, F7
DIED1 PTUV1 N V p.u. High-set 045 0.16 F3,F4 F5, F6, F7
PTUV2 N V pu. Low-set 0.8 1.2 F3,F4 F5, F6, F7
PTUF1 N f Hz High-set 46 2 F3, F4 F5, F6, F7
PTUE2 N f Hz Low-set 47 3 F3, F4 F5, F6, F7
PTOCPF F 1 A - 20 0.03 F2 None
PTOCQF F - A - 12 0.03 F2 None
FIED1 PTOCPF1 F I A High-set 1155 0.1 F3,F4,F7 F5,F6,F8
PTOCPF2 F 1 A Low-set 230 0.3 F3,F4,F7 F5,F6,F8
PTOCQF1 F - A High-set 125 0.1  F3,F4,F7 F5,F6,F8
PTOCQF1 F - A Low-set 52 03 F3,F4,F7 F5,F6,F8
PTOCG1 F ° A High-set 33 0.1 F3,F4,F7 F5,F6,F8
PTOCG2 F ° A Low-set 11 03 F3,F4,F7 F5,F6,F8
PTUVR R V pau. - 0.7 0.7  None F5, F6, F8
PTUVQR R V pu. - 0.1 0.7  None F5, F6, F8
RBRF - - - - - 0.7  None F3, F4, F7
BIED PTOCPF F 1 A - 692 05 F7 F3, F4, F5
PTOCQF F - A - 75 0.5 F7 F3,F4, F5
PTOCG F ° A - 70 05 F7 F3, F4, F5
PTUVR R V pu. - 0.7 0.7  None F9
PTUVQR R V= pu. - 0.1 0.7  None F9
TIED1 PDIF N I % - - 0.08 F8 None
PDIFN N I % - - 0.08 F8 None
PTOCP F 1 A - 5626 0.3 F8 None
PTOCQ F - A - 599 03 F8 None
PTOCG F ° A - 30 03 F8 None
TIED2 PTOCP F I A - 692 0.7 F8 F7
PTOCQ F - A - 350 0.7 F8 F7
PTOCG F ° A - 90 0.7 F8 F7

! Trip direction.

2 Operating quantity in which I stands for current, V for voltage, and f for frequency.
3 Unit of operating quantity.

* Tripping stage.

> Value of operating quantity.

¢ Operating time, s.

7 Faults covered by the function as a primary protection.

8 Faults covered by the function as a backup protection.
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In addition, all PV systems connected to the faulty zones were successfully discon-
nected, thus avoiding unintentional islanding. Other problems, such as blinding or false
tripping, were avoided by applying the RDIR element developed in Chapter 3. In the
event of failure of the primary protection, all the back-up protections designed have
served as redundant protections, effectively preventing the evolution of the faults.

4.6 Conclusion

In the future, microgrids will be allowed to operate in both operation modes, includ-
ing grid-connected and islanded mode. The most difficult challenge is to have different
sets of operating parameters for the protection systems corresponding to each operation
mode. This chapter has proposed different protection systems that can adapt to the differ-
ent operating modes of the considered microgrids and the associated influencing factors.
The results of the simulation have been used to verify the effectiveness of the proposed
systems. It is evident that the adaptation characteristics of the protection systems require
the implementation of new protection devices, such as IED as well as fast communication
networks. Moreover, the developed MV protection system is capable of not only guar-
anteeing the safe operation of the MV networks, but also preventing the unintentional
tripping of PV systems connected at the MV level. It is also coordinated with the protec-
tion systems of the LV microgrids. On the other hand, the protections of the microgrids
could ensure their successful islanding in the event of a fault on the MV or HV grids.
All PV systems connected to the LV level have met the FRT requirements. Furthermore,
after the operation of the respective protection elements, the fault should be located and
isolated in order to reconnect the power supply to the disturbed customers as fast as pos-
sible. This critical task is handled by the so-called Fault Location and Isolation System
(FLIS), whose development and validation are the main objectives of the next chapter.
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5.1 Introduction

Since faults in the distribution networks account for more than 80% of total power sys-
tem failures [165], several system reliability indices, such as System Average Interruption
Duration Index (SAIDI) and Customer Average Interruption Duration Index (CAIDI),
mainly depends on the performance of the deployed Fault Location and Isolation System
(FLIS). Currently, the most popular type of FLIS in distribution networks is mainly based
on the coordination between the recloser at the beginning of the feeder and the Remotely
Controlled Switches (RCS) installed along the feeder [58]. In the French distribution sys-
tem, RCS allocation on each feeder is determined by calculating the product of the power
injected into the feeder and its length. This product is called the equivalent grid bag,
which is located between the two closest RCSs, [58]. These RCSs are remotely controlled
by the binary inputs received from the control center. The signals are generated manu-
ally by the system operator after the analysis of the fault indications received from the
fault indicators installed at the RCS locations. As mentioned in [58], the operation of the
traditional French power restoration system in case of permanent faults can generally be
divided into three phases, including (D remotely controlled action, ) manual action, and
@ remedial action, as described in Figure 5.1. The first phase, which is the automatic
fault location and isolation, often lasts three to five minutes.

N¢ of unsupplied users © Fault inception

(D End of RCS action

------------- + N2 of users per feeder
! @ End of manual action
® End of power restoration process

~ 3min | RCS restoration effects

N¢ of customer
between two RCSs

N2 of users between

two manual switches

Time

0 O @ ®

Figure 5.1 — Description of the power restoration process

As mentioned in Chapter 1, traditional single-source radial distribution networks
have been transformed into active multi-source networks through the integration of Dis-
tributed Energy Resource (DER)s, especially PV systems. Multiple power sources supply
fault currents, probably leading to the malfunction of the existing FLIS due to the lack
of directional features or consideration on the fault contribution of the downstream con-
nected DERs. Therefore, in this chapter, we intent to pay more attention to developing
new FLISs dedicated for distribution networks with high share of PV systems. Two dif-
ferent types of FLIS are proposed, including an Artificial Neural Network (ANN)-based
and a Multiagent System (MAS)-based FLISs.
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5.2 State-of-the-art

In general, FLIS can be divided into three categories: centralized, decentralized, and
distributed. The first group usually requires all the system data to be sent to the central
controller to reach a decision. Impedance- and knowledge-based methods belong to this
group. A FLIS can also be carried out in a distributed manner when the two latter ap-
proaches are used. MAS-based FLIS can be sorted into this category. In a decentralized
scheme, the data can be processed within a substation area without any requirement for
Supervisory Control and Data Acquisition (SCADA) implementation. The feeder Intel-
ligent Electronic Device (IED) can issue final decision on fault location based on what it
receives from downstream fault indicators. In a distributed system, the data can be pro-
cessed locally and shared amongst the adjacent controllers to obtain final control decision.
In such case, a direct peer-to-peer communication link should be implemented.

One of the most popular centralized methods is impedance-based that can be found
in [166, 167, 168, 169]. They are inherited from those developed for transmission net-
works. The distance between the measurement apparatus and the fault locations is iter-
atively estimated using three-phase circuit theory. The main drawback of these methods
is multiple estimation of the fault locations. Also, many factors such as load imbalances,
prefault load currents, fault impedances, mutual coupling may degrade the performance
of the methods. Moreover, the one-point measurement of such methods cannot allevi-
ate the impacts of the downstream connected DERs. Travelling wave-based methods,
which attract a number of researches, can be the candidate [170, 171, 172, 173]. However,
due to the inherently-complicated topology of distribution networks with multiple later-
als, sub-laterals, and tapped loads, it may impossible to discriminate the waves reflected
from different junctions.

Another solution for developing a FLIS is knowledge-based approaches, such as ANN,
expert system, fuzzy logic, or hybrid [174, 175, 176, 177,178,179, 180, 181, 182, 183]. The
main drawback of these studies is that they did not take into account the transient behav-
ior of the DERs when formulating the data set for developing the methods. As clearly
indicated in Section 2.7, the waveforms of fault quantities, such as, currents and voltages
of the inverter-based PV systems are imposed by their control strategies, and therefore are
far different from those of conventional synchronous generators. Their detailed transient
models should be developed before conducting the fault studies.

Moreover, in the context of the new active distribution networks with a high level
of complexity and sensitivity, the number of binary measurements and inputs, such as,
status positions of the installed RCSs, fault information detected by fault indicators, is
very large. Therefore, the centralized category, including impedance- and knowledge-
based FLIS, requires a high computing capacity of the hardware devices to manage and
process such a large volume of data. They are time consuming and may be affected by
personnel intervention or uncertainty of the DERs, [184]. An additional disadvantage of
the centralized FLISs is that it may be faced with what is called the single point of failure.
For instance, if the central controller is out of order, the whole system is collapsed.
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On the other hand, several studies that applied MASs for developing new distributed
FLISs have been published in the literature. The IEC 61850 Generic Objective Oriented
Substation Event (GOOSE) protocol has also been used to establish a communication
channel between these agents. References [185, 186] present MAS-based FLISs, in which
the agents act once they have received the lockout signal from the feeder recloser. The
disadvantage of these systems is that agents must communicate with the control center,
i.e. the IED on the substation side, before making a decision. Another MAS automa-
tion architecture based on IEC 61850/61499 intelligent Logical Node (LN) is presented in
[187]. The authors proposed to implement additional intelligent LNs that are responsi-
ble for decision making and negotiation with other agents. The authors also developed
coordination between agents as a complete system.

An article in [188] described a MAS-based distributed FLIS using the GOOSE IEC
61850 protocol. Several agents are installed along with the feeders and communicate
with each other using the GOOSE protocol. The authors also proposed to add a RDIR
element to the sectionalizing agent for detecting fault direction in the case of feeders
with a high DER integration. Reference [189] presents a new approach based on the
comparison of the direction information shared between adjacent agents via the GOOSE
IEC 61850 protocol. However, we should note that GOOSE messages are only transferred
for time-critical applications within substation areas, e.g., protection against CB failures.
A mechanism for the exchange of GOOSE messages on an inter-substation scale is still
missing from the researches mentioned above.

It is obvious that although the presented studies have offered innovative solutions
for FLIS in distribution networks containing DER, the evaluation process was mainly
conducted in a pure software environment such as Matlab/Simulink, Digital Real-Time
Simulator (DRTS). Performance of the communication network, which plays a crucial
role in the information exchange amongst agents and central controllers, was not taken
into consideration. The interoperability between the real agents (the actual controllers de-
vices), and the digital relays, or IEDs of a FLIS, has also not been evaluated yet. Currently,
Controller Hardware-in-the-Loop (CHIL) is an efficient approach to study and validate
the performance of a system that consists of several real hardware devices and simula-
tion tools. Some investigations of adaptive protection based on CHIL were conducted in
[190, 191]. However, the application of CHIL to evaluate new generations of FLIS, which
are based on MAS and IEC 61850 communication, has been mentioned infrequently.

5.3 Proposition of FLISs for active distribution networks

In the previous section, we have conducted a review of the state-of-the-art studies
focusing on FLIS for distribution networks with high DER penetration. We can observe
that both centralized and decentralized categories have their own disadvantages. Hence,
the selected solution is a compromise between these two groups. Centralized methods
are suitable for small-scale grids with reasonable amount of data to be transferred to the
central controller. In contrast, the decentralized and distributed approaches yield more
benefits for large grids with a lot of substation and feeders. In the study, we propose two
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solutions for locating and isolating faults in distribution networks. Each aims to address
the issues caused by the increase of the PV penetration. By using the models developed in
Section 2.7, the fault behaviors of the PV systems are taken into consideration. Moreover,
the intermittency of PV systems and loading conditions is considered by carrying the
simulation at different hours during a day.

The first is a ANN-based FLIS. For training the proposed ANN system, a data set
covering all possible fault scenarios should be obtained. To achieve this, we decide to
consider the Grid-1 in Figure 2.7 due to its short geographical length. A small number
of measurement points is sufficient for the developed ANN-based FLIS to properly lo-
cate the faulty line-section. First, we divide each MV feeder of the Grid-1 into different
sections, in which each section is located between two nearest MV /LV substations, as
shown in Figure 2.7. Then, we conduct a variety of fault simulations under different
fault impedances, fault sections, fault types, as well as fault hours. All needed values are
stored in the database to obtain the complete data set. Next, a part of the data set is used
to train the ANN network. Finally, we test the trained ANN network on the remaining
data. The effectiveness of the proposed method is based on its correct classification of
faulty sections, which are classified on the stage of generating the data set.

The second method is a MAS-based FLIS. All the agents are designed following the
Logical Node (LN) description specified in the standard IEC 61850. They can detect the
fault direction and exchange this value with their neighboring agents for locating the
faulty line-section. Moreover, they can also identify the fault clearance thanks to a fault-
counting mechanism, allowing them reaching the final decision on operating its switch
without intervention of the network operators. The duration of the power interruption,
therefore, can be reduced, improving the system reliability indices, such as SAIDI, and
CAIDI. The proposed MAS-based FLIS is first evaluated by developing a cosimulation
system. Further, a functional performance test is mandatory to confirm the interoperabil-
ity of the multi-hardware system. Hence, the proposed FLIS is implemented in a labo-
ratory platform with a CHIL setup. The CHIL platform incorporates a hardware-based
MAS model, real IEDs, and an Ethernet-based communication network.

5.4 Proposed ANN-based FLIS

5.4.1 Multi-layer perceptron classifier-based artificial neural network

ANN s are the statistical learning algorithms that are widely used recently in nu-
merous applications, including fault location classification schemes. Many libraries and
frameworks are available to develop neural networks. Among these other, Multi-layer
Perceptron (MPL) Classifier appears to be one of the most suitable candidates for devel-
oping classification purposes. Opposed to other classification methods, such as Support
Vector Machines or Naive Bayes Classifier, MPL Classifier applies an underlying Neural
Network for conducting classification tasks [192]. Therefore, the study proposes to use
the MPL classifier for classifying the faulty line-section thanks to their ability to solve
problems stochastically, which often allows approximate solutions for extremely com-
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plex problems like fitness approximation. The layer-based architecture of the applied
MPL classifier can be observed in Figure 5.2.
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Figure 5.2 — Layer-based architecture of the applied MPL classifier

Each layer of the MPL classifier contains N neurons connecting to the neurons of
the previous layer. Each neuron, in turn, receives many inputs from other nodes, and
computes a single output based on the inputs and the connection weights. The layers
that are between these two are named hidden layers. In our proposal, we applied a two
hidden layer neural network. The first layer consists of a set of 50 neurons, whereas the
second one comprise a set of 30. The output of the neural network should be equal to the
number of sections of the studied network since we intend to find the faulty section. The
number of inputs will be justified in Subsection 5.4.2. For properly triggering each layer,
a suitable activation function should be chosen according to the application goals, and in
our case is the sigmoid function. It is defined by:

1 e*
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o(2) l14+e2% e*+4+1 (-1)
The computation that is carried out in the neuron of the first layer would be as:
T
h) = [W“)} X + b (5.2)

where X is the input vector, b(!) is the bias vector of all units whose dimension is [50 x 1],

and W) is the weight matrix of dimension [50 x N] described by Equation 5.3:
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The calculations in the two hidden layers are defined as:
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T
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where W®) and W) are the weight matrix whose dimensions can be obtained from
Figure 5.2. The sizes of () and b®) are [30 x 1] and [4 x 1] respectively.

The output neuron of dimension [m x 1] is calculated as:
j=o0 (h<3)) (5.6)

The learning of the proposed ANN network is accomplished by altering the weight
of the connection. By updating the weight iteratively, the performance of the network is
improved. In this developed algorithm, we utilized the Back-propagation method pre-
sented in [193]. The Back-propagation approach is a standard method whose goal is to
train the neural network for calculating the weights and bias. In this case, we have the
known data output (supervised learning), and by a method to lessen the error function
E, we can obtain weights wz(;). Further, we can estimate the error for each output neuron
by adopting the squared error function, and sum them to find the total error:
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where z,, is the n-th element of the input vector X, ¢,,; is the n-th element of the output
vector of the i-th class, y!(zy,).

The back-propagation step computes the gradient of E with respect to this input as
follows:

(5.8)

where n represents the learning rate.

The learning process of the proposed algorithm is described in Algorithm 1, [193].

Algorithm 1 Learning process of the proposed algorithm

1: Feed-forward computation: use equation (5.1), (5.3), (5.4), (5.5) and (5.6) for calcu-
lation of each layer. The vectors RV 2 and h®) are computed and stored. The
evaluated derivatives of the activation functions are also stored at each unit

2: Back-propagation to the output layer

3: Back-propagation to the hidden layer

4: Weight updates
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5.4.2 Data measurement and feature extraction

As mentioned in Chapter 1, with high penetration of PV systems and the introduction
of new grid codes, the fault currents have become bidirectional rather than unidirectional.
Moreover, the PV systems respond to faults in a way differing from that of conventional
well-established synchronous generators. One-point measurement appears impossibly
enough for fault location within such an active grid. Hence, after having considered the
number of measurement data set, we propose to install three Measurement Units (MU) on
the concerned feeder, i.e. Feeder 2 of Grid-1 in Figure 2.7, including MU1 at Node 7, MU2
at Node 14, and MU3 at Node 18. The MU may be in kind of uPMUs or smart meters that
can provide timely and time-synchronized current and voltage phasors effectively for the
data analysis in our case, [194]. Each MU samples the measured three-phase current and
voltage values at the sampling rate of 800 Hz. The derived currents and voltages are
filtered by using a cosine-filtering algorithm that is quite popular in relay technologies,
as presented in Figure 5.3, [195]. The signal processing is based on the equations derived
from Appendix C.
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Figure 5.3 — Derivation of current phasor from sampled waveform

Application of machine learning-based approaches for fault location, in particular
faulty line-sections, especially for large networks with high level of PV penetration, ne-
cessitates a large data set of faults that is composed of a great number of fault scenarios.
As already discussed in Section 5.3, we conduct various fault simulations at different
hours during a day, from 0 to 20 hour by a step of 4 hour in order to take into account
the impacts of solar variations. Moreover, we consider the influences of fault resistance
by increasing Ry from 0 to 60 2 by a step of 10 2. Faults are assumed to occur on 19
different sections of Feeder 2 (Figure 2.7). By combining these above fault scenarios with
4 fault types, a totally of 3192 faults scenarios were simulated. In the study, faults were
assumed to occur at t = 1.5 s, and be cleared at ¢t = 1.65 s, i.e. lasted for 7.5 cycles; how-
ever, we only made use of 4 samples per cycle per each quantity for a duration of 2 first
cycles from the moment of fault inception. So, for each fault scenario, there were 8 data
windows taken into consideration.

Based on these sampled values, the data processing unit carried out the calcula-
tion of magnitudes and angles of symmetrical sequence currents and voltages, includ-
ing positive-, negative-, and zero-sequence components. For each data window received
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from each MU, 12 quantities would be derived. As a result, we obtain 36 quantities from
three MUs plus one quantity standing for the time, a totally of 37 quantities for each data
window, as described in Figure 5.4, corresponding to the vector input X in Figure 5.2.

—— —— [8 x 2394]
‘|§H|| Iﬂ Learning data
b 2
1] [ o Section 1
MUL > |4 S ay Section 2
e Data LIy
/I, ot Zif Soction i
MU2 —> | processing ection i
|Val unit Vil
vl || L ]| ¥y - ~
MU3 — ||| [Vol el — Section M-1
LV, Vi ~o MLP Classifier ANN > Section M
LV, LV,
V. Vi [8 x 798]
37 x 1] 37 x 1] Testing data
[8 x 3192] [8 x 3192]

Figure 5.4 — Flowchart of the proposed ANN algorithm
5.4.3 Data set for training and testing the designed ANN

The data set was split into two smaller sets, one for training and another for testing
with a ratio of 75:25 correspondingly, as shown in Figure 5.4. Firstly, the first part of the
data set was loaded into the designed ANN for learning purposes following the Algo-
rithm 1 described in Subsection 5.4.1. Afterward, the remaining part of the data set was
used for testing the proposed approach. Figure 5.4 presents the flowchart of the method.

5.4.4 Evaluation results

The result of testing presented in Table 5.1 indicates that the developed ANN-based
FLIS identifies faulty line-sections with high accuracy. The overall average error is lower
than 1%. One more notable feature of the proposed approach is that it results in a single
estimation for each test. The faulty sections are accurately indicated, minimizing the
possible faulty area that needed to be identified by the line crew (stage 2 of the restoration
process, Figure 5.1). It can also be observed that the computation time and the error
increase at 8, 12, and 16 hours compared with three remaining testing hours. This is due
to the participation of PV systems in power production. The location of faults that occur
during a high generation of PV systems was more difficult to be identified. It took the
designed ANN more time and iteration steps to reach the final results.

5.5 Proposed MAS-based FLIS with IEC 61850-oriented design

The proposed FLIS relies on MAS, which are structured according to and communi-
cate through IEC 61850-based services. Hence, the description of the MAS is introduced
first. The overview of the standard IEC 61850 is represented in Appendix I. Further, we
provide the details of the structure and operating principle of the proposed scheme with
an [EC 61850-oriented design and also a complete procedure for its configuration.
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Table 5.1 — Fault location results per hour

Hour Average computation time, ms Accuracy, %
0 1.889 100
4 2.036 100
8 2173 98.7
12 2.325 98.2
16 3.231 98.4
20 1.970 100
Average 2.323 99.3

5.5.1 Multi-agent system
5.5.1.1 Definition

There are diverse types of applications and definitions upon the abstract concept of
MAS. Reference [196] has adopted a definition of MAS as systems consisting of multi-
ple autonomous entities with either divergent information, divergent interests, or both.
Either in kind of software or hardware entities, an agent can be modeled to act and in-
teract with others in every conceivable manner. Each agent receives information from its
environment, processing them based on present or past perceptions, and taking actions
via the possible integrated controllers. The working environment of a MAS comprises
external entities and resources for the interactions of the included agents. Agents can be
described with several characteristics as follows, [196, 197]:

1 Autonomous: Agents exert partial control of their actions and internal state,
seeking to influence outcomes without the intervention of humans or other
external devices;

2 Social: Agents can communicate with humans, external devices or other agents
to coordinate actions and satisfy their objectives;

3 Reactive: Agents react in a timely fashion to changes in their environment.

4 Proactive: Agents exhibit goal-oriented behaviors and take the initiative to
satisfy objectives.

5.5.1.2 Layer structure in MAS applications

To show how MASs could be used to communicate and make intelligent decisions in
power system applications, a two-layer structure is commonly used, [198]. Depending
on the application, an agent may be associated with a controllable entity in the power
grid. However, the functioning of the agents is not clarified because the structure cannot
distinguish the relationship between agents, actuators, and controllers. We, therefore,
propose to use a structure that is represented in, [198]. This architecture is composed
of three layers: the device layer, the control layer, and the agent layer. It can distinctly
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present the connection between the agents and the devices of the power system. In par-
ticular, it can highlight the communication network between the agents that plays a more
important role in a modern power system, as well as the link between the agents and the
local controllers. The three layers are as follows:

1 Device layer is located at the lowest position in the system structure. This
layer includes the actual devices that are electrically connected to an electri-
cal system, e.g., loads, PV systems, Wind Turbines, BESS, measuring devices,
protection devices... From the Device layer, local instantaneous signals, i.e.
three-phase currents and voltages, are captured and transmitted to the agent
layer. Other information, such as switch or CB position status is sent to the
Control layer. The operation of the power components in the Device layer is
regulated by the control signals received from the Control layer.

2 Control layer consists of a group of local controllers of controllable entities
located in the Device layer. In our case, local controllers, which receive control
signals from their agents, are used for controlling the corresponding switches.

3 Agent layer is a MAS operated in a communication network, in which each
agent is capable of receiving measured values from its corresponding device,
exchanging data with other agents, performing assigned actions, and then
returning necessary signals to the local controller. The structure of MAS de-
pends mainly on application purposes. In a centralized architecture, a central
agent that is responsible for coordinating all other agents is required while in
a distributed scheme, all agents play the same roles and need only consult its
neighbors for making control actions.

5.5.2 Proposed system

As mentioned in Chapter 1, conventional FLIS cannot handle faults on multi-source
feeders due to the lack of directional features. For example, considering a permanent
fault at F2 in Figure 5.5, all fault indicators detect and report a fault. Without information
on the fault direction, the system operator cannot determine in which section the fault is
located and therefore, cannot make a remote decision for eliminating the fault. If it can
be assumed that the system operator has been able to process the fault successfully, the
fault isolation time can be as long as several minutes, which degrades the system reliabil-
ity indices, such as System Average Interruption Duration Index (SAIDI), and Customer
Average Interruption Duration Index (CAIDI). Also, as shown in Figure 5.1, the number
of clients who are recovered after the RCS operation is significant. Reducing the dura-
tion of this phase would have a significant benefit on system reliability indices. We have
therefore proposed to set up a new FLIS whose operation is based on a MAS system with
desired features. In such a system, each agent should be able to detect the fault direction
and talk to its neighbors to make remedial decisions. It should also report the position of
its switch to the central controller on the substation side for the feeder re-connection. The
automatic operation capability of the proposed FLIS can reduce the duration of the first
stage of the power restoration process to only a few tens of seconds.
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In the proposed FLIS, communication between agents and Feeder Intelligent Elec-
tronic Devices (FIED) is of significant importance. The IEC 61850 communication stan-
dard is now widely used in the substation automation systems worldwide. The IEC
61850 Generic Objective Oriented Substation Event (GOOSE) protocol has been applied
not only for the control and monitoring of primary equipment and FIED status, but also
for the status interaction between FIEDs, including protective relays, by replacing the
conventional method of using binary and wire I/O with the communication of GOOSE
messages over Ethernet cables/fibers, [199]. GOOSE messages are multicast messages
whose operating principle is based on a data exchange mechanism between the pub-
lisher and the subscriber. FIEDs in a Local Area Network publish GOOSE messages on

that network, and also subscribe to certain predefined GOOSE messages published by
other FIEDs.

Thus, we propose to replace all fault indicators and controllers of the RCSs with
agents with IEC 61850-oriented design that are described in the next subsection 5.5.3.
This means that an agent locally controls its switch. An additional function is added for
reclosing the feeder CB once permanent faults are fully removed by the respective agents.
Two mechanisms for data exchange between the involved devices are also proposed. The
transfer of information between substation devices is based on a GOOSE message, e.g.,
the trip signal from a feeder IED to its corresponding CB, or the position status of a CB
to a recloser element, as these applications are time-critical. On the other hand, the data
exchange between adjacent agents is based on the TCP/IP protocol since this information
is used for non-time critical applications. The structural diagram of the proposed FLIS is
shown in Figure 5.5.
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Figure 5.5 — Structural diagram of the proposed MAS-based FLIS

Figure 5.5 indicates that each agent covers two sections that are physically and di-
rectly linked to its switch. A fault is considered internal if it occurs within the agent’s
covered zone; otherwise it is regarded as external. The agents continuously monitor the
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operating state of the feeder by comparing the RMS values of the measured currents or
voltages with the predefined operating thresholds. The agents determine whether the
fault is internal or external based on fault direction information exchanged with the ad-
jacent agents. There are two types of agents, marginal, and intermediate. The former
type is assigned to two agents, one just after the feeder FIED, i.e. Al, and the other at
the section, i.e. An. Intermediate agents Ak are those located between these two marginal
agents. Each intermediate agent is a client receiving messages sent from its two neigh-
boring agents, one upstream and one downstream.

In contrast, marginal agents only wait for data from the agent next to them. More-
over, the operating principle of their direction comparison block differs slightly from that
of the intermediate agents. When the first agent A1 determines a reserve fault, it imme-
diately declares that the fault is between the feeder FIED and himself without comparing
his direction value with that received from A2. Similarly, when the last agent An detects
a forward fault, it concludes that the fault occurred in the last section without consulting
the fault direction of the preceding agent, i.e. A(n - 1). The messages exchanged between
agents and FIEDs involved in the proposed method are explained in Table 5.2. The de-
tailed operating mechanism of the proposed FLIS is elaborated in Subsection 5.5.4.

Table 5.2 — Data package sent by the agent Ak

Message ID Description Value

00=unknown
01=forward
10=backward
11=both

Ak.RDIR.Dir.dirGeneral Direction value

00=intermediate

01=
Ak.XSWL.Pos.stVal Switch position 0 o
=0on

11=bad-state

1=true

Ak.RSWE.OpEx.general Switch failure protection O=false

5.5.3 Functional structure of required FIED and agents

We model the FIEDs and agents by using Logical Nodes (LN) specified in IEC 61850-
5. Depending on the desired functionality of each device, a set of LNs taken from Table
2.2 should be assigned accordingly, [200]. As mentioned in Section 2.2.2, French MV dis-
tribution networks are normally divided into rural and urban types with different oper-
ating mechanisms of their FLIS. Recloser is allowed in rural networks. However, despite
these differences, the operating principle of the proposed FLIS remains the same for both
types of networks. To achieve this objective, we propose to implement an additional fault
counter counting the number of fault currents that pass its switch over a pre-specified pe-
riod of time. The fault counter indicates a permanent fault if the counted number of faults
exceeds a predefined value, [201]. This number is typically chosen to be equal to the num-
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ber of reclosing attempts of the recloser. For urban networks, the application of a recloser
is prohibited, and thus this number is equal to 0. In the following parts, the FIED and
agent structures required for the implementation of the developed scheme is presented.

5.5.3.1 Required functionalities of FIED

Figure 5.6 shows the IEC 68150-based architectures for all the controllers and protec-
tion devices of a rural MV feeder. On the substation side, there are several logic devices,
for instance, measurement, i.e. Current Transformer (TCTR) and Voltage Transformer
(TVTR) or Circuit Breaker (CB), i.e. XCBR. In feeder protection device FIED1, LN Instan-
taneous Overcurrent Protection (PIOC) and Time Overcurrent Protection (PTOC) are re-
sponsible for fault detection, LN Directional Element (RDIR) is for determining the fault
direction, and LN Autoreclosing Element (RREC) is the reclosing element. For an urban
network, LN RREC is withdrawn. The description of remaining LNs of an FIED and an
agent have already been specified in Table 2.2.
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Figure 5.6 — IEC 61850-5-based functions of IED and agent used for a rural MV feeder
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Let us consider the FIED], it receives the measured values from TCTR and TVTR, and
transfers them to PIOC, PTOC, and RDIR elements. When a fault is identified by PIOC
or PTOC, or both, a signal then is sent to LN Protection Trip Conditioning (PTRC) for
issuing a trip signal to LN Circuit Breaker (XCBR) to open CB1. During this time, RREC
is also triggered by the trip signal sent by PTRC, and releases CB1 after a predefined
delay. The users set the number of reclosing attempts. Besides, LN Generic Automatic
Process Control (GAPC) is added to the FIED1 for automatically reclosing CB1 in case
of a permanent fault. It monitors the status positions of the switches controlled by those
agents that have determined the fault as internal.

5.5.3.2 Required functionalities of the designed agent

Likewise, we propose to implementPIOC and Under-Voltage Protection (PTUV) in
each agent for fault detection, RDIR for direction, and RDRE for counting the fault cur-
rent passing. The use of PTUV avoids maloperation when fault currents are too low for
PIOC to detect. These conditions can occur when agents are downstream of the fault,
and the connected PV systems are operating under conditions of low or even no solar ir-
radiation. Also, each agent must be able to send several required data to and receive the
data transferred by its neighbors. The GAPC block coordinates the information sent by
the other LNs within the hosted agent, and all required data from its neighbors to issue
the control output.

5.5.4 Operating principle of the proposed scheme

A certain agent Ak should request fault direction data sent by its neighbors, i.e. A(k
- 1) and A(k + 1). The process of fault direction determination for the agents has been
already presented in Section 3.7. On the other hand, the FIED must wait for the position
status of operated switches reported by the agents that take actions during faults. Figure
5.7 shows an operational logic diagram of an agent dedicated to rural networks. A logic
diagram of GAPC of the FIED1 that mentioned in Figure 5.6 is also described.

5.5.4.1 Normal operation

In normal conditions, the criterion values, i.e. I~ or Vpy,i,, do not fulfill operating
conditions, and thus neither the agent PIOC nor PTUV is initiated. Value of the data
attribute GAPC.Op is held at general = False, resulting in no trip signal to be transferred to
LN Switch Controller (CSWI). Therefore, its output trip signal is de-asserted. All the CB
and switches remain closed.

5.5.4.2 Transient faults
When a temporary fault occurs, the operation of FIED1 is described as follows:

1 Either PIOC or PTOC, or both detect a fault, and thus issue a trip signal.

2 PTRC generates a trip command, the CSWI has been configured to receive this
trip command. A trip message is then sent to XCBR to open CB1. Meanwhile,
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PTRC also sends information to RREC, including start of starting element in
FIED1.PTRC.Str.general and trip in FIED1.PTRC.Op.general.

3 The position status value of CB1 changes from on to off. This change imme-
diately initiates a publication of the Generic Objective Oriented Substation

Event (GOOSE) message CB1.XCBR.Pos.stVal with value stVal=on over the
network.

4 Based on these above data included in the GOOSE messages FIED1.PTRC.-
Str.general FIED1.PTRC.Op.general and CB1.XCBR.Pos.stVal, RREC sends a re-
closing signal contained in FIED1.RREC.Op.general to CSWI to reclose CB1.
It also provide PIOC and PTOC with information included in the message
FIED1.RREC.TrBeh.general in order to enable the further expected trip to CB1;

5 Once having received the reclosing signal, the CSWI closes CB1 after addi-
tional processing. If the fault still exists, the fault clearing process repeats
these above steps. Since a temporary fault is extinguished after a definite
number of reclosing trials, the power supply is restored to the entire cus-
tomers connected to the affected feeder without long service interruption.

Once an agent realizes fault direction, it immediately transmits this value to its neigh-
bors via an Ak.RDIR.Dir.dirGeneral message. Meanwhile, the agent compares its direc-
tion result with those obtained from its neighbors, i.e. A(k-1).RDIR.Dir.general and A(k +
1).RDIR.Dir.general, as shown in Figure 5.7. Thus, at this stage, each agent has already
determined whether the fault is external or internal. Since a temporary fault goes out
after a defined number of reclosing attempts less than the number of faults predefined
in Fault Counter Element (RDRE), it does not allow GAPC to send a trip signal to CSWI.
Therefore, the value of the data attributes Ak. GAPC.SPCSO.stVal remains false. Thus, all
agents do not trigger any trip signals, and all switches remain closed.

Although a transient fault is eliminated without prolonged supply interruption, its
location must be identified by the system operator to eliminate the root of failure and
improve the system Momentary Average Interrupt Frequency Index. Thus, when agents
detect an internal fault, they must report this value to the Supervisory Control and Data
Acquisitions (SCADA) system located at the control center, allowing system operators to
locate the fault location and take appropriate corrective action.
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5.5.4.3 Permanent faults

In the case of a permanent fault, the operation of the proposed FLIS can be divided
into two stages namely fault isolation and partial power restoration as follows:

1 Fault isolation: Autoreclosing Element (RREC) goes into Lockout state after
the final reclosing attempt, Circuit Breaker (CB)1 remains opened. At this mo-
ment, all PV systems connected to the feeder have already been disconnected
from the feeder since the time operation of the last recloser trial is longer than
that of their interface protection. Hence, all possible sources contributed to
the fault current are disconnected, and the fault certainly disappears. More-
over, after the final attempt of RREC, the number of faults counted by Fault
Counter Element (RDRE) has exceeded the predefined value and, therefore
a logic output true is sent to Generic Automatic Process Control (GAPC). Fi-
nally, only GAPCs of those agents that have detected an internal fault issue
trip signals to the corresponding Switch Controller (CSWI). After the addi-
tional process, the switchgear opens the switches. The fault is completely iso-
lated. As soon as Ak.X.SWI.Pos.stVal changes its value to off, the message is
transmitted to FIED1.

2 Partial power restoration: This task is taken by the additional GAPC of FIED1.
As presented above, after the fault isolation by the related switches, there
are at least two messages immediately reported to the FIED1. Assuming the
fault has occurred at F2 as shown in Figure 5.5, the messages received by
FIED1 are A1.XSWI.Pos.stVal, and A2.XSWI.Pos.stVal with the same value of
off. The logic diagram of GAPC is described in Figure 5.8 for the considered
fault location. Figure 5.8 indicates that when the two subsequent switches
have opened, i.e. XSWI.Pos.stVal=off, GAPC can realize that the fault is totally
isolated by the two switches, one upstream and one downstream the fault.
A reclose signal is immediately sent to CSWI to relose CB1, reconnecting the
unfaulted zones to the grid, i.e. the zone located from CB1 to S1 (Figure 5.5).

AlL.XSWI.Pos.stVal ——
Pos =of f —

A2.XSWI.Pos.stVal ——
AL.XSWI.Pos.stVal ——
Pos =of f

AND —
A3.XSWI.Pos.stVal ——

AND
Pos =of f —— GAPC

Figure 5.8 — Functional logic diagram of the LN GAPC of FIED1
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5.5.4.4 Switch failure protection

A switch that receives a trip signal from its agent may fail to operate due to var-
ious reasons, for instance, operating component failure, defective DC source. Faulty
line-section must be isolated under sectionalizer failure conditions. In such a case, an
appropriate adjacent switch should be tripped by implementing a new dedicated Switch
Failure Protection (RSWF) in each agent. This kind of protection is similar to Breaker
Failure Protection (RBRF), according to IEC 61850-7-4. The RSWF logic diagram is rep-
resented in the bottom of Figure 5.7. The working principle of RSWF of an agent, for
instance agent A2, can be explained by considering a permanent fault at F2 in Figure 5.5.

RSWEF of the agent A2 is initiated by the trip signal from its GAPC via the message
A2.GAPC.Op.stVal. The operating criterion for RSWF is the fault current with the setting
RSWE.FailMod=current and SWF.Det.Val.A. At the first step, RSWF sends a retrip order
to the switch S2 by changing the value of attribute A2.RSWF.OplIn.general to true after a
certain time delay. If it does not open after the second time delay is elapsed, the message
A2.XSWI.Pos.stVal still has a value different from off (Table 5.2). RSWF triggers an exter-
nal trip by changing the attribute general of the data A2.RSWF.OpEx to true. Figure 5.7
shows that the agent A1, which is set to wait for this datum, incorporates it with the true
value from RDRE and operates to open switch S3 of Figure 5.5. The fault F2 is isolated,
and then GAPC of FIEDI can issue a reclose message to close the CB1 since both data
attributes A1.XSWI.Pos.stVal and A3.XSWI.Pos.stValin Figure 5.8 have become true. The
supply is restored to those customers that are located between CB1 and S1, leaving those
loads from S1 to the end of the feeder suffering from outage. The time for total power
restoration may last for several hours depending on each utility.

5.5.4.5 Operation of the proposed FLIS in case of no PV generation

One of the most noticeable disadvantages of solar energy is its intermittency. Dur-
ing a day, the power generation of the PV systems may vary in a wide range due to the
variation of solar irradiation. For instance, during peak hours of solar irradiation, the
power output may reach a very high level while during the night, no power is generated.
In such no power generation, the distribution feeder with only PV integration becomes
single-source. The logic for the trip decision, therefore, differs from what previously pre-
sented. Let us again assume that there is a fault happening at F2 of Figure 5.5 during
no-generation hours of the connected PV systems. In such a situation, there is no fault
current flowing through switch S2, and thus its direction detector cannot properly oper-
ate. However, Under-Voltage Protection (PTUV) of the agent A2 still detects a fault since
voltage drop always spreads across a network. An additional comparator block is imple-
mented to prevent agents from false direction decisions. In this case, there is only load
current with limited magnitude flowing through S2, and thus the output of the compara-
tor block is true. Combining this value with the output from Under-Voltage Protection
(PTUV), Directional Element (RDIR) declares the direction of this fault as unknown. As
described in Figure 5.7, both agents A1 and A2 still correctly detect an internal fault, and
thus open their corresponding switch, and the fault is therefore isolated.
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5.5.4.6 Restoration of power to customer downstream the fault location

In the context of smart grids, the islanded microgrid is a concept that allows a part of
the grid to operate autonomously when being decoupled from the external grid [202, 203].
The connected DERs usually feed this kind of small grid. Hence, if in each zone covered
by an agent, there is an appropriate set of voltage and frequency control facilities, those
zones that are not affected but be isolated from the utility grid during an event of a fault
can be allowed to operate in isolated operation mode. We consider a permanent fault
event at F2 in Figure 5.5 again. As specified above, the only partial load is re-connected
to the source while those located from S2 to the end of the feeder remain unsupplied.
Hence, PV3 to PVn of 5.5 can be re-connected to this part of the grid to feed the loads if
there is an additional BESS capable of controlling frequency and voltage.

5.6 Validation using cosimulation approach

5.6.1 Fundamental of cosimulation method and the proposed system

A cosimulation system consists of a group of interfaced software environments work-
ing cooperatively. Each environment has its computing method and runs simultaneously
and independently on its models, [204]. The software tools are coupled by dynamically
connecting the models using their input and output signals so that the outputs of one soft-
ware environment become the inputs of the other and vice versa. Data exchange, time
synchronization, and execution management are usually facilitated during execution by
a so-called master algorithm, which organizes the overall process.

In this section, we develop a cosimulation system composed of three software en-
vironments, including DIgSILENT | PowerFactory, the OPC-DA server, and Python pro-
gramming language. The cosimulation system is used to prove the MAS-based effec-
tiveness of the operational coordination of the proposed FLIS when being applied for a
typical network, e.g. Grid-1 in case. We use PowerFactory for simulating the dynamic
behavior of the studied grid under different fault scenarios, and performing signal pro-
cessing on fault currents and voltages. The MAS is modeled using the Python language.
Data exchange between the agents and the simulated grids is performed via the OPC-
DA server, while communication between agents is based on the Remote Procedure Call
(RPC) client/server approach. The combined simulator structure is shown in Figure 5.9.

5.6.2 Design of MAS for co-simulation system

The MAS and feeder FIED is developed in Python using various open-access libraries,
and hosted on a computer. The communication between the agents, which is based on
the RPC method, is carried out in a client/server manner. Figure 5.10 illustrates the im-
plementation of the RPC mechanism, [205]. Each agent acts as a server that requests data
from its clients, i.e. adjacent agents, and then distributes it to method calls. The method
calls in our case are the control and protection functions required for the proposed FLIS.
After additional processes, the results are sent back to the adjacent agents who are in
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Figure 5.9 — Structural diagram of the cosimulation mechanism between Python and DIgSI-

LENT | PowerFactory via OPC-DA server

turn servers of the agent in question. Thus, each agent is programmed using the Python
programming language to obtain the following characteristics, [198]:
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1 Exchanging data with the OPC-DA server to receive measurements from, and
return control or status signals to the grid simulated in PowerFactory;

2 Performing the desired functions represented in Figure 5.6;

3 Acting as RPC server: an agent can be regarded as a RPC server, always being
in a state of waiting to collect data from RPC clients of neighboring agents;

4 Acting as RPC client: an agent is also the client of the neighboring RPC server
to provide its calculation results.
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Therefore, the agent functions presented in Subsection 5.5.4 and the communication
socket are programmed and stored in Python files. The communication socket enables
these agents to generate, pack, or unpack data packets and deliver them to the adjacent
agents using UDP/IP communication protocol. Considering an intermediate agent Ak
with two neighboring agents A(k-1) and A(k+1), its structure is shown in Figure 5.11.
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Figure 5.11 — Structural diagram of an agent for co-simulation system

5.6.3 MatrikonOPC server for cosimulation

A MatrikonOPC server is an open software that allows clients to access data in real-
time. It is therefore used as a server for exchanging measurement data and control signals
between Python-based agents and Powerfactory. Powerfactory sends the measured sig-
nals to the MatrikonOPC server, and the agents access this server to obtain data and vice
versa. Each variable to be transferred must have an ID number and be preconfigured
using the OPC naming convention system. All the preconfigured OPC elements are then
loaded on the OPC server. The connection between the OPC server and Powerfactory is
made by activating an OPC interface provided in the PowerFactory library. On the other
hand, Python agents interface with the OPC server by importing the OpenOPC package.
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5.6.4 Optimal placement of controlled switches for Grid-1

As mentioned earlier in Section 5.3, the location of Remotely Controlled Switch (RCS)
is defined by a term called grid-bag. However, is this work, we use a tool available in
PowerFactory library named “Optimal RCS placement” for determining the most appropri-
ate number, and location of controlled switches for our proposed FLIS. This tool is based
on the minimization principle of energy not supplied, [206]. Location of proposed con-
trolled switches is shown in Figure 2.7. So, we have three controlled switches for Feeder
1, and four for Feeder 2. At each switch location, there is one agent for controlling the
switch. The feeder FIEDs are also modeled and embedded in DIgSILENT | PowerFactory.

5.6.5 Results and discussion

For the following case studies, we consider Feeder 1 and 2, to which several LV mi-
crogrids with integrated PV systems are connected. We should note that the feeders in
Grid-1 are composed of underground cables; therefore, the deployment of a reclosing el-
ement is not allowed. The FitNum parameter in the data attribute Ak.RDRE.FitNum of
each agent is set to 0. The feeder FIED trips the corresponding CB after a delay of 0.5 s
from the moment of fault detection.

5.6.5.1 Faults on Feeder1

As shown in Table 5.3, the proposed FLIS has proven its effectiveness. All fault loca-
tions are correctly identified and then isolated by the respective agents. CB1 then recloses
to restore power to some customers. The number of customers being resupplied depends
on the location of the faults. The further away the fault is from the substation, the higher
the number of customers is reconnected. Since PV systems in Feeder 1 are connected to
the LV microgrids, they have no dynamic voltage support. Their contribution to fault
currents is limited. Therefore, for faults occurring downstream of the agent location, the
agent cannot detect the direction of the fault and therefore returns the results of the direc-
tion as unknown to its neighbors. By following the logic scheme shown in Figure 5.7, the
agents that should be working have been operated correctly. The fault is isolated without
any malfunction. Interruption time significantly decreases.

5.6.5.2 Fault on Feeder 2

As with the above fault scenarios, the proposed FLIS has demonstrated its effective-
ness through the correct fault localization and isolation. The results of the performance
validation are shown in Table 5.4. Besides, the proposed system reduced the outage time
to only a few tens of seconds, compared to the average three minutes for existing systems
[58]. It can also function properly in the case of low or no PV output.

5.6.5.3 Switch failure

To demonstrate the performance of the proposed FLIS against switch failure, assum-
ing that a fault occurs at F7, and switch S5 does not respond to the trip signal issued
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Table 5.3 — Performance of the proposed FLIS for faults on Feeder 1

Fault direction Fault location System operation

Al A2 A3 Al A2 A3 Action sequences  Time, s

@ CB1 opens

F1 U U' U P E* E @ S1 opens 12.3
(@ CB1 recloses
@ CB1 opens

F2 F2 U U I I E @S1&S2open 135
(@ CB1 recloses
@ CB1 opens

F3 F F U E I I @ S2& S3open 127
(@ CB1 recloses
@ CB1 opens

F4 F F F E E 1 @ S3 opens 12.9
(@ CB1 recloses

Fault point

1 Unknown fault;
2 Forward fault;

3 Internal faul;

4 External fault.

Table 5.4 — Performance of the proposed FLIS for faults on Feeder 2

Fault direction Fault location System operation

A4 A5 A6 A7 A4 A5 A6 A7 Action sequences  Time, s

@D CB2 opens

F5 R' R U2 U * E E E @ S4 opens 13.7
(3 CB2 recloses
D CB2 opens

Fé6 FF R 8] U 1 U E E @ S4& S50pen  12.1
3 CB2 recloses
D CB2 opens

F7 F F 8] U E I 1 E @ S5& S6open 135
3@ CB2 recloses
D CB2 opens

F8 F F F U E E 1 I @ S6 & S7open 134
3 CB2 recloses
D CB2 opens

F9 F F F F E E E I @ S7 opens 12.2
(3@ CB2 recloses

Fault point

1 Reverse fault;
2 Unknown fault;
3 Forward fault;
4 Internal fault;
5 External fault.
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by agent A5. After a predefined delay, agent A4 decides to trip switch S4 following the
switch failure protection logic of Figure 5.7, and the position status of switch 54 is re-
ported to FIED2. After processing, FIED2 recloses CB2, restoring power to the customers
located between CB2 and switch S4.

5.6.6 Conclusion

In this part, the proposed FLIS is validated using a cosimulation system based on
the combination of Python and PowerFactory simulators via the OPC-DA server. The ob-
tained results show that such a FLIS can handle all fault locations despite the contribution
of PV systems. The duration of the first phase of the overall power restoration process
has considerably reduced. Consequently, several system reliability indices, such as SAIDI
and CAIDI, have been improved, even if they are not quantified here. In the next section,
the validation of the proposed FLIS is performed using a Controller Hardware-in-the-
Loop (CHIL) platform on Grid-3 of Figure 2.10.

5.7 Validation using CHIL approach

5.7.1 Overview of DRTS and CHIL approach in power system domain

The Digital Real-Time Simulator (DRTS) is an approach that represents the behavior
of the real electrical system being modeled by reproducing its output waveforms (cur-
rent/voltage) with the desired accuracy. To achieve these objectives, the time required
for a real-time digital simulator to solve the system equations for one time step should
not be longer than the real-world clock time, [207]. Depending on the specific applica-
tions and study objectives, the DRTS can be divided into two groups: (i) fully real-time
numerical simulation and (ii) Hardware-In-the-Loop real-time simulation. In the for-
mer, the entire system, including control, protection, and other equipment, must be fully
modeled within the real-time simulators, without any connection to real external devices.
However, in the second system, parts of the system being simulated may be replaced by
hardware devices. The Hardware-In-the-Loop system is referred to as CHIL if it involves
only hardware controllers or other devices operating with low-voltage signals that inter-
act with the rest of the simulated system. Another type of Hardware-In-the-Loop system
is called Power-Hardware-In-the-Loop if it interfaces with external real power devices
such as power inverters, synchronous compensators..., through power amplifier devices.
In the thesis, the CHIL approach is taken into account since it is necessary to validate the
performance of the proposed method, which involves real controllers and FIEDs.

Digital Real-Time Simulator | /A > Controller under Test
Feedback signals
Simulated system A/D « Embedded control algorithm

Control signals

Figure 5.12 — Basic concept of CHIL simulation

Figure 5.12 represents the basic concept for the CHIL configuration, [207]. In such
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a simulation platform, the power system is fully virtualized inside a real-time digital
simulator, and the proposed control algorithm is integrated into real external controllers.
The real controllers receive the measured signals from the simulators in real-time, process
them, and send the control signals back to the system inside the simulator. In the study,
the agents that form the MAS for the proposed FLIS act as controllers. Their structure is
described in Subsection 5.7.2.

Since the first fully digital real-time simulator ARENE introduced by Electricité de
France in 1996 [207], various DRTS systems have been made available such as NETOMAC
from SIEMENS, RTDS from RTDS technologies, dSPACE, Typhoon RTDs, xPC Target,
VTB, eMEGAsim and HYPERSIM from OPAL-RT Technologies [198]. Although different
producers have shared the market, as described in [207], most DRTSs share the following
common characteristics:

1 a hardware platform consisting of multiple operating-in-parallel processors
for running the simulated power system in real-time;

2 a host computer for: (i) building the model offline and then compiling and
loading it to the target platform, and (ii) monitoring the results returned by
the target platform;

3 Input/Output ports for interfacing with actual devices connected externally
such as an amplifier, power electronic devices, controller;

4 a communication network for transmitting data between multiple targets if
the model is divided into multiple subsystems. A separate communication
network is required for data exchange between the host and the target.

In the study, the eMEGAsim OP5600 simulator from OPAL-RT Technologies is used
for implementing the CHIL testing platform. The target computer (simulator) is con-
nected to a host computer directly or via a Ethernet network switch or a local area net-
work. OPAL-R Technologies provides a dedicated software named RT-LAB with Mat-
lab/Simulink integration for modeling and preparing the studied electric power system.
Normally, the users should follow the following basic steps to perform a real-time simu-
lation using eMEGAsim, [198]:

1 Edit: open the Simulink model directly through RT-LAB;

2 Compile: transform the Simulink model into a real-time simulation;
3 Load: load the compiled model into the target platform;

4 Execute: run the simulation on real time target using multiple cores;

5 Interact: change controls and acquire data by using graphical interface.
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Figure 5.13 — Structural diagram of an agent for CHIL validation

5.7.2 Description of the MAS for the CHIL platform

The Multiagent System (MAS) testbed deployed in the study is a cluster of ten Rasp-
berry PIs connected to a local area network. Communication between agents is conducted
in a client/server manner. Each agent acts as a server that requests data from its clients,
i.e. adjacent agents, and then distributes them to method calls. The method calls in our
case are the control and protection functions required for the proposed FLIS. After pro-
cessing, the results are sent back to the adjacent agents who are in turn servers of the agent
in question. Thus, each agent is programmed using the Python programming language
to obtain the following characteristics, [198]:

1 Feature of exchanging data with DRTS to receive measured current/voltage
values from and return control or status signals to the grid simulated in DRTS;

2 Feature of performing the functions required by the proposed FLIS depicted
in Figure 5.6;
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3 Feature of RPC server: an agent is always in a state of waiting signals from its
adjacent agents. So a agent can be considered as an RPC server to collect data
from RPC neighboring clients;

4 Feature of RPC client: an agent is also the client of the neighboring RPC server
to provide its calculation results.

Therefore, the designed functions of the agents presented in Subsection 5.5.4 and IEC
61850-based communication socket are programmed, and then hosted and executed on
these Raspberry PIs. The IEC 61850-based communication socket enables these agents to
generate, pack, or unpack data packets and deliver them over the networks. Considering
an intermediate agent Ak with two neighboring agents A(k-1) and A(k+1), its structure is
illustrated in Figure 5.13.

5.7.3 CHIL testing platform

The CHIL simulation platform implemented in the study includes the real-time sim-
ulator eMEGAsim OP5600 from OPAL-RT Technologies, ABB relay REF615, and three
Raspberry PIs with corresponding IP addresses from 192.168.1.101 to 192.168.1.103, as
shown in Figure 5.14. The relay REF615 is identified by its MAC address 00:21:c1:25:08:a2
that was configured by its manufacturer.

5.7.3.1 Studied feeder

The network concerned in this part is Grid-3 depicted in Figure 2.10. All PV systems
are modeled as voltage-controlled current sources with fault currents limited to 1.2 times
their nominal currents. Also, the simulated PV systems are disconnected within 0.2 s
after the fault detection by their interface protection to avoid undesirable islanding. On
the other hand, the feeder CB and switches with their control circuits are simulated in the
OPAL/RT simulator. Besides, we have set the operating time of the CBs and the switches
to 0.03 s and 0.1 s, respectively, to consider their actual operation times.

5.7.3.2 Feeder IED and agents

Agents receive current and voltage measurements from the OPAL-RT eMEGAsim
5600 via an Ethernet switch, which are filtered by an integrated full window cosine filter
to eliminate aliased signals. The sampling rate is fixed at 1000 Hz, so that the window
length is 20. Since Grid-3 is a rural network, the time delay of the feeder Time Overcur-
rent Protection (PTOC) element is set at 0.15 s as mentioned in Section 2.2.2. The function
Autoreclosing Element (RREC) of each feeder FIED has two cycles, a fast one with a de-
lay of 0.3 5, and a slow one with a delay of 10 s ( Section 2.2.2). When a fault occurs,
the FIED1 triggers the CB1 emulated in the eMEGAsim 5600 by a Generic Objective Ori-
ented Substation Event (GOOSE) message. The real-time simulator must be configured
to receive this message. For the feeder FIED1 to be able to publish GOOSE messages on
the network, we need to group the messages from each one into data sets and config-
ure the GOOSE Control Block (GCB). The feeder FIED1 and the eMEGAsim 5600 have a
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Figure 5.14 — CHIL testing setup

MAC IP address that must be included in the GCB. In the study, we focus only on vali-
dating the overall performance of the proposed FLIS; therefore, an Ethernet-based local
area network is applied for the communication between the agents and the feeder FIED.
However, a delay of 0.5 s has been assigned to the communication blocks to take into
account the data propagation delay between the agents and the feeder FIED that occurs
outside the substation area,

5.7.4 Results and discussion
5.7.4.1 Evaluation of data exchange

The performance of the GOOSE-based communication capability of the feeder pro-
tection relay, i.e. FIED1, and the real time simulator eMEGAsim OP5600 was tested using
Wireshark software tool. A segment of the data set of the GOOSE messages published by
the feeder FIED is illustrated in Figure 5.15. The tests have shown that the feeder FIED
and DRTS have successfully published and subscribed to the required GOOSE messages
that were previously presented in Subsection 5.5.4.
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v Ethernet II, Src: AbbOy/Me_25:08:a2 (00:21:c1:25:08:a2), Dst: Iec-Tc57_01:00:00 (01:0c:cd:01:00:00)
Destination: Iec-Tc57_01:00:00 (01:0c:cd:01:00:00) Subscriber MAC address

Source: AbbOy/Me_25:08:a2 ((00:21:c1:25:08:a2 R .
Type: IEC 61850/GOOSE (0x88b8) Publisher MAC address

v GOOSE
APPID: 0x0001 (1)
Length: 149

Reserved 1: 0x0000 (0)
Reserved 2: 0x0000 (0)
v goosePdu

gocbRef: (AAlJ1Q01A1LD@/LLNO$GO$GCB_Dataset) Goose Control Block Name
timeAllowedtolive: 11000
datSet: (AA111Q01A1LDO/LLNO$Dataset) DataSet Name

goID: AA1J1Q01A1LDO/LLN@.GCB_Dataset
t: Feb 25, 2019 17:34:32.688160002 UTC
stNum: 1
sqNum: 8505
test: False
confRev: 300
ndsCom: False
numDatSetEntries: 2
v allData: 2 items
v Data: bit-string (4)
Padding: 6
bit-string: 00
v Data: boolean (3)
boolean:( False State Value

0000 01 Oc cd 01 00 00 [[APXEENSRPLRERCY) 88 b8 00 01
00 95 00 00 00 00 61 81 8a 80 21 41 41 31 4a 31 a 1AA1]1
51 30 31 41 31 4c 44 30 2f 4c 4c 4de 30 24 47 Af  QO1A1LDO /LLNO$GO
24 47 43 42 5f 44 61 74 61 73 65 74 81 02 2a f8  $GCB_Dat aset--*
82 la 41 41 31 4a 31 51 30 31 41 31 4c 44 30 2f AA1J1Q 01A1LDO/
4c 4c 4e 30 24 44 61 74 61 73 65 74 83 le 41 41  LLN@$Dat aset--AA
31 4a 31 51 30 31 41 31 4c 44 30 2f 4c 4c 4e 30 1J1Q01A1 LDO/LLNO
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27 28 b0 2b 41 24 85 @1 01 86 02 21 39 87 01 00 "(-+A% 19
88 02 01 2c 89 01 00 8a 01 02 ab 07 84 02 06 00 5
83 01 00

Figure 5.15 - GOOSE packets captured by Wireshark software tool

5.7.4.2 Evaluation of the proposed scheme

The proposed FLIS has proven its effectiveness by successfully dealing with a variety
of fault scenarios, which are presented in Table 5.5 and graphically illustrated in Figure
5.16. The total operating time is calculated from the time at which the fault occurs to the
time the CB closes completely after the successful operation of the respective switches. It
is evident that the fault clearing time of the proposed FLIS has been significantly reduced
to only less than 15 s compared with 3 minutes or more of the existing methods, [58].

Figure 5.16a shows the current-time curves measured by the feeder IED for a perma-
nent three-phase fault at F3 in Figure 5.14 with Ry = 10 €. It clearly shows that after
the fast then slow cycles, the reclosing function of the IED is locked out, and the IED has
tripped the CB again. Once the CB opened, agents A2 and A3 opened the switches S2
and S3. In the final stage, the central controller closed the CB; however, the supply was
only restored to a portion of the customers between the IED and switch S2. The decrease
in currents after 6.88 s demonstrates this. The results for a permanent single-phase-to-
ground fault are also shown in Figure 5.16b. Similarly, the agents correctly detected the
faulty line section and then operated the switches to open them, thus isolating the fault.
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Table 5.5 — CHIL test results

Fault location Operation sequences Operation time, s
- D CB opens — @ RREC operates and locks out 12.03
— (3 CB opens
D CB opens — @ RREC operates and locks out
F2 — @ CB opens — @ SI1 & S2 open 13.68
— ® CB recloses
D CB opens — @ RREC operates and locks out
F3 — @ CB opens — @ S2 & S3 open 13.52

— & CB recloses
D CB opens — @ RREC operates and locks out

F4 — @ CB opens — @ S3 opens 13.64
— & CB recloses

5.7.5 Conclusion

In this subsection, the proposed FLIS has been validated using a CHIL platform in-
volving a real-time simulator, as well as a real protection relay and RPI-based controllers.
The obtained results show that the proposed FLIS can handle all fault locations despite
the contribution of PV systems. The duration of the first phase of the overall power
restoration process has considerably reduced. System indices, such as SAIDI and CAID],
have therefore been improved. The correct detection and isolation of faulty line-section
also confirms the interoperability between the controllers involved and the real devices.
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5.8 Conclusion

In this chapter, two FLIS have been developed. The first scheme is based on Artificial
Neural Network (ANN), and the second system relies on Multiagent System (MAS) and
IEC 61850 communication. In the first proposal, an ANN network based on the Multi-
layer Perceptron (MPL) classifier technique has been formulated and validated by a set
of data obtained from multiple simulations. The second scheme is mainly based on local
measurements, and fault direction information exchanged via the communication net-
work. An agent only needs to talk to his neighbors to decide whether or not the fault
is within his protection zone. We use the same network, i.e. Grid-1 illustrated in Figure
2.7, for evaluating the ANN-based FLIS, and the MAS-based FLIS by using cosimulation
approach; and another network, i.e. Grid-3 in Figure 2.10, for validating the MAS-based
FLIS by using Controller Hardware-in-the-Loop (CHIL) platform.

The test results show the high accuracy of the proposed ANN-based FLIS. It could ac-
curately indicate the faulty line-section located between two manual switches, facilitating
the restoration process thanks to its fast computation time. On the other hand, the eval-
uation results, obtained by using the cosimulation system and the CHIL platform, show
that the MAS-based FLIS system has achieved high performance on different networks
under various fault scenarios. The faulty line-section located between two switches, lo-
cally controlled by their agents, are rapidly isolated. A further step is to send a line crew
to the field to open the two manual switches that are nearest to the fault location.

However, the impact of communication networks in terms of communication losses
and delays and other severe fault conditions were not considered. Therefore, future stud-
ies should focus on these issues. Also, an algorithm for precisely locating fault points
should be developed based on the proposed schemes.






Chapter 6

Conclusion and perspective

6.1 Conclusion

The rapid increase in the penetration level of the inverter-based PV systems, com-
bined with the imposition of new grid codes in many countries, has changed the distri-
bution network conditions profoundly both in normal steady-state operation and in the
event of faults.

The fundamental direction of the thesis has been the fault conditions under which
the proper fault behavior of inverter-based PV systems under the new grid code con-
ditions is of importance. Therefore, in the first stage of the thesis, all new grid codes
issued by authorities in many countries were investigated. Based on these requirements,
a control strategy for PV systems was developed. This control strategy not only ensured
that the PV systems met the new grid code requirements during fault but also facili-
tated the detection of unbalanced faults. The results of the evaluation indicated that the
PV systems under the proposed control algorithm actively participated in recovering the
system voltage during fault events by injecting additional reactive power. Also, Negative
Sequence (NS) current generation increased the sensitivity of the overcurrent protections.
(Contribution 1)

In addition, the possibility of bidirectional fault currents, which are caused by the
increasing contribution of the PV systems connected downstream of the measuring de-
vices, motivated the proposal of a new directional method. Hence, in the thesis, a new
Directional Element (RDIR) that can achieve high performance under high penetration
of electronic inverter-based production units was developed, evaluated by an analytical
approach, and then validated by numerous simulations on real networks in the software
environment DIgSILENT | PowerFactory. The consistency between the different evalu-
ation methods confirmed the accuracy of the developed PV models and the formulas
representing the RDIR method. Also, the simulation results showed that the proposed
RDIR method could be effectively used for the protection as well as fault location and
isolation of distribution networks with in high-penetration of inverter-based PV systems.
(Contribution 2)

Next, a comprehensive protection strategy that could entirely protect Medium Voltage
(MV) distribution networks containing Low Voltage (LV) microgrids was implemented.
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Results obtained from simulations on a real network in the software environment DIgSI-
LENT | PowerFactory proved that a protection strategy without communication support
can be sufficient to protect the LV microgrids in both modes of operation. All connected
LV microgrids could successfully transit to islanding if there were faults in the exter-
nal networks. Moreover, the installed PV systems achieved their required Fault Ride
Through (FRT) capability. The protection systems for the MV and LV distribution net-
works effectively operated in a selective and coordinated manner. Besides, at each level
of protection, when a primary function failed to trip for any reason, a designed back-up
function was able to provide redundant trips, thus preventing the fault from propagating.
(Contribution 3)

Further, two Fault Location and Isolation System (FLIS) systems for MV distribution
networks with high integration of PV systems were accomplished. The first Artificial
Neural Network (ANN)-based method can be considered centralized, while the second
Multiagent System (MAS)-based approach can be regarded as distributed. In the first
scheme, the developed ANN network was trained and then tested on fault data derived
from multiple fault simulations in the software environment DIgSILENT | PowerFactory.
The test results showed its high accuracy and faulty line sections could be correctly iden-
tified after a very short time. Additionally, this method required only three measuring
points for an entire MV feeder with high penetration of PV systems. On the other hand,
the second method has enabled faulty line sections to be obtained by local controllers,
i.e., agents, using fault information received from neighboring agents. The performance
of the MAS-based FLIS was evaluated using a cosimulation system, and then a CHIL plat-
form. The results of the cosimulation method indicated that the designed agents could
communicate with each other for fault information exchange to make final control deci-
sions. Also, the implemented Controller Hardware-in-the-Loop (CHIL) platform allowed
for the verification of interoperability between the relevant control elements, including
the actual agents and IED. (Contributions 4, 5, and 6)

Finally, we can conclude that all the algorithms and methods developed in the study
have achieved their high-performance thanks to the validation results obtained by differ-
ent methods. The use of different real networks also improved the validation results. All
problems, which are caused by high PV penetration to protection systems as well as fault
location and isolation systems in distribution networks, have been solved.

6.2 Perspectives

Based on what has been achieved in the thesis, several research topics that can be put
forward as follows:

1 An investigation into the application of Artificial Intelligence for determina-
tion of the operating boundary between forward and reverse faults for the
proposed directional method;

2 An expansion in analyzing the impacts of different network configurations,
such as grounding systems, high fault impedances, short-circuit capacity of
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external grids on the developed directional algorithm;

3 CHIL simulation of the proposed protection schemes involving DRTS and real
IED such as feeder and transformer numerical relays. IEC 61850-based com-
munication between devices within substation areas, as well as communica-
tion protocols on inter-substation scales, also deserves more attention. The
CHIL simulation results would be more reliable and realistic than those from
pure simulations, and thus can be considered as a next stage toward the real-
ization of the developed protection schemes;

4 A tool for automatic configuration of MAS-based FLIS. Such a tool can signif-
icantly facilitate the configuration process of the system on a large-scale;

5 Optimal algorithm for the restoration process that follows the operation of
the proposed FLIS. The system System Average Interruption Duration Index
(SAIDI), Customer Average Interruption Duration Index (CAIDI) and other
economic indicators would be significantly improved if the duration of the
restoration process can be reduced and carried out in an optimal pattern.
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Model parameters
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Figure A.1 — Load characteristic during a day

Table A.1 — Parameters required for modeling PV arrays in the study

Parameter Symbol Value Unit
Open-circuit voltage at STC Voe,sTC 43.8 \%
Maximum voltage at STC Vinpp,sTC 35 Vv
Short-circuit current at STC Isc.sTC 5 A
Maximum current at STC Ipp,sTc 4.58 A
Temperature correction factor for voltage Qv -0.367 1/K
Temperature correction factor for current o 0.043 1/K
Series resistance Rg 0.33 Q
Parallel resistance Rp 389.9 Q

Cell number per module Neenr 96 PVecell
Number of modules in series per string Ngeries 20 PVmodule

Number of strings in parallel per array Nparallel 140 PV string




A. Model parameters

Table A.2 — Theoretical results of PV array modelling

Parameter Symbol Value Unit

Maximum voltage Vinpp, PV 578.16 Vv

Open-circuit voltage Voe,Pv 876 \%4

Maximum current Ipp, PV 643.25 A

Short-circuit current Ispe 700 A

Maximum output power Popp 436.2 kW

Table A.3 — Parameters of the battery model

Parameter Symbol Value Unit
State of charge SOC 0.8 D-U.
Single cell capacity C 60 Ah
Minimum voltage of empty cell Vinin 12 Vv
Maximum voltage of full charged cell Vinaz 13.85 1%
Number of cells connected in parallel N, 40 Cell
Number of cells connected in series N, 65 Cell
Nominal voltage of DC-voltage source Viom 0.9 %4
Cell internal impedance Z; 0.001 Q




Appendix B

PV modeling

B.1 Transformation from abc- to dual PS and NS dqg-frames

Any unbalanced three-phase state variable in abc-frame, denoted by {v,, vy, v.}, e.g. three-
phase voltage {V,, V}, V. } or three-phase current {I,, I, I.} can be described by the sum of two or-
thogonal symmetrical Positive Sequence (PS) and Negative Sequence (NS) components as, [208]:

_ Jwt, + —jwt, —
Udg = € Vg, +e Vg
1 i2m jax 2w jam
Vig = 3 (2va+ej supt+el3up+elBu. el UC)
+ ot
Udq = Y4 —|—qu

Vgqg = Yy +Jv,

(B.1)
(B.2)

(B.3)
(B.4)

where the term with e/ indicates the PS component, and the other with e=7*? represents the NS

component; w is the angular frequency, equal to 27 f where f = 50, Hz.

B.2 Formulation of PV equivalent sequence circuits

From Equations B.1, B.3 and B.4, we have known that any PS and NS variables can be derived

from sequence components in dq-frame by:

+ _ Jwt, + _ jwt (,,+ 0yt
vt =e Ty, =e (Ud+jvq)
- _ —jwt, — _ _—jwt — L=
v o =e Vgg = € (vdJr]vq)

From Equations 2.28, B.5, and B.6, we have:

. 2 Pref ref .
I;;p‘ef = (I;;ef+]11;;ef> = g ( D ) G > (Vd+ Jerqu)

— — P 2 Pref .Q7'ef — Y r—
dqref = (Idref+-7 qref) = 3( D +J G ) (Vd +-]V:1 )

Based on these above equations, the coefficients D and G also can be rewritten as:

D = VA + Vg l? = eV 4 2|V = [VFP + [V 2
G = [V |* = Vg |* = [em <[V — [V 2 = [VHZ — [V P2

(B.5)
(B.6)

(B.7)

(B.8)

(B.9)
(B.10)

where V' and V'~ are the PS and NS voltages at the Point of Common Coupling (PCC) of the

considered PV system.



4 B. PV modeling

As a result, reference values of PS and NS currents can be obtained from I Lre sand I; . . as:

2 P Q
It == ref —j ref v B.11
res 3<|v+|2+|v—|2 Jv+|2—|v—|2> (B.11)
— 2 Pref . Qref —
I = — Vv B.12
res 3<|v+|2+|v—|2“v+|2—|v-|2> (B:12)

As indicted in [209], transient phase of PV fault currents can be nearly neglected in fault
analysis due to the quick response of the current controller to sudden system changes. Thus, if we
assume the actual values of the postfault PV active and reactive power are Ppost fouit and Qpost fauit
respectively, the sequence currents injected by the PV system during fault can be determined as:

2 Pos au . Q ost fault V+
Ify = & | etfadt _ j_erost] )V+= B.13
vy (|v+|2+v2 IR VP2 Ziy (51
— 2 Postfault . Q ost fault — V-
= 2 P n P - B.14
PV T3 (|v+|2+v2 VR = v Zpy B19

where Z},, and Zp,, denote the virtual PS and NS impedances of the PV system respectively.

B.3 Equations of angles of PV fault sequence impedances

From Equations B.13 and B.14, Equations describing PS and NS impedances of PV system
during fault can be determined as follows:

Z;V — L+ § (1 B 54) [Ppostfault(]- - 52) +jonstfault(1 + 52)] |V+‘2 (B.15)
I;V 2 Pgostfault(]‘ - ﬂ2)2 + sz)ostfault(]‘ + 52)2

ZI;V _ g _ %(1 — 542) [Ppostfault(l — ﬂ2) — jonstfault(l + ,82)] |V+‘2 (B16)
IPV 2 Ppostfault(l - ﬁ2)2 + ng)ostfault(l + 52)2

where 5 = IV7|/|v*]| is voltage unbalance factor as defined in [210].

Based on Equations B.15 and B.16, one can gain the characteristic angle of PV PS and NS
impedances, as follows:

onstfault(l + /82)
0 = arctan B.17
Z;V Ppostfault(]- - ﬁ2) ( )
0S au 1 2
6, = —arctan SpestfautL+ ) (B.18)

PV Ppostfault(l _62)

These above expressions reveal that the phase angles of PS and NS impedances of a PV system
are completely defined by its postfault active and reactive powers and the unbalance level of the
fault voltage. If we assume that prior to the fault, the voltage level at the PCC is well-regulated,
ie. Vp = 1in Equations 1.1b and 1.1c, so the PV system is not required to participate in static
voltage support. In other words, the PV system injects no reactive power in normal operation,
and therefore Iy, e fquir = 0. Hence, the postfault active and reactive powers can be defined by:



B.4. Equations of magnitudes of PV fault sequence impedances 5

Qos au =2(1- ’YS = aSn
postfauis =21~ 7) if05<7<09  (B.19%)
Ppostfaut = STQL onsffaulf mSn
ult = S,
Drostfauit = 5 ify < 0.5 (B.19b)
Ppostfaut =0

where v = V/vn indicating the voltage drop level, a = 2(1 — v)y, and S,, = V,,I,, is the inverter
nominal apparent power.

If we substitute for Ppostfauir and Qpostfaurr from Equations B.19a and B.19b to Equations
B.17 and B.17, the final equations describing the phase angle characteristics of the PS and NS
impedances of the considered PV system under unbalanced faults would be as follows:

_ _ (+8%a
HZ}J;V = arctan (1—52)m if 0.5 S ~y <0.9 (BZOa)
6)Z};v o _HZIJ;V
0, =z
{ s £y <05 (B.20b)
b2, =72

B.4 Equations of magnitudes of PV fault sequence impedances

From Equations B.13 and B.14, the magnitudes of PS and NS impedances of the PV system are
similar and defined as:

(1 _ ,34) |V+‘2

(B.21)
\/ poetfault ) + onstfaulf(l + ﬁ2)2

|Z;3_V‘ = |Z;v| =

By substituting for Ppost fauit and Qpost fauir from Equations B.19a and B.19b to Equation B.21,
we obtain the final express for | Z},,| and | Z5y/| as:

1— g4 VT2
\ZIiVI=IZEVI=§ 07| if0.5 <~ <09 (B.22a)
28,/1+26%(2a2 — 1) + p*
_ 3=y v :
Zh | =Zpy| = ot 21 f . B.22
1Zpvl=1Zpy| =5 5. (11 5% ify < 0.5 (B.22b)

As stated in Subsection 3.3.1, the sequence circuit of the PV system is opened to the Zero
Sequence (ZS) current; thus, the voltage is a sum of only PS and NS voltages. Moreover, the NS
voltage phasor is in the opposite direction with the PS one in case of single-phase-to-ground fault
[211], thus:

V=Vt4+V - =1-p)V* (B.23)

Since V = ~V,,, we have:
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Finally, by substituting for |V | from Equation B.24 to Equations B.22a and B.22b, formulae
representing | Z},,| and | Z5,,| are acquired as follows:

(1- 87V
Su(1 = B2V + 2322 — 1) + 5

3
2
N 3(1+ B)y2V2 .
Z3y | = Zpy| = 2(8(1)—76) ify <05 (B.25b)

ZEv] = 1Zpy| = if0.5<~ <09 (B25a)




Appendix C

Signal processing and data measurement

C.1 Signal processing

In today digital relay technology, the needed signals are usually processed by using finite
impulse response filters with sine and cosine windows [212]. The output signals of a pair of
orthogonal FIR filters deploying full cycle sine and cosine windows can be computed from a
series of input signals as [195]:

N-1

Yeln] = x[n — k] cos K‘]\[;l - k) ?\7;} (C1)
k=0
N-1

ys[n] = x[n — k] sin [(N;l - k:) i\j} (C2)
k=0

where y.[n] and ys[n] are output signals at n!" sample of cosine and sine filters, respectively, x are
input signal samples; N is the number of samples within a data window equal to the number of
samples per cycle, ie. N = ’%, where f; is the sampling rate and f is the fundamental electrical

frequency.

C.2 Measurement of criterion values

If we have on disposal the output signals of the two cosine and sine filters, the magnitude and
phase angle of the input signal can be obtained by [195]:

Xonln] = /0o gl 3
6x[n] = arctan <zm> n (1 - %) - 2"777 (C4)

where X, and 6x is the magnitude and phase angle of the input signal.
Moreover, resistance and reactance can be derived from current and voltage input signals as:

Ue[n)ic[n] + us[nlis[n]
ic[n]? +is[n)?
us[n)ic[n] — ueln]is[n]
ic[n]? +is[n]?

R =

(C.5)

X =

(C.6)

where u.[n], us[n], i.[n], and is[n] are the orthogonal components of current and input signals
determined by Equations C.1 and C.2.
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C.3 Measurement of symmetrical sequence quantities

Studies related to unbalanced faults within power system normally necessitate the symmetri-
cal components [211]. If orthogonal components of three-phase sinusoidal signals, such as current
and voltage, are given then their symmetrical components can be represented by corresponding
orthogonal quantities as:

_xj_ 1 M 1 17 [2ac] 1 [0 0 0 7 [zas]
c |l =3 1 ar GR Tpe| — = 0 ar —ay Tps (C7)
0 3 3

> 11 ar agrl [Tc] 10 —ar a5 | |Zes]

Ex 1 1 17 [2gs] 1 [0 0 0 7 [xac]

2| =5 |1 ar ar| |Tes| +5 |0 ar —ar| |Tee (C.8)
0 3 3

LLs 11 ar ar] [Tes] _0 —ar ar | [Zeel

where agr = 0.5; af = @ 5 Taer Thes Tee AN T, Tps, Tes are orthogonal sets of the three-phase
sinusoidal signals x,, =3, x., respectively.

Based on these above orthogonal components, magnitudes and phase angles of symmetrical
components can be derived from Equations C.3 and C.4. Follow the same procedure, one can
obtain the desired sequence impedance and its components, i.e. resistance and reactance.



Appendix D

Analysis of fault circuits containing PV systems

D.1 Superposition principle and superimposed quantities

Let assume a fault happening at F'y,,q of Figure 3.1. The superposition theory for fault circuit
analysis declares that a faulted network in Figure D.1a can be decomposed into two networks in-
cluding prefault network, Figure D.1b, and superimposed network, Figure D.1c, [213]. Moreover,
all the sources should be short-circuited in a superimposed network, and a driving voltage should
be placed at the fault point. This voltage source should have a magnitude equal to the prefault
voltage level at the fault location but with an opposite direction as represented in Figure D.1c.

Zr  (1=my)Zp, mi1 2, A% Zs

Zr A=m)Zn mZn Z1a Zs Zp I=mi)Zn mZn Zpa Zs

—_
Lyrefault

)
Er ViEpre fautt Es

Vipre fautt

b) c)

Figure D.1 — Superposition principle with (a) Faulted network, (b) Prefault network, and (c) Su-
perimposed network

Consider a phase-A-to-ground fault at F,,q of Figure 3.1, its pure-fault network is as shown in
Figure 3.7a. From this Figure, we can state that all sequence voltage and currents are represented
as superimposed quantities with prefix A. By using simple circuit transform and rearrangement,
one can obtain the relationship between the prefault voltage at the fault point with the superim-
posed Negative Sequence (NS) current with ease. Nonetheless, the NS superimposed quantity is
not of our interest but the NS one that can be derived from three-phase currents as:

I =14+d*Ig+alc (D.1)

The superimposed NS current at fault is given as:

AT~ = Al4 + a®Alg 4+ aAlc (D.2)
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The superimposed and sequence quantities relate to each other via the below expression:

=AI" +1 (D.3)

prefault

If we assume that the prefault network is balanced, then the prefault NS load current can be
canceled. As a result, the superimposed NS current obtained from the pure-fault network can be
considered as the NS current measured by the DIR element. The proposed directional method,
therefore, could be demonstrated by using only the pure-fault network provided in Figure 3.7.

D.2 Equivalent sequence circuits

Any unbalanced fault can be represented by using three-component method including PS, NS,
and ZS circuits, [211]. Depending on the type of fault there is corresponding connection of these
sequence circuits. Let us evaluate the way a equivalent diagram corresponding to each sequence
circuit can be represented before stepping forward to the detailed analysis of each fault type.

D.2.1 PS equivalent circuit

The equivalent diagram of PS networks for a forward and reverse unbalanced fault of Figure
3.3 are provided in Figure D.2.

Ft F
INEE)
AV fwd 1 T A] Z;rud 2 71/5 1 g Z;;s 2
i -y }
] + —
NG Av+ Arr INGS DIR] favy ALY
VFpre.fault VFprefuull
N+ N+
a) Forward fault b) Reverse fault

Figure D.2 — PS equivalent networks for an unsymmetrical fault

All the equivalent impedances involved in Figure D.2 are derived from those impedances in
Figure 3.3 and defined as follows:

Zfwar = Ziwa1 = Zr+ (1 —m1)Zn (DA4)
Ztwi-o2=Zwao=m1Z1+ Z1a+ Zs (D.5)
Zfs1 = Zrps1 = Zr + Zi1 + maZrs (D.6)
Zs—2 = Zfys—o = (1 —m2)Z1s + Zs (D.7)

The necessary expressions of voltage and currents for forward and reverse faults for further
analysis are also provided in Table D.1. For a forward fault, the directional element measures
the NS current injected by the source, thus the PS current and voltage at the fault point should
be represented via this sequence current. In contrast, for a reverse fault, the PS produced by the
PV system should be the quantity describing all remaining current and voltage in the ultimate
expression of the proposed impedance in Equation 3.11.
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Table D.1 — Relationship between PS current and voltage quantities

Quantity Forward fault Reverse fault
ct C}rwd = (Z.f+zud—2+Zf+wd—1+thv)/(Z}'wd,l-&-Z;v) ct .= (25 4zl v 2hy) )zt
AI;-," c}fwdAI"' cj‘vSAI;V
AV, ~Zfpan AT ~(Zlemr + Zby) ALy,

D.2.2 NS equivalent circuit

The equivalent diagram of NS networks for a forward and reverse unbalanced fault of Figure
3.3 are provided in Figure D.3.

P -

AV7 thurlfl T AI; Z;nd—Z AV7 ZI—'F'Usfl AIF T 1 Z:m,g
i 1 i L i i I e m . T

+ «— —+ —

Aly,  AVy 1 [DIR Al Al DIR| fav, &1
- -

a) Forward fault b) Reverse fault

Figure D.3 — NS equivalent networks for an unsymmetrical fault

The necessary expressions of voltage and currents for forward and reverse faults for further
analysis are also provided in Table D.2. For a forward fault, we need to represent the NS current
and the voltage at the directional location through the NS current fed from the source side. In
contrast, the NS current caused by the PV system should be only current left in the ultimate
expression of the measured impedances.

Table D.2 — Relationship between NS current and voltage quantities

Quantity Forward fault Reverse fault
¢ Crua = Zrvaat a2 )2 st Zpy) e = (Bt Bt Zev)] 2],
Al ChpaDI™ e Alpy,
AV ~Zfua—2AL —(Zss1+ Zpy) Apy

D.2.3 ZS equivalent circuit

The ZS circuit is only included in the ground faults. Figure D.4 depicts the equivalent diagram
of ZS networks for a ground fault of Figure 3.3. The necessary expressions of voltage and currents
for forward and reverse faults for further analysis are also provided in Table D.3. Likewise, the
NS voltage at the fault location should be represented by the corresponding NS current that flows
through the Current Transformer (TCTR) of the directional element.

All the equivalent impedances involved in Figure D.4 are derived from those impedances in
Figure 3.3 and defined as follows:
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o [ o

a) Forward fault b) Reverse fault

Figure D.4 — ZS equivalent networks for an earthed fault

Z](de—l =Zr+3(1—m1)Z1 (D.8)
Z w0 =3m1Zp1 + 3212 + 32 (D.9)
201 = Zr + 3211 +3maZys (D.10)
ZYys—o =3(1 —m2)Za+ 3275 (D.11)

Table D.3 — Relationship between NS current and ZS voltage

Quantity Forward fault Reverse fault

0 0 _ 0 0 0 _ 0 0
z% 78 ppa = Phoacs Zwicaf(Ba st Z0az) Ly = Do Bncaf (20, 1420, )

AVIE") 7202 fwdAIE 7ZOZM}SAII;




Appendix E

Evaluation results of the proposed DRIR method

E.1 Two-phase fault

— R;=0Q — Ry = 1092 Ry =20Q — R;=30Q — Ry =400
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-300 N
= ]
400 —100 bl Zmeasured—fwd o
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-500 —-200
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R,Q R,Q
a) b)

Figure E.1 — Evaluation results for two-phase fault with Ry € [0 : 40] Q@ with Ppy = 20%), (a) entire
trajectory in the R-X plane, and (b) a part zoomed in on R-axis with R € [—250 : 50]

— Ry =0Q — R;=10Q Ry =20Q — R;=30Q — R;=40Q
150 150
————————————— >
100 | 100 gy ”F_’f—"
50
50
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- e
—-150 —100 | =~ ZTcasurcdffwd ‘\_‘b/
—+ Zmeasured—rvs Reverse area
-200 -150
—200 -175 =150 —125 -100 -75 =50 =25 -250 -200 -150 -100 =50 0 50

Figure E.2 — Evaluation results for two-phase fault with R; € [0 : 40] Q with Ppy = 40%, (a) entire

R,Q
b)

trajectory in the R-X plane, and (b) a part zoomed in on R-axis with R € [—250 : 50] Q2
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Figure E.3 — Evaluation results for two-phase fault with R; € [0 : 40] Q with Ppy = 60%, (a) entire
trajectory in the R-X plane, and (b) a part zoomed in on R-axis with R € [-200 : 0] 2
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Figure E.4 — Evaluation results for two-phase fault with R; € [0 : 40] Q with Ppy = 80%, (a) entire
trajectory in the R-X plane, and (b) a part zoomed in on R-axis with R € [-250 : 0] Q2
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Figure E.5 — Evaluation results for two-phase fault with Ry € [50 : 90] Q with Ppy = 40%, (a)
entire trajectory in the R-X plane, and (b) a part zoomed in on R-axis with R € [—300 : 50]
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Figure E.6 — Evaluation results for two-phase fault with Ry € [50 : 90] Q with Ppy = 40%, (a)
entire trajectory in the R-X plane, and (b) a part zoomed in on R-axis with R € [—250 : 0]
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Figure E.7 — Evaluation results for two-phase fault with Ry € [50 : 90] Q with Ppy = 60%, (a)
entire trajectory in the R-X plane, and (b) a part zoomed in on R-axis with R € [-200 : —75]
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Figure E.8 — Evaluation results for two-phase fault with Ry € [50 : 90] Q with Ppy = 80%, (a)
entire trajectory in the R-X plane, and (b) a part zoomed in on R-axis with R € [-200 : —50] Q

E.2 Two-phase-to-ground fault
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Figure E.9 — Evaluation results for two-phase-ground fault with R; € [0 : 40] Q with Ppy = 20%,
(a) entire trajectory in the R-X plane, and (b) a part zoomed in on R-axis with R € [—250 : 50] Q
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Figure E.10 — Evaluation results for two-phase-ground fault with Ry € [0 : 40] Q with Ppy = 40%,

(a) entire trajectory in the R-X plane, and (b) a part zoomed in on R-axis with R € [—250 : 50] Q
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Figure E.11 - Evaluation results for two-phase-ground fault with Ry € [0 : 40] Q with Ppy = 60%,
(a) entire trajectory in the R-X plane, and (b) a part zoomed in on R-axis with R € [—250 : 50] Q
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Figure E.12 — Evaluation results for two-phase-ground fault with Ry € [0 : 40] Q with Ppy = 80%,
(a) entire trajectory in the R-X plane, and (b) a part zoomed in on R-axis with R € [—250 : 50] Q
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Figure E.13 — Evaluation results for two-phase-ground fault with Ry € [50 : 90] Q with Ppy =
40%, (a) entire trajectory in R-X plane, and (b) a part zoomed in on R-axis with R € [—300 : 200]
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Figure E.14 — Evaluation results for two-phase-ground fault with R; € [50 : 90] 2 with Ppy =
40%, (a) entire trajectory in R-X plane, and (b) a part zoomed in on R-axis with R € [—20 : 50] Q2
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Figure E.15 - Evaluation results for two-phase-ground fault with Ry € [50 : 90] Q with
Ppy = 60%, (a) entire trajectory in the R-X plane, and (b) a part zoomed in on R-axis with
R € [-200 : —50] ©
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Figure E.16 — Evaluation results for two-phase-to-ground fault with Ry € [50 : 90] Q with
Ppy = 80%, (a) entire trajectory in the R-X plane, and (b) a part zoomed in on R-axis with
R € [-200: —50] ©



Appendix F

Impacts of high penetration of DERs on distribution
protection

Consider a simple system consisting of an external source feeding two Medium Voltage (MV)
feeders and a Distributed Energy Resource (DER) of in a type of a small hydroelectric plant con-
nected to Feeder 1, as shown in Figure F.1. The necessary parameters of the network components
are provided in Table F.1.

Table F.1 — Parameters of network components

Component Parameter

Source S =200 + 1000 MVA

DER SDER =5+25MVA,V, =6.3 k\], zq” =0.15 p.u.

Transformer St =25 MVA, 22/6.3kV, u,, = 15%

Feeder 1 AC 150 mm?, L =2 +20km, 2o = 0.2 + j0.1 Q/km, I,qtcq = 1 kKA
Feeder 2 AC 150 mm?2, L =2 +20km, 29 = 0.2 + j0.1 Q/km, Lqtcq = 1 kKA
Fuse 1 200E

Fuse 2 150E

E1 Blinding tripping

As mentioned above, the MV distribution networks is generally covered by time-definite and
inverse time overcurrent relays. Since the fault current flows from the external network to the fault
location and is often of large amplitude, these traditional simple schemes which are based on the
coordination of current and time can achieve high performance. Nevertheless, in the presence of
DER downstream of the relay location, fault currents can come from different directions, which
can cause phenomena such as blinding and false tripping.

Assuming that a fault occurs at F1 of Figure F.1, the equivalent circuit of the network studied
for this fault location is shown in Figure F.2a. As required by the new grid codes, the DER should
participate in the dynamic grid voltage support during and after faults instead of being discon-
nected immediately. In particular, the DER must be able to inject additional reactive currents into
the network, [24]. The analysis of Figure F.2a allows to determine the total fault current flowing
to F1:

Ex
Zs1

I = (E1)

where Es~ and Zs-~ are the equivalent voltage and impedance of the network in Figure F.1 that
are defined by:
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Figure F.1 - Single-diagram of the studied network
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where Zpgr is the aggregate of the DER and its interface transformer impedance.
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Figure F.2 — Equivalent diagrams for faults at (a) F1 and (b) F2

Consequently, the current contributed by the source for fault at F1 is computed as:

ZDER
Zs+mZi1 + ZpER

Is =1Ip
By substituting F.1 in F.4, the expression for the current fed to relay R1 is defined by:

EZl
(ZS _|_mZL1) +nZp, (M + 1)

ZDER

Is =

Es

(F2)

(E3)

(F4)

(E5)
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Equation E5 indicates that the current sensed by the Feeder 1 relay in the event of a fault
downstream of the DER location depends on the following factors, including source and DER
impedances, the distance between the source and the DER, and the fault location. To consider
the worst case condition, assume that the DER capacity reaches 200% of the maximum allowable
load of Feeder 1 which is equal to 34.64 MV A corresponding to the 1000 A rated current in Table
F.1; any higher level of DER penetration is considered unrealistic [214]. As a further contribution
to the worst-case situation, it can be assumed that the DER transformer has a very low leakage
impedance, i.e. 5% [214]. Furthermore, it is assumed that the DER is located in the middle of the
feeder. Therefore, when the short-circuit capacity of the source is 200 MV A, the magnitude of
the fault current at the end of the feeder 1 measured by the relay would be approximately equal
to 1.394 kA. Depending on Section 2.2.2, the pickup current of relay 2 should be greater than 1.5
times the maximum load of the protected feeder line, or 1.5 kA. Relay R1 fails to detect this fault.
The sensitivity of the relay may worsen as the fault impedance increases.

E2 False tripping

Unlike the blinding problem, false tripping occurs when the DERs connected to one feeder
contribute to a fault on an adjacent feeder connected to the same MV busbar. The fault current
supplied by the DERs may exceed the operating threshold of its feeder overcurrent relay, causing
the healthy feeder to false trip before the actual fault is cleared. False tripping can be classified as
a selectivity problem. DERs make a substantial contribution to the fault current when they and
the fault are located close to the primary substation. A possible condition that can lead to a false
trip is when a weak source feeds a long feeder covered by a definite time overcurrent relay. In
this case, a fault occurring at the end of the supply line would have a minimum fault current, but
the relay must have to detect it reliably. The relay pickup current must therefore be low enough
to ensure its sensitivity, and in this case the DER has a negative impact on the safety of the feeder
relay. To demonstrate the possibility of false tripping, let us consider a fault that occurs at F2 as
shown in Figure F.1. The equivalent diagram of the fault scenario is illustrated in Figure F.2b.
Similarly, the current contributed by the DER is defined by :

Es»
Ipgr = (E6)
(mZL1 + ZDER) + kZro (%SZDER + 1)
where Fs~, is the equivalent voltage of network in Figure F.1 that can be expressed by:
Fyy= Es(Zs +mZi1) + EpprZs (E7)

Zs+mZi1+ ZpER

Again, we assume a worst-case condition in which a three-phase solid fault and a DER are
located near the substation. Using equation F.6, the fault current contributed by the DER can
reach up to 1.7 kA, exceeding the setting threshold of the feeder relay R1 and causing CB1 to trip
incorrectly.

E3 Impacts on reclosing performance

The inclusion of DERs in the distribution system could interrupt the normal operation of the
re-closure system. The DER can be switched to unintentional islanded mode in the event of a fault
by continuing to supply fault current during auto-reclose attempts. For example, for a transient
earth fault, after the first tripping of the feeder, the fault may not be completely eliminated since
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the DER may remain connected to the grid in unintentional islanded mode. Therefore, if the
feeder CB is reset by automatic reclosing prior to the DER interface protection operation, the fault
will not be extinguished and may turn into a more serious fault. This may cause severe damage to
the synchronous DER turbine or add to the cumulative stress due to out-of-phase synchronization.
Additionally, the feeder CB may be damaged due to the non-synchronous coupling.

To address the above problem, delaying the recloser operation time to trip the DER before
the first reclosing attempt may be an acceptable solution. In this case, the recloser operating time
should be graded with those of the Under-Voltage Protection (PTUV) protections, especially when
the Fault Ride Through (FRT) requirements are applied. From the point of view of the DER, this
solution can be easily achieved; the recloser delay time can be chosen between 1.2 and 2 s for the
feeder with the presence of the DER [31], i.e. longer than the release time of the low-set delay of
the DER PTUV protection. However, the overall reliability of the system and the quality of the
power supply are negatively influenced.

F4 Impacts on coordination between recloser and fuse

To investigate adverse influences of the high integration of the DER on the performance of the
recloser-fuse saving scheme, we assume that one recloser and two fuses are applied on Feeder 1,
[215]. The characteristics of the fuses are taken from [216]. The fuse saving scheme typically uses
a high-set Instantaneous Overcurrent Protection (PIOC) element, which will trip the feeder CB
before the lateral fuse blows, and the CB is then recloses. The high-set PIOC element is automati-
cally blocked after the first trip, so if the fault is persistent, the low-set inverse time elements must
operate to trip the CB. The long delay of the inverse low-set element gives time for the fuse of the
faulty circuit to blow if the fault is beyond it. For instance, the coordination time curves that are
applied for Feeder 1 are shown in Figure F.3.

Figure F.3 indicates that in the absence of DERs, the fault current for solid three-phase fault at
F3isabout I}, .., = 2.34 kA. However, by integrating a high-capacity DER into the bus connected
to Fuse 1, the fault current can increase up to I%,,.., = 3.5 kA. At such a high fault level, the
melting curve of Fuse 2 is below the fast operating time of the feeder recloser, as shown in Figure
E.3. The fuse therefore blows before CB1 is tripped, leading to the loss of coordination between
the recloser and the fuse. It can be suggested to move the fast operating curve of the recloser
downwards. However, this seems impossible due to the speed limit of the recloser operation
time. Another suggestion is to increase the minimum melting curve of the fuse. Unfortunately,
the melting curve is limited by the slow curve of the recloser which, in turn, should be less than
a time limit imposed by the upstream protection element. Therefore, the improvement of the
existing recloser-fuse saving scheme is a compromise between the different levels of distribution
protection system and seems complicated, requiring a very thorough investigation.

E5 Impacts on distance protection

The high penetration of the DER may also affect the performance of distance relays which
are currently implemented in distribution networks in several countries, for example Germany.
Indeed, the fault current contribution of the downstream connected DER may reduce the range
covered by the first protection zone of the distance relays. For example, for a fault at F1 in Figure
F.1, the impedance measured by relay R1, i.e., Zpy, is calculated by:

IrEs
Is

Zri=(m+n)Zp + nZ (E8)
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Figure F.3 — Fuse-recloser coordination for fuse-saving scheme

Equation F.8 shows that the impedance measured by R1 is greater than the actual fault imped-
ance, which is equal to (m + n)Zr,. Therefore, the fault may be cleared by zone 2 of distance
element R1 with a longer tripping time instead of by instantaneous zone 1. Other issues caused
by the DER tapped connection are as follows [31]:

1 Impacts of prefault load on the impedance seen by the distance element;
2 Unsuccessful trip an internal fault due to the current flowing out at on end;

3 False tripping for an external fault because of high current contributed by large DER
connected very closely to the relay location.

F.6 Issues related to low level of PV fault currents

The major impact is that PV systems often provide unnecessary earth fault currents for faults
in the supply circuit, e.g. the fault at F1 in Figure F.1, and thus reduce the current from the source
via CB1. As mentioned earlier, this can lead to a lot of issues related to relay coordination. Let us
consider several faults illustrated in Figure F.1; the potential consequences can be, [32]:

1 If fault F1 occurs on the remote end of Feeder 1, the ground fault current at the sub-
station side may reduce significantly, leading to ground overcurrent function of R1
failing to detect the fault;

2 If a fuse-saving scheme is used for Feeder 1, the decrease of fault current contributed
by the source, and the increase in fault current seen by Fuse 2 in case of fault at F3 may
lead to failure to over trip fuses and the loss of recloser-fuse coordination;
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3 For fault at F2, the resulting ground fault current flow through CB1 may cause the R1
to issue a false trip to CB1.

Another problem that should be mentioned is the intermittent nature of several types of DER,
such as solar or wind energy. The electricity production of these DERs can vary to a large extent,
especially in the case of high penetration of PV systems. The output power reaches its highest-
level during hours of peak solar irradiation, while it can be reduced to zero at night. Consequently,
the fault currents are very different for faults occurring at different times. Such a large variation in
fault currents does not exist in the case of traditional synchronous generators on which the power
distribution protection system is designed. A fixed set of setting thresholds that are generally
used no longer seems possible.

E7 Overvoltage of healthy phases during ground faults

Another problem that may arise is overvoltage of the healthy phases in the event of a per-
manent single-phase ground fault in the distribution network with ungrounded neutral after the
CB of the faulted feeder has been tripped. Let us consider, for instance, a single-phase-to-ground
fault at F1 in Figure F.1. After the tripping of CB1, the MV /LV connected downstream of the CB1
and the lightning arresters may be subjected to an overvoltage which may reach the line-to-line
voltage level. The phenomenon is more likely to occur if the DER is located close to the load ca-
pacity [32]. As a result, MV/LV transformers that generally operate at the knee in the saturation
curve may be saturated.

E8 Impacts of inverter-based PV systems on the conventional
directional method

Practical applications have shown the effectiveness of the Negative Sequence (NS) Directional
Element (RDIR) previously mentioned in Subsubsection 3.2.2.2. However, it should be noted that,
for these above directional principles to accomplish accurate performance, the characteristics of
NS quantities should be similar to those of conventional synchronous generator-based sources.
The NS equivalent circuit of a synchronous generator is just a single impedance, as demonstrated
in [211]. As a result, in the network dominated by synchronous generator-sources, the NS current
is largely dependent on the driving NS voltage caused by the fault and the impedance of the
fault loop. Synchronous generator-based DERs such as gen-sets or wind generators of Type 1
(Squirrel Cage Induction Generator) and Type 2 (Wound-Rotor Induction Generator with Variable
External Rotor Resistance) may respond to faults in the same way with conventional synchronous
generators, [108].

In contrast, as demonstrated in Section 3.3, the response of inverter-based PV systems to faults
largely depends on their control strategy, and therefore, their fault current and voltage waveforms
are different from those of conventional synchronous machines. The NS currents contributed
by the PV systems are defined by their control algorithm instead of fault loop NS impedances
[34], leading to unconventional patterns of the phase displacement between the NS current and
NS voltage. The performance of existing directional algorithms, which is based on the above
displacement as shown in Equation 3.5, within the context of high penetration of converter-based
DERs is, therefore, affected.

For instance, let us consider a phase-A-to-ground fault at t = 0.2 s in the middle of the line
L, of Grid-2 (Figure 3.3), which appears to be a forward fault to the RDIR element. For this fault
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location, the NS current provided to the RDIR element is the NS current contributed by the PV
systems under the operation of their inverter controller. Figure F4 represents the extremely low
voltage at phase A and a rise in fault current of this phase.
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Figure F4 — Three-phase current and voltage measured at the RDIR location during a direct phase-
A-to-ground forward fault

As investigated in Section 3.3.2, the PV NS current leads the NS voltage at the PV terminal
by an angle within a range of 10 to 40°, as illustrated in Figure 3.5b, depending on the unbalance
voltage level and fault severity. If the NS line impedance angle is 68° then the angle of the cosine
term of the NS torque-product 7'~ for this fault would be within the range of 78 to 108°, possibly
leading to the spurious negative values of NS torque 7~ for a forward faults if 61— larger than
90°. The typical range of NS torque angle can be observed through simulation results of various
fault scenarios as shown in Figure E5. It is clear that the values of the NS torque angle exceed 90°
for all fault conditions. For case of severe faults, the voltage drops below 0.5p.u.. So, according
to Equation B.20b, the phase displacement between NS current and voltage can reach up to 90°,
leading to larger value of NS torque-product phase angle, i.e. may exceed 150°. It is obviously
that the traditional RDIR element outputs false direction identification.
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Figure F.5 — NS torque angle computed by conventional method for various fault impedances and
PV capacities during a forward fault






Appendix G

LV distribution protection

G.1 Protection configuration for grid-connected mode

G.1.1 MCCB time-current curve settings

The selection of the Molded-Case Circuit Breaker (MCCB) rating for each lateral is based on
its maximum load current. The higher the rating, the greater the fault current required to trip the
MCCB. Therefore, the selectivity between the MCCBs and the feeder Forward Time Over-Current
Protection (PTOCF) must be checked with the time-current curve of the MCCB with the longest
release time. On LV Feeder 1 in Figure 2.8, the lateral L07 has the highest load capacity of 130 kW,
with a power factor of 0.9 lag, and its time-current curve is therefore chosen as the initial curve for
the protection coordination. An MCCB of 250 A is selected. The operating curve of the MCCB for
phase faults is divided into three different sections, as shown in Figure 4.2. Long-term tripping
responds to an overload condition, short-term tripping responds to a fault current of about 6 times
the rated current of the MCCB, and instantaneous time-tripping responds to extremely high fault
current. The simulation results using Digsilent | PowerFactory show that the lowest fault current
at the lateral areas is about 3200 A, which means that the MCCB can guarantee the elimination of
all faults in only 0.03 s. For setting the G function of the MCCB against earth fault, the current
thresholds for the high- and low- set level are set at 0.5 times and 0.2 times the rated current of
the MCCB, respectively.

G.1.2 Feeder protection setting thresholds

For the feeder PTOCF function, we must implement three different elements for detecting
different types of fault that only trip forward. The direction detection algorithm has already been
developed and validated in Chapter 3.

1 Forward Phase Time Over-Current Protection (PTOCPF): includes a high-set PTOCPF1
and a low-set PTOCPF2, whose pickups are 12 times and 1.5 times the feeder maxi-
mum load current, respectively. For LV Feeder 1 of 500 £V A rating, the pickups for
PTOCPF1 and PTOCPF2 are 8.66 and 1.44 kA, respectively.

2 Forward Negative-sequence Time Over-Current Protection (PTOCQF): can be set more
sensitively than the PTOCPF to detect phase-to-phase faults because the PTOCQF el-
ement is insensitive to the balanced load currents. It does not need to be adjusted for
cold load or pickup conditions. There are also two different tripping levels PTOCQF1
and PTOCQF2, whose setting calculation is derived from [217, 164]. In particular, the
settings are determined by the settings of the MCCBs of the DER and laterals down-
stream.
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3 Ground Time Over-Current Protection (PTOCG): Unrestricted earth fault. This ele-
ment provides protection against ground faults occurring on the feeder side of the
feeder CB. The pickups for PTOCG1 and PTOCG2 are 0.5 and 0.2 times the feeder
rated current, respectively.

On the other hand, the parameters of the feeder and Reverse Negative-sequence Over-Voltage
Protection (PTOVQR), which provide the backup function for the CIED3.PTUVR element, are 0.8
p.u. and 0.05 p.u., respectively.

G.1.3 Transformer protection setting thresholds

The setting of the transformer protection, i.e., CIED3, requires not only the detection of faults
in the MV/LV transformer but also faults in the MV networks. Like the feeder PTOCF protection,
that of CIED3 should also include three elements, namely Phase Time Over-Current Protection
(PTOCP), Negative-sequence Time Over-Current Protection (PTOCQ), and Ground Time Over-
Current Protection (PTOCG), whose settings are as follows:

1 PTOCP element: the low-set threshold should be at least 2 times the rated current to
avoid the cold load pickup currents. For a transformer of 1000 £V A rating, the low-set
pickup would be 2887 A. The high-set pickup is set at 1.3 times the maximum three-
phase fault current sensed on the HV side for fault at the LV side. For the studied LV
microgrid, this current is equal to 422 A, resulting in a high-set pickup of 633 A at 20
kV or 27430 A at 0.4 V.

2 PTOCQ element: the pickup values for the protection against phase-to-phase fault
follows the rule in [164, 217] and should be coordinated with the feeder PTOCQF.

3 PTOCG element: For ground fault detection, restricted earth fault protection is used,
protecting against ground faults occurring between the secondary winding of the
transformer and the LV feeder CB. The protection has two trip levels with 9900 A
for high setting and 400 A for the low setting.

G.1.4 Interface protection setting thresholds

The undervoltage element of the CIED3 consists of two elements, one for detecting three-
phase and earth faults, and one for phase-to-phase fault and has the corresponding settings as
follows:

1 PTUVR element: The phase undervoltage element comprises a high setting level, i.e.,
PTUVRI, operating on a significant voltage drop, and a low setting level, i.e., PTUVR2,
being triggered by a smaller voltage drop. We propose to set PTUVR1 at 0.7 p.u. and
PTUVR2 at 0.8 p.u.

2 PTOVQR element: Negative-sequence undervoltage element with the settings for both
PTOVQR1 and PTOVQR?2 elements are 0.08 p.u. and 0.05 p.u., respectively.

The voltage-based and frequency-based coordination of three elements DIED1-FIED1-CIED3
is shown in Figure 4.3 and Figure 4.4.
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G.2 Protection coordination for islanded operation

Let us re-consider the LV feeder 1 in Figure 2.8. The coordination principle is carried out in a
similar way to the grid-connected operation mode. The delay of the lowest protection level, i.e.,
MCCB:s, is the lower time limit.

G.2.1 MCCB time current curve settings

A signal from the CCU decreases the thresholds of the electronic trip units of the MCCBs for
phase tripping. The settings for function G remain the same.

G.2.2 DER and BESS protection settings

For the thresholds of the PTOC element of the BESS, thresholds of 1.5 and 0.3 times the BESS
rated current is selected to identify three-phase and phase-to-phase faults, respectively.

G.2.3 Feeder protection setting thresholds

The configuration parameters for the feeder PTOCQ and PTOCG elements are derived from
those for parallel mode. The configuration of the feeder unrestricted earth protection is proposed
to be similar to that of grid-connected mode since the LV side of the transformer, which is di-
rectly earthed, remains connected to the islanded microgrid, leading to the constancy of the zero-
sequence impedance of the fault loop.

The feeder undervoltage function consists of two elements, one for detection of three-phase
faults, i.e., PTUVF, and the other for phase-to-phase faults, i.e., PTOVQF. The pickups for PTUVF1
and PTUVE2 elements are 0.7 p.u. and to 0.8 p.u., respectively. On the other hand, the values
configured for PTUVF1 and PTUVEF2 are 0.1 p.u. and 0.05 p.u., correspondingly. The setting of the
feeder backup protection is carried out similarly. However, each function has only one tripping
stage. The values for the PTUVR and PTOVQR functions are 0.8 and 0.05 p.u., respectively.
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G.3 Results for grid-connected mode

Table G.1 — Operated functions and corresponding operation times in grid-connected mode under
solid fault conditions at different locations

Primary protection Backup protection

1) @t 3)* @~ ) 3) )

F1 (near substation)

ABC MCCB7 17.66 0.03 FIED1.PTOCPF1 16.52 0.13
DIEDx.PTUV1S (.18 = 0.23 0.2

AB MCCB7 16.29 0.03 FIED1.PTOCPF1 15.74 0.13
FIED1.PTOCQF1 9.12 0.13
DIEDx.PTUV1 0.57 +0.62 1.2

AG MCCB7 8.28 0.03 FIED1.PTOCPF1 7.39 0.13
FIED1.PTOCQF1 272 0.13
FIED1.PTOCG1 251 0.13

F5 (at the lateral on the remote end of LV feeder 1)

ABC MCCB9 5.953 0.03 FIED1.PTOCPF1 5.24 0.13
DIED5.PTUV1 0.37 0.2
DIED6.PTUV1 0.37 0.2
DIED7.PTUV1 0.14 0.2

DIED1.PTUP1 0.73\,#0.12 033
DIED2.PTUV1 0.73 \,0.12 0.33
DIED3.PTUV1 0.54 \, 0.10 0.33
DIED4.PTUV1 0.54 3\, 0.10 0.33

F3 (at the beginning of LV feeder 1 backbone)
ABC FIED1.PTOCPF1 30.2 0.13 CIED3.PTOCP1  29.1 0.33
DIEDx.PTUV1 0.05=0.09 02 DIEDyPTUV2'" 0.63\,0.12 0.53
FIED2.PTUVR 0.58 N\, 0.52 1.5

AC FIED1.PTOCPF1  29.2 0.13 CIED3.PTOCP1 16.95 0.33
FIED1.PTOCQF1 17.13 0.13 CIED3.PTOCQ1 7.75 0.33
DIEDx.PTUV2 0.45+0.78 1.2 DIEDx.PTUVI1 0.45 +0.15 0.53

DIEDy.PTUV1 0.29 0.53
FIED2.PTOVQR  0.14 0.22 1.5

AG  FIEDIPTOCPF1  15.08 0.13 CIED3.PTOCP1 6.2 0.33
FIED1.PTOCQF1 5.34 0.13 CIED3.PTOCQ1  23.655 0.33
FIED1.PTOCG1  5.15 0.13 DIEDy.PTUV2 0.86 ™\ 0.58 1.53

DIEDx.PTUV1 0.11+0.12 0.2 FIED2.PTOVQR 0.047 025 1.5
F4 (at the end of LV feeder 1 backbone)

ABC FIED1.PTOCPF1 6.75 0.13 CIED3.PTOCP1 8.2 0.33
DIED3.PTUV1 0.39 0.2  DIEDyPTUV1 0.92 \,0.13 0.53
DIED4.PTUV1 0.39 0.2  FIED2.PTUVR 0.9\,0.3 1.85
DIEDS.PTUV1 0.39 0.2
DIED6.PTUV1 0.16 0.2

Continued on next page
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Table G.1 - continued from previous page
Primary protection Backup protection
Wy () 3) @ 2 3 @
DIED7.PTUV1 0.012 0.2
DIED1.PTUV1 0.64 ,0.08 0.33
DIED2.PTUV1 0.65 ,0.08 0.33
BC FIED1.PTOCPF1 6.41 0.13 CIED3.PTOCP1  4.95 0.33
FIED1.PTOCQF1 3.79 0.13 CIED3.PTOCQ1  1.659 0.33
DIEDx.PTUV2 0.53+0.77 12  DIEDx.PTUV1 0.62 \, 0.22 0.53
DIEDy.PTUV1 0.91 3\, 0.32 0.53
FIED2.PTUVR 0.95 %\, 0.04 1.85
BG FIED1.PTOCPF1 2.386 CIED3.PTOCP1 2.6 0.33
FIED1.PTOCQF1 9327 CIED3.PTOCQ1 04 0.33
FIED1.PTOCG1 826.68 0.13 DIEDx.PTUV2 0.70 ~\, 0.08 0.53
DIED3.PTUV1 0.41 0.2  DIEDy.PTUV2 0.96 \,0.12 0.53
DIED4.PTUV1 0.41 0.2 FIED2.PTUVR 0.95 3\, 0.04 1.85
DIEDS.PTUV1 0.17 0.2
DIED6.PTUV1 0.17 0.2
DIED7.PTUV1 0.13 0.2
DIED1.PTUV1 0.70 ,0.23  0.33
DIED2.PTUV1 0.70 N, 0.18 0.33
ABG FIED1.PTOCPF1 597 0.13 CIED3.PTOCP1  5.35 0.33
FIED1.PTOCQF1 3.51 0.13 CIED3.PTOCQ1 1.55 0.33
FIED1.PTOCG1 0.5 0.13 FIED2.PTUVR 0.95 3\, 0.04 1.85
DIED3.PTUV1 0.42 0.2
DIED4.PTUV1 0.42 0.2
DIEDS.PTUV1 0.17 0.2
DIED6.PTUV1 0.17 0.2
DIED7 PTUV1 0.02 0.2
DIED1.PTUV1 0.70 \,0.26  0.33
DIED2.PTUV1 0.71 ,0.27 0.33
“Fault type

"Function that trips
#Measured values protection criterion

$'x" denotes all PV systems connected to LV feeder 1

[T n

y" denotes all PV systems connected to LV feeder 2

“Operation time that is counted from the instant of fault inception
HRepresenting the change in protection criterion values after a certain function operates
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Table G.2 — Operated functions and corresponding operation times in grid-connected operation
mode under faults with Ry = 0.01 €2 at different locations

Primary protection Backup protection

1) @ 3)F @~ ) 3) @)

F1 (near substation)

ABC MCCB?7 10.78 0.03 FIED1.PTOCPF1 104 0.13
DIEDx.PTUV1 0.6 \,0.08 0.2
BC MCCB7 12.24 0.03 FIED1.PTOCPF1 12.08 0.13
FIED1.PTOCQF1 6.90 0.13
DIEDx.PTUF1 43.73 2.13
F5 (at the lateral on the remote end of LV feeder 1)
AB MCCB9 4.76 0.03 FIED1.PTOCQF1 5.64 0.13
DIEDx.PTUV1 0.85\,0.15 0.33
AG  MCCB9 G 0.72 0.03 FIED1.PTOCG1  0.63 0.13
F3 (at the beginning of LV feeder 1 backbone)
ABC FIED1.PTOCPF1 14.65 0.13 CIED3.PTOCP1 12.5 0.33
DIEDx.PTUV1 0.67\,0.09 0.2 DIEDy.PTUV1 0.89 \,0.11 0.53
FIED2.PTUVR 0.89 \,0.12 1.85
AC  FIED1.PTOCPF1 19.62 0.13 CIED3.PTOCQ1 4.9 0.33
FIED1.PTOCQF1 10.89 0.13 DIEDx.PTUV1 0.79 \,0.17 0.53
DIEDx.PTUF1 43.74 2 DIEDy.PTUV1 0.97 \,0.22 0.53
FIED2.PTOVQR 0.09 0.2 15
AG  FIED1.PTOCPF1 10.48 0.13 CIED3.PTOCQ1 1.6 0.33
FIED1.PTOCQF1 3.65 0.13 DIEDx.PTUV1 0.48 +-0.12 0.53
FIED1.PTOCG1 35 0.13 DIEDy.PTUV1 0.48 +0.11 0.53
DIEDx.PTUV1 0.46 -0.16 0.33 FIED2.PTOVQR 0.03 0.4 15
F4 (at the end of LV feeder 1 backbone)
ABC FIED1.PTOCPF1 5.53 0.13 CIED3.PTOCP1 7.1 0.33
DIEDx.PTUV1 0.74\,0.10 0.33 DIEDx.PTUV1 0.74\,0.11 0.53
DIEDy.PTUV1 0.94\,0.10 0.53
FIED2.PTUVR 0.92\,0.15 15
BG FIED1.PTOCG1  0.77 0.13 CIED3.PTOCG1 04 0.33
DIEDx.PTUV1 0.72\,0.11 0.2 DIEDx.PTUV1 0.72\,0.11 0.53
DIEDy.PTUV1 0.92 \,0.08 0.53
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Table G.3 — Operated functions and corresponding operation times in normal operation mode
under fault with Ry = 0.1 Q conditions at different locations

(1

Primary protection

Backup protection

(2 (3) @ (2)

(3

@

F1 (near substation)

AG MCCB?7 0.64 0.03 FIED1.PTOCG1  0.58 0.13
DIEDx.PTUF1 44.67 2.13
AC MCCB?7 24 0.03 FIED1.PTOCQF1 1.3 0.13
DIEDx.PTUV2 0.88\,0.73 1.2
F5 (at the lateral on the remote end of LV feeder 1)
CG MCCBYG 0.42 0.03 FIED1.PTOCG1  0.37 0.13
DIEDx.PTUV1 0.82 \,0.40 0.33
AC MCCB9 2.4 0.03 FIED1.PTOCQF1 1.3 0.13
DIEDx.PTUV2 0.88\,0.72 1.33
F3 (at the beginning of LV feeder 1 backbone)
AG FIED1.PTOCGF1 0.67 0.13 CIED3.PTOCQ1 245 0.33
DIEDx.PTUV1 0.81 \,0.31 0.33 DIEDx.PTUV1 0.33 0.53
DIEDy.PTUV1 0.33 0.53
F4 (at the end of LV feeder 1 backbone)
BG FIED1.PTOCG1 0.77 0.13 CIED3.PTOCG2 04 0.65
DIEDx.PTUV1 0.72\,0.11 0.33 DIEDx.PTUV1 0.72\,0.11 0.85
DIEDy.PTUV1 0.92 \,0.08 0.85
AB FIED1.PTOCQF1 148 0.13

DIEDx.PTUV2 0.88\,0.74 1.33
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G.4 Results for islanded mode

Table G.4 — Operated functions and corresponding operation times in islanded operation mode

under solid fault conditions at different locations

Primary protection

Backup protection

00y @ B @ ) (€)) @
F1 (near substation)

ABC MCCB7 7.25 0.03 FIED1.PTUVF1 047 0.13
DIEDx.PTUV1 0.12 0.2

AC MCCB7 6.86 0.03 FIED1.PTOVQE2 0.075 0.33
DIEDx.PTUF1 § 43.8 2.33

BG MCC7-G 241 0.03 FIED1.PTOCG1 2.19 0.13
DIEDx.PTUV1 0.11 0.2

F5 (at the lateral on the remote end of LV feeder 1)

AG  MCCB9-G 730 0.03 FIED1.PTOCG1 643 0.13
DIEDx.PTUV1 0.1 0.2

ABC MCCB9 5.2 0.03 FIED1.PTUVF1 0.699 0.13
DIED3.PTUV1 0.38 0.2
DIED4.PTUV1 0.38 0.2
DIED5.PTUV1 0.23 0.2
DIED6.PTUV1 0.23 0.2
DIED7.PTUV1 0.01 0.2
DIED1.PTUV1 0.55 \,0.03# 0.33

F3 (at the beginning of LV feeder 1 backbone)

ABC FIED1.PTUVPF1 0.32 0.13 DIEDy.PTUV1 0.34 0.2

DIEDx.PTUV1 0.05 0.2 DIEDO.PTOCPR 6.3 0.53
FIED2.PTUVRI1 0.32 \, 0.02 1.5

BG FIED1.PTOCG1 4.2 0.13 DIEDO.PTOCPR 4.2 0.53

DIEDx.PTUV1 0.1 0.2 DIEDy.PTUV1'' 0.73\,0.19 0.72
FIED2.PTUVR 0.06 0.36 1.5

AB FIED1.PTOVQF1 0.15 0.13 DIEDO.PTOCQR 3.7 0.53

DIEDx.PTUV1 0.37 0.2  DIEDy.PTUV1 0.61 = 0.46 1.2
FIED2.PTOVQR  0.15 " 0.45 1.5
F4 (at the end of LV feeder 1 backbone)

ABC FIED1.PTUVF1 0.67 0.13 DIEDy.PTUV1 0.71-0.19 0.73
DIED3.PTUV1 0.33 0.2 FIED2.PTUVR 0.58 \,0.12 1.5
DIED4.PTUV1 0.30 0.2 DIEDO.PTOCPR 2.8 0.53
DIED5.PTUV1 0.12 0.2 DIED3.PTUV1 0.33 0.2
DIED6.PTUV1 0.12 0.2 DIED4.PTUV1 0.3 0.2
DIED7.PTUV1 0.01 0.2 DIED5.PTUV1 0.12 0.2
DIED1.PTUV1 0.49 \,0.03 0.33 DIED6.PTUV1 0.12 0.2
DIED2.PTUV1 0.50 \,0.03 0.33 DIED7.PTUV1 0.01 0.2

DIED1.PTUV1 0.49 \, 0.03 0.73

Continued on next page
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Primary protection Backup protection
) 2 3) 4) () 3) @
DIED2.PTUV1 0.50 N\, 0.03 0.73
AG  FIED1.PTOCG1 1.84 0.13 DIEDy.PTUV1 0.88 N\, 0.52 12
DIED3.PTUV1 0.38\,0.02 0.2 FIED2PTOVQR 0.01 0.2 1.5
DIED4.PTUV1 0.38 \,0.03 02 DIEDO.PTOCQR 0.86 0.53
DIED5.PTUV1 0.12\,0.02 02 DIED3.PTUV1 0.39 0.2
DIED6.PTUV1 0.12\,0.02 02 DIED4.PTUV1 0.38 0.2
DIED7.PTUV1 0.01 0.2  DIED5.PTUV1 0.2 0.2
DIED1.PTUV1 0.64 \,0.03 0.33 DIED6.PTUV1 0.2 0.2
DIED2.PTUV1 0.64 \,0.03 0.33 DIED7.PTUV1 0.01 0.2
DIED1.PTUV1 0.64 \, 0.03 0.73
DIED2.PTUV1 0.64 N\, 0.03 0.73
“Fault type

"Function that trips
#Measured values protection criterion

$'x" denotes all PV systems connected to LV feeder 1

I n

y" denotes all PV systems connected to LV feeder 2

“Operation time that is counted from the instant of fault inception

HRepresenting the change in protection criterion values after a certain function operates
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Table G.5 — Operated functions and corresponding operation times in islanded operation mode
under faults with Ry = 0.01 €2 at different locations

Primary protection Backup protection

(1) (2) B3 @ (2) 3) 4)

F1 (near substation)

ABC MCCB?7 5.15 0.03 FIED1.PTUVF1 0.57 0.13
DIEDx.PTUV1 0.38 0.2

AC  MCCB?7 456 0.03 FIED1.PTOCQF1 3.9 0.13
DIEDx.PTUF1 43.85 2.13

AG MCCB7G 1.9 0.03 FIED1.PTOCG1 1.76 0.13
DIEDx.PTUV1 0.31 0.2

F5 (at the lateral on the remote end of LV feeder 1)
ABC MCCB9 357 0.03 FIED1.PTUVE2 0.72 0.33

DIED3.PTUV1 0.47,0.13 0.53
DIED4.PTUV1 0.47,0.13 0.53
DIEDS.PTUV1 0.35,0.1 02
DIED6.PTUV1 0.35,0.1 02
DIED?7.PTUV1 0.21 0.1 0.2
DIED1.PTUV1 0.6 (0.1 0.53
DIED2.PTUV1 0.6 \,0.2 0.53

AG  MCCB9 G 0.61 0.03 FIED.PTOCG1 0.61 0.13
DIEDx.PTUF1 442 2.13
F3 (at the beginning of LV feeder 1 backbone)

CG  FIED1.PTOCG1 287 0.3 DIEDO.PTOCQR  2.96 0.53
DIEDx.PTUV1 04 0.2 DIEDy.PTUV1 0.77\,0.25 0.73
FIED2.PTOVQR  0.04 ,/0.32 2.03

AB  FIED1.PTUVF1 0.63 0.13 DIEDO.PTOCQR 7 0.53
DIEDx.PTUV2 056 1.2 DIEDy.PTUV2 0.67+047 173

FIED2.PTUVR 0.1 /1042 203
F4 (at the end of LV feeder 1 backbone)

ABC FIED1.PTUVF1 0.13 0.13 DIEDO.PTOCPR 4.2 0.53
DIEDx.PTUV1 04 0.2 DIEDy.PTUV1 0.6 \,0.2 0.73
BG FIED1.PTOCG1 044 0.13 DIEDO.PTOCQR  1.89 0.53
DIEDx.PTUV1 03 0.2 DIEDy.PTUV1 0.83 \,0.32 0.73

FIED2.PTUVR 0.79 ,0.25 2.03
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Table G.6 — Operated functions and corresponding operation times in islanded operation mode
under faults with Ry = 0.1 2 at different locations

1

Primary protection

Backup protection

(2 (3) @ (2

(3)

@

F1 (near substation)

AG MCCB7G 0.58 0.03 FIED1.PTOCG1 0.53 0.13
DIEDx.PTUV1 0.80 \,0.44 0.2

BG MCCB9 G 041 0.03 FIED1.PTOCG1 0.36 0.13
DIEDx.PTUV2 0.79+0.53 1.33

F5 (at the lateral on the remote end of LV feeder 1)

BG MCCB9 G 0.41 0.03 FIED1.PTOCG1 0.36 0.13

DIEDx.PTUV2 0.79+0.53 1.33
F3 (at the beginning of LV feeder 1 backbone)

BC FIED1.PTOCQIF 1.74 0.13 DIEDO.PTOCQR1 1.7 0.53

DIEDx.PTUF1 43.25 2.13 DIEDx.PTUV1 0.87\,0.56 1.73
DIEDy.PTUV1 0.87 \,0.56 1.73
FIED2.PTUVR 0.63+0.46 2.03

CG FIED1.PTOCGI1 2.86 0.13 DIEDO.PTOCQR1 2.9 0.53

DIEDx.PTUV1 04 0.2 DIEDy.PTUV1 0.77\,0.25 0.73
FIED2.PTOVQR 0.04 0.32 2.03
F4 (at the end of LV feeder 1 backbone)

AG FIED1.PTOCGI1 2.86 0.13 DIEDO.PTOCQR1 0.8 0.53
DIED3.PTUV1 0.42 0.2 DIEDy.PTUV1 0.88\,0.5 0.73
DIED4.PTUV1 042 0.2 FIED2.PTUVR 0.86 0.3  2.03
DIED5.PTUV1 0.22 0.2
DIED6.PTUV1 0.22 0.2
DIED7.PTUV1 0.11 0.2

DIED1.PTUV1 0.65\,0.27 0.33
DIED2.PTUV1 0.65 \,0.28 0.33







Appendix H

MV distribution protection

Table H.1 — Operated functions and corresponding operation times under solid fault conditions

at different locations for MV protection

Primary protection

Backup protection

(00} @? B @ ) (€)) @
F1 (inside PV installation)
ABC DIED1.PTOCPF 3384 0.03 FIED1.PTOCPF1 3021 0.13
DIED2.PTUV1 0.09 0.2
AB DIED1.PTOCQF 1688 0.03 FIED1.PTOCQF1 1517 0.13
DIED2.PTUV1 0.41 0.2
BCG DIED1.PTOCQF 1658 0.03 FIED1.PTOCQF1 1517 0.13
DIED2.PTU1 0.12 0.2
CG DIED1.PTOCG 98 0.03 FIED1.PTOCG1 89 0.13
DIED2.PTUV1 0.02 0.2
F3 (at the end of Feeder 1)

ABC FIED1.PTOCPF1 2667 0.13 CIED3.PTUVRI1 0.28 0.43
DIED1.PTUV1 034 02 BIED.PTOCPF 2453 0.5
DIED2.PTUV1 022 0.2 FIED2.PTUVR 0.27 0.7
CIED3.PTUVR1 024  Locked

AC FIED1.PTOCQF1 1327 0.13 CIED3.PTOVQR2 0.42 0.43
DIED1.PTUV1 042 0.2 BIED.PTOCQF 1207 0.5
DIED2.PTUV1 042 0.2 FIED2.PTOVQR  0.38 0.7
CIED3.PTUVRI1 042  Locked

ABG FIED1.PTOCGI1 443 013 CIED3.PTOVQR1 0.42 0.43
DIED1.PTUV1 018 0.2 BIED.PTOCQF 1182 0.5
DIED2.PTUV1 0.17 0.2 FIED2.PTOVQR  0.37 0.7
CIED.PTUVRI1 0.25  Locked

BG FIED1.PTOCG1 86.5 0.13 CIED3.PTUVR1 0.06 0.43
DIED1.PTUV1 0.06 0.2 BIED.PTOCG 86.6 0.5
DIED2.PTUV1 0.05 0.2 FIED2.PTUVR 0.06 0.7
CIED3.PTUVR1 0.06  Locked

F6 (at the beginning of Feeder 2)
ABC FIED2.PTOCPF1 3480 0.13 DIED1.PTUV1 0.12 0.2

Continued on next page




40 H. MV distribution protection
Table H.1 - continued from previous page
Primary protection Backup protection

(1) (2) 3 4) (2) 3) 4

CIED3.PTUVR1 0.02 013 DIED2.PTUV1 0.01 0.2
CIED1.PTUVR1 0.02 0.33
CIED2.PTUVR1 0.01 0.33
BIED.PTOCPF 3132 0.5
FIED1.PTUVR 0.01 0.7

BC FIED2.PTOCQF1 1729 0.13 CIED1.PTOVQR1 0.48 0.33

CIED3.PTOVQR1 048 0.13 CIED2.PTOVQR1 0.48 0.33
BIED.PTOCQF 1534 0.5
FIED1.PTOVQR  0.48 0.7
DIED1.PTUV2 0.48 ,70.86 Untrip
DIED2.PTUV2 0.48 ,70.86 Untrip
DIED1.PTOF1 51.8 25
DIED2.PTOF1 51.8 2.5

ABG FIED2.PTOCQF1 1714 0.13 CIED1.PTOVQR1 0.48 0.33

CIED3.PTOVQR1 048 0.13 CIED2.PTOVQR1 0.48 0.33
BIED.PTOCQF 1527 0.5
FIED1.PTOVQR  0.48 0.7
DIED1.PTUV2 0.48 ,70.86 Untrip
DIED2.PTUV2 0.48 ,/0.86 Untrip
DIED1.PTOF1 52.17 25
DIED2.PTOF1 52.17 25

CG  FIED2.PTOCGF1 909 0.13 DIED1.PTUV1 0.01 0.2

CIED3.PTUVR1 0.01 0.13 DIED2.PTUVP1 0.01 0.2
CIED1.PTUVR1 0.02 0.33
CIED2.PTUVR1 0.02 0.33
BIED.PTOCG 236 0.5
FIED1.PTOVQR  0.49 0.7
F7 (Busbar fault)

ABC BIED.PTOCPF 3510 0.5 TIED2.PTOCP 3510 0.7
CIED1.PTUVR1 0.05 0.13 FIED1.PTUVR 0.03 0.7
CIED2.PTUVR1 0.04 013 FIED2.PTUVR 0.03 0.7
CIED3.PTUVR1 0.04 0.13
DIED1.PTUV1 004 02
DIED2.PTUV1 0.04 02

AC  BIED.PTOCQF 174 05 TIED2.PTOCP 1723 0.7
CIED1.PTOVQR1 047 0.13 FIED1.PTOVQR 047 0.7
CIED2.PTOVQR1 048 0.13 FIED2.PTOVQR 047 0.7
CIED3.PTOVQR1 048 0.13
DIED1.PTOF1 5217 0.2
DIED2.PTOF1 52.17 0.2

BG  BIED.PTOCG 238 05 TIED2.PTOCG 238 0.7

Continued on next page
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Table H.1 - continued from previous page

Primary protection

Backup protection

6Y) (2) (3) @) (2 (3) @
CIED1.PTUVR1 0.05 013 FIED1.PTOVQR 0.03 0.7
CIED2.PTUVR1 005 013 FIED2.PTOVQR 0.03 0.7
CIED3.PTUVR1 0.05 0.13
DIED1.PTUVP1 004 02
DIED2.PTUVP1 004 02

“Fault type

*Function that trips

#Measured values protection criterion

$"x" denotes all PV systems connected to LV feeder 1
""y" denotes all PV systems connected to LV feeder 2
“Operation time that is counted from the instant of fault inception

HRepresenting the change in protection criterion values after a certain function operates
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H. MV distribution protection

Table H.2 — Operated functions and corresponding operation times under fault conditions with
R; =5 () at different locations for MV protection

"

Primary protection

Backup protection

@

(3)}

@~

)

3)

4)

F1 (inside PV installation)

ABC DIED1.PTOCPF 1593 0.03 FIED1.PTOCPF1 1431 0.13
CIED1.PTUVRI1 0.73\,0.1 0.26
CIED2.PTUVRI1 0.75\,0.1  0.26
DIED2.PTUV1 0.74\,0.1 0.33

AB DIED1.PTOCPF 1991 0.03 FIED1.PTOCQF1 1031 0.13
CIED1.PTOVQR1 0.9\,0.49 0.26
CIED2.PTOVQR2 0.89 \,0.46 0.26
DIED2.PTUV1 0.89 \,0.45 0.33

BCG DIED1.PTOCPF 1419 0.03 FIED1.PTOCQF1 703 0.13
DIED2.PTUV1 0.68 \,0.12 0.33

CG DIED1.PTOCG 81.3 0.03 FIED1.PTOCG1 814 0.13
DIED2.PTUV1 0.12 0.2

F3 (at the end of Feeder 1)

ABC FIED1.PTOCPF1 1346 0.13 CIED3.PTUVR2 0.75 0.5
CIED1.PTOVQR1 0.26 0.13 BIED.PTOCPF 1361 0.5
CIED2.PTOVQR2 0.31 0.13 FIED2.PTUVR 0.75 Untrip
DIED1.PTUV1 0.75\,0.11 0.33
DIED2.PTUV1 0.74\,0.12 0.33

AC FIED1.PTOCQF1 930 0.13 CIED3.PTOVQR1 0.26 0.33
CIED1.PTOVQR1 0.26 0.13 BIED.PTOCQF 678 0.5
CIED2.PTOVQR2 0.31 0.13 FIED2.PTOVQR  0.26 ~0.37 0.7
DIED1.PTUV1 0.88\,0.42 0.33
DIED2.PTUV1 0.88\,0.44 0.33

ABG FIED1.PTOCQF1 658 0.13 CIED3.PTOVQR1 0.19 0.33
CIED1.PTOVQR1 0.19 0.13 BIED.PTOCQF 658 0.5
CIED2.PTOVQR2 0.22 0.13 FIED2.PTOVQR  0.19 ~0.36 0.7
DIED1.PTUV1 0.69 \,0.14 0.33
DIED2.PTUV1 0.69 \,0.14 0.33

BG FIED1.PTOCGF1 71 0.13 CIED3.PTOVQR1 0.14 0.33
CIED1.PTOVQR1 0.14 0.13 BIED.PTOCGF 71.3 0.5
CIED2.PTOVQR2 0.14 0.13 FIED2.PTUVR 0.14 0.7
DIED1.PTUV1 0.14 0.2
DIED2.PTUV1 0.14 0.2

F6 (at the beginning of Feeder 2)

ABC FIED2.PTOCPF1 1621 0.13 BIED.PTOCPF 1499 0.5

CIED3.PTUVRI1 0.14 0.13 CIED1.PTUVR1 0.74\,0.23 0.63
CIED2.PTUVR2 0.74\,0.23 0.63
DIED1.PTUV1 0.74\,0.22 0.7

Continued on next page
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Table H.2 — continued from previous page

(1

Primary protection

Backup protection

(2

3) @ (2)

(3)

@

DIED2.PTUV1 0.74 \,0.22 0.7
FIED2.PTUVR 0.74,0.23 1.2
BC FIED2.PTOCQF1 1156 0.13 CIED1.PTOVQR1 0.32 0.33
CIED3.PTOVQR1 0.32 0.13 CIED2.PTOVQR2 0.32 0.3
BIED.PTOCQF 1021 0.5
FIED2.PTOVQR 0.32 0.7
DIED1.PTUV2 0.87 N\, 0.5 1.7
DIED2.PTUV2 0.87 N\, 0.5 1.7

BCG FIED2.PTOCQI1F 1398 0.13 CIED1.PTOVQR2 0.22 0.33

CIED3.PTOVQR2 0.22 0.13 CIED2.PTOVQR2 0.22 0.33
BIED.PTOCQF 680 0.5
FIED2.PTOVQR 0.22 0.7
DIED1.PTUV2 0.67\,0.22 0.7
DIED2.PTUV2 0.67\,0.22 0.7

CG FIED2.PTOCG1 82.5 0.13 CIED1.PTUVQR1 0.1 0.33

CIED3.PTUVR1 0.1 0.13 CIED2.PTOVQR1 0.1 0.33
BIED.PTOCG 82.5 0.5
FIED2.PTUVR 0.11 0.7
F7 (Busbar fault)

ABC BIED.PTOCPF 1584 0.5 TIED2.PTOCP 1584 0.7
CIED1.PTUVR1 0.72,0.22 0.63 FIED1.PTUVR 0.72\,0.22 14
CIED2.PTUVRI1 0.72,0.22 0.63 FIED2.PTUVR 0.72,0.22 14
CIED3.PTUVRI1 0.72,0.22 0.63
DIED1.PTUV2 0.72,0.22 0.7
DIED2.PTUV2 0.72\,0.22 0.7

AB BIED.PTOCQF 1872 0.5 TIED2.PTOCQ 1872 0.7
CIED1.PTOVQR1 0.33 0.13 FIED1.PTOVQR 0.33 0.7
CIED2.PTOVQR1 0.33 0.13 FIED2.PTOVQR 0.33 0.7
CIED3.PTOVQR1 0.33 0.13
DIED1.PTUV2 0.88 N\, 0.5 1.7
DIED2.PTUV2 0.88 N\, 0.5 1.7

ACG BIED.PTOCQF 1306 0.5 TIED2.PTOCQ 1306 0.7
CIED1.PTOVQR1 0.22 0.13 FIED1.PTOVQR 0.22 0.7
CIED2.PTOVQR1 0.22 0.13 FIED2.PTOVQR 0.22 0.7
CIED3.PTOVQR1 0.22 0.13
DIED1.PTUV1 0.66 \,0.21 0.7
DIED2.PTUV1 0.66 \,0.21 0.7

CG BIED.PTOCGEF 82.5 0.5 TIED2.PTOCQ 82.6 0.7
CIED1.PTOVQR1 0.11 0.13 FIED1.PTUVR 0.11 0.7
CIED2.PTOVQR1 0.11 0.13 FIED2.PTUVR 0.11 0.7
CIED3.PTOVQR1 0.11 0.13

Continued on next page
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Table H.2 — continued from previous page

Primary protection Backup protection

Y (2) (3) @ (2 (3) @
DIED1.PTUV1 0.11 0.2
DIED2.PTUV1 0.11 0.2
“Fault type

"Function that trips
#Measured values protection criterion

$"x" denotes all PV systems connected to LV feeder 1

""y" denotes all PV systems connected to LV feeder 2

“Operation time that is counted from the instant of fault inception

HRepresenting the change in protection criterion values after a certain function operates



Appendix I

Overview of the IEC 61850 standard

I.1 General overview of the standard

The first version of IEC 61850 consisted of 14 different parts which can be divided into 5 main
aspects including (i) System aspects: Parts 1 to 5, (ii) Configuration: Part 6, (iii) Abstract data
models and communication services: Parts 7-1 to 7-4, (iv) Communication mappings: Part 8-1,
9-1and 9-2, and (v) Testing: Part 10. The names of these above Parts are provided in Table I.1. For
better illustrating the realization process of the IEC 61850 standard, the parts in this standard are
divided into 4 fundamental aspects as shown in Figure I.1:

1 Data model: all data available within a substation area are virtualized by using data
models. Example: tripping signals, measurements, Circuit Breaker (CB) status;

2 Services: specifies methods of using data from the data model. Example: coordination
of tripping signals from the sending Intelligent Electronic Devices (IED) for inter-trip,
consult of circuit breaker position, control of circuit breaker;

3 Network: a selection of communication protocols for transmitting the services and
data to a real communication network;

4 Configuration: defines description files needed for the configuration process.

Logical nodes and data Data models 2000+ ite
ms

Parts 7-3 and 7-4 e
™ tagged gagy)

]
% m 8 Data exchange publ; I
Service interface p ISher/subscrjbe " Conficuration files:
art 12 o Sel controy 0 B G gICI() o
Teport; ) - Bp 5 5
thg, Iogglng o
g Part 6
Mapping to MMS O

Communication profiles

and TCP/IP/Ethernet Ethernet) TCP/Ip

Data Data Part 8-1
values values

‘-

Physical network (TCP/IP)

Figure .1 — IEC 61850 realization process

Parts 3, 4, and 5 of the standard were initiated by identifying the general and specific func-
tional requirements for communication in a substation. These requirements are then deployed to
identify the necessary services and data models, the required application protocol, and the under-
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Table 1.1 — Parts of IEC 61850 standard

System aspects Data Models

Part 1: Introduction and Overview Part 7-3: Common Data Classes
Compatible Logical Node

Part 2: Glossary Part 7-4:
Classes and Data Classes
Part 3: General requirements Abstract communication services
Part 4: System and project management Part 7-1: Principles and Models
Part 5: Commur}ication reql.lirements Part 7-2: Abstract Comr'nunication
for function and device models Services (ACSI)
Configuration Testing

fi ion L f
Part 6: Configuration Language for Part 10: Conformance Testing

electrical Substation IEDs

Mapping to real Comm. Networks

Part 8-1: Mapping to MMS and ISO/IEC 8802-3

Part 9-1: Sampled Values over Serial Unidirectional Multidrop Point-to-Point link
Part 9-2: Sampled Values over ISO/IEC 8802-3

lying communication infrastructure that meet the general requirements. Then, based on Part 5,
the data models, including logical nodes and data, are described in Parts 7-3 and 7-4, and the in-
terfaces of the communication services for the use of data are defined in Part 7-2. The mapping of
the services described in Part 7 to actual communication networks is presented in Parts 8 and 9. In
particular, Part 8-1 defines the mapping of the data object and services to the Manufacturing Mes-
saging Specification-MMS2, and Parts 9-1 and 9-2 describe the mapping of the sample values-SV
of the measurement data to an Ethernet data frame. As a considerable number of configurations
are required to manage all the relevant components, an XML-based substation configuration lan-
guage to facilitate the configuration process and minimize human error is introduced in Part 6.
Since the first edition, IEC 61850 has been extended, and several new parts have been added.

I.2 Data modeling in IEC 61850

As shown in Figure 1.1, data modeling is the first step in the implementation of IEC 61850.
IEC 61850 is based on the idea of virtualization for data model design. All data available in a
real device within a substation is transformed into a virtual world and defined in the standard. A
device model in IEC 61850 is started with a physical device that connects to a real communication
network. The physical device is the highest level that is normally identified by its given network
address. Several logical devices, for example, IEDs, may be located within a physical device. This
subdivision makes it possible to organize the data according to their applications. Each logical
device can incorporate several different functions or applications called Logical Node (LN)s. A
set of LN necessary for the study is provided in Table 2.2

Depending on their functionality, A LN contains a list of data objects related to the purpose
of the power system, which is defined in part 7-4. For example, as shown in Figure 1.2, CB1 is
represented by an LN named XCBR1, where the suffix 1 is used as the instance ID of the LN. The
logic node XCBR1 contains various data objects, e.g., Pos, to indicate the status of the CB contact
position, OpCnt, to count the number of operations.
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Figure 1.2 — A IEC 61850-based circuit breaker model

Each data object in the LN is assigned to a dedicated CDC, specified in part 7-3. A CDC
defines the type and structure of the data in the LN. There are 7 dedicated CDC specifications
for status information, measurand information, controllable status information, status settings,
analogue settings and description information. For example, the Pos data object of the XCBR1
LN in Figure 1.2 is confined to the CDC named "Dual Controllable Point - DPC" which is shown
in Figure 1.3, [199].

Figure 1.3 shows that the DPC class is composed of a group of data attributes characterized
by a defined name, defined type, and particular functionality. Each data attribute belongs to a
data attribute type sorted into functional constraints - FC. For instance, those data attributes of
the DPC class are categorized into 5 groups, including control attribute - CO, status attribute - ST,
substituted value attribute - SV, configuration attribute, description attribute - DC, and extended
attribute - EX. In this example, the control data attribute of the DPC class constitutes control
value (ctlVal), operating time (TimeStamp), originator that causes the change of control value
(Originator), and ct! Num attribute indicating its possible values.



48 I. Overview of the IEC 61850 standard

DPC class
Attribute Attribute Type FC | TrgOp | Value/Value Range M/0/C
Name
DataName Inherited from Data Class (see |IEC 61850-7-2)
DataAttribute
control and status
ctival BOOLEAN CcO off (FALSE) | on (TRUE) AC_CO_M
operTm TimeStamp CO AC_CO_O
origin Originator CO, ST AC_CO_O
ctiNum INT8U CO, ST 0..255 AC_CO_O
stVal CODED ENUM ST dchg intermediate-state | off | on | bad-state M
q Quality ST qchg M
t TimeStamp ST M
stSeld BOOLEAN ST dchg AC_CO_O
substitution
subEna BOOLEAN SV PICS_SUBST
subVal CODED ENUM SV intermediate-state | off | on | bad-state PICS_SUBST
subQ Quality SV PICS_SUBST
sublD VISIBLE STRING64 SV PICS_SUBST
configuration, description and extension
pulseConfig | PulseConfig CF AC_CO_O
ctiModel CtiModels CF M
sboTimeout INT32U CF AC_CO_O
sboClass SboClasses CF AC_CO_O
d VISIBLE STRING255 DC Text o
du UNICODE DC o
STRING255
cdcNs VISIBLE STRING255 EX AC_DLNDA_M
cdcName VISIBLE STRING255 EX AC_DLNDA_M
dataNs VISIBLE STRING255 EX AC_DLN_M
Services
As defined in Table 31

Figure 1.3 — Controllable double point

Therefore, the IEC 61850 model of a device is a virtual representation starting with an abstract
description of the device and its objects, and is defined in Parts 7-3, 7-4, and 7-2. This abstract
model is then mapped to a specific protocol stack specified in Part 8-1, e.g., MMS, TCP/IP, and
Ethernet. In the process of mapping the IEC 61850 objects to MMS, IEC 61850-8-1 specifies a
method of transforming the model information into a named MMS variable object that results in
a unique and unambiguous reference for each piece of information in the model. Consider logical
device CB1 in Figure 1.2 containing an LN XCBRI. If we would consult the status value of the
CB1 position, we should refer to the data object with the reference name shown in Figure 1.4.

CB1.XCBRI1.Pos.ctlVal

L Data attribute

Data object
Logical node
Logical device

Figure 1.4 — A structure of an IEC 61850-based object name
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