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Abstract

Energy storage is a vital component of a resilient microgrid. Though storage will
solve all problems related to power mismatches between generation and loads, it brings
additional challenges. Due to the bidirectional power flows, control and protection
become complicated. The control, as well as the fault behaviour of the microgrid, varies
with microgrid mode of operation, demanding adoption of new control and protection

strategies.

The initial part of the thesis focus on transient behavioural modelling of a LV mi-
crogrid with a centralised battery energy storage system (BESS). All the inverters are
operated in grid following mode in the grid connected mode of microgrid operation. In
the islanded operation, the BESS will act as the grid forming inverter. Consequently,
AC fault analysis of the microgrid is carried out. The magnitude and direction of fault
current from microgrid feeders are seen to vary and is influenced by the following fac-
tors: (i) inverter controller (ii) microgrid mode of operation (grid connected or islanded)
(iii)) BESS mode (charging or discharging) (iv) fault resistance (v) DERs connected (vi)
fault distance (vii) loading level and (viii) fault type. Due to the restrictions imposed by
power electronic switches, the fault currents in Inverter Interfaced Distributed Genera-
tors(IIDGs) are limited. The non-linear controllers of inverters alter the fault responses
in many ways. The stringent PQ controller of BESS will not allow it to dissipate into
a fault during its charging mode, causing the conventional directional schemes to mal-

operate. Hence, legacy protection schemes are not suitable for microgrids.

Later chapters attempted to develop protection strategies for AC microgrid feed-
ers that are not impacted by the above factors. Adaptive protection strategies and dif-
ferential schemes that do not require adaptive settings are proposed in this thesis. The
performance of proposed strategies are tested for different fault scenarios by carrying

out simulations in MATLAB/SIMULINK software.

The final part of this thesis investigated the fault characteristics of a ring type

LVDC microgrid. In the transient stage of DC faults, there can be very high currents



and severe dc link voltage variations. The dc link capacitors of the Voltage Source
Inverters or DC-DC converters may discharge quickly leading to collapse of dc link
voltage. Though the self protection circuits in DC-DC converters can lock the gate
pulses to IGBT switches, large currents will freewheel through the antiparallel diodes.
This is then followed by grid or source feeding stage (steady state) that will cause grid or
other sources to feed large fault currents through antiparallel diodes in the VSI or DC-
DC converters. The protection devices (PD) at AC side can access fault currents only at
this stage. Hence it is imperative that DC network protection act in the transient stage
itself to avoid damages to the converter. A fault localisation scheme based on transient
signals is also proposed for ring type DC microgrids. This scheme can interrupt the
faulty section accurately in the transient stage itself. The efficacy of proposed schemes

are validated by extensive simulations.

Keywords: Battery Energy Storage Systems, Microgrid, Fault Detection, Differ-

ential, Directional, Adaptive
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Chapter 1

Introduction

1.1 OVERVIEW

Microgrids are the building blocks of future power grids or smart grids. The US
Department of Energy (DOE) defines a microgrid as “a group of interconnected loads
and distributed energy resources (DER) with clearly defined electrical boundaries that
acts as a single controllable entity with respect to the grid. It can connect and disconnect

from the grid to enable operation in both grid-connected or island modes”.

The microgrid is an evolving concept that has led to many paradigm shifts. One
is centralised to decentralised generation. A microgrid facilitates the integration of dis-
tributed generators(DG) and cogeneration. Large scale integration of renewable energy
resources will contribute to the reduction of greenhouse gases. The generation will not
follow load in a microgrid as in traditional grids. Instead, consumption will follow
generation. The utility will attempt to maximise the generation using available assets,
conserve them (energy storage) and manages the load demand at peak (load control).
The legacy grid has a top down architecture with power flowing from the generation
side to distribution systems. But with the evolution of microgrids, the distribution side
becomes active. Since the DGs are connected close to the load, the transmission losses
and network congestions will be reduced. The possibility of power supply interruptions

of end consumers connected to a low voltage (LV) distribution grid diminishes as the

1



microgrids can operate in islanded mode at the time of power system. Thus, microgrids
can increase reliability and resilience of the grid. Digitilaised controls and communica-

tion are other hallmarks of a microgrid.

Many microgrid projects have been deployed around the world over the last few
years. Some examples are Illinois Institute of Technology Microgrid, USA [Shahideh-
pour (2014)], Sendai Microgrid, Japan [Hirose (2013)], off-grid microgrids: Gaidouro-
mantra Microgrid in Kythnos island, Greece [Tselepis (2012)] and Isle of Eigg Micro-
grid in Scotland [Chmiel and Bhattacharyya (2015)].

1.2 MICROGRID ARCHITECTURES

The major components of microgrids are DERs, loads(critical or non-critical)
and controllers. The DERs include distributed generators such as wind turbines, photo-
voltaic arrays, fuel cells, and distributed energy storage devices like flywheels, batteries,
supercapacitors, compressed-air systems. There are mainly three categories of micro-
grid architectures in distribution [Patrao et al. (2015)]. They are AC microgrids, DC

microgrids and Hybrid AC-DC microgrids.

AC microgrids: These microgrids consist of AC feeders only; hence compatible with
existing distribution grid. All DGs, ESS and loads are integrated into the microgrid
using an AC interface (inverters and back-back converters). The microgrid is connected

to the main grid at the point of common coupling (PCC) via a static switch.

DC microgrids: These microgrids support only DC loads and if AC loads are to be
connected, it requires an additional converter. They are connected to grid through a
bidirectional DC/AC converter. If there is excess power at DC microgrid, it can be
exported to grid and vice-versa. The Distributed Generators (DGs) and storage units
can be easily integrated in to DC microgrids with reduced power conversion stages.
The main disadvantage of DC microgrid is that the series connected IC has to handle
the whole power flow between dc microgrid and grid; thus reliability is reduced. The
present distribution grids are not compatible with DC microgrids. A DC microgrid can

be interfaced to an AC grid in different architectures[ Kumar et al. (2017)].
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» Radial Configuration
* Ring or Loop Configuration

* Interconnected Configuration - DC microgrid is connected to AC supply at mul-

tiple points

Depending on the voltage polarity, DC microgrids are further classified as Unipolar and
Bipolar microgrids. In unipolar microgrids, power is transmitted at one voltage level.
Whereas bipolar DC microgrids give the flexibility to connect the consumer loads to

three voltage levels +Vj, -V and 2 V..

Hybrid AC-DC microgrids: Hybrid microgrids integrate both DC and AC feeders.
They combine the advantages of AC and DC microgrids. ESS/DGs can be integrated to
either AC or DC feeder, so that power conversion stages are reduced. It can support both
AC and DC loads. However, maintaining power balance between ac and dc networks is

challenging and there are many roadblocks to its practical implementation.

1.2.1 Role of Energy Storage Systems (ESS) in Microgrids:

Energy Storage Systems are crucial elements for a resilient microgrid. During the
transition to islanded mode at grid outages, ESS can provide instant power and thus reg-
ulate voltage and frequency and maintain power quality. In standalone mode, the ESS
strives to maximise the microgrid’s operating duration. Incorporating a storage sys-
tem with DGs will create a dispatchable source that can follow commands of MGCC to
contribute additional generation (discharging), or balance generation with electricity de-
mand (charging). Apart from providing ancillary services, the benefits of incorporating
ESS [Kocer et al. (2019), Sufyan et al. (2019)] are peak shaving, energy management,
load levelling, transmission and distribution(T&D) upgrade deferral, frequency regu-
lation, voltage regulation, Low Voltage Ride Through (LVRT), reactive power support,
demand response, reliability improvement and energy arbitrage. In islanded microgrids,

ESS increases the fault current feeding capability [Laaksonen (2010)].

Tesla’s grid level energy storage (150MW/194MWh, Li-ion battery) at Hornsdale
Power Reserve (HPR), South Australia and Vistra Energy’s (300MW/1200MWHh, Li-

3



ion battery) Moss landing energy storage facility at California are some representative

examples.

1.3 MICROGRID CONTROL

There are two approaches for microgrid control - Centralised and Decentralised.
Centralised control relies on data gathered in a dedicated central controller that performs
required control actions for all units at a single point, requiring extensive communica-
tion between central controller (CC) and controlled units. In a decentralised control,
each unit is controlled by its local controller (LC). It receives only local information and
is not aware of system vide variables or other controllers action. Due to the extensive
communication and computation needs, a fully centralised approach is not feasible for
interconnected power systems. A fully decentralised approach is also not preferred due
to strong coupling between operation of various units in a power system. A compromise
between these two approaches is achieved by hierarchial control scheme consisting of
three levels. The primary control stabilises the voltage and frequency after an islanding
event, offers plug and play capability for DERs and shares active and reactive power.
The main objectives of the secondary control are to restore the microgrid voltage and
frequency, power quality improvement and synchronization between the microgrid and
main network. The tertiary control manages power flow between microgrid and main
grid and is responsible for coordinating the operation of multiple microgrids[Fathima

et al. (2018)].

1.3.1 State of the art on Inverter Control Strategies

There are two common control modes for Inverter Interfaced Distributed Genera-
tors (IIDGs): grid following (current control) and grid forming (voltage control). Grid
following inverters are synchronised with the grid through PLL. The voltage and fre-
quency are dictated by the grid and microgrid performs only ancillary services. They
export active and reactive power as specified by the power references [Rocabert et al.
(2012), de Souza and Castilla (2019), Zuo et al. (2021)]. Hence they behave as power

controlled current sources as represented in Fig. 1.1a.

The grid forming control finds application in islanded mode of operation. In the

absence of grid, the grid forming inverter will determine the voltage and frequency.
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Figure 1.1: Simplified representation of grid connected inverters

They are represented in steady state by an ideal voltage source with a low output
impedance as in Fig. 1.1b. A grid following inverter cannot energise an islanded micro-
grid because they require grid frequency. Whereas, grid forming inverters in Fig. 1.1b

are specifically designed for islanded mode of operation.

In Droop control, each DG will deliver active and reactive power based on fre-
quency and voltage droop characteristics and thus contribute to grid frequency and volt-
age regulation. Grid forming inverters with droop control are represented by an ideal

voltage source in series with a link impedance in steady state as shown in Fig. 1.1c. Vir-



tual impedance can be included in the voltage references initially generated by the droop
characteristics to impart inertia to the grid forming inverters. These inverters mimic the
behaviour of synchronous machines and are hence called Virtual Synchronous Genera-

tors [Liu et al. (2016)].

1.4 RESEARCH MOTIVATION

The performance of implemented projects ascertains that microgrids improve re-
silience, reliability, generation flexibility, energy security and efficiency. Renewable
energy and storage technologies have witnessed tremendous growth in recent years.
The cost of renewable energy and battery technologies is dwindling. The coming years
will witness large scale deployment of community microgrids. However, microgrids
affect the operating pattern of power system scenario. With large scale penetration of
renewables, which are mostly stochastic, maintaining power balances is difficult in is-
landed mode. As a majority of the DERs are electronically interfaced, system inertia is
much lower in microgrids than in traditional power systems, leading to control, stability,

and protection issues.

The microgrids are mostly installed at the distribution level. The protection de-
vices (PDs) conventionally used in distribution grids are fuses and reclosers based on
current magnitude. These devices are unreliable, as a microgrid is susceptible to dy-
namic changes and there can be large variations in the short circuit current. The dis-
tribution side becomes active with bidirectional power flows. The fault behaviour of
microgrids with IIDGs is significantly different from traditional grids which are domi-

nated by synchronous machine based generation.

Many researchers have addressed the above concerns by proposing new protec-
tion schemes. Nevertheless, no commercial relay is available for microgrid protection
[Hooshyar and Iravani (2017)]. Further, most of these schemes were validated on feed-
ers integrating PV or machine based DGs. These schemes have not analysed their
performance when IIDGs are PQ controlled and reference power is negative. There
are very few protection studies on microgrids integrating Battery Energy Storage Sys-

tems(BESS). Considering this, a BESS based microgrid with different inverter con-
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troller strategies is used in this study.

Low voltage DC (LVDC) microgrids possess numerous benefits compared to AC
microgrids. However, their application is restricted due to many challenges; mainly
related to protection. During faults, DC microgrids are exposed to severe transients.
Unlike AC which uses phasors, DC system uses sampled values. Hence, determination
of exact fault location and its selective isolation in the transient period itself is challeng-

ing.

The research methodology adopted in this thesis is as follows. Fault behavioural
studies are performed on AC and DC microgrids using PSCAD/EMTDC models. Based
on the transient studies, reliable protection schemes are proposed for fault location in
AC and DC microgrids. The performance of proposed method is tested for different
fault scenarios by carrying out simulations in MATLAB/SIMULINK software. The
proposed schemes require low bandwidth communication and are driven by cost factor,

as it is not economical to invest in distribution networks like in transmission networks.
1.5 RESEARCH OBJECTIVES
Based on the literature survey and assessed research gaps (presented in the up-

coming chapter), the goals of the research work are listed below

* To model a low voltage microgrid with a centralised Battery Energy Storage Sys-

tem and to investigate its transient behaviour under AC and DC faults

* To investigate the impact of existing relaying schemes on the microgrid and pro-
pose practical protection strategies for microgrid feeders that are effective in both

operational modes of the microgrid.

* To develop transient signal based protection schemes for VSC based DC micro-
grids.
1.6 ORGANISATION OF THE THESIS

This thesis is organized into seven chapters. The contents of each chapter is briefly

outlined in this section.



* Chapter 1: This introductory chapter presents an overview of microgrid systems
- architectures and control strategies. The motivation for the research, objectives

and the structure of the thesis is also discussed.

* Chapter 2: This chapter presents a review of challenges associated with the pro-
tection of AC and DC microgrids. Also includes a survey of literature in AC and

DC microgrid protection.

* Chapter 3: This chapter elaborates on the modeling and control of studied mi-
crogrid topology. Simulation studies are conducted at steady state and transient
conditions. The role of BESS in mitigating microgrid power fluctuations is high-
lighted by case studies. This chapter also discusses the fault behaviour of IIDG
feeders with different control strategies. Simulation studies affirm the inability of

traditional schemes to offer reliable microgrid protection.

* Chapter 4: Adaptive protection strategies for microgrids are proposed in this
chapter. The simulation studies in the previous chapter showed that conventional
direction assessment methods fail with BESS integration. A direction estimation
scheme is proposed for microgrid feeders with integrated storage. The assessed
direction at either end of feeder is compared in the main protection unit (MPU)
to detect a fault. This scheme mainly relies on the magnitude and phase angle
of superimposed positive sequence impedance. An adaptive backup overcurrent

relay is also proposed in this chapter.

This chapter also presents a current only differential protection scheme for mi-
crogrids that does not require any adaptive settings. The operating phasor is com-
puted from dq components of superimposed currents; instead of conventional

Fourier algorithms.

* Chapter 5: In this chapter, fault analysis of an LVDC microgrid is presented.
This chapter demonstrates the need for interrupting DC faults in the transient
stage itself. An incremental transient power based protection scheme that effec-

tively isolates the faulty section is presented and validated on a ring type DC



microgrid.

* Chapter 6: This chapter draws together the conclusions and scope for future

work. The contributions of the thesis are highlighted again in this chapter.
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Chapter 2

Literature Survey

2.1 INTRODUCTION

This chapter presents a detailed review of the challenges in protection of AC and
DC microgrids. A comprehensive review of the available protection solutions for AC
and DC microgrids is also presented. The research gaps are identified and the need for

further studies in microgrid protection is presented in Section. 2.6.

2.2 REVIEW OF CHALLENGES IN AC MICROGRID PROTECTION

Traditional protection schemes assumed radial network structure with unidirec-
tional power flows and large fault currents. However, with the integration of DERs,
the network configurations have become complex. Traditional devices like fuses, re-
closers and overcurrent relays are no longer applicable. The protection schemes must
be capable of detecting faults in both modes of microgrid operation - grid connected
mode(GCM) and islanded mode(IM). Identifying the exact location of fault is critical
in microgrids. If the fault is within the microgrid, the faulty section must be isolated
at the earliest. For external faults, microgrids are required to abide by the LVRT re-
quirements. As per IEEE 1547 (2018), DERs outside the fault zone need a minimum

ride-through programmed (>160 ms).

Variations in fault current level: In GCM, grid will provide sufficient fault current to

activate the overcurrent relays. But in standalone mode, the fault current is contributed
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by low capacity DERs only. The synchronous generator based DGs can contribute five
times the rated current. Whereas the fault current in IIDGs is limited to twice the rated
current due to the restrictions imposed by power electronic switches [Zamani et al.

(2014), Nimpitiwan et al. (2007)].

There are several other factors like microgrid mode of operation, inverter con-
trol strategy, DER penetration, battery state of charge (SOC) [Manson and McCullough
(2021)], fault resistance and location of grid forming DERs which affect the fault cur-
rent[Jain et al. (2019), Laaksonen (2010)]. Overcurrent relays find limitations, as the
settings have to be varied with different operation modes. Even with adaptive settings,

the chances of nondetection of faults are high.

Bidirectional flow of current: Directional Over Current Relays (DOCR) are nor-
mally employed for fault location identification. With the integration of multiple DGs
and BESS in a microgrid, power can flow in either direction. The direction reversal
can occur during mode switchings as well (from grid connected to standalone mode
or vice versa)[Jain et al. (2019)]. Hence fault identification using directional relays is

challenging.

Dynamic changes in microgrid architecture: A microgrid is susceptible to dynamic
changes as it supports plug and play feature of DGs and loads connection/disconnection.

The protection system must not act during these changes.

Protection Miscoordinations: Integration of a DG in a conventional grid can lead to

many protection miscoordinations such as

1. Sympathetic/false tripping - When a DG tries to feed an outside fault via a healthy

feeder, the relay in a healthy feeder can trip [Papaspiliotopoulos et al. (2014)].

2. Protection blinding - Due to the fault contribution from a DG, the fault current

seen by the relay in fault path reduces. Thus fault may remain undetected [Naveen

and Jena (2017)]
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3. Coordination issues - DGs will affect the maximum and minimum fault currents,

leading to coordination issues between PDs[Brahma and Girgis (2004)].

Effect of inverter controllers: In current mode, controllers maintain the output cur-
rent at target level by adjusting the internal voltages of inverters. Hence the fault current
from current controlled inverters will be limited and balanced even during an asymmet-
rical fault. Whereas in voltage mode, the fault behaviour is similar to synchronous al-
ternators[Shuai et al. (2018)]. The effect of current controlled inverters can be summed

up as
¢ Reduction in fault current level.

» Absence of negative sequence components in fault current even during asymmet-

rical faults

* The phase angle of fault currents is determined by the inverter controller. During
faults in GCM, as grid provides voltage support, DG units operate with a power
factor close to unity. Whereas in IM, DGs may be required to provide reac-
tive power support and operate with a lower power factor [Hooshyar and Iravani

(2017)].

Fault Classification: The conventional fault classification techniques are based on
current magnitude and sequence components. Since the output currents from current
controlled inverters are balanced and lack negative sequence components, fault type
identification is challenging. Many of the present day controllers suppress negative

sequence components intentionally to improve the transient response.

When IIDGs are interfaced via a dYg isolation transformer, the faulted phase
current may be lower than the healthy phase. This is because the zero sequence compo-
nents add up with the respective positive sequence components [Hooshyar and Iravani
(2017)]. The net current is determined by the angle between sequence components,
which depends on the operating power factor of IIDG. Mishra et al. (2020) has demon-

strated a BC-G fault case in which the faulted phase(B) current is lower than the healthy
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phase (A) for upf operation. Whereas, for zpf operation, the faulted phases have higher

currents.

Effect of Grounding: There are ungrounded, unigrounded and multi grounded mi-
crogrid configurations. Zero sequence components will be available in IM only if the
microgrid is grounded. If there are multiple DERSs interfaced to microgrid via grounded
transformer, zero sequence currents may circulate in the microgrid leading to protec-
tion mis-coordinations [Moon et al. (2013)]. The fault current is thus dependent on the

interconnecting transformer configurations.

Lack of inertia: Integration of many converter-based renewable sources in a power
system reduces system inertia significantly [Yap et al. (2019), Teimourzadeh et al.

(2019)] and may be an issue to traditional power swing blocking settings/ principles.

Effect of renewable infeeds and short feeder lengths: The accuracy of impedance
calculations and consequently the reach of distance relays may get affected by inter-
mediate renewable infeeds [Voima and Kauhaniemi (2014),Telukunta et al. (2017)].
As converter interfaced DGs lack inertia and feeder lengths are short, the apparent
impedance seen by the distance relay may get affected, hindering the application of
distance relays [Fang et al. (2019)]. Application of distance relays requires restrictions

on the number and locations of the DGs that can be connected to the microgrid.

2.3 REVIEW OF AC MICROGRID PROTECTION SOLUTIONS

The conventional protection devices and schemes like overcurrent, directional and
distance relays may fail in microgrids. Researchers have proposed several solutions for
microgrid protection. This section briefly reviews the available protection solutions in

AC microgrids.

2.3.1 Adaptive protection:
Adaptive protection adapts the protection functions or relay settings of PDs ac-
cording to the system operating state. For instance, in IIT microgrid [Che et al. (2014)]

adaptive settings are adopted to respond to higher fault currents in GCM and lower
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currents in IM. Further, the OC relay characteristics shift from inverse time in GCM
to instantaneous or definite time OC settings in IM. The settings can be calculated on-
line or stored in a database according to the network topology. There are mainly two
schemes - centralised and decentralised. Adaptive schemes heavily rely on communi-

cation infrastructure and hence associated challenges are present [Voima et al. (2014)].

Centralised adaptation scheme: A centralised controller polls each PD, analyse the
circuit state and if necessary adapts the settings to new network configuration. The new
settings are then sent to PDs. For example, Laaksonen (2010) proposed a Microgrid
Management System (MMS) which changes the settings and limits of PDs when micro-
grid configuration changes from normal to islanded mode of operation. MMS also acts
as an interface agent between individual grid components and DMS(Distribution Man-
agement System). DMS takes part in higher levels of cooperation such as VPP(Virtual
Power Plants) or Energy Markets. However specific details of protection devices, coor-

dination and operating algorithms are not mentioned.

Similarly, Zamani et al. (2014) presented a communication assisted microgrid
protection relay (MPR) consisting of five modules: 1) the directional module that deter-
mines the correct direction of the fault; 2) the islanded module which provides protec-
tion (based on voltage dip) in the islanded mode; 3) the grid-connected module which
ensures protection (Over current) in the grid-connected mode; 4) the interface module
which is designed for the relay installed at the electrical boundary; and 5) the tripping
module that decides whether a trip signal should be issued. The interface module em-
beds functions such as neutral voltage displacement for activating islanded mode under

grid faults and grid synchronism check function for reconnection.

Ustun et al. (2013) proposed an adaptive overcurrent relay which is based on a
Microgrid Central Protection Unit (MCPU). The MCPU communicates with every sin-
gle relay and distributed generator in the microgrid to ascertain whether it is ON/OFF.
With these inputs, the MCPU calculates the tripping current value for each relay. An-
other adaptive scheme is proposed in Brahma and Girgis (2004), which performs offline

short circuit calculations to calculate the protection and coordination settings. This
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method requires extensive communication and a model of the network.

Decentralised adaptation scheme: Centralised schemes become complicated for large
microgrids with many network configurations. Besides, it increases the computational
burden on the central controller. If the main controller fails, it can lead to catastrophic
conditions. Decentralised schemes [Mahat et al. (2011)] uses local controllers or re-
lays to monitor the status of various CBs, ascertain the microgrid operating mode and
choose appropriate settings. Bui et al. (2017) suggests traditional overcurrent protection
in GCM and negative sequence current/voltage component based protection as primary
protection in IM for an ungrounded system. But, under unbalanced load conditions, the
fault tripping thresholds of negative sequence current should consider the effect of neu-
tral point shift of phase currents or voltages. THD of phase currents or voltages is used
for backup protection in IM. Singh and Basak (2019) suggests an adaptive scheme that
uses time derivative of quadrature and zero sequence components for assessing fault

nature and location.

2.3.2 Overcurrent protection:

Traditional inverse time overcurrent relays face many challenges in the micro-
grid scenario. Hence, researchers have proposed many techniques based on adaptive
overcurrent protection. Pre-defined setting groups (STG) can be stored in relays or lo-
cal controllers for different operating conditions [Mahat et al. (2011), Naveen and Jena
(2021)]. But modern relays can store only a limited number of STGs. Moreover, while
changing the setting group, the relay disables itself (all its functionalities) for a short
period. To overcome this limitation, dynamic relays that computes the new settings

online are proposed.

One method is to adjust the fault current seen by the relay. The fault current of
different DGs are multiplied by various impact factors to increase the fault current mag-
nitude. Muda and Jena (2017b) used superimposed sequence components for impact
factor calculations. But, this may lead to unnecessary tripping of PDs at mode transi-
tions, as a considerable amount of sequence components are present during microgrid

transitions.
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Another approach is to adjust the pickup or operating current of relay depending
on the presence or absence of grid and different DGs [Ustun et al. (2013)]. A minimum
fault current is assigned to each DG, and if present, this current is used to estimate

pickup current, irrespective of the controller type or microgrid mode.

Jain et al. (2019) presents a dynamic AOCR relay that computes pickup current
locally using moving average of line load estimate and DER status. Kavi et al. (2018)
proposed a multistage morphological fault detector that analyzes sudden change in cur-

rent magnitude to update the threshold settings.

2.3.3 Directional protection:

Adding direction feature will improve the sensitivity and selectivity of protection
schemes. Commercially available directional overcurrent relays (DOCR) are 67 NEG
and 67 POS. But these may malfunction in IIDG feeders due to the lack of negative se-
quence components and sources with large fault current [Hooshyar and Iravani (2018)].
The influence of IIDGs on fault component based directional relays are presented in Jia
et al. (2019b). As IIDGs possess variable impedance characteristics, the superimposed

impedance phase angle does not stay constant at 90" and hence mal-operate.

Different types of relays that depend only on current for direction detection are
reported in the literature. The advantage of such relays is that voltage sensors or poten-
tial transformers are not required, and hence the cost of protection strategy is reduced.
The phase difference between the post fault current and prefault current is used in Ukil
et al. (2010) to detect whether the fault is in forward or reverse direction. Muda and
Jena (2017a) and Muda and Jena (2017b) have used phase angle difference between su-
perimposed positive/negative sequence current and positive/negative sequence pre-fault
current for direction assesment. The limitations of these methods are that pre fault cur-
rent status (whether current is flowing upstream or downstream) needs to be updated
every time, which in turn may require voltage measurement. Moreover, direction as-
sessment criteria are not the same for downstream and upstream power flow. Hooshyar
and Iravani (2018) proposed a new directional element that uses different features for

directional detection of symmetrical and asymmetrical faults. A protection scheme for
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Table 2.1: Adaptive Overcurrent, Directional and Differential protection solutions

Reference Features Microgrid Limitations
Mode DGs
Adaptive over current
Ustun et al. (2013) Centralised GCM VSI e Complicated for large microgrids
& IM e Computational burden on MGCC
e Extensive communication requirement
Mabhat et al. (2011) Different STGs stored in relays GCM WTG, e Validated for 3 phase faults only
Determine system status & & IM CHP o Limited STGs in modern relays
update relay settings locally eRelay disables while STGs are flashed
Naveen and Jena (2021) Provision for offline and online GCM PV, SG i
relay setting &IM & WTG
Singh and Basak (2019) Uses time derivative of q0 GCM SG eThreshold setting is difficult
current components & IM e Requires grid status
Jain et al. (2019) Dynamic AOCR without GCM PV e Relay adaptability not verified
external controllers & IM for complex microgrids
Directional (DOCR)
Ukil et al. (2012) Current only GCM SG e Prefault current status required
Angle between I and I
Muda and Jena (2017b), Adaptive DOCR GCM PV, SG e Different direction assessment criteria
Muda and Jena (2017a) Based on +ve and -ve sequence & IM e Complex computations
superimposed currents e Mal-operation at microgrid transitions
Basit et al. (2017) SRE & Hilbert transforms GCM PV,SG e Mal-operate with [IDGs only
&IM & WTG
Hooshyar and Iravani (2018) New directional element GCM PV,SG e Requires multiple features extraction
&IM & WTG
Mahamedi et al. (2018) Zero sequence reactive power GCM VSI o Requires I[IDGs to be integrated by a
based dYg transformer
e Limited to ground faults
Differential
Phase currents based e Due to IIDG controllers, magnitude and
a) Dewadasa et al. (2011) Compares current phasor GCM SG,PV  phase jumps occurs in healthy phases
& IM causing mal-operation
b) Halabi et al. (2011) Compares phase angle GCM WTG e Needs communication of three phasors,
making them costly.
Gao et al. (2017) Positive sequence fault current GCM  VSI e Needs communication of single phasor;
component based but may not detect HIF
Dubey and Jena (2020) Uses cumulative sum of diff =~ GCM PV, WTG e Cannot detect three phase faults
NSQ impedance angle
Time frequency transform e Spectral energy of fault current signals
a)Kar and Samantaray (2014) S-transform GCM SG,PV  are extracted to obtain differential energy
& IM o Different settings for GCM & IM
b)Gururani et al. (2016) Hilbert Huang (HHT) GCM WTG e High computational burden
& IM
Data mining based e Requires huge data sets for training
a) Casagrande et al. (2014)  Random Forest M VSI & testing
eRequires multiple sensors for
b)Kar et al. (2017) Decision Tree GCM SG extracting different features
& IM eComplex structure
Singh and Basak (2019) Park’s transformation(q and 0 GCM SG e Requires adaptive settings
components) based
Nsengiyaremye et al. (2020) Low cost communication IM  VSI eNot applicable for PQ IIDGs with

assisted

—Lref

18




microgrids using Hilbert transforms and Superimposed Reactive Energy (SRE) is pro-
posed in Basit et al. (2017). As the healthy phases are also affected by the fault in IIDG
interfaced feeders, this method may mal-operate. A PMU assisted centralised protection
scheme which uses Integrated Impedance Angle (IIA) for detection of internal faults is
proposed in Sharma and Samantaray (2020).This scheme requires the application of

several synchrophasors and their communication, which increases the cost.

2.3.4 Voltage based protection:

The scheme proposed by Al-Nasseri et al. (2005) converts the DG output voltage
to dc quantities in dq reference frame. The faults will be reflected as disturbances in
dq values. Dang et al. (2011) proposed a similar scheme using dq components of volt-
age and current. Adaptive voltage based primary and backup protection schemes were
proposed by Ma et al. (2013). The settings adjust with different operation modes and
its calculation relies on before-and-after-fault phase voltage difference and the phase

current.
* These schemes are not capable of detecting high impedance faults (HIF)

* The magnitude of voltage dip during faults will be the same in different locations
due to small feeder lengths; therefore determining fault location will be difficult

[Zamani (2012)]

* The inverter terminal voltage can change in normal operation due to load switch-
ing, capacitor switching etc. Hence special measures should be taken to avoid

erroneous tripping

2.3.5 Differential protection:

Differential protection schemes have more prospects in microgrid protection as
they are not affected by bidirectional powerflow, changing current levels, number of
distributed energy resources (DERs) in the microgrid, microgrid operation mode and
weak infeed. However, they require time synchronised communication and doesn’t
have a provision for back up. The schematic of current differential protection is shown

in Fig. 2.1.
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Figure 2.1: Schematic of differential protection.

The differential relay in Dewadasa et al. (2011) has five elements - three elements
for each phase, negative sequence and zero sequence elements. Another scheme that
uses current phase jumps for zone protection is presented in Halabi et al. (2011). These
schemes require communication of at least three phasors, making them costly. Due to
the impact of controllers in IIDGs, there can be magnitude and phase jumps in healthy

phases as well and hence these schemes may mal-operate.

Gao et al. (2017) presented a differential protection scheme using positive se-
quence fault component (PSFC) instead of phase currents. As this scheme requires
communication of a single phasor (superimposed positive sequence current) between
terminals, the communication load is reduced. However, this protection scheme may
fail under high impedance asymmetrical faults, as changes in positive sequence compo-

nents are negligible.

Dubey and Jena (2020) utilised the cumulative sum value of the differential negative-
sequence impedance angle (DNSIA) as the fault detection parameter for generating the
trip signal. This scheme is capable of detecting both HIFs and LIFs. As negative se-
quence components are absent in symmetrical faults, this scheme finds limitations in

detecting three phase faults.

Casagrande et al. (2014) developed a fault classifier based on Random Forest al-
gorithm. Among different features, this study has identified that differential positive and
negative sequence currents as the most suited features. Kar et al. (2017) preprocesses

the faulted current and voltage signals using discrete Fourier transform and derives
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features at both ends of the feeder for building the Decision Tree based data mining
model. The features extracted for final relaying decision are differential rate of change
of frequency, rate of change of voltage, rate of change of power angle difference, active
power change with time, reactive power change with time, rate of change of negative
sequence voltage and rate of change of negative sequence current. But these schemes

require large datasets for training and testing.

Time frequency transform based differential protection schemes [Kar and Saman-
taray (2014), Gururani et al. (2016)] retrieve current signals at both ends of feeder to
compute spectral energy content using S-transform or Hilbert Huang transform (HHT).
If the differential energy exceeds a threshold, trip signals are issued. These methods are
less sensitive to synchronisation errors; but requires different settings for grid connected
and islanded modes. Moreover, computational burden is high, leading to a slower re-

sponse time.

Nsengiyaremye et al. (2020) proposed a low cost scheme that compares the di-
rection of current at both ends of relay. Instead of comparing the directions at the same
instant [Ukil (2016)], this method ascertains the current direction at two successive in-
stants and then compares the transition patterns at both ends of line. Since the current
directions are indicated as 1 or 0, the communication load is heavily reduced. However,
this scheme is validated on a microgrid with current controlled IIDGs and reference

currents set to positive values only.

2.3.6 Hybrid protection schemes:

Schemes that employ advanced signal processing, neural networks and machine
learning techniques are reported in the literature. A combined wavelet and data mining
based intelligent protection is described in Mishra et al. (2016). The effective features
of current signals such as change in energy, entropy, and standard deviation are derived
using wavelet coefficients. Once the features are extracted against faulted and unfaulted
situations for each-phase, the data set is built to train the decision tree (DT). Wavelet
decomposition provides scaling coefficients in addition to wavelet coefficients. Costa

et al. (2017) reproduced overcurrent functions through the scaling coefficient energy,
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whereas the wavelet coefficient energy provided the real-time detection of the fault.
The disadvantage of ANN based schemes are that they require multiple sensors at dif-
ferent locations, complex structure and huge data sets for training. To overcome these
limitations, a Taguchi based ANN that extracts the signals at the static switch for fault
diagnosis is presented in Hong and Cabatac (2020). However, this method is applicable

only when grid contributes to the fault.

2.4 REVIEW OF CHALLENGES IN DC MICROGRID PROTECTION

Voltage Source Converter (VSC) based DC microgrids are gaining interest in re-
cent years as many consumer loads have shifted to DC. Compared to AC systems, DC
offers many advantages like higher power transfer capacity, low cost, reduced power
conversion stages, absence of reactive power and harmonics. Moreover, the Distributed
Generators (DGs) and storage units can be easily integrated in to DC microgrids. De-
spite these advantages, LVDC and MVDC microgrids are still in infancy stage at the
implementation level. There are many challenges concerning protection [Bayati et al.

(2018), Park and Candelaria (2013), Beheshtaein et al. (2019)].

Fault Interruption: Fault interruption is a major concern due to the absence of zero
current crossing in DC[Cuzner and Venkataramanan (2008)]. Fuses that were con-
ventionally used in dc systems are not preferred in microgrids due to their slow re-
sponse, requirement for replacement after each operation and inability to distinguish
between momentary and permanent faults. Several researchers are attempting to de-
velop a DCCB with the following features - a) reliability b) low power losses c) low

cost d) high current rating e) fast response f) high breaking current and g) long lifetime.

Non-standardisation of DC microgrid system: Many national and international or-
ganisations like International Electrotechnical Commission (IEC) has started working
toward standardisation of voltages. However, there is no consensus on DC voltage level,

communication protocols, grounding and safety regulations to date.

Sudden rise time of DC fault current: Due to low line impedance and presence

of large dc link capacitors, the fault current rises rapidly[Beheshtaein et al. (2019),
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Monadi et al. (2015)]. If the fault is not interrupted quickly, it may lead to a system
breakdown. Several solutions are reported in the literature to avoid sudden current build
up. Mohan and Vittal (2019) designed fault current limiters using external reactors.
Some power converters like boost converters are vulnerable to faults. But some other
converters like buck, buck boost isolated converter known as Dual Active Bridge (DAB)
can inherently limit the fault current [Beheshtaein et al. (2019)]. This is because of the
inductance in the freewheeling diode path. Multimode control schemes which switch to
a different control during a fault to limit the fault current are also proposed [Augustine

et al. (2020)].

Relay Setting using current magnitude: There are two types of faults in the DC
side; pole to pole (PP) and pole to ground (PG). In the PG faults, one or both conductors
fall to the ground. The fault current in PG faults is affected by the grounding system.
The conductors comes in direct contact with each other in PP faults. Hence, the PG
faults are classified as high-impedance and PP faults as low-impedance faults. A lower
current setting may affect the system reliability and a higher current setting might affect

its sensitivity.

Bidirectional flow of currents: The integration of DGs and ESS via bidirectional
converters and different DC microgrid configurations such as ring and mesh results in

bidirectional current flows.

Selectivity: Due to dc link capacitors, all the DGs, ESS and loads contribute to a
fault in DC cable or bus almost simultaneously. Though DC-DC converters can detect
faults instantaneously, their sudden disconnection is not an appropriate solution as it
will prevent them from being used for fault ride through. But the transient currents
can be very high up to 15 times the rated current. Hence it is necessary to isolate the
faulty section quickly to avoid damage to converters diodes. The faulty location must

be isolated in ps.

Relay coordination: Available time for fault isolation is very less, coordination be-

tween relays is difficult [Cuzner et al. (2017)].

23



Fault type identification: There are positive pole to ground (PPG), negative pole to
ground (NPG) and pole to pole (PP) faults. Identification and isolation of faulty pole in

micro time scale is required to maintain supply in healthy lines.

Impact of high bandwidth ESS: Rakhra (2017) discusses the impact of high band-
width energy storage integrated with an aircraft application. The energy storage re-
sponds rapidly when there is a voltage drop and contributes a large fault current. If
the protection settings are done under this assumption, it may lead to blinding under
HIF when ESS is offline. This is because under HIF, primary sources may reduce their

contribution.

Grounding issues: The grounding in DC microgrids is complex than AC systems due
to integration of PE converters and their interface with AC network. The DC microgrid
side grounding arrangements should be chosen considering AC side (utility) grounding
schemes [Carminati et al. (2014), Beheshtaein et al. (2019)]. Grounding design must
accomplish prospectives of facilitating fault detection, protection requirements, safety
for equipment and individuals (reduce touch voltage), minimize stray currents (earth

current from the conductor) and reduction in CMYV level [Mobarrez et al. (2017)].

2.5 REVIEW OF DC MICROGRID PROTECTION SOLUTIONS

The fault detection and localisation is not established in LVDC microgrids, as in
AC or HVDC systems. Lack of frequency and phasor information limits the conven-
tional fault detection methods in AC microgrids [Salomonsson et al. (2009)]. Travelling
wave based methods are mostly proposed for fault detection in HVDC systems. Due to
shorter feeder lengths, segregating the second travelling wave is not easy and feasible in
LVDC microgrids. TW-based fault location requires high-performance data acquisition

equipment.

Recently, many advanced signal processing techniques like Wavelet (WT) [Yeap
et al. (2017)], Short Term Fourier (STFT) [Satpathi et al. (2018)] and Stockwell(ST)
[Kar and Samantaray (2014)] transforms were proposed for HVDC systems. High fre-

quency components are superimposed in the fault currents during the transient period.
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The above methods determine high frequency components and thus detect the fault
very fastly. However, these methods are computationally complex, require high sam-
pling frequency, sensitive to noise and costly. These methods are therefore not a good
option for LVDC microgrids. Protection schemes based on transient energy for fault
identification are also reported for HVDC systems. Dai et al. (2020) uses transient
energy ratio for fault location selectivity. Mohan and Vittal (2019) proposed a single
ended protection scheme that uses variation in DC voltage, current and transient energy

to discriminate external and internal faults.

The fault detection techniques in LVDC microgrids can be broadly classified as
local measurement and unit protection methods. The advantage of local measurement
methods is that they have an inherent capability of backup protection. However, the
device threshold setting is challenging for accurate fault discriminations and if relay
coordination are to be met [Fletcher et al. (2012)]. Whereas unit protection schemes

offers bounded protection to a part of power system with no provision for backup.

2.5.1 Unit protection methods

Differential protection: These methods compare currents [Park and Candelaria
(2013), Fletcher et al. (2014))] or voltages between two boundaries in a unit and if
this difference exceeds the threshold, a trip signal is issued to the breakers. Though
this method is very selective and sensitive, it requires high bandwidth communication
and time synchronised measurements. Unlike AC which uses phasors, DC system uses
sampled values and is exposed to severe transients. A micro time scale change in mea-

surements can lead to protection failure.

Current direction based protection: A current direction based protection scheme
for radial microgrids, which selectively trip the faulty portion, is described in Emhemed
et al. (2017). This direction assessment will make a correct decision, only if the fault
current is greater than the prefault current. These methods thus find limitations under
HIF. Similarly, a superimposed current-based scheme for faulty feeder identification is
proposed in Mohanty and Pradhan (2018b). The works reported in Jia et al. (2019a) and

Mohanty et al. (2021) utilise similarity of current waveforms at feeder ends for fault
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detection. These current-based techniques rely on communication between relays at
feeder ends for locating internal faults. These schemes cannot assess the fault direction
(Forward or Reverse) locally and hence does not have any scope for offering backup

protection.

2.5.2 Local measurement methods

Current derivative based protection: Protection methods based on first and sec-
ond current derivatives are proposed in Meghwani et al. (2020), Meghwani et al. (2017).
The current derivative depends on several parameters like cable characteristics, fault re-
sistance and line loading. Choosing a suitable threshold is difficult and may lead to
false triggerings during other system disturbances like load changes or DG switchings.
Moreover, the derivative calculation requires a high sampling frequency which ampli-
fies noise and hence may lead to false tripping [Beheshtaein et al. (2019)]. Mohanty
and Pradhan (2019) proposed a novel method that depends on oscillation frequency and
transient power for trip decision. These schemes do not offer selectivity and the deci-
sion time is affected by the damping level, distributed energy resource (DER) response

and fault resistance.

Parameter estimation based methods: Several methods that estimate line parame-
ters to identify fault are also reported. A Least Square based method is used in Mohanty
and Pradhan (2018a) to compute the line inductance using local voltage and current
samples. The sign of seen inductance is used to determine whether the fault is forward
or reverse. However, this method is computationally complex. If the estimated induc-
tance of a line falls below a threshold value, a fault is identified in Feng et al. (2017)
and Shamsoddini et al. (2020). But for detecting high impedance faults, these methods
require the insertion of an artificial line inductance. Moreover, the protection devices
(PDs) in healthy lines may maloperate immediately after de-energisation of adjacent
faulty lines with parameter based techniques. Therefore, Bhargav et al. (2020) relies
on threshold values of pole voltages and currents for fault detection and line parame-
ters only for assessing fault location. Another method that locates fault by comparing
the actual fault current with analytically derived current (using an iterative method) is

presented in Bhargav et al. (2019).
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Injection based methods: Park et al. (2013) proposed a fault location algorithm
using a probe power unit (PPU). A PPU consists of probe capacitor, probe inductor,
power source, and connection switches. The probe current response is analyzed, and
the fault distance is obtained in terms of damped resonant frequency. Jiang et al. (2019)
suggested another method that uses terminal inductors. The voltages at either ends of
the inductors are sensed to determine the fault location accurately. These methods need

additional hardware units and voltage sensors.

2.6 INFERENCES

Many protection schemes were proposed for AC microgrids as shown in Sec-
tion. 2.3. The summary of observations from literature review of available protection

schemes in AC microgrids are as follows.

1. Majority of the schemes are limited to microgrids with rotating generators and
PV. Though Energy Storage Systems are inevitable for a microgrid, the existing
works have not included them. Protection of feeders integrating energy storage is
more complicated as set powers can take both positive (discharging) and negative
values (charging). The fault behaviour of PQ controlled IIDGs when set power is

negative is not addressed in any literature.

2. Several works have employed averaged models of VSI instead of DERs for mi-

crogrid simulation and have not considered the practical constraints.
3. Few of the proposed schemes apply to a single type fault.

4. The unconventional fault signatures of IIDGs restrict traditional relays’(Overcurrent,
voltage based and sequence component based relays) application in AC micro-

grids.

5. Distance relay may fail in microgrids due to the error in impedance calculations.
This can be due to the short length of feeders, fault current variations with differ-

ent modes, limited fault current of [IDGs and impact of grounding impedance.

6. Application of machine learning techniques and advanced signal processing tech-
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niques in microgrid protection is trending. These methods are complex, requires
multiple sensors, extensive communication and large data sets for training. The
real time implementation of such schemes may not be practical considering cost

factor and dynamic nature of distribution grids.

7. A comprehensive protection scheme (fault detection, location and classification
of all types of fault in all modes of microgrid operation) is lacking in microgrids;

hence, there is a prospect for research in AC microgrid protection.

Research on LVDC microgrids has gained momentum recently. The summary of obser-

vations from literature review on DC microgrids are as follows

1. The protection aspects of LVDC microgrids are not explored fully to date. The

studies on fault location and backup protection in LVDC microgrids are limited.

2. The internal protection in DC-DC converters can act quickly during faults. How-
ever, shutdown of all DGs is not a viable option, as it will prevent them from
being used for fault ride through and fault location assessment. Nevertheless, the

transient currents are very high; quick disconnection of faulty section is essential.

3. Many of the proposed methods in HVDC use advanced techniques and high band-

width communication, which makes them unfeasible for LV microgrids.

4. Differential protection schemes offer good flexibility in fault localisation. How-
ever, the precise requirements for measurements and time synchronised commu-
nication make them unfeasible for LVDC microgrids. As DC system uses sam-
pled values and is exposed to severe transients, a slip can lead to catastrophic

effects.

5. Though current derivative and voltage based methods can detect faults quickly;
selectivity is not assured. Transient signal based methods are a good option, but
they might appear during non-fault disturbances. Adding directional features may

enhance selectivity.
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Chapter 3

Transient Behavioural Modelling of
Microgrids supported by Battery
Energy Storage System

3.1 INTRODUCTION

This chapter presents the modelling of a microgrid supported by BESS (Battery
Energy Storage System). The control strategies of BESS automatically switch between
grid connected and standalone modes of operation. Section. 3.3 demonstrates how
BESS mitigates the power fluctuations in a microgrid and improve the power quality

indices.

This chapter will also analyse the impact of different inverter control strategies on
the fault behaviour of IIDGs. A comprehensive understanding of transient behaviour is

essential for an effective microgrid protection design.

3.2 MICROGRID TOPOLOGY

The studied microgrid comprises a 40 kW Solar Photovoltaic (PV) employing
MPPT control, a 57 kWh centralised battery energy storage unit (BESS) and loads. All
the components are connected to a 415 V busbar at the Point of Common Coupling

(PCC), as shown in Fig. 3.1. The switch S facilitates the connection of microgrid to
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Figure 3.1: Microgrid topology.

the grid. All the DG inverters are operated in current controlled (grid following) mode
during grid-connected mode. PV uses DC link voltage control to transfer maximum
power and BESS employs PQ control to deliver/absorb a preset power to/from the utility

grid. The parameters of the studied microgrid are listed in the Appendix A.

When the microgrid is cut off from the utility grid, fixed power control cannot
maintain the voltage and frequency. A master control frame, where BESS acts as the
master voltage source and PV serves as a slave is employed in islanded operation mode
[Kim et al. (2010), Zhang et al. (2016)]. Control of PV remains unchanged during both
modes, whereas control of BESS switches over to Voltage / Frequency (grid forming)
control as in Fig. 3.2. This enables the PV to deliver maximum output power. The

detailed BESS model in Fig. 3.2 [Farrokhabadi et al. (2018)] is used for the study.

The dc link voltage of the battery is regulated by the converter controller [Sagiraju
etal. (2017), Alexandre et al. (2016)] of Fig. 3.2. Whenever there is a shortage of power
at PCC, dc link voltage of battery inverter falls and by the control scheme, ()5 is turned
on. The inductor starts charging. Once the inductor gets fully charged, ¢); and ()
are turned off and diode D, turns on. The converter is operating in boost mode and

power is transferred from battery to dc link. The battery is in discharging mode under
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Figure 3.2: BESS components and its control.

this scenario. Alternatively, when there is an excess supply of power, dc link voltage
builds up and @); turns on. The converter operates in buck mode and the excess power

is transferred from dc link to battery. Thus, the battery is charging in this mode.

The control of all inverters is implemented in dq (synchronous reference frame).

The detailed block diagrams of inverter controllers are shown in Fig. 3.3 and Fig. 3.4

P/ Vdc Vd

Pref/vdcref

T Vires

dq0 Vabcref

abc

Vqref

Qre f

Q Va
Figure 3.3: DC link voltage / PQ control
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Figure 3.4: V/F control

3.3 SIMULATION STUDIES

Time domain simulations are performed to analyse the dynamic and transient
behaviour of microgrid. Initially, microgrid operates in grid connected mode and at
t=2s, microgrid transfers to the islanded mode of operation. The BESS is PQ con-
trolled in GCM with reference active power (P, f) set at -10 kW(charging) and reactive
power (Q,.r) at 0 kW. Since BESS is capable of delivering (discharging) and absorb-
ing (charging) power, the reference powers, as well as reference currents can take both
positive and negative values. The control of BESS shifts to grid forming (V/F control)
in IM. With this control, the battery charges or discharges depending on the voltage and

frequency of AC bus. PV generation is constant in both modes at 20 kW.

3.3.1 System Response under different loads
Two cases of load are simulated as shown in Fig.3.5 and 3.6 under different modes

of microgrid operation.

Case 1: P;=30 kW+j5 kVAR; P, > Ppy
Case 2: P;=10kW+j5 kVAR; P, < Ppy

where Py, is the load power and Ppy is the power generated by PV.
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Figure 3.5: Case 1: Pr, > Ppy

The main observations from the study are summarised below:

* PQ controller of BESS maintains the set power references irrespective of the load
conditions. This is clear from Fig. 3.5a,b and Fig. 3.6a,b as the output active and
reactive power stays constant at -10 kW and 0 kW in GCM. Irrespective of the
load conditions, BESS keeps charging in GCM. The surplus or deficit power is

taken care of by the grid.

* V/F control targets to maintain the frequency in islanded mode of operation.

During a power deficit, P, > Ppy (Case 1), BESS is discharging as shown in
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Figure 3.6: Case 2: P;, < Ppy

Fig. 3.5c. When surplus power is available, P;, < Ppy (Case 2) BESS is seen to
be charging as in Fig. 3.6c¢.

* BESS responds very fastly to balance power at microgrid transitions as shown in

Fig. 3.5a and Fig. 3.5b

* BESS is capable of providing both active and reactive power support. Referring
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to Fig. 3.5b and 3.6b, the reactive power is provided by the grid in grid connected

mode (as @,y of BESS is 0) and battery energy storage in islanded mode.

3.3.2 Fault Analysis

To analyse the impact of different controllers on fault behaviour of IIDGs, faults
are simulated as shown in Fig. 3.7. The fault characteristics of grid following and grid
forming inverters are not similar. The transient response of BESS to a LL fault at
location F1 in charging mode is shown in Fig. 3.8 and discharging mode in Fig. 3.9.
Similarly, the fault response of BESS to a SLG fault and LLLG fault is shown in Fig.
3.10 and Fig. 3.11

| Line 1 3 415V11KV
BESS RI3 rR31 | 2
] Qkm R3 | 5 () )—C)
T | oo T %4
o 11KV, 50Hz
415V/415V Grid
C P2
_'_DC Line3
PVI O R33 (2km)
F3
Load

Figure 3.7: Test microgrid for fault study.

Fault current level: The fault current from PQ controlled BESS (in GCM) is limited
as seen in Fig. 3.8a, 3.9a, 3.10a and 3.11a. The PQ control is briefly reviewed to un-
derstand its fault behaviour. It consists of an outer power loop that generates and limits
the reference currents and an inner current control to track the reference currents. The
dq axis current reference setpoints of the inner current controller [Farrokhabadi et al.

(2018)] are given as

i _ zpref-vgd =+ Qref-vgq
el T T Vg + Vg2

i _ gPref-ng + Qref~vgd
T3 Vi + Vil

3.1)

(3.2)
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where P, and @),y are the active power and reactive power references. V;; and V,

corresponds to the PCC voltages in d-q axis.
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Figure 3.8: LL fault performance when BESS is charging
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Figure 3.9: LL fault performance when BESS is discharging

When a fault occurs, the voltage drops. The fault current references as per Eqn. 3.1
and 3.2 increases to maintain the DG output power constant. Thus the fault current is

proportional to the voltage dip, but limited by reference powers. Further, due to the
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Figure 3.10: SLG fault performance when BESS is discharging

restrictions imposed by power electronic switches, the current references are limited
using limiters. The controller tries to maintain the output current at the target level by
adjusting internal voltage of inverters. PQ controlled inverters with current limiters are

therefore modelled as controlled current sources [Shuai et al. (2018), Guo et al. (2017)].

On the other hand, V/F control attempts to maintain voltage by injecting more
current into the fault (Fig. 3.8a, 3.9a, 3.10a and 3.11a). The fault response of V/F
controlled IIDGs is thus similar to synchronous alternators. To accomplish fault current
limiting in V/F IIDGs, some reported works modify the voltage references when a fault

is detected. This adjustment of voltage references may take some time (~ 2 periods).
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Figure 3.11: LLLG fault performance when BESS is charging

Fault current direction: Another instance where the fault behaviour of PQ controlled
BESS differs from conventional sources is discussed here. Even during the fault at F1
in GCM (P, set to -10 kW), the battery continues charging as shown in Fig. 3.8b
and Fig. 3.11b. This is because the PQ controller tries to maintain the same prefault
power by injecting current into the battery. Whereas in IM (with V/F control), the
battery is discharging during fault. Thus a PQ controlled BESS with set power negative
(charging) will not dissipate in to the fault leading to mal-operation of directional relays

that assumes all sources to inject current in to fault.

39



Output active power: The active output power of a PQ controlled DG remains con-
stant or decreases depending on the limiter threshold. Since,the fault currents in V/F
controlled inverters are high, active power output in V/F controlled IIDG increases dur-

ing fault as shown in Fig. 3.8c and 3.9c.

Nature of fault response: The fault currents in GCM (from PQ controlled BESS)
remains balanced even for asymmetrical faults - LL (refer Fig. 3.8a and Fig. 3.9a) and
SLG (Fig. 3.10a). This affirms that fault current from current controlled inverters lack
negative sequence components. PQ controlled inverter maintains the output current at
target level by adjusting the internal voltage of inverter. During a fault, there are dis-
turbances in the grid voltage. Due to the feed forward compensation technique, the
imbalances in grid voltage are replicated on the terminal voltage of inverter. Thus the
inverter current which is the difference between grid voltage and inverter terminal volt-
age is balanced. The voltage control techniques strives to maintain the inverter voltage
by adjusting the current. Hence the fault currents from voltage controlled inverters are

unbalanced.

Impact of interfacing transformer configuration on fault behaviour: To under-
stand this, a fault involving ground (AG fault) is simulated at F1. The BESS is inte-
grated via a dYg transformer. The inverter and transformer output currents when BESS
is PQ controlled is shown in Fig. 3.12a and Fig. 3.12b. The faulty phase(A) current at

transformer output is seen to be lower than healthy phases (B&C).

This unusual behaviour can be attributed to the absence of negative sequence
components in PQ controlled IIDGs. Zero sequence components which are not affected
by the control techniques, add up with the respective positive sequence components
as shown in Fig. 3.13a. The net current is determined by the angle between sequence
components, which in turn depends on the operating power factor of IIDG. Fig. 3.13a
clearly indicates that faulty phase (A phase) current is much lower than healthy phases
(B and C) with PQ control. Whereas in voltage controlled mode, phase A current is

higher as shown in Fig. 3.13b due to the presence of negative sequence components.
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Figure 3.12: AG fault response of PQ controlled BESS
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Figure 3.13: Phasor plots for AG fault

3.4 INFERENCES

This chapter investigated the dynamic and transient performance of a BESS based
microgrid. BESS plays an important role in solving the power quality and stability is-

sues in the microgrid by providing active and reactive power support. The fast response
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characteristics of BESS help to smoothen the imbalances between demand and supply

at the time of transitions between microgrid modes.

Fault analysis of inverter based DERs with PQ and V/F control strategies are
performed. The fault currents from grid following (PQ control) inverters are limited and
lack negative sequence components, whereas the grid forming inverters (V/F control)
cannot directly regulate the output current. V/F controlled inverters possess higher peak
values, contain exponential damping constant and remain unbalanced for asymmetrical

faults.

Further, there will be variations in the fault current with different modes of mi-
crogrid operation and topologies. Conventional overcurrent and sequence component
based relays are thus not applicable for microgrids. As voltages and currents of even
healthy phases are modulated by the inverter controllers, schemes based on magnitude
of voltage and currents cannot be relied. Distance relays doesn’t have much scope in
microgrids due to short lines in distribution networks. The subsequent chapters will

focus on the development of a protection schemes for microgrids.
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Chapter 4

Development of Protection Schemes for

an AC microgrid

4.1 INTRODUCTION

The major challenges in microgrid protection based on the transient behavioural

study in the previous chapter are

* Variation in the level of short circuit current in GCM and IM. Though in GCM,
contribution of short circuit current from I[IDGs is less, the grid will provide high

fault current.
¢ Bidirectional flow of current

» Lack of negative sequence components in the fault response of IIDGs with PQ/current

controllers.

* PQ control will not allow DG to dissipate into a fault when the reference power

is negative, leading to directional relays’ mal-operation.

This chapter proposes protection schemes for microgrids that addresses the above
concerns and contains main two sections. First section deals with adaptive protection

schemes and second section discusses a non-adaptive differential protection scheme.
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A main and backup protection scheme, capable of exact fault location is proposed in
Section. 4.2. The proposed scheme uses magnitude and angle of superimposed positive
sequence impedance for estimating direction. The Main Protection Unit (MPU) detects
an internal fault when there is a mismatch in the direction of relays at either end of a

feeder. The backup scheme uses adaptive overcurrent relay settings.

Among the conventional relays, differential protection schemes possess maxi-
mum accuracy. However, phase based differential relays cannot be adopted in micro-
grids due to their cost (mainly due to the communication requirements) and unconven-
tional fault signatures of IIDGs. Section. 4.3 proposes a low cost differential protection
scheme based on fundamental frequency superimposed current phasors. The phasors

are extracted using dq components instead of conventional Fourier algorithms.

The performance of proposed schemes are evaluated for different fault scenarios
by MATLAB/SIMULINK simulations on a test microgrid. The results confirm that
internal faults are detected in a few milliseconds. At the same time, the schemes re-
mains insensitive to external faults with CT saturation and other system disturbances.
The proposed schemes are unaffected by the microgrid mode of operation, direction of

power flow and DG type.

4.2 ADAPTIVE PROTECTION SCHEMES
4.2.1 Protection Principle
The basic principles and proposed algorithms for microgrid protection are elabo-

rated in this subsection.

4.2.1.1 Superimposed positive sequence impedance

When a fault occurs, the corresponding voltages (V) and currents (I) undergoes signifi-
cant changes. The post fault quantities can be obtained by adding the prefault quantities

with these changes referred to as superimposed or fault imposed quantities

‘/post = ‘/pre + AV (41)
]post = ]pre + Al 4.2)
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Superimposed impedance can be defined as

AV

4.3)

Since positive sequence components exist for all types of fault, superimposed
positive sequence impedance is chosen for fault direction assesment. The pre-fault
positive sequence network of a simple microgrid with two sources F 4 and E'p is shown
in Fig. 4.1a. Relay directions (R4 and Rp) are as indicated in the figure. Ef is the
voltage at the fault point prior to the fault. To obtain the superimposed network, all the
prefault voltage sources are short circuited and all network components are represented
by their impedances. A voltage source with magnitude equal to the pre-fault voltage
and phase angle opposite to the prefault phase angle is applied at the fault. [Hashemi
et al. (2013)]. The superimposed positive sequence network is obtained as shown in

Fig. 4.1b

© . ®

(a) Pre-fault

A__, B_,
ﬂIRA1 F ﬂlIFtBi

—D—' Zar1 Zra1 |—

4 - A

AVRai AVgg1

(b) Superimposed

Figure 4.1: Positive sequence networks
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Forward Faults: For a fault F as shown in Fig. 4.1a, the superimposed current seen
by R4 is same as the relay direction. Hence superimposed positive sequence quantities

seen by relay R 4 are

Ep
Al = 4.4
fral (ZSA1 + ZAFl)
AVrar = —Zsa1Alpa = —EF1A 4.5)
Zsar + Zarm

Reverse Faults: The fault current and hence the superimposed current seen by relay

Rp for the same fault F is opposite to the relay direction.

Er
AT = — (4.6)
Bl (Zpp1+ Zsp1)
AVgp1 = Zsp1Alrp = _EF1A 4.7)
Zsp1 + Zrpi

The sign of superimposed positive sequence current seen by a relay is positive for
a forward fault and negative for a reverse fault. Whereas the sign of superimposed pos-
itive sequence voltages are negative for both faults. Hence, the superimposed positive
sequence impedance (AZ;) is negative during a forward fault and positive during re-
verse fault. The parameter cosZ(AZ;) can be used to identify the sign of superimposed
impedance. If it is positive, it implies that sign of AZ; is positive and hence a reverse

fault. This criterion is valid for upstream and downstream power flows.

4.2.2 Proposed Protection Schemes

4.2.2.1 Main protection unit (MPU)

In the main protection scheme, the direction of power flow at end relays of a feeder are
estimated. A sign = 1 is assigned for forward flow and a sign = -1 assigned for reverse
flow. The feeder end relays are assigned same direction as shown in Fig. 4.1. When
there is an internal feeder fault, the end relays show a contradiction in direction . In
case of an external fault or at microgrid transitions, the end relays indicate the same
direction. When a mismatch in the signs are noted, the trip signals are issued to their

corresponding breakers instantaneously, without waiting for an overcurrent fault detec-
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tion. This helps to isolate the faulty location very fastly. If there is any communication
error between the relays or if any relay failed to operate, the adaptive overcurrent relays

will offer back up protection.

An adaptive approach is proposed for ascertaining the relay direction. When the
DG is PQ controlled and reference power set to negative value, the directional relay may
mal-operate. To rectify this, another condition is added to identify a reverse fault in PQ
controlled DGs. The magnitude of superimposed positive sequence impedance |AZ] |
must be less than a threshold value | Z;;,| for a RE. This threshold value is calculated by

assuming the closest bolted forward fault. Since the fault current from PQ controlled

F1 N 3@

v —J Utility Grid

Compute superimposed positive
sequence (SI-PSQ) components
of voltages and currents

Calculate SI-PSQ impedances at buses 1 & 3
(AZ1)r13 = (AVi)Rr31/(AlL)R13
(AZ1)ps1 = (AV1)Rr31/(AlL) Rra1

To determine the
sign of AZ;

Determine sign of (AZ1) g3 and (AZ1) g3

Over
current

fault detected
?

Reverse Flow

External Internal sign =1
Fault Fault Forward Flow

Figure 4.2: Proposed logic of MPU
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inverters is limited, |AZ;| cannot go below the threshold during forward faults. But,

voltage controlled inverters possess higher fault currents and hence this magnitude cri-
teria may fail. Hence this additional criterion is dispensed for conventional generators

and IIDGs with grid forming control.

The main protection scheme and the procedure for direction estimation are shown
in Fig. 4.2. The computations can be done at any particular relay by fetching data (cur-
rent phasor) from the adjacent relay or at a central microgrid protection unit (which
collects all relays information). As current controlled inverters experience changes in
their terminal voltages due to their control, PCC voltages are used for superimposed
impedance calculations. A common voltage will also ensure that the trip signals are is-

sued only when there is a current reversal in any of the relays of the line to be protected.

4.2.2.2 Adaptive Overcurrent (AOC) Protection Strategy

The fault current contribution from IIDGs in grid following mode will be limited. Grid
is the major short circuit current contributor in this mode. Whereas in grid forming
mode, the fault current will be similar to that of synchronous alternators. It is proposed
to calculate the pick up current dynamically when the fault contribution is only due to
current controlled inverters and proceed with conventional pickup settings in the pres-
ence of voltage controlled inverters/grid. When the inverter is PQ/current controlled,

the fault pickup is calculated as follows :

1. The positive sequence power at relay locations are computed using a Moving

Average Window (one cycle) Filter.

N
Prmov-av = Y _ P (4.8)
=1

Vo
V2 V2

Pimov-av 18 the moving average power seen by the relay in one cycle. Here i is the

P =3x 4.9)

sample number and N the number of samples in a cycle
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2. The peak value of fault pickup is then calculated as

|leov—av‘
Ipickup = a ¥ W (4.10)
where a is a constant usually between 1.5 to 2, since the limiters in current con-
trolled inverters limit the fault current to 1.5-2.0 pu. E; is also a constant fixed at
the positive sequence PCC voltage. Since PCC voltage is 415 V L-L, E; is chosen
as 339 V.

As mentioned earlier, if the current is limited in PQ controlled inverters, Pjmov-av
will decrease during fault. Then the pick up current will also reduce as in Eqn. 4.10, thus
ensuring operation of the protection devices(PDs) during fault. Whereas synchronous
alternators or voltage controlled inverters behave as constant voltage source during fault
and inject high current into the fault. So in these cases, Pjnoy.ov Will increase and the
calculated fault pickup may increase excessively. Therefore conventional pickup setting

must be chosen for voltage controlled inverters.

The highlight of this method is that the pickup current adjusts automatically with
the load as shown in Fig. 4.13. With the switching of new loads, Ppov.ay Will increase
and hence the pickup current increases and vice versa. This method indirectly uses volt-
age based protection but avoids unnecessary tripping during load switching. As soon
as the AOCR relay picks up, the superimposed impedance components are captured to
arrive at the direction decision. However the trip signals are issued only if the fault
persists one cycle after AOCR pickup. The microgrid mode of operation, which can be
ascertained by the position of switch S in Fig. 3.7 should be communicated to the relays

to switch between different settings.

4.2.3 Results and Discussions

The proposed schemes are implemented using MATLAB/ SIMULINK. A sam-
pling rate of 20 samples/cycle is used for phasor estimation using DFT. Superimposed
components are computed using a delta filter. In a delta filter, a delayed (by 3 cycles)
input signal is subtracted from the input signal itself. The test microgrid of Fig. 4.3 is

operated in GCM up to 2s and at t=2s, it transfers to IM. The test fault scenarios are
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Figure 4.3: Test microgrid - 1.

Microgrid mode of operation: Grid connected and Islanded

* BESS modes: Charging and Discharging

* Inverter controller types: Grid following (PQ control, DC link voltage control)

and Grid forming (V/F control)

* DER types: PVDG and BESS

* DERs active: BESS and PVDG, BESS only

* Fault types: Single Line to Ground (SLG), Double Line to Ground (LLG), Line

to Line (LL) and Three Phase to Ground(LLLG)

e Fault locations: Feeder faults (external and internal), PCC and load terminals

The BESS operates as PQ-IIDG in GCM and V/F-1IDG in IM. Reverse power flow

(battery charging) is attained by setting P setpoint negative in GCM and by adjusting

Fault impedance(ohms): O(bolted), 0.5(low), 2(medium) and 10(high)

load L3 in IM. Some cases are demonstrated below:
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4.2.3.1 Performance of Main Protection Unit

Casel: Fault performance when BESS is PQ controlled and grid-connected

A three phase to ground fault is simulated in location F1 at 1.0 s when the battery
is charging (P,.y = —10 kW) and in GCM. Fault resistance is 0.05 €2. The battery will
continue charging even during the fault. Since there is no direction change associated
with fault, ZAZ; of both relays R13 and R31 varies between (-90°, 90°) as in Fig. 4.4c
for more than one cycle after fault inception. The conventional techniques will indicate
areverse fault in both relays. However, the superimposed impedance magnitude is more
than threshold impedance in R13 and hence the proposed scheme will indicate the sign
of AZ; as 1 (Forward Fault). Relay R31 gives a sign=-1 (as |AZ)| is less than the
threshold) indicating a reverse fault. Thus there is a mismatch in the signs of R13 and

R31, and the fault is detected within half cycle.
Case2: Performance under HIF when BESS is voltage controlled in standalone mode

To assess the performance of MPU unit for a high impedance fault (HIF), the
system is operated in islanded mode. Further, a single line to ground fault with a fault
resistance of 10 €2 is initiated at F1 while battery is in charging mode. It is clear from
Fig. 4.5a that current in relay R13 which is contributed by BESS (V/F controlled in-
verter in IM) is asymmetrical. In contrast, the current (Fig. 4.5b) in relay R31 con-
tributed by PV (current controlled inverter) remains symmetrical for a SLG. Since it is
a HIF, there is no significant variation in the fault current magnitude. The faulted phase
current in relay R13 reverses and the argument of superimposed impedance of R13 ex-
ceeds -90° as in Fig. 4.5c. Thus the sign computed by R13 is -1 indicating a forward
fault. Contrary to this, R31 calculates +1 indicating a reverse fault. The proposed MPU

scheme can thus detect faults within a half cycle, excluding communication delays.
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Figure 4.4: Casel: MPU performance for a LLLG fault in GCM
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Figure 4.5: Case2: MPU performance for an SLG fault in IM
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Case3: Performance when BESS is voltage controlled and grid-connected

BESS inverters with grid forming control are finding application in VSM (Virtual
Synchronous Machine) technology, as it provides virtual inertia. To assess the perfor-
mance of proposed protection scheme in such cases, a three phase fault is simulated at
F1 with Ry = 0.0582. Since BESS is voltage controlled, angle criterion is sufficient.
When fault occurs, ZAZ; of R13 exceeds —90° as in Fig. 4.25c¢ indicating a forward

fault. Whereas relay R31 indicates a reverse fault and the fault is detected in 4 ms.
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Figure 4.6: Case3: MPU performance for a LLLG fault in GCM and BESS voltage controlled
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Case4: Performance in the presence of decaying DC component

To illustrate the performance of the proposed scheme in the presence of a decaying
DC component, a single line to ground fault with fault resistance Ry = 0.001€2 has
been simulated. The BESS is charging, voltage controlled and in the islanded mode
of operation. Fig. 4.7a shows the current waveforms at R13. It can be observed that a
significant decaying DC component is present in the current waveform after the fault
inception. The response of the MPU scheme for the aforementioned scenario is shown
in Fig. 4.7b. The relay R13 registers a forward and R31 registers a reverse fault, imme-

diately after the fault inception. Since there is a mismatch in the fault direction assessed

by relays R13 and R31, the fault is confirmed within 3ms.
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Figure 4.7: Case4: Performance in the presence of decaying DC component

Case5: Performance under far and near end faults

An LLLG fault with Rf=0.052 is simulated on Line 1 at a distance of 10m from the
relay R13. This can be considered as a near-end (close-in) fault with respect to relay
R13 and a far-end (remote bus) fault for relay R31 present at the other end of the line.

The BESS is PQ controlled and hence the fault current response at relay R13 is as shown
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in Fig. 4.25a. The current at relay R31 is mainly contributed by the grid and shown in
Fig. 4.25b. When the fault occurs in Line 1, Relay R13 sees a forward fault and relay

R31 sees a reverse fault. The fault is detected in 6 ms.
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Figure 4.8: Case5: Performance under far and near end faults

Case6: Performance under high resistance and high impedance faults

To validate the performance of the protection scheme under high resistance and
high impedance faults, a medium-voltage (MV) microgrid as shown in Fig. 4.9 with
higher penetration of PV is chosen. Relays R, and Ry are aligned in the same direction
in this scheme. A high resistance SLG fault (R; = 50(2) was simulated at location F.

The fault was assessed by the proposed scheme in 6.67 ms.
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Figure 4.9: Test microgrid - 2.

HIFs are common in distribution systems. They occurs when an overhead con-

ductor breaks or touches high impedance surfaces such as asphalt, concrete, tree, sand,

cement etc. Due to the high impedance at the fault point, fault currents are restricted.

These faults are often accompanied by arcing and hence their characteristics resembles

a stochastic non-linear current. For simulating HIF, the Emmanuel arc model [2003]

was chosen. This model has two unequal resistances that represent asymmetric fault

currents and is shown in Fig. 4.10.

) Vph
Rp

Dp Dn

Vp T Vn

Figure 4.10: The Emmanuel arc model.

An SLG fault is initiated on the test feeder at t=1s. The parameters are Rp=1000
2, Rn=1050 €2, Vp=10 kV, and Vn=10.5 kV. The relay M and relay N currents are

shown in Fig. 4.11a and Fig. 4.11b below. As soon as the fault is initiated, Z(AZ;) of

the relay Rj; exceeds (—90°,90%) indicating a forward fault and relay Ry stays within

(—90°,90°) indicating a reverse fault. Since there is a mismatch in the fault directions

assessed by end relays, the fault is detected in 4 ms
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Figure 4.11: Case 6: Performance under HIF

4.2.3.2 Performance of Adaptive Overcurrent Scheme

A LL fault is simulated from 1s to 1.5s in GCM and from 2.5s to 3s in IM to evaluate

the performance of proposed strategy.

Since BESS employs current controlled inverter in GCM, pickup current is cal-
culated dynamically. As the voltage dips during fault and the fault current is limited
in this mode, Pjpey.ay decreases. The computed pickup current decreases as shown in
Fig. 4.12a. Since the positive sequence current seen by relay R13 exceeds the pickup,

the overcurrent relay will act. When BESS employs voltage control, fixed pickup is

used as shown in 4.12b.
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Figure 4.12: Adaptive settings of relay R13

4.2.3.3 Performance of the proposed schemes to other system disturbances

The MPU unit remains insensitive to other disturbances like microgrid transitions, DG
disconnection, load switchings, variations in DG penetration level etc. The current
direction seen by BESS feeder relays R13 and R31 remains same for all the above

cases. These relays will witness a direction change only when an internal fault occurs.

The pickup current in proposed AOC scheme adjusts itself with changing sys-
tem conditions as shown in Fig. 4.13. At t=2.0s, the microgrid transits from GCM to

islanded mode and BESS shifts from charging to discharging operation. The pickup
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Figure 4.13: R31 pickup adapting to system changes in AOC scheme.

setting changes from fixed to dynamic when BESS shifts to V/f mode. To simulate a
load change, an additional load of 15 kW and 5 kVAR is inserted at t=2.3s in L3 to an
existing load of 30 kW and 5 kVAR. However, the AOC scheme may not detect sin-
gle phase high resistance faults. The voltage drop will be negligible in such case and
hence the positive sequence power and thus computed pickup current remains almost

constant.

4.2.3.4 Relay Coordination

The proposed MPU offers high selectivity and instantaneous protection. If a fault occurs
in feeder 1-3, the MPU will issue instant trip signals to breakers of R13 and R31. If
MPU fails or if fault is external, the AOC scheme of R13 and R31 will offer backup
protection. Time delayed definite time overcurrent relays are used for AOC scheme
implementation. To validate the AOC scheme, the trip signals issued by MPU are not
applied to the CBs and hence fault is remaining in the system. For relay coordination,
a delay time of 0.3 s is set for R31 and 0.6 s for R13. If the fault is persisting or R31
does not operate, then R13 will offer backup. Similarly when a fault occurs at the load
L3, the individual relay R33 should act first. If it fails, AOC schemes in R13 and R31
will offer backup.

Three phase faults were simulated at locations F1 (at the midpoint of BESS feeder
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Table 4.1: Performance of the proposed schemes for various faults

Fault Microgrid Battery Fault Proposed Proposed AOCR
Location Mode Mode Initiation MPU R13 R31
Ts(s) Torip(s)  Torip(s)  Tiyip(s)
GCM Discharging 1 1.011 1.607 1.312
GCM Charging 1 1.011 1.615 1.311
F1 M Discharging 2.5 2.509 3.015 2.811
IM Charging 2.5 2.506 3.117 2.814
GCM Discharging 1 No Trip 1.619 No Trip
GCM Charging 1 No Trip 1.613 No Trip
F2 M Discharging 2.5 No Trip 3.119 2.806
M Charging 2.5 No Trip 3.12 2.812
GCM Discharging 1 No Trip No Trip  No Trip
GCM Charging 1 No Trip No Trip  No Trip
F3 IM Discharging 2.5 No Trip 3.123 2.807
IM Charging 2.5 No Trip 3.124 2.814

Including communication delay and relay coordination time

1-3), F2 (at PCC) and F3 (at load L3) to validate the proposed schemes. Like previous
cases, the fault is simulated at 1s in GCM and at 2.5s in IM with a fault resistance of
0.05€2. Considering a communication delay of 3ms (extreme case), the time at which
trip signals are issued by primary and backup protection are tabulated in Table 4.1. The
MPU will issue trip signal only if the fault is internal to the BESS feeder. If the fault is
external, AOC protection scheme will issue trip signals to R13 and R31 breakers with
a coordination time of 0.3 s. The fault F3 at load L3 in GCM is not detected by the
relays R13 and R31. This is because in GCM, major contributor to the faults is grid.
The individual relays connected at the load branch can easily detect the fault due to
very high short circuit current from grid. In IM, when there is a significant contribution
from BESS, the AOC protection in relays R13 and R31 will detect the fault. R13 and
R31 must respond to faults in IM, because there is a significant contribution to the fault
from BESS and chances of R33 not responding in IM to fault F3 due to reduced fault

current is also present.
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4.2.3.5 Comparative evaluation of proposed MPU scheme with existing adaptive di-

rectional relays

The comparison of proposed directional relay with DOCR relay [Muda and Jena (2017a)]
for different modes of operation is summarised in Table. 4.2. This technique could not
assess the fault direction accurately when BESS is PQ controlled and charging. Under
this condition, both relays R13 and R3; assess reverse fault for feeder fault /7 and hence
method [Muda and Jena (2017a)] fails. Moreover, the direction assessment rules are
different for forward power flow (BESS discharging) and reverse power flow (BESS
charging). Hence directional relays based on phase angles are not suitable for BESS
feeders. The proposed technique will record a reverse fault in grid following mode only
when the superimposed impedance magnitude is less than threshold impedance; which

is set as 0.1 €.

Table 4.2: Direction Assesed for Internal Fault (F1) - Comparison

Grid Connected Islanded Mode
BESS BESS BESS BESS
Method Feature Used Discharging Charging | Discharging | Charging

R13 | R31 | R13 | R31 | R13 | R31 | R13 | R31

H Muda | Angle between SI-PSQ
etal. |& prefault PSQ currents | -64.19 | 134.4 |-39.31|-28.12| -10.3 | 193 |111.08 [-67.98
FPF: ¢ =+ve = R
RPF: ¢ =-ve =R
Decision F R R R F R F R

|AZ1| (in GCM only) | 2.432 | 0.075 | 1.808 | 0.052
Proposed| ZAZ; (both modes) |-111.45|76.006| 88.31 | 76.52 |-129.6]36.88|-137.7 | 41.31
Decision F R F R F R F R

FPF-Forward Power Flow, RPF-Reverse Power Flow, F-Forward Fault, R-Reverse Fault, ST PSQ - super-
imposed positive sequence

The proposed MPU technique is also compared with a transient energy (TE) based
scheme [Bhatraj and Nayak (2019)] and positive sequence fault current (PSFC) based
differential protection scheme [Gao et al. (2017)]. The transient energies (TE) are de-

rived at both ends of feeder for each phase. If TE at both ends are negative (relays
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Figure 4.14: Performance of TE based schemes

are directed towards the feeder) and exceeds a threshold, the corresponding phase of

the feeder is identified as faulty. To evaluate its performance, an ACG fault with fault

resistance 0.05(2 is simulated at F1 when BESS is charging and in GCM.

The fault currents at relay R3; are mainly contributed by the grid. The TE of
faulted phases A and C exceeds the threshold and are negative as shown in Figure. 4.14b.
Whereas the fault current at relay R;3 is contributed by PQ controlled BESS. The TE
of all phases exceeds the threshold and the TE of faulted phase C is positive as shown
in Figure. 4.14a. Hence this method [Bhatraj and Nayak (2019)] find limitation with
penetration of IIDGs. The performance comparison in Table. 4.3 confirms that pro-

posed MPU technique is relatively faster and capable of detecting faults at all operating

scenarios of a microgrid.
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Table 4.3: Comparative Assessment for F1 fault with Ry = 0.052

Mode of Fault  Fault Proposed  Diff TE based scheme
operation instant  Type MPU scheme PhA Ph B Ph C
Grid Is ABCG  1.003s 1.006s  1.003s  1.003s  1.005s
connected and Is BCG 1.003s 1.007s - 1.002s  1.005s
BESS Is BC 1.012s 1.006s - 1.01s 1.009s
discharging Is BG 1.003s 1.007s - 1.002s -
Grid Is ABCG  1.008s 1.006s No Trip No Trip No Trip
connected and Is BCG 1.005s 1.007s - 1.002s  1.005s
BESS Is BC 1.012s 1.007s - No Trip No Trip
charging Is BG 1.004s 1.007s - 1.002s -
2.5s ABCG 2.506s 2.509s  2.503s  2.503s  2.506s
Islanded and ~ 2.5s BCG 2.503s 2.516s - 2.503s  2.506s
BESS 2.5s BC 2.504s 2.513s - 2.508s  2.51s
discharging 2.5s BG 2.509s  No Trip - 2.503s -
2.5s ABCG 2.503s 2.509s  2.503s  2.503s  2.506s
Islanded and ~ 2.5s BCG 2.502s 2.516s - 2.503s  2.506s
BESS 2.5s BC 2.503s 2.513s - 2.508s  2.51s
charging 2.5s BG 2.51s No Trip - 2.503s -

Excluding communication delays

4.3 SUPERIMPOSED CURRENT BASED DIFFERENTIAL PROTECTION SCHEME

The adaptive schemes presented in the above section requires adaptive settings
with different controls (grid following or grid forming) and voltage information. The
next chapter will focus on the development of a current based differential relay that is
not deterred by the microgrid topology, inverter control scheme, direction of power flow

and type of fault.

4.3.1 Protection Principle

The relays are placed at either end of the protected feeder (MN) directed towards
the feeder. During normal conditions, the relay currents are equal in magnitude and

opposite in direction.
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where Iyrpre, Inpre are the pre-fault currents. When an internal fault occurs in the
feeder,

Iyr + Inp = Ip 4.12)

Iy r and Iy are the fault currents. The difference between fault and pre-fault currents
are called incremental or superimposed currents. The fault current can be rewritten in

terms of superimposed currents at buses M and N as in Eqn. 4.13.

Ip=Aly+ Aly (4.13)

Park’s transformation: Park’s transformation is widely used in electrical machine
models for the elimination of time-varying inductances. It achieves this by convert-
ing three-phase quantities (abc) to a rotating reference frame (dq0 frame) consisting of

direct, quadrature, and zero axes components.

A set of balanced three-phase signals when passed through this transformation re-
sult in constant d and g-axes components, if the rotating reference frame is synchronized
with the fundamental frequency of the signals. However, when Park’s transformation is
applied to an unbalanced system, the resultant dq components will oscillate at double

frequency. These oscillations are due to the presence of negative sequence components.

The projection of symmetrical components in the locus diagram of an unbalanced

65



system in dq0 coordinates is shown in Fig. 4.16 [O’Rourke et al. (2019)]. The positive
sequence vector rotates in the same direction as the dq0 frame and hence its components
appear as dc values. In contrast, the negative sequence vector rotates opposite to the
dqO frame. Its d and q components will show as second harmonic. The zero sequence

component lies along 0 axis.

— N
q OT Vdq0 w g UT Vaqo, q Of Vdq0_
<) = <+ <
o A, w
w
Vdq0q

N

Figure 4.16: Locus diagram of an unbalanced system in rotating dq0 coordinates.

Park’s transformation is applied to currents from a synchronous generator and an
IIDG under steady-state and unsymmetrical fault conditions. It is clear from Fig. 4.17a
and 4.17b that d, q axes currents stay constant till faults are applied, after which they
start oscillating with double frequency. Since the fault currents from IIDGs are lim-
ited and lack negative sequence components, there are no appreciable disturbances in
d-axis or g-axis currents as shown in Fig. 4.17b. The proposed differential relaying al-
gorithm uses both d and q axes current components. The zero axis current is eliminated
as it aligns with the zero sequence current. To enhance the sensitivity of the protection
scheme even under weak infeed or high impedance fault(HIF), superimposed currents
are used. Besides, they ensure that operating quantity is zero under steady-state condi-

tions. The superimposed current phasor at each terminal is derived as
AT = Al + jAL = (AL + A7) + (AL + AL) (4.14)

Thus, a single phasor that encompasses both positive and negative sequence compo-
nents (indicated by + and - superscripts in Eqn. 4.14) is achieved by Park’s transfor-
mation. As the proposed method exchanges only this phasor between terminals, com-

munication load is significantly reduced. Symmetrical and unsymmetrical faults can
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Figure 4.17: dq currents under HIF

be easily detected as the transmitted phasor preserves positive and negative sequence
characteristics. The computation of operating and restraining currents for the proposed

differential relay is detailed in the next section.

4.3.2 Proposed Protection Scheme

This subsection elaborates the differential relaying algorithm and its implementa-

tion. The schematic of proposed scheme is shown in Fig. 4.18.

4.3.2.1 Algorithm

The instantaneous phase current signals at each terminal are first passed through a low
pass filter. To obtain the superimposed components, a delayed input signal is subtracted

from the input signal itself.

Ai(t) = i(t) — i(t — 3N) (4.15)

t is the sampling instant and N is the number of samples per cycle in Eqn. 4.15. Ai(t)

will be zero under steady state conditions and non zero during disturbances. Thus,
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Figure 4.18: Schematic of proposed differential protection.

superimposed components offer a preliminary level of disturbance detection to the pro-

tection scheme.

The superimposed current signals (Ai,, Ai,, Ai.) are then converted to dq frame

by using Park’s transformation in Eqn. 4.16.

Al 2 | cosb cos(f — = cos(0 + =
d _ ( 3 ) ( 3 ) Aib (4.16)

Al, 3 | —sinf —sin(6 — Z) —sin(0+ %)

where § = wt and w is the angular frequency of fundamental wave.

Fundamental frequency superimposed current phasors at terminals M and N are

then obtained as

AI]V[ = Ay + AL
' 4.17)
Aly = Algy + jJAIN

The operating and restraining currents of the proposed differential relay are cal-
culated using Eqn. 4.18. If they are computed instantaneously, it would contain double
frequency components. To eliminate it, a moving average approach is used to calculate

the operating current /,,(¢) and restraining current /,..4(t).

Zf:t_Lﬂ |A—7M (Z) + AIN(Z)’

IOp(t) - I
. o o (4.18)
Lros(t) = m x Zi:t—L-H |AIJ\L4(Z) — Aln(i)]
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where L is the data window length for computing moving average and m is the restrain-
ing coefficient. m value is chosen such that relay will not malfunction during external
faults with CT saturation and its value ranges from 0.25 to 0.8 [Fletcher et al. (2014)].

The differential protection criterion is set as

Lp(t) > Les(t) (4.19)

As the end relays are directed towards the feeder, the operating currenti.e. (AIy+
Aly) will be negligible for external faults and approximates fault current as in Eqn. 4.13

for internal faults.

4.3.2.2 Algorithm Implementation

The schematic of proposed differential protection is shown in Fig. 4.18. The differential
protection algorithms (Equations. 4.18) are built in the terminal IEDs as in Fig. 4.19,
which are time-synchronised by a GPS clock. The transmitted and received superim-

posed current phasors with the same timestamp are processed to calculate the operating

IED-M
_____________ R e
i Data : : ,|SI Current ! =i Tx !
CT — 1 Acquisition i ! Phasor . | : :
! Module | ! [Extraction i ! i‘
Tttt 1 |Eq.4.15-4.17 ! i Interface ! :
1 ! .
| |Differential | i | !
1 : - ! i !
1/0 | _|Protection - ! ! ;
. <« :
Trip/No Trip! Algorithm 1 1 py i g
! Eq.4.18-4.19 i i Communication! 'g _
' Processor Module! | Module i E 2
1 1 ==
b 3 e e ! g E
X g °
1 o}
i @)
GPS 1
| i
. i
1
IED-N PR !

Figure 4.19: IED relay hardware architecture.
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and restraining currents. When the protection criterion in Equation. 4.19 is met, the

IEDs issue trip signals to their respective CBs.

4.3.2.3 Advantages of proposed protection scheme

* The proposed method offers high sensitivity. Sensitivity is the ability of the pro-
tection system to detect even the smallest faults within the protected zone. For
the same restraining coefficient m, the ratio of operating to restraining currents
for a SLG fault with Ry = 32 (HIF) is 1.41 for Gao’s method, 1.405 for 87BD
scheme and 3.922 for proposed method.

* Fault detection using phasor estimation methods such as Fourier requires one to
two cycles. Whereas this method extracts fundamental frequency phasor very
fastly using abc-dq transformation. As calculation of dq components does not
require buffering of previous samples, storage and computation requirements are

reduced significantly.

* High sampling frequency is not required as dq components are extracted at the

fundamental frequency.

* Conversion to dq frame facilitates use of a single relay instead of three phase
segregated relays in terms of phase a, b, and c currents. The communication load

and associated circuitry cost reduce as a single phasor needs to be transmitted.
* Requires current measurements only.

* The estimated phasor using dq components contains both positive and negative
sequence components. Inclusion of negative sequence components will increase
the operating (differential) currents compared to methods which uses only posi-
tive sequence components [Gao et al. (2017)]. This will facilitate easy detection

of faults, including high impedance(HIF).

* This method does not require any adaptive settings and valid for different micro-

grid topologies.
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4.3.3 Results and Discussions

The performance of proposed differential scheme is analysed by simulating vari-
ous faults and non-fault transients on the test microgrid shown in Fig. 4.20. The opera-
tion and control of microgrid is same as elaborated in Section. 3.2. The current signals
are sampled at a frequency of 1 kHz (20 samples/cycle). As full cycle window(FCW)

is chosen for moving average calculations, L is 20.

BESS M N
Line 1
DG, = Jﬁ} 415V/11kV

T_|/bc s
B =D

415V/415V
MA  q41kV. 50HZ

L1 Grid
P ) Line 3
- Line2 —
PV Toc/TT JH‘}
DC
'[ F3 PCC L3
L2

Figure 4.20: Microgrid topology.

The test fault scenarios are same as listed in Section. 4.2.3. The microgrid is
operated in grid connected mode (GCM) up to 2s and after that in islanded mode (IM).
The BESS operates as PQ-IIDG in GCM and V/F-IIDG in IM. Reverse power flow
(battery charging) is attained by setting P setpoint negative in GCM and by adjusting
load L3 in IM. Section MN in Fig. 4.20 is the protection zone of the test differential
relay. The internal faults are simulated at location F1 at the middle of Line 1. Some

extreme cases are demonstrated below:

4.3.3.1 Internal Faults

Casel: Forward power flow (BESS discharging) and Grid connected mode of

operation

To validate the proposed scheme, a line to line (BC) fault with a fault resistance

of 32 is simulated. The current at terminal M is contributed by PQ controlled BESS
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and current at terminal N is contributed by grid and PV (current controlled). The current
seen by relay M (Fig. 4.21a) is limited and remains almost symmetrical. This is due to
absence of zero sequence (fault does not involve ground) and negative sequence current
components. On the other hand, current at relay N (Fig. 4.21b) exhibits voltage source
characteristics. The operating and restraining currents calculated instantaneously con-
tain double frequency components as shown in Fig. 4.21c. Hence, the proposed method
uses one cycle average of the instantaneous values as in Equation. 4.18. The averaged
operating and restraining currents of the proposed method is shown in Fig. 4.21d. Gao’s

method uses superimposed positive sequence components and 87BD scheme uses d-
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Figure 4.21: Casel: Internal BC fault in GCM
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Figure 4.21: Internal BC fault in GCM

axis currents. Their performance is shown in Fig. 4.21e and Fig. 4.21f respectively. For
a restraining coefficient of 0.4, the fault is detected by the proposed method in 9 ms,

Gao’s method in 15 ms and 87BD scheme in 13 ms.
Case2: Reverse Power Flow (BESS charging) and Islanded mode of operation

A line to ground (AG) fault is simulated at location F1 at 2.5s with fault resistance
1€2. As BESS inverter is V/F controlled, its fault response (Fig. 4.22a) is similar to
that of synchronous alternators. On the other hand, terminal N current (Fig. 4.22b) is

contributed by current controlled PV. It possesses zero sequence components, but lacks
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negative sequence components.
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Figure 4.22: Case2: Internal AG fault in IM

The operating and restraining currents computed by proposed method, Gao’s

method and 87BD scheme are shown in Fig. 4.22d, 4.22e and 4.22f. As the fault cur-
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rents are limited in IIDGs, differential schemes that operate only on magnitude of cur-
rents or positive sequence components may not detect HIF. The fault is detected by the
proposed method in 7 ms, whereas Gao’s method and 87BD scheme takes 18 ms and

20 ms respectively for fault detection.
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Figure 4.22: Case2: Internal AG fault in IM

Case3: Performance when BESS is voltage controlled and grid-connected

BESS inverters with grid forming control are finding application in VSM (Vir-
tual Synchronous Machine) technology, as it provides virtual inertia and eliminates the
need for changing inverter control during transitions between GCM and IM. To assess
the performance of proposed protection scheme in such cases, a three phase fault is
simulated at F1 with Ry = 0.5{2. Double frequency components are not present in
the instantaneous currents, as negative sequence components are absent in symmetrical
faults. The relay currents are shown in Fig. 4.23a and Fig. 4.23b. The fault is confirmed

by the proposed method in 5 ms as shown in Fig. 4.23c.
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Figure 4.23: Case3: Internal ABCG fault when BESS is voltage controlled and grid connected
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Case4: Performance in the presence of decaying DC component

To illustrate the performance of the proposed scheme in the presence of a decaying
DC component, a single line to ground fault with fault resistance Ry = 0.001€2 has
been simulated. The BESS is charging, voltage controlled and in the islanded mode of
operation. Fig. 4.24a shows the current waveforms at R13. It can be observed that a
significant decaying DC component is present in the current waveform after the fault
inception. The response of the differential scheme for the aforementioned scenario is
shown in Fig. 4.24b. It is noted that that the differential component rises just after the

fault inception and the internal fault is detected in 7ms.
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Figure 4.24: Case4: Performance in the presence of decaying DC component

Case5: Performance under far and near end faults

An LLLG fault with Rf=0.05€2 is simulated on Line 1 at a distance of 10m from the
relay R13. This can be considered as a near-end (close-in) fault with respect to relay
R13 and a far-end (remote bus) fault for relay R31 present at the other end of the line.
The BESS is PQ controlled and hence the fault current response at relay R13 is as shown

in Fig. 4.25a. The current at relay R31 is mainly contributed by the grid and shown in
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Fig. 4.25b. When the fault occurs in Line 1, Relay R13 sees a forward fault and relay

R31 sees a reverse fault. The fault is detected in 6 ms.
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Figure 4.25: Case5: Performance under far and near end faults

Case6: Performance under high resistance and high impedance faults

To evaluate the performance of the protection scheme under high resistance and

high impedance faults, medium-voltage (MV) microgrid shown in Fig. 4.9 is chosen.

But, relays 2y, and Ry are aligned towards the protected circuit. The high resistance

SLG fault (R = 50€2) simulated at location F was assessed by the proposed scheme in

4.16 ms.

In the HIF model of 4.10, Rp was varied between 300-900 €2 and Rn between
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350-1050 €2. The variable sources are Vp=4 kV, Vn=4.5 kV. The relay M and relay
N currents are shown in Fig. 4.26a and Fig. 4.26b below. As the operating current is

higher than the restraining current after fault initiation, the fault was detected in 7 ms.
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Figure 4.26: Case6: Performance under HIF

4.3.3.2 External Faults

To test the efficacy of proposed protection scheme under external faults with CT satura-
tion, a line to ground (AG) fault with a fault resistance of 0.1 €2 is simulated at location
F2. Line 1 is the protected feeder. The burden on terminal N CT secondary is increased
to replicate the CT saturation. The phase A currents seen by relays R); and Ry are
shown in Fig. 4.27a. Though the relay operating current increases upon external fault,
it is well below the restraining current as shown in Fig. 4.27c. Thus, the differential

relay abstains from tripping.
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Figure 4.27: External fault with CT saturation

4.3.3.3  Effect of Fault Inception Angle

The proposed method is not affected by the angle of fault inception. The operating and
restraining currents for an internal AG fault occurring at 0°, 45° and 225° fault inception

angle of A phase is shown in Figure. 4.28.

4.3.3.4  Effect of varying DG penetration

To confirm that proposed method is independent of DG penetration levels, PV irradi-
ance is varied from 400-1000 W/ m?. For each irradiance level, an AG fault with fault

resistance of 0.1(2 is simulated at location F3. Line 2 is the zone of protection. The
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operating and restraining currents of differential relays under different PV penetration
levels are plotted in Fig. 4.29. This method remains robust under varying DG penetra-
tion levels, unlike differential energy based methods which require different threshold

settings for different power outputs.
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Figure 4.29: Internal AG fault with varying PV penetration levels.
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4.3.3.5 Performance under non-fault disturbances

Several system disturbances are simulated to ascertain the efficacy of proposed method.
At t=2 s, the microgrid transits from grid connected to islanded mode accompanied by
current reversal in line MN. Similarly, a 200% load change is simulated in islanded
mode of operation at t=2.2s. In both cases, the differential currents remain zero as in

Fig. 4.30c and thus relays are not activated.
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Figure 4.30: Non-fault disturbances
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Table 4.4: Comparison of differential schemes

Fault detection time
Microgrid  Fault Fault Fault PSFC  NSIA Proposed method

mode type resistance instant method method
() (HCW) (FCW)
SLG 0.5 Is 1.0I1s 1.005s 1.005s 1.006s
SLG 10 Is 1.02s  1.016s 1.009s 1.011s
Grid LL 0.5 Is 1.012s  1.006s 1.005s 1.006s
Connected LL 10 Is 1.023s  1.016s 1.013s  1.016s
LLLG 0.5 Is 1.01s fails 1.004s  1.005s
LLLG 10 Is 1.017s fails 1.008s  1.01s
SLG 0.5 2.5s  2514s  2.507s  2.506s  2.507s
SLG 10 2.5s fails 2.517s  2.508s 2.511s
Islanded LL 0.5 2.5s 2.517s  2.505s 2.5s 2.51s
mode LL 10 2.5s fails 2.517s  2.511s  2.513s
LLLG 0.5 2.5s  2.513s fails 2.506s  2.507s
LLLG 10 2.5s  2.521s fails 2.508s  2.51s

4.3.3.6 Comparative evaluation of the proposed superimposed current based relay

with existing differential schemes

Figures. 4.21d - 4.21f and 4.22d - 4.22f clearly show that the operating current
rises rapidly during faults and is much higher in proposed method, leading to quick
fault detection. This is due to inclusion of both d-axis and g-axis superimposed current
components. A comparison of the proposed scheme with existing differential schemes
for various faults is presented in Table. 4.4. Gao’s method fails during SLG faults,
as there is negligible variation in positive sequence currents. NSIA method cannot
be relied upon for symmetrical fault detection. The proposed method is capable of

detecting both symmetrical and unsymmetrical faults.

Since the operating and restraining current oscillate with double frequency, a half
cycle data window length(HCW) can also be chosen. The speed of operation can be

further increased if a half-cycle window is used instead of full cycle(FCW) for comput-
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ing average. The variation in operating current with change in window length (L=20

for FCW and L=10 for HCW) is shown in Fig. 4.31.
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Figure 4.31: Operating currents with different window lengths.

4.4 INFERENCES

Conventional direction relaying schemes may fail in feeders integrating PQ con-
trolled IIDGs with reverse power flow capability such as BESS. A modified criterion
is proposed for assessing fault direction in Section. 4.2 of this chapter. The MPU uses
the direction estimated by the feeder end relays for detecting an internal fault. The
AOC scheme is proposed as a backup to the MPU. The proposed direction assessment
schemes possess excellent selectivity and have provision for backup. However, these
schemes requires adaptive settings with different controls (grid following or grid form-

ing) and voltage information.

A differential relay using dq components of superimposed currents is presented in
Section. 4.3 of this chapter. This scheme does not require adaptive settings and voltage
information. However, this scheme is restricted to internal feeder faults only and can-
not offer backup. As, Park’s transformation is used for phasor estimation, the proposed
scheme has a faster response time. The operating current superimposes both positive
and negative sequence components. Hence this scheme assures reliable operation for all
types of fault with improved sensitivity compared to other differential relays. The com-
munication requirements and computation complexity are also minimal in the proposed

differential relay.

84



The proposed methods are validated with different DG controllers(PQ and V/F)
and not deterred by direction of power flow, fault type or fault impedance. The simula-
tion results confirm that the proposed relays has an edge over conventional schemes in
fault detection of microgrid feeders. Therefore, the suggested schemes can be envisaged

for the protection of microgrids.
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Chapter 5

Development of an Incremental
Transient Power Based Protection

Scheme for a DC Microgrid

5.1 INTRODUCTION

A key step in the realization of DC microgrids is the development of robust pro-
tection schemes. Bidirectional power flow in ring-type configurations makes protection
design too complicated. This chapter presents an algorithm for selective fault location
and isolation of faulty parts in the transient stage itself. At the onset of a fault, the
proposed scheme computes incremental transient power (A P) from initial changes in
voltage and current. The sign of AP captured by different IEDs is compared to de-
termine the fault location. Though the scheme is designed for the unit protection of
feeders, it is also capable of locating and isolating external faults accurately. A backup
scheme using local measurements is provided, in case of communication failure. The
schemes are simulated using extensive simulations in MATLAB/SIMULINK platform.
The results confirm that the proposed protection design operates within a few milli sec-

onds, highly selective and stable.
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5.2 MICROGRID TOPOLOGY

A ring type bipolar DC microgrid comprising of a Solar Photovoltaic (PV) em-
ploying MPPT control, Battery Energy Storage unit (BESS) and loads are chosen for
the study. The DC microgrid is grid interfaced via a two level VSC as shown in the
Fig. 5.1. The VSC is current controlled in synchronous reference frame. Thus the DC
voltage is maintained by the VSC in grid connected mode and by the BESS in islanded
mode. The length of each cable is 4 km. IED x.y represents an IED relay in the feeder
x-y. IED x.y.p refers to an IED connected in the positive pole of feeder aligned from

bus x to bus y. IED x.y.n refers to an IED connected in the negative pole of the feeder.

CB2.1 41:1 CB12
I
ootk - - - - i1k 1
. . CB 1.1 =
. : N
= 3 <
S Sbllz Utility Grid
'c:: % ) 0.415/11 kv
- AC Load (L1)
a % v: — 4
' ; 3 ZH48 :.? L2
Il ) N = @)
‘ = CB3.3 . T CB 4.4
) i% i = : : L3
1l ) PR
AR 3 ?‘ L4
Battery VA DC Loads
CB34 7 CB 4.3 F4
F2

Figure 5.1: DC Microgrid Topology.

5.3 FAULT ANALYSIS

The fault response of a VSC interfaced grid or a DC-DC converter interfaced DER
occurs in three stages: Capacitor discharging (ic), Diode freewheeling (igp) and Grid or
source feeding (igiq). Stages 1 and 2 are referred as the transient stages and stage 3 as
the steady state stage. The equivalent circuit of a VSC under short circuit fault is shown
in Fig. 5.2 and fault responses in Fig. 5.3a. Because of the large DC link capacitors and
short cable lengths, the initial fault response in DC microgrids will be dominated by
the capacitor discharge [Fletcher (2013)]. The cable grounding capacitance is omitted

here, considering the dominant role of DC link capacitor C1 [Shuai et al. (2019)]. Ne-
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glecting initial currents, the current and voltage during capacitor discharging stage can

be expressed in time domain as

(0)

T, e~ sin(wqt) (5.1

ir(t) =

@
vr(t) = v.(0)e"*[cos(wat) + —sin(wqt)] (5.2)

Wq
where « is the damping factor, wy is the resonant radian frequency and wy is the damped
resonant frequency. a = 4+, wy = %, wy = /w2 — a2, R and L are the equivalent
resistance and inductance between the discharging capacitor and fault. The time taken

to reach the peak value of fault current is

1 Wq
tpear = — arctan(— 5.3
peak wdarcan(a) (5.3)

The capacitor discharge stage is followed by diode freewheeling stage. The magnetic
energy stored in the line inductance drives high current through the antiparallel diodes
of VSC or converter diode. However this stage will be present only if the DC bus
voltage drops to zero. Hence this stage will absent in pole to ground faults. The fault
analysis during freewheeling operation is detailed in Yang et al. (2012) for VSC based
and in Mohanty and Pradhan (2019) for DC-DC converters. This is then followed by
the source or grid feeding stage. The protection devices at AC side can identify the fault

only at this stage. The freewheeling diodes of VSC are exposed to very high currents

Oan()s

Grid Transformer J_

Figure 5.2: Equivalent Circuit of a VSC under fault.
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Figure 5.3: DC Fault Response of VSC

in stages 2 and 3 as seen from Fig. 5.3b. Similarly, converter diodes will be exposed to
high currents in these stages. Hence the designed protection must act in the capacitor

discharging stage itself; preferably before ¢, is reached.

The responses at various DG buses for a pole-pole (PP) fault with fault resistance
0.05€2 at location F1 (midpoint of 4km line 1-2) is shown in Fig. 5.4. The DC link
capacitors of all the DGs, ESS and loads contribute to the fault in DC cable or bus almost
simultaneously. However, the fault response is dependent on the fault impedance, fault
type (Pole-Pole or Pole-Ground) and location of the fault. Since the BESS is located
far away from the fault, its response is relatively slow. It is seen that the PV response

(at steady state) is limited by the short circuit current of PV. Whereas, BESS and grid
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contribute large fault currents in the steady state also.

600 -

—Bus 1(VSC)
L —Bus 2(PV)
500 - - -Bus 3(BESS)

400 -
300 -
200 -

Current (A)

100 -

0,

_100 1 1 1 1 1 1 1 |
2.98 2.99 3 3.01 3.02 3.03 3.04 3.05 3.06

Time (s)

Figure 5.4: Fault responses at various DG buses for F1 fault

5.4 PROPOSED PROTECTION SCHEME

The proposed algorithm uses incremental or superimposed quantities for fault
detection and fault direction assessment. The superimposed quantities are obtained
by subtracting a N-sample delayed signal (prefault) from the signal (post fault) itself.
These computations are instantaneous as it uses a previously stored signal. The super-

imposed voltage and current can be written as
Av(t) = Vpost () — Vpre(t) (5.4)

Ai(t) = oy () — ipre(t) (5.5)

5.4.1 Startup Unit

The superimposed voltages and currents are zero under normal operation. Upon
fault occurrence or any other disturbances like load or DG switchings, the currents and
voltages seen by IEDs deviate from their prefault quantities. The proposed scheme
monitors Av and A¢ continuously using a quantity Incremental Transient Power which

is defined as,

g: (Av.A7),

_ n=1
AP = N (5.6)

When AP exceeds a set threshold Th, a disturbance is detected and the protection

91



unit becomes active. Unlike other thresholds like Av, A7 and di/dt, A P is more reliable.
This is because the DC link capacitors maintain the DC link voltage well within limits
and hence AP remains negligible during non fault disturbances. The purpose of this
threshold setting is not just disturbance detection. The sign of AP is also captured, at

its threshold crossing.

5.4.2 Direction Identification Unit

Intelligent Electronic Devices (IED) are placed on either ends of all the feeders in
the DC microgrid. The placement of IED relays on the positive and negative poles are
as indicated in Fig. 5.5. IEDs are directed towards the feeder in the positive pole. Since
the current directions are opposite in the positive and negative poles, the IED relays
on negative poles are installed in the reverse direction. i.e., IEDs on negative poles
are directed away from the feeder. This arrangement is for facilitating unit protection

scheme.

Considering the power flow direction as indicated in the Fig. 5.5, the superim-
posed components are derived for forward fault (F1) and reverse fault (F2) for IED
1.2.p. Since the capacitors acts as initial fault current sources, the analysis is restricted

to capacitor discharging stage.

Forward Fault(FF) The F1 fault components are primarily determined by the capac-

itor discharge of C1.

Power Flow Direction —

Busl —m <«—— Bus?2
R/2 L2 L2 R/2

1ED1.2.p f~AANN—— Y Yeeeo Y Y e AAA—] IED2.1.p

— ] %Fl Clo—=—

R/2 L2 L2 R/2
IED1.2.0 f—AA\N—YN— LYY AAA~—]IED2.1.n

P E— —_—

Figure 5.5: Forward Fault with respect to IED 1.2.p.
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AUFI = Upost — Upre

= {Um (0)e~*[cos(wait) + isin(wdlt)} — ve1(0) (5.7)

W1

AzFl = Tpost — lpre

) {we-atﬂn(wdlﬂ} B {Uc1 (0) — ve2(0) } (5.8)
. .

Lwd1

1

_ R _ _ 2
where o = 3L° Wo1 = \/ﬁ’ Wq1 = Wor — a?

From the above equations it is clear that Avg is negative and Aip; is positive

(until ¢,c,) for a forward fault.

Reverse Fault(RF) During F2 fault, the fault current component seen by IED 1.2.p
is determined by the capacitor C2 discharge. On account of IED direction, the F2 fault
current is taken negative. However the fault voltage is primarily determined by C1.

Hence Avgy remains same as Avgy

AiFQ — _{zfj—lsjodle—aﬁsin(wdgt)} o {/UC’l(O) ;UCQ(O) } (59)

Power Flow Direction —

Busl —m 0 <«—— Bus?2
L2 R2 R L
By o o WEEYY Y IED1.2.p f—AAA YN IED2.1.p
-------------------------------------- -*----------------
P Lo ==
— 2——
< 1
l.,'/?""R/Z'"' """"""""" R Pop
el e AA IED1.2.n f—AAN YN IED2.1.n

Figure 5.6: Reverse Fault with respect to IED 1.2.p.
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R 1 7 2
where Rey = 3R, Leg = 3L, ap = 37, wpz = T Wg2 = /wWgy — ;. Thus
eqUeq

both Avgy and Aips are negative for a reverse fault.

The sign of incremental transient power (AP) can be utilised to arrive at the
direction decision, irrespective of the initial power flow direction. Av and Ai have
opposite signs in the initial stages for a forward fault which implies that AP sign is
negative for a forward fault. Similarly, AP sign is positive during a reverse fault as
Av and Ai have similar signs. The sign of AP at its threshold crossing is captured for

direction decision.

5.4.3 Fault Localisation

5.4.3.1 Internal (Feeder) Faults

When both IEDs of a feeder indicates a forward fault, an internal fault is identified and
trip signals are issued to SSCBs (solid state circuit breaker)of the feeder. This scheme
as shown in Fig. 5.7 requires communication. In case there is a communication failure
and voltage at the relay point remains less than 85% of nominal voltage (v,,) for 10 ms,
local protection method becomes active. The under voltage criterion in combination
with the assessed fault direction can be used to trip the SSCB at fault location. The

logic flow of local protection schemes are shown in Fig. 5.8

Negative Pole Faults: Similar logic can be implemented for detection, location
and isolation of faults involving negative pole. The operating parameters are pole to
pole voltage and current in the negative pole. When an internal fault occurs, AV de-

creases and A[ increases (see Fig. 5.5). Thus AP is negative indicating forward fault.

— IED [~V NN W —"""-ED

Figure 5.7: Schematic of the feeder protection scheme.
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For example, if there is a NPG fault on feeder 1-2, IEDs 1.2.n and 2.1.n on the negative
pole of the feeder, indicate FF and hence trip signal is issued to SSCBs on negative pole
of the feeder 1-2. In bipolar schemes, this arrangement will help to maintain supply to

loads connected in the healthy pole.
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Y

Extract the superimposed
components Av and Ai

4
J

Compute /nc. Transient Power
N

> (Av.Ai),

n=1
AP=——

No

Yes

Capture the sign of AP
at threshold crossing

sign(AP) >
0?

Isv<
0.85 vnfor 10
ms?

No

Isv <
0.85 vnfor 10
ms?

No

Yes | Yes

A4
Reverse Fault Forward Fault

Figure 5.8: Flow chart of the local measurement scheme.
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5.4.3.2 External Faults

Unit protection schemes are designed for external faults also. If all the relays attached
to a bus indicate a reverse fault, SSCB of that bus can be tripped.

IfIED 1.2 == RF && IED 1.4 == RF = Trip CB 1.1

IfIED 2.1 == RF && IED 2.3 == RF = Trip CB 2.2

IfIED 3.2 == RF && IED 3.4 == RF = Trip CB 3.3

If IED 4.1 == RF && IED 4.3 == RF &&

v< 0.85 v, for ty s = Trip CB 4.4

The load bus CB 4.4 is tripped only if IEDs 4.3 and 4.1 indicate a RF and if the
voltage at the bus stays below 85 % of nominal voltage for ty s. This will ensure that
the breaker is not tripped during load changes and will provide a coordination time with
the individual PDs of loads. Thus, a comprehensive protection scheme is designed for

a ring type DC microgrid.

5.5 RESULTS AND DISCUSSIONS
The signals are sampled at a rate of 4 kHz. All the faults are applied at t=3 s. For
clarity of fault behaviour, the trip signals are not applied to the CBs and hence fault is

remaining in the system.

5.5.1 Selection of Inc. Transient Power Threshold

The variation of incremental transient power seen by IED 3.4 for F2 fault with
different fault resistances is shown in Fig. 5.9. For setting the threshold, various system
disturbances are simulated. A far end fault (with respect to IED 3.4) is simulated at
location F1. Further, different worst case scenarios in the normal operation are also
simulated. The battery current is switched from -15A to 15A; thus A7 = 30A. Nev-
ertheless, AP is negligible. A 200% load change with A7 = 50A is simulated at load
bus 4 and AP is as shown in Fig. 5.9. Based on the simulations, a threshold setting of

200W is chosen.

5.5.2 Effect of fault on various line segments
A P-P fault is simulated at location F1 in the middle of line segment 1-2. The

current and voltage seen by various IEDs along with their incremental transient powers
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Figure 5.9: |AP| computed by IED 3.4 for various disturbances.

is shown in Fig. 5.10a-5.101. The transient powers of IED 1.2 and IED 2.1 relays (in

both poles) are negative at set threshold which indicate a forward fault. The fault current

takes Sms to reach its peak value. However, the fault is detected at 0.75ms. For the same

fault the IED 2.3 indicate a RF (Fig. 5.10j) and IED 3.2 a FF (Fig. 5.101)
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Figure 5.10: I,V and AP seen by various relays for a PP fault at F1
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Figure 5.10: I,V and AP seen by various relays for a PP fault at F1

5.5.3 Performance under Close-In Faults

The performance of IED 2.1.p is investigated for close-in faults. During such
faults, voltage may drop to near zero. Some relays cannot give reliable decision under
close-in faults. A PP fault with 2y = 0.01 is simulated at a distance of 0.5 m in front
and back of IED 2.1.p. The transient powers computed by the relay for forward and
reverse faults are shown in Fig. 5.11. Since superimposed voltages are used, the relay

decisions are not affected by close-in faults. The forward fault is detected in 2 ms, while
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Figure 5.11: Forward Close-in Faults: (a) & (b) and Reverse Close-in Faults: (¢) & (d)

5.5.4 Performance under High Impedance Faults (HIF)

Pole to ground faults are more common in DC microgrids and less severe com-
pared to pole to pole faults. The sensitivity of relay may be impaired under pole to
ground faults with high fault resistances. A fault resistance of 5{2 is considered as
high impedance in a DC microgrid [Mohanty and Pradhan (2018b)]. A positive pole to
ground fault with R; = 52 is simulated at F1 and results shown in Fig. 5.12.

As the fault resistance and fault distance increases, the time taken to reach the

threshold transient power increases and hence the fault detection time increases. It is

Inc. Tran Power (W)

Inc. Tran Power (W)

L L L L L L L ) ~ L L L L L L L )
2.99 3 3.01 3.02 3.03 3.04 3.05 3.06 2.98 299 3 3.01 3.02 3.03 3.04 3.05 3.06

Time (s) Time (s)
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Figure 5.12: High Impedance Faults.
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also noted that faults involving single pole are taking more detection time when com-

pared to PP faults. The performance of the proposed scheme with variation in fault

resistance and type is shown in Table 5.3 and distance in Table 5.2.

Table 5.1: Performance of the proposed scheme with different fault types and fault resistances

Fault  Fault Fault Operating IEDs Detection
Location Type Resistance and their time
(©2) assessed directions (ms)
PP 0.001 1.2-FF 2.1-FF 0.75
PP 0.05 1.2-FF 21-FF 1.5
PP 2 1.2-FF 2.1-FF 2
F1 PP 5 12.p-FF 2.1.p-FF 2.75
PPG 0.05 1.2.p-FF 2.1p-FF 1.75
PPG 2 1.2p-FF 2.1p-FF 3.25

NPG 0.05 1.2n-FF 2.1.n-FF 1.75

PP-pole to pole, PPG- positive pole to ground, NPG- negative pole to ground

5.5.5

Table 5.2: Performance of the proposed scheme with different fault distances

Fault Fault Distance Operating [EDs ~ Detection

Location  Type &  from Bus 1 and their time
Resistance (km) assessed directions (ms)

0.005 1.2-FF 2.1-FF 2

PP 0.05 1.2-FF 2.1-FF 2
F1 0.0182 0.5 1.2-FF 2.1-FF 1.75
1.2-FF 2.1-FF 1.75
2 1.2-FF 2.1-FF 1.5

Performance with Noisy Signals

Real DC microgrids are susceptible to noise. To ascertain whether the proposed

protection is affected by noise, the current and voltage signals of IED 1.2.p are con-

taminated with white noise of a standard deviation of 3%. A P-G fault F1 of Ry = 1()

is simulated at t=3s. It is seen from Fig. 5.13c that AP remains almost zero during

normal conditions and exceeds the threshold during fault. Since it is a forward fault,

AP is negative. The fault is detected in 2.25ms.
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Figure 5.13: Effect of noisy signals.

5.5.6 Performance under External Faults
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To validate the efficacy of the proposed protection scheme, faults are simulated at
the terminals of bidirectional converter of BESS (F3), VSC, boost converter of PV and
load (F4). During an external fault F3 (see Fig. 5.1), A seen by IEDs 3.2.p and 3.4.p
are negative, as they are directed away from bus 3. Av being negative due to sudden

discharge of DC link capacitor, A P becomes positive as shown in Fig. 5.14 indicating
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Figure 5.14: AP of IEDs 3.2.p and 3.4.p for F3 (External) fault.

reverse faults. When IEDs 3.2.p and 3.4.p detect a RF, trip signal is issued to CB 3.3.
The fault is detected in 0.75 ms. Even the SC faults occuring within PE converters

which provides a discharge path for the capacitor, can be detected by this method.

5.5.7 Performance under No Fault cases

The following disturbances other than faults were also simulated. (a) Variations in
PV radiation (b)load changes (c) battery mode transitions (d) Grid connected to islanded
mode and (e) network changes by switching off PV unit. Under these conditions, the
voltage variations will be suppressed by the DC link capacitors. Hence in most cases the
starting unit itself is not activated. Since the fault is identified by direction criteria, lower

threshold settings can be chosen. A lower threshold will also help in faster decision.

Table 5.3: Performance of the proposed schemes for faults at various locations

Fault Type Distance Fault Fault Operating IEDs  Detection Remarks
from Bus 1 Type Resistance and their time
(km) Q) assessed directions  (ms)

F2 Internal 2 PPG 0.05 34p-FF43p-FF 175 Power flow Bus3— 4
Internal 2 PPG 0.05 34p-FF43p-FF 1.75 Powerflow Bus4— 3
F3 External 2 PP 0001 32-RF 34-RF 0.75

2

F4 External PPG  0.05 4.1-RF 43-RF 10  with delay t4 = 10ms
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5.5.8 Comparative evaluation of the proposed scheme with existing methods

A comparison of the proposed method with existing techniques is presented in
Table. 5.4. This method uses an average of three samples at a sampling frequency of
4kHz for computing incremental transient power. The protection decision is not arrived
on a sample basis as in Fletcher et al. (2014) or Meghwani et al. (2017) and hence may
take up to 3.5 ms for HIF detection. Thus this method is more robust in the presence of

spurious signals or noise.

Unlike differential current schemes Fletcher et al. (2014) where currents are com-
municated for comparison, this scheme communicates a single bit, 1.e, the sign of in-
cremental transient power. The sign is captured when the set threshold is crossed and it
indicates the direction of the fault. Hence, communication requirements are minimum.
Differential relays cannot tolerate communication delays and require time synchroni-
sation. Suppose there is a communication delay at a feeder end or a synchronisation
error in the IEDs. In that case, the operating current can exceed the threshold, causing
the differential relay to mal-operate. Whereas the proposed method is based on fault

direction and hence not affected by communication delays.

The disadvantage of % based method is that it does not guarantee selectivity. A
threshold of 39A/250us is computed as per Meghwani et al. (2017). When a PP fault
with Ry = 0.01€2 is simulated at F1, IEDs at the adjacent segments 2.3, 3.2, 1.4 and
4.1 also operate. The parameter method in Mohanty and Pradhan (2018a) detects a for-
ward fault if the estimated value of inductance is negative. The estimated inductance by
IED 2.1 for a PP fault with Ry = 0.01€2 at F1 location is -0.085 mH, which indicates
a forward fault. This method thus requires advanced processors with high precision.
Further, the estimated inductance relies on fault distance and fault resistance. The pa-
rameter ‘threshold robustness’ in Table. 5.4 is kept low in Meghwani et al. (2017) due to
the selectivity issue, in Fletcher et al. (2014) due to relay mal-operation under commu-
nication delays and in Mohanty and Pradhan (2018a) due to chances of mal-operation

during de-energisation of adjacent lines.
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Table 5.4: Comparison of proposed method with existing protection schemes

Parameters Methods
Proposed Mohanty etal. Meghwaniet et al. Fletcher et al.
2018a 2017 2014
Operating
time <4 ms <4 ms 1.5 ms 0.1 ms
Threshold
robustness High Low Low Low

To validate the selectivity of proposed protection scheme, a PP fault with Ry =
0.001€2 is simulated at F1. A delay time of 1 ms is considered for communication. The
faulty segment(line 1-2) is isolated in 1.75 ms. The currents in various segments of
the microgrids are shown in Fig. 5.15. The slight transients are due to the opening of

SSCBs in the faulted segment.
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Figure 5.15: Validation of proposed scheme.

5.6 INFERENCES

An effective protection scheme based on incremental transient power for a ring
type DC microgrid is presented in this chapter. This scheme identifies and interrupts
PP, PPG and NPG faults accurately. Also, the developed scheme can precisely locate
both internal and external faults. A backup for feeder protection is also included, in the
event of communication failure. The proposed method detects all faults within 4 ms,
even for worst cases. This scheme neither requires time based synchronisation nor high

bandwidth communication. Since incremental quantities are used instead of derivatives,

104



this scheme is least affected by noise which is a big concern in DC microgrids. This

scheme can be adapted to other configurations of DC microgrids.
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Chapter 6

Conclusive Remarks and Scope for

Future Work

6.1 KEY POINTS EMPHASIZED IN THE THESIS

The following conclusions are drawn from the research work presented in this

thesis.

* Microgrids are gaining immense popularity due to their environmental and eco-
nomic benefits. However, there are many technical challenges concerning control,

stability and protection in microgrids.

* The conventional schemes cannot assure reliable protection in microgrids mainly
due to the integration of intermittent RES and ESS, bidirectional power flow,
dynamic loads and different fault current levels. The fault current is impacted
by the microgrid operating mode, control strategy, DER type, fault type, fault

resistance, distance of fault and grounding schemes.

* Most of the recently proposed protection schemes did not specify the microgrid
control techniques and were validated on microgrids with machine based DGs.
The fault currents from IIDGs are entirely different from machine based DGs.

The fault behaviour of PQ controlled ESS, when set power is negative (charging)
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is not addressed in any literature.

The inverter controller determines the fault current in IIDGs. During faults, the
grid following controller (current or PQ) tries to keep the output current at the
target level by adjusting the internal voltage of inverter. Hence the fault current
from such inverters is limited and balanced even for asymmetrical faults. Whereas
grid forming controller (V/F, droop, VSM etc.) attempts to keep the voltage at
desired level by adjusting the fault current. Therefore, the fault current (from
grid forming controllers) possesses a higher peak value, contains an exponential
damping dc component, and remains unbalanced for asymmetrical faults. Thus

inverter controllers impact either output voltages or currents during faults.

The conventional direction schemes may maloperate in feeders integrating PQ
controlled IIDGs with reverse power flow capability such as BESS. When set
powers are negative, the DER cannot dissipate into a fault due to the stringent
PQ controller. To overcome this flaw, an adaptive direction estimation scheme is
proposed for AC microgrids in Chapter 4. Based on the simulation studies, the
magnitude and phase angle of superimposed positive sequence impedance were
chosen as the direction estimation parameters. Positive sequence impedance was
selected as it is not affected by inverter controller or grounding scheme and exists
for all types of faults. The cosine of the argument of superimposed impedance
correctly assesses the fault direction in most cases. The magnitude criterion is
incorporated in feeders integrating PQ controlled DERs only. In the absence of
grid, the magnitude criterion is eliminated, as impedances can vary abruptly. Thus
an adaptive directional scheme that relies on both magnitude and angle criteria
with PQ control and only on angle criterion with voltage control is proposed for
BESS feeders. Besides, this thesis proposed unit and backup protection schemes
for microgrid feeders. The unit scheme compares the assessed direction at either
end of the feeder for fault detection. An adaptive backup overcurrent relay that
calculates the pickup current dynamically in current controlled mode and uses

fixed settings in voltage controlled mode is also presented.
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* Though the above schemes could locate the fault correctly, they require adaptive
settings and rely on both current and voltage. Hence, a current only differential
protection scheme that does not require any adaptive settings is also presented
in Chapter 4. The operating current phasor is computed from dq components
of superimposed currents. This method is faster than conventional differential
schemes as it does not rely on Fourier based algorithms for phasor estimation.
Another highlight of this method is that it requires communication of a single
phasor instead of three or more phasors in legacy schemes. The computed pha-
sor was shown to encompass both positive and negative sequence components.
Hence this method can detect any faults, irrespective of microgrid mode, inverter

controller, DER type, or grounding scheme.

* The DC fault response from a converter (VSC or DC-DC) interfaced DER com-
prises three stages - capacitor discharging, diode freewheeling and grid or source
feeding stage. Though during faults, the self protection circuits in converters can
lock the gate signals to the main switches, a discharge loop will be formed be-
tween converters and fault points through diodes leading to its damage. Hence
the fault must be located and interrupted in capacitor discharging stage itself. The
proposed scheme in Chapter 5 captures the sign of incremental transient power
at its threshold crossing. The captured sign is compared with adjacent IEDs for
exact fault localisation (both external and internal faults). This scheme does not
require high bandwidth time synchronised communication and is capable of fault

isolation in the transient period itself.

MAJOR CONTRIBUTIONS

The major contributions of the thesis are listed as follows:

* Modelled and simulated a low voltage microgrid with a centralised Battery En-

ergy Storage System (BESS).

* Transient behavioral studies on microgrid under AC and DC faults were done and
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the challenges in developing suitable protection schemes were identified.

* Following protection schemes for feeders integrating IIDGs or BESS were pro-

posed.

— An adaptive direction assessment scheme that uses magnitude and angle of
positive sequence impedance was proposed. The assessed directions are

then compared to devise a unit protection scheme for microgrid feeders.
— An adaptive overcurrent relay for backup protection was also proposed.

— A current only differential protection scheme without any adaptive settings

is also proposed in this thesis.

The proposed schemes are validated for both charging and discharging modes of

BESS and for different microgrid operation modes.

* A protection scheme for identifying the fault location in DC microgrids using in-
cremental quantities was presented. The scheme is validated on ring type bipolar

dc microgrids.

6.3 SCOPE OF FUTURE WORK

Future works may be carried out to address the following issues

* Development of a fault type classifier for an AC microgrid with IIDGs only.
The existing fault classification techniques are based on magnitude of fault cur-
rent or sequence components. The fault current from current controlled inverters
lack negative sequence components and behave aberrantly. The healthy phases
are also affected by the fault and may even indicate a higher current than faulty
phases. Hence fault classification is challenging in IIDG microgrids and may re-
quire an intelligent technique that process multiple features to arrive at a correct
decision. Further works may be taken to develop a classifier capable of accurately

classifying the faults in both modes of microgrid operation.

* The proposed protection schemes were validated on microgrids with two widely
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used control strategies - current control (PQ and DC link voltage) and voltage
control (V/F). However, many multi agent control strategies (like SOC weighted
droop control) are being proposed for microgrids with distributed ESS. Future
studies may be taken up to investigate the impact of such control on protection

schemes and its coordination.

The performance of the proposed methods with distribution automation strategies
such as reclosers, sectionalizers and capacitor banks were not investigated. Fu-
ture works may include such studies as the penetration of microgrid feeders into

distribution systems is increasing.

Selection of a suitable threshold in DC microgrid protection is difficult as there is
huge variations in transient monitors with different fault type and fault resistance.
Development of an adaptive threshold setting for the startup unit may be taken as

future work.
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Appendix A

AC Microgrid Parameters

Grid Nominal voltage 11 kV
Rated frequency 50 Hz

Transformer Rated capacity 250 kVA
Transformation ratio 11/0.415 kV

Loads L1 &L2 10 kW, 5 kVAR
L3 (variable) 40 kW, 20 kVAR
Li-ion battery

BESS Rated voltage 360 V
Rated capacity 160 Ah
Interface converter Buck Boost
Generation Capacity 40 kW

PV Voltage at MPP 580V

System Current at MPP 58A
Interface converter Boost

DC bus Voltage 700 V
Capacitance 5 mF

VSI Rated voltage 415V
Interface inductance 2.5 mH
Ripple filter Cy = 10puF; Ry = 582
Resistance per km 0.315Q

Lines Reactance per km 0.0740Q
Length of lines 1-3 2 km
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Appendix B

DC Microgrid Parameters

MYV Utility voltage 11 kV
AC Rated frequency 50 Hz
System MV/LV transformer power 250 kVA
LVAC voltage 415V
DC-link voltage 700 V
DC link capacitance 6 mF
VSC Grid interfacing inductance 5 mH
Switching frequency 10 kHz
Li-ion battery
BESS Rated voltage 360 V
Rated capacity 160 Ah
PV Generation Capacity 30 kW
System Voltage at MPP 580V
Current at MPP S53A
Cable Resistance per km 0.12592
Inductance per km 0.56mH
Buck Boost
BESS DC link capacitance 6 mF
Converter Inductance 0.8 mH
Switching frequency 10 kHz
Boost
PV DC link capacitance 6 mF
Converter Inductance 2 mH
Switching frequency 10 kHz
L1 25 kW, 5kVAR
Loads L2 & L5 (P-P) 30 Q2
L3 & L4 (P-G) 15 Q
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