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ABSTRACT

BILKIS BANU. Power Distribution System Protection Methodologies With
Inverter-Based Resources Integrated Microgrids. (Under the direction of

DR. SUKUMAR KAMALASADAN and DR. MICHAEL SMITH)

This work presents new protection methods for addressing challenges related to in-

tegrating a fully inverter-based generation resource microgrid into the power dis-

tribution system. Renewable-energy-sourced microgrids offer promise in providing

sustainable energy solutions to meet energy needs. Most of the widely used renew-

able resources and energy storage systems are interfaced with the power grid through

power electronic devices, such as inverters. Diverse expertise is required for the design,

construction, and operation of an inverter-based microgrid (IBMG). First, this dis-

sertation provides a comprehensive overview of IBMG characteristics and highlights

key obstacles in the design of these systems. The difference between the response

of inverter-based resources and synchronous machine-based resources and the depen-

dency of inverter response on its control modes are discussed. Second, a method for

distribution system short circuit study considering inverter-based distributed gener-

ation is designed. Third, an Electromagnetic Transient (EMT) based inverter mod-

eling for grid following and grid forming mode for both balanced and unbalanced

distribution systems is proposed. Fourth, a method is proposed for controlling tran-

sient overvoltage in a microgrid-integrated power distribution system. Finally, a new

protection method for detecting faults in an IBMG system helps to address the well-

known issue of microgrid protection sensitivity and selectivity. The effectiveness of

the overall framework is tested with small test systems and large IEEE test systems

with relevant data sets. The studies show that the proposed approaches can improve

the IBMG system design and increase the reliability of such systems.
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CHAPTER 1: INTRODUCTION

Conventional generation sources (e.g., fossil fuels) are currently being phased out

and replaced by cleaner energy sources (e.g., low-carbon or zero-emission electricity

sources, such as nuclear energy) and more sustainable energy sources (e.g., renewable

energy sources, such as solar, wind, hydropower, biomass, and geothermal resources,

etc.). Sustainable solutions are needed that enable supply of robust and reliable

power, while also satisfying regulations and environmental goals. Towards this tar-

get, the distribution system has seen a rapid increase in the penetration of distributed

energy resources (DERs), which are typically smaller scale generation sources such

as wind and solar that are usually located close to load centers, since they can im-

prove power system reliability and resiliency in those locations. However, compared

to synchronous generation, the operational characteristics of these renewable energy

inverted-based generation sources requires additional considerations to achieve per-

formance requirements, because of the stochastic behavior of the energy source and

the electrical power characteristics of inverted-based generation (e.g., reactive power).

The purpose of the work detailed in this dissertation is to offer new effective meth-

ods of addressing the challenges related to integrating a fully inverter-based gen-

eration resource microgrid with the power distribution system. A comprehensive

overview of inverter-based microgrid (IBMG) design characteristics is provided and

key obstacles in the design of these systems are highlighted. This work shows the

differences between the response characteristics of inverter-based resources and those

of synchronous machine-based resources and emphasizes that the inverter response is

dependent on its control modes. A method for controlling transient overvoltage in

a microgrid is presented, which is a very important, but often overlooked, consider-
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ation in the design of microgrids. This work also presents a new protection method

for detecting faults in an IBMG system, which helps to address the well-known issue

of microgrid protection sensitivity and selectivity. The effectiveness of the overall

framework is tested with small test systems and large Institute of Electrical and Elec-

tronics Engineers (IEEE) test systems with relevant data sets and test cases. Test

results validate the proposed methods and show that these approaches can improve

the IBMG system design and increase the reliability of such systems.

For an introduction to the work, CHAPTER 1 is organized as follows:

• Section 1.1 provides a general introductory overview of microgrids.

• Section 1.2 provides recent trends with microgrids.

• Section 1.3 details common microgrid applications (e.g., Commercial / Indus-

trial, Institutional / Campus, Community, Military, and Overview of Utility

Microgrids that are Inverter Only Sourced)

• Section 1.4. discussed the dissertation objectives, key contributions, intellectual

merit and broader impact, and the organization of the dissertation.

As detailed in Section 1.4, the rest of the dissertation develops the proposed meth-

ods, presents test results to validate the methods, provides discussion regarding the

key findings, before concluding and offering areas for future work.

1.1 Microgrid Overview

The most technically advanced distributed energy resource (DER) solution cur-

rently on the market is a microgrid, which can meet the electricity demand of a

remote community as well as ensure grid reliability and resilience. A microgrid is

a group of interconnected loads and distributed energy resources within clearly de-

fined electrical boundaries that functions as a single, controllable entity in relation

to the grid, according to the United States (U.S.) Department of Energy (DOE). To
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enable it to function in both island mode and grid-connected mode, a microgrid can

connect to and disconnect from the grid [8, 9, 10]. Solar photovoltaic (PV) systems,

combined heat and power units, advanced batteries, and building load control are

among the resources that make up a typical grid combine of DERs in a microgrid

cite8416171,8408955. A microgrid controller actively manages these systems and ad-

justs to changing loads and generation operational characteristics. In most cases,

microgrids operate in parallel with the utility grid, but in the event of a power out-

age, they can operate independently of the main utility grid (island mode). Tolerance

for power outages has significantly decreased as society’s reliance on technology has

increased in all spheres, while the United States’ vulnerability to power outages has

increased as a result of aging grid infrastructure and cyber and physical threats. Be-

cause of this, many customers are more likely to choose a microgrid over other less

advanced DER solutions if they can seamlessly disconnect from the utility grid during

a power outage. Reduced emissions, less volatile energy costs, and reduced energy

costs are additional benefits for customers.

Microgrids are not commonplace in the electric grid and there are many unique

variations. They have most often appeared on campuses, in public institutions, and

at critical load facilities [11]. Expanding microgrid deployment trends involve; difficult

to serve areas of the grid [12], customers with renewable and energy storage resources

and communities seeking higher reliability and a measure of self-sufficiency [13, 14].

Figure 1.1 illustrates electrical boundaries of different sizes and types of microgrid’s in

distribution circuits. Individual customer microgrids are normally behind the meter

while utility-owned and government research demonstrations have involved entire

MV feeders. There is also a possibility for microgrids to operate with adjustable or

dynamic boundaries.

A variety of microgrid implementations and ownership structures exist [15]. The

operational states of a microgrid can generally be classified as grid-connected or is-
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Figure 1.1: Different Types of Microgrids [1].

landed [16]. Microgrids can transition between operating states or cease to energize

(shut down), as shown in Figure 1.2. While grid-connected, microgrid DER resources

may serve the local load, exchange power with the grid or both. In addition, local load

control typically needed for microgrid off grid operation may also be actively used to

manage demand when grid following. Transitions between the grid and island states

are typically infrequent and only account for a small portion of a microgrid’s opera-

tional lifetime. They can be accomplished as open transition via protection equipment

such as with a break, or as closed transition, without any interruption. These tran-

sition options, although simply stated, add a significant degree of complexity to the

design, interconnection and operation of microgrids. Transitioning microgrids on and

off grid requires specific steps, sequence and timing. These requirements are not well

defined in standards, however recently IEEE is taking this particular area in consid-

eration and coming up with more standards. As one example, there are nuances in

the criteria for intended compared to unintended microgrid islands. In the following

sections, microgrid operation and transition processes are discussed. Gaps in stan-

dards related to communication and executing transitions are identified [17]. These
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are best clarified using the standard terminology used in defining distributed energy

resource interconnections.

Figure 1.2: Microgrid Operating States [1].

1.2 Microgrid Recent Trends

Microgrids are a worldwide phenomenon, as depicted in Figure 1.3. Everyone is

attempting to adopt this wonderful solution to make the power system more timely.

With 41.3 percent of the total microgrid revenue, Asia-Pacific will dominate. It is

anticipated that North America will hold 32.5 percent of the global market share. By

2024, it is anticipated that total microgrid asset value will account for 164.8 billion

dollars in cumulative revenue. According to Navigant Research data, the current

base of microgrids in use in the United States prior to 2015 was slightly more than

1,000 MW. A total of 71 microgrids (approximately 592 MW), with an estimated

value of 1.7 billion, were installed between January 2015 and June 2016. Figure 1.4,

which depicts regional concentrations as well as generation sources, is an illustration

of research analysis [2] regarding microgrid deployments in the United States. High

utility costs, regulatory incentives, and a greater susceptibility to grid outages are the

geographic drivers.

Many of the current state-level programs supporting the adoption of microgrids

in several U.S. states are based on increased resilience. Regulators are beginning to

broaden their view of the benefits microgrids can provide to society as it becomes
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Figure 1.3: Regional Revenue and Microgrid Capacity in World Markets from 2015-
2024 [2].

clearer that they are one of a suite of DER solutions that are available to utilities to

achieve a variety of goals, including the following, However, resilience was the initial

driver for much of the current state-level policy support.

• Supporting distribution operations vulnerable to stability issues stemming from

high renewable energy penetration.

• Supplying a non-wires alternative for regions with rising electricity demand.

• Delaying or supporting projects for capital improvements.

1.3 Microgrid Applications

Microgrids have a wide range of customer applications, including providing greener,

more reliable energy to universities and commercial industrial sites and powering

mission-critical functions in cities and military bases (see Figure 1.5 for additional

details [2]).

1.3.1 Commercial and Industrial Microgrid Applications

Customers’ reluctance to consider alternatives to conventional backup generation or

redundant utility feeds, as well as difficulties in the value proposition related to return
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Figure 1.4: USA Microgrid Deployments [2].

Figure 1.5: Microgrid Applications [2].

on investment, have slowed the commercial and industrial (C&I) segment’s growth

the most. However, an increase in C&I adoption is being driven by new vendor

business models that, through power purchase agreements (PPAs), enable customer

adoption without requiring capital expenditure. The fact that backup generators
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are dependent on fuel delivery, which can be difficult during major weather events,

makes the fact that microgrids can provide an indefinite supply of power during a

prolonged grid outage an increasingly important consideration for C&I customers in

North America.

1.3.2 Institutional and Campus Microgrid Applications

In terms of annual capacity and revenue from this customer segment, North Amer-

ica ranks highest of all other global regions. In 2015, total capacity was 219.7 MW,

and by 2024, it is expected to rise to almost 1.2 GW per year. North American rev-

enue for this segment is expected to reach 4.2 billion U.S. dollars per year by 2024.

Due to their large electric and heating loads, college and university campuses are

particularly appealing candidates for a microgrid. Additionally, they typically have

their own electric and thermal infrastructure and only a few points of interconnec-

tion with the utility, making projects technically simpler and less costly. Universities

have discovered that many fee-paying parents in the United States place a high value

on maintaining power supply during a grid outage. In addition, it is important to

take into account the microgrids’ ability to support the ambitious sustainability goals

that many colleges and universities have set, as well as their use as educational and

research platforms. The University of California, San Diego; New York City Col-

lege; Fairfield College; as well as Princeton University are institutional and campus

microgrid examples.

1.3.3 Community Microgrid Applications

Microgrids have become more widely known as a viable option for achieving com-

munity resilience objectives thanks to state-sponsored microgrid programs. In the

event of a major storm, energy resilience for critical facilities is typically the primary

focus of community microgrids. Communities in the eastern United States have been

without power for several days at a time as a result of an increase in the magnitude
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and frequency of hurricanes and ice storms (see Figure 1.6 and Figure 1.7). Residents

have difficulty evacuating from many places. Residents can shelter in place while

still having access to essential services like police, fire, medical, pharmacy, shelter,

gasoline, and food thanks to microgrids. To guarantee the continuity of essential

municipal services, numerous cities are considering microgrids. Compared to com-

munity microgrids, which involve multiple participants and off-takers (e.g., hospitals,

city hall, fire stations, grocery stores, etc.), a single municipal customer is simpler.

From a technical, business model, and financing perspective, these microgrids are

the most difficult. However, many state regulators appear determined to eliminate

these obstacles. For instance, the New York Prize Program supported the design

and feasibility of 83 community microgrids. In June and July 2016, Hitachi delivered

feasibility studies to its partner communities and received 12 of these awards. [2]

Figure 1.6: Power Outages Caused by Major Weather Events 1994-2012 [2].

1.3.4 Military Microgrid Applications

The Smart Power Infrastructure Demonstration for Energy Reliability and Security

(SPIDERS) program initiative is run by the U.S. military. The aim of this program

is to use microgrids to supply mission-critical facilities with power in the event of a

utility grid failure or attack. The solution’s integration of energy storage and solar
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Figure 1.7: Power Outages by month 2018-2019 [3].

PV into the existing diesel backup generators provides a portfolio of diverse fuel

sources, allowing for a solution with a longer lifespan and a reduced carbon footprint

than conventional backup generators. So far, there have been a few demonstration

projects [2].

1.3.5 Utility Microgrid Applications

Microgrids are being investigated by utilities as a potential new revenue stream,

an infrastructure and operational resource, and a potential Hitachi customer or rival.

Microgrids can assist distribution utilities in addressing a variety of operational ob-

jectives and challenges as an infrastructure resource. In order to better serve their

current customers, a number of non-regulated utilities have entered the microgrid mar-

ket. San Diego Gas & Electric’s Borrego Springs Microgrid, Duke Energy’s Mount

Holly Microgrid, National Grid’s Potsdam Microgrid, and Hot Springs Microgrid are

examples of utility microgrid projects [2].
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1.3.6 Overview of Fully Inverter Sourced Microgrids

Based on decades of experience with the physical properties and control responses

of large synchronous generators, today’s electric power systems are managed for sta-

bility. The electric power systems of today are rapidly moving toward having an in-

creasing proportion of generation come from energy storage devices like batteries and

nontraditional sources like wind and solar, among others [18]. These newer sources

are interconnected throughout the electric grid, both from within the distribution sys-

tem and directly to the high-voltage transmission system, and they range in size from

residential-scale rooftop systems to utility-scale power plants. This is in addition to

the variable nature of many renewable generation sources due to the weather-driven

nature of their fuel supply. Most importantly for our purposes, power electronic in-

verters connect many of these new resources to the power system. These resources

are collectively referred to as inverter-based resources. Maintaining the grid’s de-

pendability and stability is crucial as the electric power system is being transformed

by the rapid deployment of renewable technologies [19].

Figure 1.8: Present and Future Power Systems Compared: (left) Historically, syn-
chronous generators with a large rotational inertia have dominated current power
systems. (right) Inverter-based generation resources will make up a significant por-
tion of future power systems [4].

The U.S. DOE’s grid-forming inverter roadmap [4] acknowledges that inverter-

based resources will include both grid-forming resources and other kinds of control,

like grid-following resources. Future power systems must operate based on the phys-
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ical properties and control responses of numerous inverter-based resources, in addi-

tion to those of traditional, large synchronous generators [20] (see Figure 1.8). This

makes the transition to a grid with more inverter-based resources extremely challeng-

ing. Recognizing that there is no established body of experience for operating hybrid

power systems with significant inverter-based resources on the scale of today’s North

American interconnections is the source of these difficulties.

1.4 Dissertation Objectives, Motivation and Contribution

This section describes the main objectives of this dissertation along with motivation

behind the work. It also outlines the main contribution.

1.4.1 Objectives

This research work has the following objectives:

• Study and investigate the challenges of integrating fully inverter-based resource

(IBR) sourced microgrids in power distribution system. The challenges are

summarized in CHAPTER 3, CHAPTER 5, and CHAPTER 6.

• Implementation of protection devices modeling in electro-magnetic transient

(EMT) simulation software PSCAD R©. This is discussed in CHAPTER 3.

• Methodologies for performing steady state short circuit studies with inverter-

based resources. This is discussed in CHAPTER 4.

• Study the ground fault overvoltage (GFOV) phenomenon in microgrids and de-

velop possible mitigation options with inverter controls. This work is described

in CHAPTER 5.

• Study the fault detection challenges in microgrids and develop possible mitiga-

tion options through advanced protection algorithms. The results of this work

are presented in CHAPTER 6.
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• Develop an integrated framework for distribution system connected microgrids

that helps mitigate the grid impacts and microgrid design challenges. The

results and findings of CHAPTER 5 and CHAPTER 6 help to create the inte-

grated microgrid design framework.

1.4.2 Contributions

The main contribution of this dissertation is to help address the integration chal-

lenges of fully inverter-based distribution microgrids as follows.

• Study and evaluation of the methods for performing distribution system short

circuit studies with inverter-based resources. The main advantages of the study

are: (a) it provides a complete understanding of the distribution system feeder

protection philosophy; (b) it implements how protective devices can be modeled

in EMT software; (c) it provides theoretical background on how to perform short

circuit studies with inverter-based resources using a sequence network, and (d)

it highlights the difference between the response characteristics of inverter-based

resources and synchronous machine based resources.

• Investigation and evaluation of the control methods and functionalities of IBRs.

The main advantages of the study are: (a) it helps to develop an inverter model

that closely matches the response of commercially available large inverters; (b)

it provides details about inverter controls in the grid following mode; (c) it

provides a detailed summary of inverter controls in a grid forming mode, and

(d) it also includes a detailed list of inverter onboard protection functionalities.

• Transient overvoltage (TOV) phenomenon is studied for fully inverter-based

microgrids and a new method is proposed that can help mitigate TOV in mi-

crogrids using inverter controls. The main advantages of the proposed work

are: (a) For inverter machine-based microgrids, it provides expressions for phase

overvoltage and investigation of the TOV, when the inverters operate in grid
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forming mode; (b) it controls inverter negative sequence impedance to mitigate

the phase overvoltage and voltage unbalance observed in the microgrid, and (c)

it provides a comparison of the overvoltage results for different inverter control

modes and transformer configurations.

• A new method for fault detection and protection is proposed for a fully inverter-

based distribution microgrid. The main advantages of the proposed work are:

(a) it provides a study regarding how the addition of an IDG to a distribu-

tion system affects the sensitivity and selectivity of protection devices (PDs)

for both grids tied and grid-forming modes of operation of IDGs; (b) it out-

lines of the challenges associated with overcurrent protection schemes for fully

inverter-based resource microgrids, and (c) it proposes new microgrid protection

scheme that overcomes the challenges of typical distribution system overcurrent

protection for fully inverter sourced distribution microgrids.

1.4.3 Intellectual Merit and Broader Impact

The intellectual merit of the work is highlighted as follows:

• This dissertation provides a comprehensive overview of fully inverter-based dis-

tribution microgrids and highlights the integration challenges of such microgrids

with the modern power system. This will help in increasing the understanding

of such microgrid systems and accelerates it’s adaptation.

• The proposed work uses inverter controls to mitigate TOV in fully inverter-

based microgrids. The proposed work helps to increase design margins in IBMG

designs and provides increased reliability with reduced costs.

• One of the limitations of fully inverter-based microgrids is fault detection and

protection because of limited fault current contribution from power electronic-

based generating resources. This dissertation proposes a fault detection method
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that helps eliminate the limitation of conventional overcurrent-based fault de-

tection used in distribution microgrids.

The broader impact of the research work presented in this work can be summarized

as follows:

• This dissertation proposes a methodology of inverter control that does not

only applies for microgrids but to other power systems applications where grid-

forming inverter technologies are used.

• The proposed method increases the understanding of renewable energy-resourced

microgrids and these types of systems will be implemented a lot in the future

to increase power system reliability and resiliency.

• This research work will enable more and more renewable energy resources like

battery storage and solar to be incorporated into the distribution system.

• The proposed control technique facilitates increased penetration of renewable

energy, thus helping to achieve the goal of utilizing cleaner sources of energy to

meet our energy needs and reduce emissions to meet environmental goals. Also,

any of the societal benefits that can be associated with increased penetration

of renewable energy can be attributed to this research as the work performed

here helps to enhance the adaptation of renewable energy-based microgrids and

helps increase power system reliability and resiliency.

1.4.4 Dissertation Organization

The dissertation chapters are organized as follows:

• CHAPTER 1 provides an introduction to microgrids and various types of mi-

crogrids. The objectives, motivation, and contribution of the dissertation are

presented in this chapter.
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• CHAPTER 2 introduces the challenges associated with integrating fully inverter-

based microgrids with power systems.

• CHAPTER 3 discusses the design of conventional distribution system protection

and how short circuit studies can be performed with inverter-based resources.

• CHAPTER 4 discusses the control modes and functionality of inverter-based

resources.

• CHAPTER 5 presents a new method for mitigating ground fault overvoltage

using inverter control.

• CHAPTER 6 introduces the protection challenges of inverter-based microgrids

and proposes a new method for detecting fault in inverter-based microgrids.

• CHAPTER 7 discusses the conclusions and offers suggestions for future work.



CHAPTER 2: LITERATURE REVIEW

The definition of a microgrid does not restrict its size or topology. This would

indicate that it is difficult to come up with a generalized protection architecture that

could economically be used for an arbitrary microgrid of any size [21]. Assuming that

most microgrids will evolve from existing distribution feeders, the cost of retrofitting

will vary widely depending on the existing protection architecture on the feeders. For

example, urban feeders may be easier to retrofit economically than rural ones. The

choice of protection architecture will be influenced by the size, type, and intercon-

nection of the DERs supplying a microgrid and will have to adapt to widely varying

magnitudes of fault currents during grid-interconnected and grid-isolated modes of

operation.

2.1 Chapter Introduction

It is important to make sure that the protection schemes can detect and respond to

faults inside and outside of the microgrid and maintain coordination between protec-

tive devices in both grid-interconnected and grid-isolated modes and in the presence

of varying numbers and types of sources [22]. Finally, it is also important to define

the zones of protection in an economical fashion. A wide range of protection schemes

have been proposed in literature [23, 24], each assuming certain topologies, operating

conditions, and source types. Some proposed protection schemes have used princi-

ples including overcurrent (IEEE devices 50, 51, 67), undervoltage (IEEE device 27),

voltage restrained or voltage controlled overcurrent (IEEE devices 51VR or 51VC),

active or reactive power (IEEE devices 32, 32Q), distance (IEEE device 21), current

differential (IEEE device 87), over- or under-frequency (IEEE devices 81O, 81U),
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harmonic-content, and traveling waves, many of them using varying complexities of

communication infrastructure. Summaries of many proposed schemes can be found

in reference [25] .

2.2 Microgrid System Design Considerations

Careful selection of protective equipment must be considered to assure that the

microgrid can operate in a dependable and secure manner. Protective equipment that

may be dependable with the high short-circuit levels of a strong utility source may

not provide the same level of dependability when applied in a microgrid environment

with varying and bi-directional fault contributions from various source levels due to

grid-interconnected or grid-isolated operation . Protective equipment designed to

dependably detect faults while islanded may not be secure while grid interconnected.

2.2.1 System Studies for Microgrid Design

During the conceptual design phase of a microgrid, system impact studies, including

short circuit analyses/equipment duty, overcurrent coordination studies, and transient

stability studies should be performed to have a thorough understanding of the sys-

tem’s protection requirements for different operating conditions. These studies need

to be performed prior to the completion of designs to avoid protection deficiencies.

Additionally, the capabilities of the software tools should be thoroughly evaluated

to make sure that the requirements of the studies can be achieved and that results

are realistic. Inverter-interfaced DERs are commonly included in microgrid systems.

The inverter-interfaced DERs have different fault characteristics than traditional gen-

eration sources and they typically act as voltage dependent current sources, unlike

the Thevenin equivalent circuits representing generators, as conventionally used in

electric power system analysis software. Inverter-interfaced DERs must be modeled

correctly in the software tools during the protection studies to get accurate results

from the studies. When appropriate, detailed EMTP and/or Alternative Transients
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Program (ATP) type models can be considered in the simulation studies to accurately

represent the source fault characteristics in the time-domain. To test the designed

protection scheme under various operating conditions and with different microgrid

topologies, hardware-in-the-loop testing combined with relays or virtual protection

models can be beneficial.

2.2.1.1 Distribution System Short Circuit Studies with Inverter-Based Resources

The majority of microgrids are made up of distributed generators that are pri-

marily powered by photovoltaic and wind energy [26]. As a result of the fact that

these prime movers are unable to directly deliver electricity at the nominal magni-

tude and frequency, inverters are required to serve as an interface between the prime

movers and the microgrid [27, 28]. This suggests the term “inverter-interfaced dis-

tributed generators” (IIDG), which is frequently used in the context of microgrids.

Grid-forming and grid-feeding (sometimes referred to as grid-following) inverters are

two distinct categories of inverters with distinct control objectives [29]. Grid-feeding

inverters inject the required active and reactive power into the grid at the inverter

terminals, whereas grid-forming inverters maintain the nominal voltage magnitude

and frequency at the inverter terminals as their control objective. At least one grid-

forming inverter is required for an autonomous microgrid to function, establishing

the nominal voltage magnitude and frequency. The grid-feeding inverters are then

connected to the Point of Common Coupling (PCC), which has already been ener-

gized by the grid-forming inverter, in order to inject the active and reactive power

that loads in the microgrid require. Because they establish a voltage of the nominal

magnitude and frequency required by the microgrid [30, 31], grid-forming inverters

play a similar role to synchronous generators (SG) [32] in this sense. For power flow

and short-circuit analysis, the equivalent models of electric equipment in the sequence

domain are necessary [33]. It is important to keep in mind that short-circuit analysis

requires all zero-sequence, positive-sequence, and positive-sequence models, whereas
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power flow analysis only requires positive sequence models [34, 35, 36]. The charac-

teristics of grid-forming inverters have not yet been described by a practical model.

The fact that the inverter controllers are quick enough to participate during fault time

is a fundamental principle that leads us to re-define equivalent models for these gen-

erators [37]. In other words, the inverter’s control system can regulate the sequence

components of output voltage and output current within a short time of a fault [38]

thanks to the high bandwidth of control loops [39] and inertia-less power electronic

devices. In contrast, SGs can be adequately defined by their electric characteristics

during that brief time period [40], which resulted in long-known sub-transient, tran-

sient, and stationary periods between the onset of a fault and the time before it goes

out of step [41, 42, 43]. Small-signal models, such as those in [40] that can be used

for power flow studies [44], make up the majority of inverter modeling efforts. The

model that Ramasubramanian and Vittal [45, 46] aims to model converter-interfaced

synchronous generators in the positive sequence is one more illustration. Because

they assume that the inverter voltages are balanced and that they are operating at

their nominal value, these models cannot be used in fault analysis. There have been

a few published attempts to describe the fault response of IIDGs, such as [47, 48, 49].

"However, during faults, they primarily addressed the control strategy’s mechanism.

The positive-sequence output impedance of inverters under normal operating con-

ditions was examined by Zhong and Zeng [50]. In protective relaying, the primary

concern-namely, the output impedance during a fault-is not addressed. In contrast,

Shen et al. The response of IIDGs to various control strategies was examined in [51].

Even though the work is more in-depth than other works of a similar nature, sug-

gested models cannot be used in power systems with faults because they do not take

into account the characteristics of comparable models. Guo and Mu [52] proposed

per-phase models of an inverter during a fault in a similar work, but these models

are not tangible because the sequence domain is not taken into account. The work
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in [52] proposed an equivalent model of inverters under symmetrical fault conditions,

separating grid-forming from gridfeeding inverters. The proposed models still include

control loops, indicating that the effects of the controllers were not fully translated

to fundamental electrical elements, resulting in a complex model for fault analysis of

large-scale power systems, even though the current limiting is carefully considered.

“They [inverters] are often incapable of providing sufficient fault current and their

controllers play a principal role in the DG behavior,” according to Haj-Ahmed and

Illindala in [53]. While the first feature has been extensively discussed in numerous

research publications, such as [54], the second feature has not yet been fully compre-

hended. In particular, the magnitude and phase angle of inverter sequence output

impedances have not been thoroughly investigated. The translation of fault charac-

teristics of inverters to practical equivalent models is typically the flaw in existing

works. As a result, there is still no universal model of IIDGs under fault conditions

that places an emphasis on system aspects. This means that the proper sequence-

domain modeling of grid-forming inverters, which can be useful for both small and

large-scale power systems, is the focus of the current work. Due to the authors’ be-

lief that grid-feeding and grid-forming inverters should be modeled in distinct ways

due to their distinct control strategies, the current manuscript focuses solely on the

modeling of grid-forming inverters in the sequence domain. The work in [55, 56] can

be considered for additional details regarding typical grid-feeding inverter modeling.

2.2.1.2 Inverter Control System Design

The loss of directly grid-coupled mass inertia comes with the ongoing transition

of power systems from conventional generation dominated by inverters to generation

dominated by synchronous machines. Consequently, the requirement for inverter-

coupled power units to contribute inertia becomes clear. In addition, inverters ought

to play a role in the process of forming the grid voltage, which is currently car-

ried out by synchronous generators in interconnected power systems. Grid-forming
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inverters are available products that have been demonstrated to be suitable for is-

land systems [57]. These grid-forming inverters, in contrast to conventional current-

controlled inverters, produce a voltage phasor with some autonomy but still operates

synchronously with the grid voltage. The inverter can also deliver instantaneous re-

serve by reversing the voltage phasor with the right control. Inverters’ ability to form

a grid can be determined by looking at how the voltage phasor is activated. In [58, 59],

the concept of providing inertial response with inverters in the event of frequency de-

viations to support angle stability or frequency stability in interconnected grids was

presented. In the meantime, a number of grid-forming control ideas for inverters are

presented in [60]. Although some of them were made specifically for use in island grid

applications, they might also be useful in interconnected systems in the future. The

goal of this chapter is to compare and contrast various approaches and provide an

overview of various control schemes. The switched dc-link voltage, which is achieved

by the switching pattern of the converter legs, is the manipulated value in voltage

source converters (VSC). Consequently, a controlled voltage source behind a filter in-

ductor is assumed to be the converter itself. The short-term voltage source controlling

discussed here refers to the voltage source’s immediate behavior following an event

at the PCC. It is possible to add additional control loops that are independent of the

specific grid-forming control approach, such as overlaid control loops or resonance

damping loops. The relevant terms inertia, grid-forming, and grid-following inverters

are first defined. The ideas for grid-forming voltage sources are then discussed. For

both the voltage angle and the voltage amplitude, the provided voltage phasor’s dy-

namic behavior is examined. Grid-forming control strategies with their voltage phasor

dynamics are deduced by starting with the dynamics of synchronous machines. The

deduced dynamical transfer function takes as an input either the output power or an

equivalent quantity, such as current.
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2.2.1.3 Inverter Terminology

For clarity and to avoid possible confusion, some pertinent inverter terms are ex-

plained in the following discussion because various terms are used in the literature in

ways that are either partially misleading or contradictory in the wrong context.

A power system’s electrical inertia, or EI, is traditionally determined by the me-

chanical inertia of rotating machines in a synchronous area. Due to the kinetic energy

stored in the rotor, a generator’s mechanical inertia allows it to electrically smooth

frequency deviations. From a technical standpoint, the ability to instantly respond to

a change in the voltage phase angle at the point of connection with a power response

is referred to as EI. This is because the generator’s voltage phasor reacts slowly. EI

can also be provided by power-electronic devices that use appropriate control algo-

rithms, such as grid-forming control. EI is typically not offered by conventionally

current-controlled inverters.

The term “grid-forming inverter,” or GFI, refers to an inverter with a control strat-

egy that enables it to directly control the terminal voltage and solely form the grid

voltage using inverters taking into account the reserve and storage capacity that is

required. These inverters may be able to provide EI by default. The term “grid-

forming” was first used in the work in [61] and has since gained traction in both

academia and industry. As a result, this chapter makes use of it as well.

In contrast to GFI, the term “current-controlled inverter” (CCI) or “grid-following

inverter” refers to an inverter with a control strategy that regulates the injection of

current based on the measurement of terminal voltage in order to achieve a partic-

ular power set point. The inverter can function as a grid-feeding inverter, injecting

power regardless of voltage or frequency deviations at the terminal, thanks to the

determination of the power set point. Reactive and active power set points can be

adjusted with grid-supporting inverters when voltage or frequency deviations occur.

Even though they can quickly adjust their power response to frequency deviations or
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even frequency derivatives, conventional CCIs do not provide EI. Their active power

injection is generally delayed in comparison to the active power response of devices

with EI capability due to delays in active power set point determination following

angle or frequency changes (e.g., due to frequency measurement).

2.2.2 System Grounding Considerations

System grounding of the microgrid must be thoroughly evaluated to assure safe op-

eration, making certain that protective relaying will function properly and insulation

integrity is maintained. Ideally, it would be desirable to have the microgrid system

grounding the same whether grid-connected or grid-isolated. For example, consider a

microgrid with a high-voltage PCC that is interconnected with a system that is nor-

mally operated solidly-grounded. If the microgrid DERs are interconnected through

a transformer with a solidly-grounded wye connection on the PCC side and delta

connection on the DER side, the microgrid system will be solidly grounded while op-

erating grid-isolated. Alternatively, if each of the microgrid DERs are interconnected

through a transformer with a delta winding on the PCC side and there is no other

grounding transformer, the microgrid system will not be solidly grounded while oper-

ating grid-isolated. To maintain a solidly-grounded microgrid system while operating

grid-isolated, transformers with a low-impedance zero-sequence path (e.g., a ground-

ing transformer) may be utilized. Maintaining an effectively grounded system for a

DER unit is necessary so that overvoltage is not excessive during line to ground faults

and ground relaying operates as intended. If the DER unit has a step-up transformer

that has a low voltage delta winding and high voltage solidly-grounded wye, a low

impedance path for ground current can result. Assuring that the step-up transformer

is effectively grounded but the zero-sequence impedance is not excessively low may

require that a neutral reactor be installed to limit ground current supplied by the

DER installation. Alternatively, the main power transformer may be left ungrounded

(using either a delta winding or an ungrounded wye) and a smaller grounding bank
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may be added to the installation to provide a sufficiently low zero-sequence path to

limit overvoltage during line to ground faults. The interconnection requirements of

the utility should dictate system grounding in addition to primary equipment and

protection.

2.2.3 Communication System

A reliable communication system for the microgrid is essential for a variety of func-

tions, including generator dispatch and protection communications. Communication

between the utility substation’s circuit breaker, the circuit breaker at the PCC, and

the DER circuit breakers internal to the microgrid is often valuable; ideally, the com-

munication system would interface with other protective devices of the microgrid as

well. Communications protocols, media, and infrastructure must be considered to

ensure that the system operates at appropriate speeds for the required protection

operations. At the same time, the communication path redundancy and the secu-

rity of the communication system should be taken into consideration. For protection

purposes, the communication between the feeder relay and the microgrid protection

systems is generally binary information. This means that communication circuits can

use any of the commercially available communication technologies, such as power line

carrier, spread spectrum radio and two-way pager, as well as available communica-

tion media, such as transmission lines, telephone lines, fiber optic cables and air for

radio communications. The criteria for choosing the correct medium includes avail-

ability, operating speed, maximum latency, reliability, cybersecurity, redundancy and

path failover, susceptibility to electromagnetic interference, ownership, maintainabil-

ity, and cost.

2.2.4 Protective Equipment

The microgrid protection scheme must detect balanced and unbalanced faults in the

microgrid, abnormal frequencies, and abnormal voltages. In the grid-interconnected
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mode, it should also be able to detect faults on the utility side and islanding con-

ditions. Detecting abnormal frequencies or voltages and islanding conditions can be

achieved by using conventional methods. However, fault detection and protection

coordination in a microgrid is more challenging [62, 63]. The typical application

of distribution fuses may not be adequate in a microgrid due to the possibility of

low fault currents. To detect faults while grid-isolated additional reclosers or fault

interrupters with microprocessor-based relays or controllers may be required. The dis-

tribution transformers that step down to utilization voltage are typically protected

with high-side fuses, and protection deficiencies that could occur under grid-isolated

conditions need to be thoroughly evaluated. On the utilization voltage systems, fault

current levels may be too low for reliable operation of typical overcurrent devices.

Additional over/undervoltage sensing may be required that could provide a transfer

trip signal to the microgrid grid-isolating device. Additional protection elements,

including elements based on travelling wave technology, are also under investigation.

2.3 Temporary Overvoltage Challenges for Microgrids

When connecting inverter-based generation resources to a four-wire distribution

system, TOV is an important design consideration. Photovoltaic (PV) inverters op-

erating in a grid-following mode of operation were the subject of previous research into

temporary overvoltage caused by GFOV and load rejection overvoltage (LROV). Due

to its contribution to improving the resilience of the power system, the grid-forming

mode of operation of inverters has received increased attention. The overvoltage

observed in the system during an unbalanced ground fault can be affected by the

control methodology of an inverter, which determines how it responds to faults. To

help reduce the risk of transient overvoltage, a method for controlling the negative

sequence impedance during a ground fault is proposed. PSCAD R© is used to run a

small system-level electromagnetic transient simulation to verify the inverter’s char-

acteristics and the method’s efficacy. Microgrid implementation has garnered interest
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in recent grid advancements and the incorporation of renewable energy generation

[64].Not only can a microgrid serve a remote community or a critical load [65], but it

can also boost the system’s resilience and dependability. The work in [19, 66] point

to the potential for utility energy efficiency and cost savings from microgrids as a key

component of resilient distribution systems. Although a microgrid can have multiple

generating resources, renewable energy (RE) based microgrids provide resiliency and

more energy and cost savings than diesel generators based microgrids [19]. Several

utilities in North America are implementing only RE-based microgrids that are going

to provide more reliable and resilient electric power to their ratepayers [66]. Deploying

RE based microgrid also helps states to meet their 100% renewable and zero-carbon

electricity goals (e.g., California’s SB 100).

A power electronic interfaced converter connects numerous renewable resources to

the grid. Coordination among protective devices, transformer configuration for inter-

connection, and load rejection overvoltage are just a few of the difficulties associated

with an IBR microgrid. A power electronic interfaced converter connects numerous

renewable resources to the grid. Reverse power flow and multiple injection points of

fault current, loss of coordination between protective devices, relay desensitization,

transfer trip strategies, anti-islanding detection, open phase detection, interconnec-

tion transformer winding configuration and grounding, and load rejection overvoltage

are just a few of the difficulties associated with an IBR microgrid. Because they

offered multiple stacked value streams, IBR microgrids are becoming increasingly

common. The design of a system for distribution integration presents a significant

obstacle in the form of TOV. TOV is caused by a number of factors, including ferrores-

onance, generation to load ratio, and a single line to ground fault. Overvoltage can

be significant in an electric power system that is supplied by an ungrounded source

through a single line to ground fault. Overvoltage can be significant in an electric

power system that is supplied by an unground source during a single line to ground
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fault in other healthy phases. TOV poses a serious threat to the power system’s safe

and dependable operation [67] and the catastrophic failure of surge arresters.

For the single-phase to ground fault or double line to ground fault on the distri-

bution system, all phases to ground connected equipment on unfaulted phases will

experience overvoltage up to 173 percent. This overvoltage has the capability to

damage not only the utility side protection devices but also residential equipment.

In 1971, as a result of GFOV, a large chapter mill experienced generator failure.

Moreover, this overvoltage can cause severe public protection phenomenon.

Per the IEEE standard, C62.92.1 [68], the system needs to be designed to ensure

effective grounding for all operating scenarios. Effective grounding limits the over-

voltage to 125-138% of nominal voltage depending on utility system configurations

and requirements. Effectively grounded systems quickly respond to ground faults by

introducing a low impedance return path.

Effective grounding criteria for synchronous machine based generations are well

defined [69] and systems are designed to meet the following criteria for zero sequence

reactance, resistance and positive sequence reactance: 0<X0

X1
<3 and 0<R0

X1
<1. How-

ever, per IEEE standard C62.92.6 [70], the GFOV mechanism is different for current

regulated resources, like an inverter and varies depending on the inverter control

topology.

One of the important design consideration for interconnecting inverter based gen-

erating resources to a four wire distribution system is the potential of temporary

overvoltage (TOV). Past studies investigated temporary overvoltage due to GFOV

and load rejection overvoltage (LROV) for photovoltaic (PV) inverters in grid follow-

ing mode of operation. In recent times, grid forming mode of operation for inverters

have gained increased attention as it helps to increase power system resiliency. Sev-

eral electric utilities in North America is developing only IBR microgrid projects.

Inverter’s response during a faults depends on it’s control methodology and hence ef-
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fects the overvoltage observed in the system during an unbalanced ground fault. This

chapter presents a theoretical comparison of temporary overvoltage observed in an

ungrounded distribution system for IBR and conventional synchronous machine based

resources. It also shows the impact of grid following mode and grid forming mode of

operation on inverter negative sequence impedance and TOV. A control methodology

is proposed to control the negative sequence impedance during a ground fault to mit-

igate the potential of transient overvoltage. A Electromagnetic Transient Simulation

is performed using PSCAD R© on a small system to show the inverter characteristics

and effectiveness of the proposed method.

2.4 Protection Challenges for Only Inverter-Based Microgrids

Traditionally, power flow from substations to loads has been the goal of distribu-

tion systems. There are a number of protection issues that arise when a DER is

integrated with these distribution systems [71]. Utility radial systems, for instance,

may need to be upgraded or redesigned because they were typically intended for

short-circuit sensing and unidirectional current flow. It may be necessary to replace

relays without directional power flow sensing. Relays may not be able to detect some

reverse-direction short-circuits, have insufficient sensitivity to detect them, and DER

protection must work with the utility auto-reclosing scheme, among other things.

Microgrids pose additional challenges due to the nature of their operation and the

incorporation of DERs within them [72]. These challenges are in addition to those that

independently connected DERs pose to their respective utility or grid systems. When

operated in an island or grid-tied mode, for instance, microgrids are likely to have

significantly different and varying short-circuit levels. They might only contribute a

small amount of short-circuit current, especially from DERs that mostly use inverters

(e.g., photovoltaics, battery-based energy storage, full-converter-based wind turbine

generators, etc.). Microgrid feeders may have a power flow in both directions depend-

ing on how the generation, load, and circuit topology are different. During and after
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the microgrid’s transition from grid-tied to island operation, a normally grounded dis-

tribution system may lose a relatively low-impedance zero-sequence path. It might

be hard to find a utility source that has gone missing. Adapting microgrid protection

systems to a new generation, circuit topology, or load should be carefully planned.

When a microgrid moves from an island to a normal grid-tied mode, the process of

resynchronizing it with its utility grid can cause issues like excessive inrush current,

voltage and frequency disturbances, transient stability, and other issues.

Moving to a new topology (e.g., operating the microgrid in a grid-tied or island

mode, etc.) can alter the operating conditions of the microgrid. The use of adaptive

mechanisms, for example, is one way that a microgrid protection system must always

guarantee the safety of the microgrid system, connected equipment, and personnel.

Additionally, a false operation of a microgrid protection system, such as responding

to a utility or grid event that does not warrant its operation, must never occur.

During microgrid transition periods, many different kinds of protective relays may

become temporarily inoperable or enter an indeterminate state while their settings

are changed or adapted. As a result, the microgrid is susceptible to inadequate

protection [72].

Protective elements that are utilized in microgrid systems that include voltage

sensing include under-voltage (UV, IEEE device 27), over-voltage (OV, IEEE device

59), directional over-current (OC, IEEE device 67), voltage-restrained OC, IEEE

device 51V, and voltage-controlled OC. As a result, if a voltage transformer (VT)

fuse blows and causes a voltage input loss to a relay, plans for microgrid protection

can be significantly impacted. Voltage-restrained or voltage-controlled OC elements

may accidentally operate [73] if a fuse blows on a set of VTs. UV elements may also

operate unintentionally on a set of VTs with a blown fuse [71]. If a voltage sensing

function is absent, directional OC elements may malfunction or cease to function

when required [71]. For microgrid protection schemes, these and other anticipated
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effects of a voltage input loss must be taken into account. Because they do not require

voltage sensing, current differential and non-directional OC protection, two types of

protection, cannot completely replace voltage controlled and voltage restrained OC

protection [71]. The differential current scheme requires measurement inputs from

remote terminals of the protected circuit elements, whereas the non-directional OC

scheme lacks the sensitivity of the directional OC, voltage controlled, and voltage

restrained OC schemes.

2.5 Chapter Summary

In this chapter, a review of the microgrid system design considerations is provided.

The main considerations for microgrid design, distribution system short circuit stud-

ies with inverter-based resources, inverter control system design, system grounding

considerations, overvoltage challenges in the microgrid, communication system de-

sign, and protection challenges in the fully inverter-based microgrid are discussed. In

the next Chapter, a method for distribution system short circuit study considering

inverter-based distributed generation is discussed.



CHAPTER 3: METHOD FOR DISTRIBUTION SYSTEM PROTECTION STUDY

CONSIDERING INVERTER BASED DISTRIBUTED GENERATION

Power system protection is an essential consideration for the reliable operation of

the electric power system [74]. Protection systems are necessary for ensuring equip-

ment and human safety. Several protection schemes are used in practice, and these

schemes vary depending on their location purpose and the components they are in-

tended to protect [75].One of the key steps of developing protection scheme is to

perform short circuit studies. Conventionally, synchronous machine based generating

resources (SMGR) are modeled as a voltage source behind resistance. But, the mod-

eling of Inverter based resources (IBR) are not as simple as modeling synchronous

machine based generating resources (SMGR). The models of IBRs vary with the con-

trol mode of operation of the inverter. In grid following mode of operation because

of the controls it is modeled as a control source and in grid forming mode of opera-

tion it is modeled as a voltage source behind variable resistance. It is also important

to model the protection devices correctly in electromagnetic transient platform like

PSCAD R©. This chapter discusses how the protection devices are modeled and how

short circuit studies are performed with inverter based resources.

3.1 Chapter Introduction

This chapter mainly focuses on load flow and short circuit study considering dis-

tribution network protection components and schemes. Main protection devices for

distribution networks are fuses, recloser, relay, sectionaliser, and circuit breakers.

The primary purpose of this chapter is to understand the protection devices in the

distribution side and their functionality. Underlying mathematical models of these
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protection devices are studied, and then models are developed for simulation. Then

their functionalities are tested in simulation. For simulation, PSCAD R© was used,

since it is an EMTP software that can characterize the transient behavior of the sys-

tem well. For protection analysis, it is crucial to observe the transient response of

the system and take the necessary step for any abnormal situation. In PSCAD R©, two

small size distribution systems, along with protection devices, were modeled. Load

flow and short circuit studies were performed for both the system theoretically and

simulation wise. Load flow and short circuit play a vital role in choosing the rating of

the electrical components as well as protection components in the system. Load flow

and short circuit are mandatory for setting up the coordination between the protec-

tion components. All the protection devices are appropriately coordinated in both

the PSCAD R© model. To understand the operations of these protection devices, faults

are applied at different locations, and operations of associated protection devices are

observed and analyzed.

The main contributions of this chapter are:

• Modeling of protections devices in the electromagnetic transient platform PSCAD R©.

• Method of modeling inverter based resources for short circuit studies.

• Studying the impact of inverter based resources on existing distribution protec-

tion coordination.

The rest of the chapter is organized as following; section 3.2 shows the load flow and

short circuit analysis for two simple models and the results from PSCAD R© is validated

with hand calculation. Section 3.3 outlines the details of how each protection devices

like relay, recloser,fuse, sectionalizer can be modeled in PSCAD R©. Section 3.4 shows

how the operation of distribution circuit with protection devices. Section 3.5 describes

how to perform short circuit studies for synchronous machine based microgrids. And,

the inverter machine based microgrid short circuit studies are covered in section 3.6.
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Section 3.7 highlights the impact of inverter based resources on existing distribution

system protection coordination practices. Finally, section 3.8 concludes the chapter

and outlines future work.

3.2 Distribution System Short Circuit Study and Protection Modeling

In this section discuss how a typical distribution system short circuit study perform.

Also thoroughly discuss on distribution system protection devices modeling.

3.2.1 Objectives

The main objective is modeling a distribution system in PSCAD along with all the

protective devices of distribution system.

• Modeling of distribution system with protection devices in PSCAD R©.

• Understanding the functionalities and settings of different protection devices.

• Understanding the protection device selectivity and sensitivity.

• Understanding the overall distribution system protection philosophy which in-

cludes the following

– Minimize the number of consumers affected by the fault

– Eliminates safety hazards as fast as possible

– Minimize the service failure to the smallest possible branch in the distri-

bution system

– To discriminate between overloading and short circuit.

3.2.2 Distribution Circuit Models and Settings

Two models are considered for the study. Model 1 is a radial system without recloser

and sectionalizer and model 2 is a radial system with recloser and sectionalizer
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3.2.2.1 Model 1 Description

Figure 3.1 shows a 115-kV radial distribution system in which the substation resis-

tance value is 13.92 ohm. There is a step-down transformer right after the substation,

and the substation is feeding 9MVA load (Total 3 loads, each 3MVA). The voltage

rating of the transformer is 115kV/13.2kV. The winding configuration of the trans-

former is Y-Y. The transformer power rating is 25MVA, and positive sequence leakage

reactance is 0.048 pu. There are three bus bars (Bus A, Bus B, Bus C) between sub-

stations and load. Line impedance value between Bus B and Bus C is 1.125ohm.

Figure 3.1: Single line diagram of model 1.

3.2.2.2 Load Flow Analysis

It is essential to do load flow analysis (voltage, active power, reactive power, line

losses) to design a new power system network. Moreover, load flow studies determine

if system voltage remains within specified limits under normal or emergency operating

conditions. Load flow also helps to analyze system equipment such as transformers

and conductors are overloaded or not. Due to the source resistance, there is a voltage

drop inside the source, and the voltage magnitude at Bus A is 0.9911 pu instead

of 1. Only the transformer in the circuit consumes reactive power; for that reason,

there is a small amount of MVAR flowing from the substation at Bus 1, and there

is no other reactive power flow downstream. The voltage magnitude of Bus B is less

than 1 because of the transformer reactance. Between Bus B and Bus C there is
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Table 3.1: Load flow of model 1

Bus Voltage Magnitude Voltage Angle Active Power Reactive Power
Number (PU) (radian) (MW) (MVAR)

Bus A 0.9911 0.000158072 8.717 0.3941
Bus B 0.9906 -0.01690277 8.717 0
Bus C 0.9337 -0.01690272 8.217 0

line impedance which causing the voltage magnitude at Bus C is smaller than Bus B.

Power always flows from higher voltage angle to lower voltage angle since it is a radial

distribution system, voltage angle at Bus A should be higher than Bus B. Similarly,

voltage angle should be higher at Bus B compare to Bus C

3.2.2.3 Short Circuit Analysis

Short circuit analysis is fundamental to determine the rating of the electrical equip-

ment to withstand the thermal and electromagnetic effects of the short-circuit current

as well as to determine the setting of protection equipment and coordination.

In the distribution, three phase balanced fault information is used to select and set

phase relay so an LLLG fault applied at each of the buses. LLLG fault is most severe

among all types of fault. If we derive the total fault current equation using sequence

network for different types of fault (SLG, LL, LLG, LLL, LLLG) the amount of

impedance for LLLG is less then compare to other types of fault. Since the impedance

is less, the fault current will be higher.

Formula for fault current calculation:

Total fault current for LLLG fault,

If =
Vf

Zff + Zf

(3.1)

Here, Vf= Prefault bus voltage (we can get prefault bus voltage by doing load flow).

Zff = Thevenin impedance viewed from the faulted bus.
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Zf= Value of fault impedance.

Total fault current for SLG fault,

Ia =
3Ea

Z1 + Z2 + Z0 + 3Zf

(3.2)

Here, Ea = Source Voltage.

Z1 = Positive sequence impedance.

Z2 = Negative sequence impedance.

Z0= Zero sequence impedance.

Zf = Value of fault impedance.

Table 3.2: Short Circuit Analysis of model 1

Short Circuit Current (A)
Bus Fault PSCAD R© Model Hand Calculation Error

Number Type Value Value Percentage

Bus A LLLG 4395.9 4769.8 -7.838
LLG 3494.3 NA NA
LL 2985.2 NA NA
LG 2361.6 NA NA

Bus B LLLG 18170.739 14714.8 23.486
LLG 14835.469 NA NA
LL 12237.257 NA NA
LG 9972.406 NA NA

Bus C LLLG 5170 4640 11.422
LLG 4161 NA NA
LL 3517 NA NA
LG 2790 NA NA

For LLLG fault at bus A, the theoretical value is closer to the simulation value.

Due to the transformer voltage rating (115kV/13.2kV), the short circuit current is

higher in the Bus B. The percentage of error at Bus B between theoretical calculation

and PSCAD R© is high. Even though in the simulation exactly same reactance value

of the transformer used (which is given in theory). The reason of this phenomenon



38

could be theoretical value of the reactance of the transformer is not appropriate for

simulation.

3.2.2.4 Model 2 Description

In figure 3.2 shows a portion of a radial distribution system single line diagram.

For reliability, a recloser and a sectionaliser setup in the downstream of the system.

Recloser has two fast and two delayed operations capability. The sectionaliser will

isolate the faulted section of the network after the full number of counts has elapsed of

the relay, leaving that part of the feeder upstream still in service. In figure 3.2 shows

a 115kV radial distribution system in which substation resistance value is 14.27 ohm.

There is a step-down transformer right after the substation, and the substation is

feeding 3MVA load. The voltage rating of the transformer is 115kV/13.2kV. The

winding configuration of the transformer on the primary and secondary sides is Y-Y.

25MVA is the power rating of the transformer, and positive sequence leakage reactance

is 0.019 pu. There are five bus bars between substations and loads (Bus 1, Bus 2,

Bus 3, Bus 4, Bus 5). The line impedance values between Bus 2 and Bus 3, Bus 3

and Bus 4, and Bus 4 and Bus 5 are 0.84041, 2.3491, 0.206507 ohm consecutively.

3.2.2.5 Load Flow Analysis

Due to the source impedance, the voltage magnitude at Bus 1 is 0.9973 pu instead

of 1. Only the transformer in the circuit consumes reactive power; for that reason,

there is a small amount of MVAR flowing from the substation at Bus 1, and there

is no other reactive power flow downstream. The voltage magnitude of Bus 2 is less

than 1 because of the transformer reactance. Between Bus 2 and Bus 3, there is a

line impedance, which causes the voltage magnitude smaller at Bus 3 than Bus 2.

Always power flows higher bus voltage angle to the lower bus voltage angle since it is

a radial distribution system; thus, the voltage angle at Bus 1 should be higher than

Bus 2. Similarly, the voltage angle should be higher at Bus 2 compare to Bus 3; Bus
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Figure 3.2: Single line diagram of model 2.

3 compare to Bus 4, and Bus 4 compare to Bus 5.

Table 3.3: Load flow of model 2

Bus Voltage Magnitude Voltage Angle Active Power Reactive Power
Number (PU) (radian) (MW) (MVAR)

Bus 1 0.9973 0.000275487 2.817 0.2545
Bus 2 0.9972 -0.001878514 2.816 0
Bus 3 0.9835 -0.001878525 2.778 0
Bus 4 0.9454 -0.001878553 2.67 0
Bus 5 0.9421 -0.016902818 2.661 0
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Table 3.4: Short Circuit Analysis of model 1

Short Circuit Current (A)
Bus Fault PSCAD R© Model Hand Calculation Error

Number Type Value Value Percentage

Bus 1 LLLG 31990.6 31993 -0.0075
LLG 21.2464 NA NA
LL 21.3679 NA NA
LG 0.267832 NA NA

Bus 2 LLLG 31990.6 31993 -0.0075
LLG 21.2464 NA NA
LL 21.3679 NA NA
LG 0.267832 NA NA

Bus 3 LLLG 7279.6 7066 3.0229
LLG 4.8337 NA NA
LL 4.8522 NA NA
LG 0.2625 NA NA

Bus 4 LLLG 2247.8 2224 1.0701
LLG 1.5026 NA NA
LL 1.4993 NA NA
LG 0.2478 NA NA

Bus 5 LLLG 2118.8 2097 1.0395
LLG 1.3748 NA NA
LL 1.4157 NA NA
LG 0.2425 NA NA

3.2.2.6 Short Circuit Analysis

3.3 Protection Device Modeling in PSCAD R©

In the distribution system, the main protection components are relay, fuse, circuit

breaker, sectionaliser, and recloser. There is no specific standard for the overall

protection in the distribution network, some general indication of how this system

work can be assumed
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3.3.1 Relay Modeling

A relay is an electromagnetic switch operated by a relatively small electric current

that can turn on or off a much larger electric current. The heart of a relay is an

electromagnet (a coil of wire that becomes a temporary magnet when electricity flows

through it).Relays are using for the protection of the power system. Some of them

are primary relays meaning that they are the first line of defense. Such relays sense

the fault and send a signal to the proper circuit breaker to trip and clear the fault.

In the following sections different type of relay modeling discussed.

3.3.1.1 Inverse Time Over-current Relay Modeling

Inverse time overcurrent relay set up parameter:

• Time Dial

• Pick Up

• Characteristics curve

For modeling an Inverse time overcurrent relay above parameters set up correctly by

using the characteristics curve of the relay.

3.3.1.2 Over-current Relay 50 and 51 Modeling

The first step is to check the short circuit at the node where the relay is planning

to set. Relay 50 and relay 51 carefully integrated into the system. As soon as the

relay 50 sees that the current is about to exceed its limit, it will comment on a trip

signal into the circuit breaker to ensure the protection of the system. Time-delayed

overcurrent relay operates according to their characteristic curve. It waits a specified

period according to its time-current characteristics curve.

3.3.1.3 Block Diagram of Relay in PSCAD R©

Figure 3.3 shows the PSCAD R© implementation of overcurrent protection. Current

transformers are modeled as simple turns ratio. Transformer saturation is not con-
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Figure 3.3: Inverse time overcurrent and overcurrent relay combination.

sidered for this study. PSCAD R© library models are used for time overcurrent (51)

element and instantaneous overcurrent (50) element. A circuit breaker is operated if

either 50 or 51 elements is high. SR latch is used to hold the output high. No reset

button is a model for this study but will be added in future work.

3.3.1.4 Response of Relay in PSCAD R©

The discussion of this section is to analyze the performance of the relay (R50 &

R51). In the base model of model 2, a breaker (B1) added. For the instantaneous

response of relay 50, an LLLG fault applied at Bus 2. Since the fault is closer to

the substation, and there is no line impedance, From the table we can see that fault

current is higher compared to Bus 3. We are expecting to relay 50 elements to operate.

From figure 3.4, we can observe that relay 50 picks up for that short circuit current

and functions seamlessly.

An LLLG fault applied in the different buses and checked how the relays are re-

sponding for faults. In conclusion, instantaneous and time-delayed relays were able

to detect and operate successfully.

3.3.2 Fuse Modeling

A fuse is an overcurrent protection device; it possesses an element that is directly

heated by the passage of current, and that is destroyed when the current exceeds a

predetermined value. A suitably selected fuse should open the circuit by the destruc-
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Figure 3.4: Single line diagram of relay response.

tion of the fuse element, eliminate the arc established during the destruction of the

element and then maintain circuit conditions open with the nominal voltage applied
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Figure 3.5: instantaneous relay(R50) response graph in PSCAD R©

Figure 3.6: time delay relay(R51) response graph in PSCAD R©.

Table 3.5: Relay response table of model 2

Fault Location Relay 50 Relay 51 Comment

Bus 1 Operate Instant response by R50
Bus 2 Operate Instant response by R50
Bus 3 Operate R51 work successfully

(it waited a certain period
before the operation)

to its terminals (i.e., no arcing across the fuse element).

In the distribution system type of fuses are:

• K type (this type of operation is fast)
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• T type (this type of operation is slow)

Fuse first and slow operation depending on the speed ratio. The SR is the ratio

of minimum melt current that causes fuse operation at 0.1 s to the minimum melt

current for 300-s operation. For the K link, an SR of 6to8 is defined and, for a T link,

10to13.

Figure 3.7: Time/currents characteristics of typical fuse-links.

Figure 3.7 shows the comparative operating characteristics of type 200K and 200T

fuse links. For the 200K fuse, a 4400 A current is required for 0.1 s clearance time

and 560 A for 300 s, giving an SR of 7.86. For the 200T fuse, 6500 A is necessary for

0.1 s clearance, and 520 A for 300 s; for this case, the SR is 12.5.
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3.3.2.1 Representation of Fuse in PSCAD R©

The time/current characteristics curve is essential for fuse modeling. There is a

software which can generate time/current characteristics curve for any type and any

rating of the fuse. The name of the software is S&C. For modeling the proposed

model 2, characteristics curve of 40T and 6T fuse generated in S&C, then those

curves implemented in two X-Y function blocks of PCAD. The following discussion

is divided into two-part. In the first part, fuse modeling was done for only 10 data

points (data depends on the short circuit current) Then fuse modeled for all data

points. All the data point is available in S&C software. Figure 3.8 shows the detailed

model of Fuse.

Figure 3.8: Initial Fuse model in PSCAD R©.

The following Lookup table developed for 200K fuse (using the figure 3.9). Initially,

this table used for fuse modeling then this table updated for all the available data

point of characteristics curve from S & C software.

S & C software used for characteristic curve and coordination of 6T and 40T for

model 2 as well.

3.3.3 Recloser Modeling

A recloser is a device that can detect phase and phase-to-earth overcurrent con-

ditions, automatically reclose to reenergize the line if the overcurrent persists for a

predetermined amount of time, and then interrupt the circuit. After a predetermined

number of operations, the recloser will remain open to isolate the faulted section from
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Figure 3.9: Lookup table for 200k fuse link.

Figure 3.10: Characteristics curves for fuse 40T and 6T.

the rest of the system if the operation’s fault still exists.

Figure 3.11 shows the design philosophy of recloser in PSCAD. Time overcurrent

element is used to detect the fault, and the SR latch is used to hold the output high.
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Figure 3.11: Recloser model in PSCAD R©.

A timer is used to provide multiple reclose attempt. However, a counter has not been

included in this model and will be added in a future enhancement.

3.3.4 Sectionaliser Modeling

A sectionaliser, which is typically installed downstream of a recloser, is a device

that automatically isolates faulted sections of a distribution circuit after an upstream

breaker or recloser has interrupted the fault current. Sectionalizers cannot break fault

current, so they must be used in conjunction with a backup device that can break

fault current.During fault conditions, sectionalizers count the number of operations

performed by the recloser. The sectionaliser opens and isolates the defective section of

line after a predetermined number of recloser openings while the recloser is open.The

recloser can thus close and re-establish supplies to fault-free areas. The sectionalizer’s

operating mechanism is reset if the issue is temporary.

Figure 3.12 shows the sectionaliser model in PSCAD R©. It is modeled with a con-

trolled switch as the purpose is to open a portion of a circuit following a permanent

fault.
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Figure 3.12: Sectionaliser model in PSCAD R©.

3.4 Distribution Circuit Models With Protection Devices

In this section distribution system modeling with protection devices discussed also

several test case perform to validate the performance of the modeling if distribution

system protection.

3.4.1 Model 1 with Protection Devices

In figure 3.13, a substation is feeding 9MVA load. A step-down transformer is right

after the substation. There are four relays between substation and load for protecting

the distribution system. Coordination between relays appropriately designed.

3.4.1.1 Protection Device Settings for model 1 in PSCAD R©

To design any protection set up in the system, the very first step to perform load

flow and the short circuit. Nominal current and short circuit used to calculate the

transformer ratio. To acquire the TAP setting, the nominal current is multiplied by

1.5 then divided by the current transformer ratio.

3.4.1.2 Case Studies

The critical idea of protection coordination is that protection devices near the fault

location should respond and take the necessary step to keep the normal part isolated.
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Figure 3.13: Proposed model 1 with protection devices.

Table 3.6: summary of protection device setting for proposed model 1

Breaker Short Circuit (5/100) * Short Circuit CT Ratio Pickup Time Dial
Number Current (A) Current(A)

BA 4395.9 219.795 300/5 2.5 NA
BB 18170.739 908.53695 800/5 4 2
BC 18170.739 908.53695 1100/5 8 2
BL 5171.4 258.57 300/5 4 5

Coordination between protective devices for model 1 appropriately acquired. An

LLLG fault applied at each of the buses. From the table below, it is visible that
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coordination is working between protection devices.

Table 3.7: summary of a case study for proposed model 1

Cases Fault Relay Operation Comment
Type Operation Time

Fault at LLLG BA 1s BA is supposed to operate
bus A fault Operated if any fault occurs at Bus A

as it is closest to the fault location,
which is achieved successfully

Fault at LLLG BB 0.6s BB is supposed to operate
bus B fault Operated if any fault occurs at Bus B

as it is closest to the fault location,
which is achieved successfully

Fault at LLLG BC 0.1s BC is supposed to operate
bus C fault Operated if any fault occurs at Bus C

as it is closest to the fault location,
which is achieved successfully

3.4.2 Model 2 with Protection Devices

In figure 3.13, a substation is feeding 9MVA load. A step-down transformer is right

after the substation. There are four relays between substation and load for protecting

the distribution system. Coordination between relays appropriately designed

3.4.2.1 Protection Device Settings for Model 2 in PSCAD R©

In the following system figure 3.14, a substation is feeding a 3MVA load. Between

substation and load protection components are two relays, one recloser, and two fuses.

Coordination between those devices is adequately acquired.

3.4.2.2 Case Studies

The main idea of protection coordination is that protection devices near the fault

location should respond and take the necessary step to keep the healthy isolated.

Coordination achieved between all the protection devices. Finally, an LLLG fault

applied in each of the buses to observe the functionality of the protection components.
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Figure 3.14: Proposed model 2 with protection devices.

3.5 Microgrid Short Circuit Study with Synchronous Machine Based Resources

3.5.1 Without Effective Grounding

Figure 3.15a shows the sequence network for a single line to ground fault for a syn-

chronous machine sourced distribution system. Equations (3.3) shows the equivalent

impedance between node F1 and N1. Equations (3.4) and (3.5) shows the equivalent
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Table 3.8: summary of a case study for proposed model 1

Cases Description Relay Operation Comment
Operation Time

Fault at LLLG B1(Relay 1) 1s B1 is supposed to operate
bus 2 fault Operated if any fault occurs at Bus2

as it closed to the fault location,
Which is achieved successfully.

Fault at LLLG BR(Recloser) 0.6s BR is supposed to operate
bus 3 fault Operated if any fault occurs at Bus3

as it closed to the fault location,
Which is achieved successfully.

Fault at LLLG BF1(Fuse1) 1.6s BF1 is supposed to operate
bus 4 fault Operated if any fault occurs at Bus4

as it closed to the fault location,
Which is achieved successfully.

Fault at LLLG BF2(Fuse2) 0.11s BF2 is supposed to operate
bus 5 fault Operated if any fault occurs at Bus5

as it closed to the fault location,
Which is achieved successfully.

impedance between for positive and negative seq between node F1, N1 and F2, N2 re-

spectively. After solving the network, (3.6) presents the sequence voltage expressions

and phase voltages are derived from sequence voltages.

Zth1 = [(Zxfmr + Z2 ‖ Zload2) + Zload0 ‖ Zload1 (3.3)

=
(Zxfmr + Z2)× Zload2

(Zxfmr + Z2 + Zload2)
+ Zload0 ‖ Zload1

=
(Zxfmr + Z2)× Zload2 + (Zxfmr + Z2 + Zload2)× Zload0

(Zxfmr + Z2 + Zload2)
‖ Zload1

=
(Zxfmr + Z2)× Zload2Zload1 + (Zxfmr + Z2 + Zload2)× Zload0Zload1

(Zxfmr + Z2)× Zload2 + (Zxfmr + Z2 + Zload2)× Zload0

+Zxfmr + Z2 + Zload2 × Zload1
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Zth2 =
(Zxfmr + Z2)× Zload2 + (Zxfmr + Z2 + Zload2)× Zload0

(Zxfmr + Z2 + Zload2)
(3.4)

Zth3 =
(Zxfmr + Z2)× Zload2

(Zxfmr + Z2 + Zload2)
(3.5)

V1 = Zth1 × I (3.6)

V2 = Zth3 × I1 (3.7)

V0 = Zload0 × I1 (3.8)

I =
V

(Zxfmr + Zth1 + Z1)
(3.9)

I1 = (
ZL1

Zth2 + ZL1

)× I (3.10)

3.5.2 With Effective Grounding

This section describes the voltage expression for synchronous machine if the source

is grounded through a grounding transformer. Figure 3.15b illustrates the sequence

network in the presence of a grounding transformer ZGT . After solving the net-

work similar expressions for voltages are obtained like previous sections. Notably the

zero sequence equivalent impedance ZT = ZGT ||Zload0 is different than the without

grounding transformer case in section 3.5.1.

Zth1 = [(Zxfmr + Z2 ‖ Zload2) + ZloadT ‖ Zload1 (3.11)

=
(Zxfmr + Z2)× Zload2

(Zxfmr + Z2 + Zload2)
+ ZloadT ‖ Zload1

=
(Zxfmr + Z2)× Zload2 + (Zxfmr + Z2 + Zload2)× ZloadT

(Zxfmr + Z2 + Zload2)
‖ Zload1

=
(Zxfmr + Z2)× Zload2Zload1 + (Zxfmr + Z2 + Zload2)× ZloadTZload1

(Zxfmr + Z2)× Zload2 + (Zxfmr + Z2 + Zload2)× ZloadT

+Zxfmr + Z2 + Zload2 × Zload1
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Zth2 =
(Zxfmr + Z2)× Zload2 + (Zxfmr + Z2 + Zload2)× ZloadT

(Zxfmr + Z2 + Zload2)
(3.12)

Zth3 =
(Zxfmr + Z2)× Zload2

(Zxfmr + Z2 + Zload2)
(3.13)

V1 = Zth1 × I (3.14)

V2 = Zth3 × I1 (3.15)

V0 = ZT × I1 (3.16)

I =
V

(Zxfmr + Zth1 + Zinv1)
(3.17)

I1 = (
ZL1

Zth2 + ZL1

)× I (3.18)
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Figure 3.15: Sequence network for Synchronous Machine-Based Microgrid for a single
line to ground fault (a) without grounding transformer, (b) with grounding trans-
former.

Comparison of section 3.5.1 and section 3.5.2 shows that the zero sequence voltage
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expression value decreases for with grounding case as including a grounding trans-

former decreases the equivalent zero sequence impedance and hence the phase voltage

for the healthy phases decreases as well.

3.6 Microgrid Short Circuit Study with Inverter-Based Resources

This section derives the voltage expressions for an inverter-based resource. The

inverter source is represented by a current source in positive sequence and the negative

sequence impedance. The negative sequence impedance varies a lot depending upon

the inverter control objectives [70].

3.6.1 Without Effective Grounding

As shown in the case of synchronous machine, voltage expression are derived solving

the network shown in Figure 3.16a. Note that as inverter is a current regulated source

the current is considered constant here.

Zth1 = [(Zxfmr + Zinv2 ‖ Zload2) + Zload0 ‖ Zload1

=
(Zxfmr + Zinv2)× Zload2

(Zxfmr + Zinv2 + Zload2)
+ Zload0 ‖ Zload1

=
(Zxfmr + Zinv2)× Zload2 + (Zxfmr + Zinv2 + Zload2)× Zload0

(Zxfmr + Zinv2 + Zload2)
‖ Zload1

=
(Zxfmr + Zinv2)× Zload2Zload1 + (Zxfmr + Zinv2 + Zload2)× Zload0Zload1

(Zxfmr + Zinv2)× Zload2 + (Zxfmr + Zinv2 + Zload2)× Zload0

+Zxfmr + Zinv2 + Zload2 × Zload1
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Zth2 =
(Zxfmr + Zinv2)× Zload2 + (Zxfmr + Zinv2 + Zload2)× Zload0

(Zxfmr + Zinv2 + Zload2)
(3.19)

Zth3 =
(Zxfmr + Zinv2)× Zload2

(Zxfmr + Zinv2 + Zload2)
(3.20)

V1 = Zth1 × I (3.21)

V2 = Zth3 × I1 (3.22)

V0 = Zload0 × I1 (3.23)

I1 = (
ZL1

Zth2 + ZL1

)× I (3.24)

3.6.2 With Effective Grounding

Figure 3.16b shows the sequence network for an ungrounded inverter source grounded

with a grounding transformer. Equation (3.25) shows the expression for voltages. One

of the important things to notice is that the the voltage expression depends on the

negative sequence impedance of the and it is a parameter which can be controlled

through inverter controls. So, how much the overvoltage will be during a ground fault

and how much it can be mitigated by conventional ground transformer depends on the

inverter behaviour. As pointed out in [70], it is difficult to provide conclusive decision

without confirming the inverter response. The next section provides an overview of

inverter control topology and how the negative sequence impedance can be controlled

to mitigate overvoltage observed in an inverter based system.
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Zth1 = [(Zxfmr + Zinv2 ‖ Zload2) + ZloadT ‖ Zload1

=
(Zxfmr + Zinv2)× Zload2

(Zxfmr + Zinv2 + Zload2)
+ ZloadT ‖ Zload1

=
(Zxfmr + Zinv2)× Zload2 + (Zxfmr + Zinv2 + Zload2)× ZloadT

(Zxfmr + Zinv2 + Zload2)
‖ Zload1

=
(Zxfmr + Zinv2)× Zload2Zload1 + (Zxfmr + Zinv2 + Zload2)× ZloadTZload1

(Zxfmr + Zinv2)× Zload2 + (Zxfmr + Zinv2 + Zload2)× ZloadT

+ (3.25)

Zxfmr + Zinv2 + Zload2 × Zload1

Zth2 =
(Zxfmr + Zinv2)× Zload2 + (Zxfmr + Zinv2 + Zload2)× ZloadT

(Zxfmr + Zinv2 + Zload2)
(3.26)

Zth3 =
(Zxfmr + Zinv2)× Zload2

(Zxfmr + Zinv2 + Zload2)
(3.27)

V1 = Zth1 × I (3.28)

V2 = Zth3 × I1 (3.29)

V0 = ZT × I1 (3.30)

I1 = (
ZL1

Zth2 + ZL1

)× I (3.31)

Table 3.9 summarizes the findings of the section above. It shows that the phase

overvoltage observed for the without grounding case is not as high for Inverter based

resources compared to the synchronous machine based resources. And adding ground-

ing reduces the phase overvoltage for both the synchronous machine and inverter case.

3.7 Issues With Existing Electric Distribution system Protection

In this section issues with existing electric distribution system protection is illus-

trated through a test system.
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Figure 3.16: Sequence network of Inverter-Based Microgrid for a single line to ground
fault (a) without grounding transformer, (b) with grounding transformer.

Table 3.9: DER without effective grounding and with effective grounding

DER type Grounding Status Sequence Phase
Voltage (PU) Voltage (PU)

Synchronous Without Grounding V0=0.7422 Va=0
Without Grounding V1=0.8295 Vb=1.0663
Without Grounding V2=0.2139 Vc=1.6483

Synchronous With Grounding V0=0.3653 Va=0
With Grounding V1=0.6613 Vb=0.9737
With Grounding V2=0.2964 Vc=1.0138

Inverter Without Grounding V0=0.3389 Va=0
Without Grounding V1=0.6621 Vb=0.9383
Without Grounding V2=0.3263 Vc=1.2481

Inverter With Grounding V0=0.1675 Va=0
With Grounding V1=0.5448 Vb=1.0721
With Grounding V2=0.4520 Vc=0.6617
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Figure 3.17: Modified IEEE 13 Node Test System [5].

3.7.1 Test System Description

The test system used for performing the studies is a IEEE 13 node unbalanced test

system [6].13 node test feeder, which is a radial distribution feeder with one voltage

regulator, both underground and overhead lines with different phases, in line step

down transformers and spot and distributed loads. There is a substation transformer

of rating 5MVA and 115kV/4.16kV and the positive and zero sequence impedance of

the substation is given in [6]. First the test system is developed a real time simulator

called RT-Lab from Opal-Rt and power flow and short circuit analysis are performed.

ARTEMiS-SSN is the solver specifically designed to provide fast and accurate real-

time simulation without introducing artificial delays The results are validated with
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the benchmark [6]. Then the test system is modified to connect a DG rated 4750kW

at node 671. Depending upon the scenario under study, the connected DG can be

either conventional synchronous generator or inverter based energy resources. Two

relays R1 and R2 have been connected at the feeder with the goal that R2 protects

the far end of the feeder and R1 provides backup.

3.7.2 grid following Mode of Operation

In this mode of operation, the DG is connected to the feeder. Both the substation

and the DG serves the load in the feeder. Three scenarios have been studied,

• Scenario 1: Switch SW2 is open and no DG is connected to the feeder

• Scenario 2: Switch SW2 is closed and an inverter based DG actively generating

3000kW , is connected to the feeder

• Scenario 3: Switch SW2 is closed and a conventional synchronous generator

based DG producing 3000kW , is connected to the feeder

Table 3.10: grid following Mode: Fault Current Comparison for Fault at Node 680.

Case Scenario Phase Fault Currents (A)

From Substation Total Fault From DG

Scenario 1 A 2878.0 2878.0 0
B 2834.5 2834.5 0
C 2587.7 2587.7 0

Scenario 2 A 2704.4 2928.1 844.9
B 2789.5 2883.8 844.9
C 2458.4 2632.8 844.9

Scenario 3 A 2092.0 3295.8 1212.2
B 2045.8 3242.1 1199.4
C 1816.9 2927.7 1117.2

Conventional DG is modeled as a synchronous generator rated at 5000 kVA/ 4.16

kV. The positive sequence impedance of the generator is 0.86528Ω and zero sequence
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impedance is 1.2979Ω. Inverter based DG is modelled with current limiters to limit

maximum fault current to 150% of the rated value which is 844.9A. Faults are applied

at three different locations node 632,671 and 680. Only The summary of total fault

currents for fault at node 680 is presented at Table 3.10. It shows that in grid

following mode the fault current contribution from IDG is less compared to SDG.

Similar conclusions can be made about other fault locations. Standard inverse curve

is selected for both relay settings and the pick up and time dial are set to maintain

coordination between both the relays. Figure 3.18a shows the current through R1

and 3.18a shows the current flowing through R2 for scenario 1. The results show that

for a fault at node 680, R2 operates first as expected to clear the fault and the current

flowing through R1 decreases as some loads are disconnected from the circuit. For

scenario 2, R2 operates faster than scenario 1 and for scenario 3, the operating time

is even faster for increased fault current. Table 3.11 and Table 3.12 shows the fault

currents for two different inverter interconnection transformer configurations. If the

transformer is Y g − D connected then the IDG contributes zero sequence currents

and if it is Y g − Y connected then it does not contribute any zero sequence current.

In grid following mode, the zero sequence current contribution from the inverter can

increase the sensitivity of existing utility protection devices.

3.7.3 Islanded Mode of Operation

In the islanded mode of operation, only IDG is serving to the load in the feeder.

The IDG is connected to node 671. Faults are applied on bus 671, 632, and 680.

The total fault current is a lot less compared to the fault current in grid-connected

mode. This makes it difficult for fault detection by a relay, and it takes a significant

time for both relays R1 and R2 to operate. The effect of transformer configuration is

summarized in Table 3.15 and 3.16. For YG-Y configuration there is no path of zero

sequence current and it does not contribute any fault current during L-G fault which

makes it difficult to detect such faults. A grounding transformer bank is needed for
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such configuration.

Figure 3.18: Relay operation in grid forming mode.

3.8 Chapter Summary

This chapter presents the basic fundamental of microgrid short circuit studies and

an overview of distribution system protection. It provides details about how the pro-

tection devices can be modeled in the EMT application PSCAD R©. It also explains

the protection method used in power distribution system. Based on the results pre-

sented in the chapter it is noticed that it is challenging to model protection devices in
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Table 3.11: Fault Current Comparison for Fault at Node 671

Case Scenario Phase Fault Currents (A)

From Substation Total Fault From DG

Scenario 1 A 3314.8 3314.8 0
B 3265.6 3265.6 0
C 3007.6 3007.6 0

Scenario 2 A 3144.5 3372.5 844.9
B 3215 3322.5 844.9
C 2875.2 3060 844.9

Scenario 3 A 2462.8 3882.0 1429.0
B 2408.7 3818.8 1413.8
C 2159.5 3476.7 1324.6

Table 3.12: Fault Current Comparison for Fault at Node 632

Case Scenario Phase Fault Currents (A)

From Substation Total Fault From DG

Scenario 1 A 4756.7 4756.7 0
B 4695.9 4695.9 0
C 4447.4 4447.4 0

Scenario 2 A 4619 4839.5 844.9
B 4647.7 4777.7 844.9
C 4332.1 4524.8 844.9

Scenario 3 A 3812.7 6021.9 2223.3
B 3735.9 5930.4 2201.2
C 3459.9 5552.5 2104.2

EMTP software but is it an essential step for microgrid designs. The presented work

enhances the understanding of state-of-the-art and provide more accurate information

about microgrid protection and design. The protection of microgrid depends heavily

on the invert characteristics. And, inverter response to abnormal grid conditions is

primarily governed by inverter control functionalities. For that reason it is important

to understand the inverter control mechanism. The next chapter presents the details

of inverter control modes and on-board protection functionalities.
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Table 3.13: Single Line to Ground Fault at Node 680 for Yg-∆ Inverter Transformer
Connection

Case Phase Fault Currents (A)
Scenario /Sequence

From Total From
Substation Fault DG

Phase A 1562.16 52.75 1938.8 957.1 6 135.00
B 1037.7 6 -139.30 0 1037.76 40.70
C 593.26 95.32 0 593.26 -84.68

Sequence I1 849.65 6 -165.16 646.28 844.91 6 150
I2 646.27 6 -97.97 646.27 06 -118.37
I0 387.31 6 -95.13 646.27 260.15 6 77.80

Table 3.14: Single Line to Ground Fault at Node 680 for Yg-Y Inverter Transformer
Connection

Case Phase Fault Currents (A)
Scenario /Sequence

From Total From
Substation Fault DG

Phase A 1753.2 6 55.32 1883.1 844.9 6 150
B 844.9 6 -150.00 0 844.9 6 30

C 844.96 90 0 844.96 -90
Sequence I1 844.11 6 13.63 627.70 844.916 150.00

I2 627.706 81.88 627.70 06 -125.62
I0 627.706 81.88 627.70 06 119.72

Table 3.15: Islanded Mode: Single Line to Ground Fault at Node 680 for Yg-Y
Inverter Transformer Connection

Phase Phase Sequence Sequence
Voltage(kV) Current(A) Voltage(V) Current(A)

Va = 0 Ia = 0 V0 = 2401.76 I0 = 0.01
Vb = 4.1600 Ib = 0 V1 = 2401.77 I1 = 0.01
Vc = 4.1600 Ic = 0 V2 = 0.01 I2 = 0.01
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Table 3.16: Islanded Mode: Single Line to Ground Fault at Node 680 for Yg-∆
Inverter Transformer Connection

Phase Phase Sequence Sequence
Voltage(kV) Current(A) Voltage(V) Current(A)

Va = 1.8810 Ia = 1846.0 V0 = 171.65 I0 = 615.32
Vb = 2.3975 Ib = 0 V1 = 2225.40 I1 = 615.32
Vc = 2.3990 Ic = 0 V2 = 178.78 I2 = 615.32



CHAPTER 4: INVERTER MODELING FOR GRID FOLLOWING AND GRID

FORMING MODE FOR BOTH BALANCED AND UNBALANCED SYSTEM

Grid-tied inverters are typically modeled as a voltage source converter(VSC), where

the DC link voltage is maintained by a DC voltage source. Now the inverter oper-

ational characteristics and control objectives varies based on the mode of operation.

When the inverter is connected to the grid, it performs different grid applications

and operates in grid-connected mode. In grid following mode, the inverter tries

to regulate it’s current output and provides a balance current output. When the

inverter is isolated from the power grid, it can serve local loads in a microgrid is-

landing application and operates in grid-forming mode. In grid-forming mode, the

inverter tries to regulate the voltage and magnitude at it’s terminal. Also, the in-

verter has onboard-protection functionalities that supplements the control objective

and protects the inverter from abnormal conditions. This chapter discusses the de-

tails modeling and control architecture of inverter along with it’s typical onboard

functionalities. This chapter shows the implementation of proposed inverter control

architecture in PSCAD R© and the results show the functionalities of different mode

of operation. This Chapter also discusses how inverter based resource like Battery

Energy Storage (BESS) is modeled and studied for an Utility microgrid. The method

of finding the optimal placement of a BESS in Commonwealth Edison’s Bronzeville

Microgrid(BCM) is presented.

4.1 Chapter Introduction

Voltage source converters (VSCs) are utilized in a variety of settings, from small

VSC-HVDC power converters for offshore wind generation [76, 77] to low-voltage
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microgrid applications [78]. The majority of renewable energy sources, including

photovoltaic panels, doubly fed induction generator (DFIG), and permanent magnet

synchronous generator (PMSG) wind turbines, have successfully utilized a VSC as

a grid connection interface. The most widely used method for controlling the VSC,

synchronous reference frame vector control (SRFVC), has been shown to deliver sat-

isfactory performance for balanced operation [79]. There has been an increase in

interest in the creation of novel approaches to device control as a result of the grid’s

increased use of renewable energy. The so-called ride-through capability, which en-

ables the device to remain connected to the grid without having to disconnect during

various grid disturbances, is one important feature. The most common type of grid

disturbance is voltage sags. They are voltage amplitude reductions that are typically

categorized as balanced or unbalanced when the voltage reduction is the same for

each phase. The starting transients of large machines and three-phase short circuits

typically cause balanced voltage sags. The most prevalent types of imbalanced volt-

age sags are single-phase or two-phase short circuits [79]. The introduction of power

reduction mechanisms into the SRFVC has demonstrated the ride-through capability

for balanced voltage sags, as lowering the grid voltage causes the converter to reach

its maximum allowed current. This, in turn, raises the voltage of the dc bus as a

result of the excess power input to the bus [80, 81]. Ride-through capabilities for

unbalanced voltage sags, on the other hand, face a number of difficulties. A ripple

in the power supplied to the AC grid results from the presence of negative-sequence

components in the voltage. This results in a ripple in the dc bus voltage, which

may be critical in some situations [82]. Additionally, in order to lessen the dc bus’s

ripple, negative-sequence current must be controlled when negative-sequence voltage

is present. The conventional SRFVC is made to control currents in the positive se-

quence, but it performs poorly when controlling currents in the negative sequence [83].

In the past, various options for alternative controller designs have been suggested. A
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current reference calculation method for suppressing active power oscillations during

unbalanced voltage sags was proposed in [84]. This method uses enhanced current

controllers that are able to track reference current signals that contain both the posi-

tive and negative sequence. A new current control design with a double SRFVC and

independent controllers for positive and negative components was introduced in [83].

This current control is used to coordinate the control of a DFIG turbine’s back-to-

back converter in [82] and [85] to reduce machine torque and the ripple of the dc

bus voltage caused by network imbalances. A double SRFVC with linear quadratic

regulator (LQR) current controllers is proposed in [86] for the operation of a PMSG

wind turbine in the presence of unbalanced voltage sags. The coordinated control

of the DFIG’s back-to-back converter with proportional-resonant controllers and sta-

tionary frame current control is suggested in [87] and [88]. In addition, it has been

demonstrated that the stationary frame control simplifies the structure of the current

controller while still delivering satisfactory performance under VSC’s unbalance op-

eration [89]. In this Chapter, a negative sequence based inverter control architecture

is presented that can serve both balanced and unbalanced load in grid following and

grid forming mode of operation. Also, the method is used in a utility microgrid to

evaluate the optimal placement of a BESS in the utility microgrid.

The main contributions of this chapter are:

• Presents a combined control architecture for grid-connected and grid-forming

mode of control that works for both balanced and unbalanced system.

• The proposed inverter model also includes inverter onboard protection function-

alities.

• Method for finding the optimal placement of a BESS in and utility microgrid

system

The rest of the Chapter is structured as follows. Section 4.2 provides a description
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of the inverter controls in grid following mode of operation. Section 4.3 describes the

grid forming mode of control and the presents the controls architecture. Description

of inverter on-board protection functionalities are listed in section 4.4. Section 4.5

presents the methodology of finding the optimal placement of a Battery Energy Stor-

age Systems (BESS) in Commonwealth Edison’s, an utility headquartered in Chicago,

microgrid. Section 4.6 illustrates the simulation results to show the performance of

proposed inverter models. Section 4.7 concludes the chapter and outlines the future

work.

4.2 Inverter Controls for Grid Following Mode of Operation

A synchronization unit that is capable of precisely extracting the positive and

negative sequences of the grid voltage is required in order to develop a control struc-

ture that can successfully operate during unbalanced faults. A Dual Second-Order

Generalized Integrator PLL (DSOGI-PLL) [90] or a Decoupled Double Synchronous-

Reference Frame PLL (DDSRF-PLL) are two examples of this. The current controller

must be able to regulate both the positive and negative sequence currents in addition

to accurately tracking the components of the positive and negative sequence. In most

cases, PR controllers in the stationary reference frame or a dual-sequence SRF current

controller in the synchronous reference frame with four proportional-integral (PI) con-

trollers, two for each sequence component, are used to accomplish this. In addition,

the manner in which the current reference is generated, the subject of this chapter,

has a significant impact on the converter’s behavior. Since this chapter aims to pro-

vide grid-supporting functionalities in accordance with contemporary grid codes, it is

desired to employ a method that allows for the flexible injection and control of both

positive and negative sequence currents. This includes injecting active power that is

in sync with the voltage of the positive sequence, injecting capacitive reactive power

that is in sync with the voltage of the positive sequence (positive-sequence support),

and injecting inductive reactive power that is in sync with the voltage of the negative
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mode, b)positive sequence control in grid forming mode, c)negative sequence control
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sequence (negative-sequence attenuation). This work makes use of the flexible posi-

tive and negative sequence control (FPNSC) framework [90] to generate the current

references, which will be calculated using the proposed strategy, in order to address

this issue. In order to accomplish this, PR controllers are utilized to regulate the

positive and negative sequence currents, and a DSOGI-PLL is utilized to extract the

individual voltage sequences in this chapter.Figure 4.1a and Figure 4.1c shows the

control loop during grid following mode of operation. Figure 4.1a shows that in grid

following mode inverter follows active and reactive power set points and the i+d and

i+q current references are generated accordingly to output the specified active and

reactive power. Figure 4.1c shows that in grid following mode the inverter tries to

reduce the negative sequence current to minimize output current unbalance.

4.3 Inverter Controls for Grid Forming Mode of Operation

The control methodology for grid forming mode of operation is presented here.

In grid forming mode, inverter provides it’s own voltage and frequency reference set

points. And instead of following an active and reactive power set point the inverter

tries to maintain the reference voltage and frequency . Figure 4.1b shows that in

the positive sequence control loop inverter tries to maintain a Vd reference of 1 pu

which indicates that inverter is trying to maintain 1 pu voltage. The frequency

reference is kept at 60 Hz. Figure 4.1d shows that the unlike grid following mode in

grid forming mode the inverter tries to supply negative sequence current so that it

can serve unbalanced load. Figure 4.2 shows an enhancement of the already discussed

control architecture .A new approach is proposed where the inverter negative sequence

impedance is controlled by looking at the phase overvoltage and phase unbalanced at

the grid point of interconnection (POI). Instead of controlling only voltage or current,

the proposed approach can adjust both through controlling impedance.
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Figure 4.2: Inverter Control Topology with advanced negative sequence impedance
control.

4.4 Inverter On-board Protection Design

Traditionally, power flow from substations to loads has been the goal of distribu-

tion systems. There are a number of security issues associated with DER integration

with these distribution systems [91, 92, 93, 94]. Utility radial systems, for instance,

may need to be upgraded or redesigned because they were typically intended for

short-circuit sensing and unidirectional current flow. It may be necessary to replace

relays without directional power flow sensing. Relays may not be able to detect some

reverse-direction short-circuits, have insufficient sensitivity to detect them, and DER

protection must work with the utility auto-reclosing scheme, among other things.

Microgrids pose additional challenges due to the nature of their operation and the in-
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corporation of DERs within them [71]. These challenges are in addition to those that

independently connected DERs pose to their respective utility or grid systems. When

operated in an island or grid-tied mode, for instance, microgrids are likely to have

significantly different and varying short-circuit levels. They might only contribute a

small amount of short-circuit current, especially from DERs that mostly use inverters

(e.g., photovoltaics, battery-based energy storage, full-converter-based wind turbine

generators, etc.). Microgrid feeders may have a power flow in both directions depend-

ing on how the generation, load, and circuit topology are different. During and after

the microgrid’s transition from grid-tied to island operation, a normally grounded dis-

tribution system may lose a relatively low-impedance zero-sequence path. It might

be hard to find a utility source that has gone missing. Adapting microgrid protection

systems to a new generation, circuit topology, or load should be carefully planned.

When a microgrid moves from an island to a normal grid-tied mode, the process of

resynchronizing it with its utility grid can cause issues like excessive inrush current,

voltage and frequency disturbances, transient stability, and other issues. A commer-

cial inverter is equipped with several onboard protection functionalities. Figure 4.3

provides an overview of the inverter functionalities. Inverter has several trip mech-

anisms in the form of islanding detection, DC overvoltage protection, Inverter AC

overvoltage and Over-current protection, transient overvoltage protection, insulation

monitoring and voltage & frequency ride through.

4.5 Optimal Placement of Battery Energy Storage (BESS) in an Utility Microgrid

Common Wealth Edison (Comed’s) Bronzeville Community Microgrid (BCM) is an

advanced microgrid testbed that is used to test various emerging microgrid technology.

The BCM microgrid is served by two feeders. The details of the microgrid one line

diagram can not be provided because of confidentiality reasons. There are several

operating modes for the microgrid. When both the feeders that are feeding the

microgrid experience an outage the microgrid is operated in “Full Islanding” mode. In
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Figure 4.3: Inverter On-board functionalities.

this mode, the microgrid is completely isolated from the bulk power grid and microgrid

loads are served from the microgrid generation only. Currently, the microgrid has a

4.8 MW Gas generator, 750 kW solar, and a 500kW/2000 kWh battery energy storage

system (BESS). Solar operates at a unity power factor. The microgrid has a maximum

generation capacity of 6 MW. Figure 4.4 below shows the microgrid annual load profile

(MW) for the year 2021. It is noticeable from the figure that during peak season there

are times when the microgrid load exceeds the max generation capacity of 6 MW.

This prompted the addition of a new BESS in the BCM microgrid. In this chapter

a method for finding the optimal location of the new BESS for BCM thoroughly

discussed. There are several factors that need to be accounted for to determine the

optimal location of the new BESS.
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Figure 4.4: Annual microgrid load (MW) profile for 2021 and max generation capacity
.

4.5.1 Problem Formulation

To find the optimal location of the BESS it is important to define the objective

function. The main objective is to reduce the runtime and power generation of the gas

generator and serve the critical loads during a full islanding scenario. This will help

to use the renewable resources more during microgrid operation and hence will lead

to a more sustainable operation of the microgrid during a grid outage. The optimal

location also needs to ensure that the microgrid voltages at all nodes are within the

ANSI voltage class A range and that the thermal limits of the conductors and the

equipment are not exceeded. Moreover, each generating source also needs to abide

by its local operating constraints. The BESS needs to run within the maximum and

minimum state of charge (SoC) range. The max SoC was set at 95% and the min SoC

was set at 5%. The gas generator has a maximum and minimum power output limit

of 250 kW and 4800 kW respectively. The solar generation is controlled by the solar

irradiance data. . A mathematical model is formed to express the logic as shown in

eqns 4.1- 4.10 .
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Minimize,
N∑
i=1

P i
gas ∗ [t(i)− t(i− 1)] (4.1)

Subjectto, (4.2)

P i
gas + P i

pv + P i
BESS1 + P i

BESS2 = P i
Load

Qi
gas +Qi

pv +Qi
BESS1 +Qi

BESS2 = Qi
Load (4.3)

Vmin ≤ V i
x ≤ Vmax (4.4)

P i
gas,min ≤ P i

gas ≤ P i
gas,max (4.5)

P i
Equipment ≤ P i

Equipment,max (4.6)

SoCi
BESS1,min ≤ SoCi

BESS1 ≤ SoCi
BESS1,max (4.7)

SoCi
BESS2,min ≤ SoCi

BESS2 ≤ SoCi
BESS2,max (4.8)

SoCi
BESS1 = SoCi−1

BESS1 −
P i
BESS1 ∗ [t(i)− t(i− 1)]

ERatedBESS1

(4.9)

SoCi
BESS2 = SoCi−1

BESS2 −
P i
BESS2 ∗ [t(i)− t(i− 1)]

ERatedBESS2

(4.10)
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Where,

(4.11)

P i
gas = Active power output of gas generator at time step i

P i
pv = Active power output of photovoltaic at time step i

P i
BESS1 = Active power output of BESS 1 at time step i

P i
BESS2 = Active power output of BESS 2 at time step i

Qi
gas = Reactive power output of gas generator at time step i

Qi
BESS1 = Reactive power output of BESS 1 at time step i

Qi
BESS2 = Reactive power output of BESS 2 at time step i

P i
Equipment,max = Equipment rating

Vmax = V oltage Max Limit = 1.05pu

Vmin = V oltage Min Limit = 0.95pu

Pmin
gas = Minimum gas generator output power = 250 kW

Pmax
gas = Maximum gas generator output power = 4800 kW

An optimization problem is solved to determine the optimal dispatch profile for

the two BESS systems and the gas generator. Solar profile generation data is also

fed into the model. Load data for the microgrid is also an input to the model. The

profile determined by the optimization routines is introduced in the CYME model

to run a time series analysis and it is checked that if the resources are run as per

the optimization routine whether it will be able to meet the voltage and thermal

limit of the microgrid. Then the results of the CYME time series are fed back to the

optimization routine and then the optimization is run for a new location of the new

BESS. Figure 4.5 below shows the overall implementation flow chart. And Figure 4.6
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Figure 4.5: Flow chart of the implementation of proposed method .

shows how the data flows between different tools and how the studies have been

performed.

4.5.2 Protection Screening

Once the optimal location for the new BESS is selected based on the optimization

routine mentioned above, the next step is to perform protection adequacy screening

with the addition of new BESS. First step in protection screening is to perform short
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Figure 4.6: Data flow between different tools for the implementation of proposed
method.

circuit studies. Addition of the new BESS increased the faults currents for both

symmetrical faults and unsymmetrical faults in microgrid mode of operation. The

microgrid in full islanding mode also has the gas generator connected which provides a

significant amount of fault current. Even though the addition of new BESS increased

the fault current but it is not significant compared to the fault current without the

new BESS. As a result the sensitivity and the selectivity of the existing protection is

not affected a lot. The addition of new BESS creates scenarios where only the inverter

based resources (BESS and PV) can carry the microgrid load at certain times of the

year. In case of only inverter generation based microgrid operation the available fault

currents from the sources will not be enough for the existing overcurrent protection

scheme. And, this will need development of new custom protection scheme for the
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microgrid.

4.6 Simulation Results

The efficacy of the proposed inverter models are validated in this section through

simulation. An IEEE test system and an utility microgrid system is used show the

performance of proposed inverter models. Firstly, different control mode of operation

is shown in IEEE test systems case. secondly, limited simulation results are shown

for the utility microgrid system.

4.6.1 Case: IEEE Test Systems

The procedure for setting protective device settings for a distribution system, such

as an IEEE 34 node unbalanced test system [6], is discussed in this section. The

34-node test feeder is a radial distribution feeder that has spot and distributed loads,

in-line step-down transformers, two voltage regulators, overhead and underground

lines with different phasing, and a radial distribution feeder. Between nodes 832

and 888, there is a transformer with a rating of 0.5MVA and a voltage rating of

24.9kV/4.16kV . The substation’s positive and zero sequences impedances are listed

in [6]. An EMT program known as PSCAD R© is used to create the test system

(Figure 4.7). Relays, reclosers, fuses, and circuit breakers are added to the test system

as a protective measure. Feeder protection is provided by the addition of a numerical

relay substation circuit breaker. To divide the circuit into smaller zones and offer

better isolate faults, three line reclosers (R0, R1, and R2) are added (Figure 4.7). In

order to safeguard both single-phase and double-phase loads, two additional fuses,

F1 and F2, are installed in the laterals. The inverter is operated in grid forming

mode and is the only generating resource in the microgrid. The islanding recloser

(IR) is open and disconnects the microgrid from the main grid. Figure 4.8a shows

the active power of the microgrid supplied from the inverter. The microgrid loads are

unbalanced which is evident from the figure. Figure 4.8b shows the reactive power of
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all the phases in the microgrid. Figure 4.8c shows that the all three phase voltages

are pretty stable during the microgrid operation. Figure 4.8d shows that the all three

phase current wave forms are also stable during the microgrid operation.
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Figure 4.7: Modified IEEE 34 bus test system with protection devices and utility
scale inverter connected [6].

4.6.2 Case: Utility Test Scenario

In this case the results of the method presented in section 4.5 are discussed. The

Bronzeville Community Microgrid (BCM) model is developed in CYME R© software.

The microgrid already have an existing BESS Of 500 kW/2000 kWh. A new BESS

is designed in CYME with inverter and other components. A microgrid study is

performed using the CYME R© microgrid module.Where multiple sectionalizers are

opened to create a full islanding scenario. The optimization routine outlined in section

?? is implemented as described in Figure 4.6. Four locations have been studied

as possible location of new BESS 2 based on availability of real-estate. Then the

optimisation routine is run to determine the optimal dispatch of different generating

resources with an objective to minimize the run time of gas generators. Figures 4.9a,

4.9b, and 4.9c show active power, reactive power and Point of Common Coupling

voltage of BESS 2 , respectively, for one example day results in case of possible location

1. Similarly, Figures 4.10a, 4.10b, and 4.10c show active power, reactive power and
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Figure 4.8: Microgrid power for all phases in grid forming mode (a) active Power, (b)
reactive Power, c) Phase voltages, and d) Phase currents.
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(a)

(b)

(c)

Figure 4.9: BESS2 Possible Location 1 (a) Active Power of different resources , (b)
Reactive Power of different resources, (c) voltage profiles at BESS POI .
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Point of Common Coupling voltage of BESS 2 , respectively, for one example day

results in case of possible location 2. Similar, example results are shown for other

locations as well. Figures 4.11a, 4.11b, and 4.11c show active power, reactive power

and Point of Common Coupling voltage of BESS 2 for possible location 3. And,

Finally, Figures ??, ??, and ?? show active power, reactive power and Point of

Common Coupling voltage of BESS 2 for possible location 4. It is observable from

the different figures that the active and reactive power dispatch of the generating

resources varies with possible locations of BESS 2. Also, the voltages at the microgrid

is maintained within the normal operating range for all the cases. With the proposed

method location 2 was selected as the optimal location with the least run-time for

the gas generator. One thing to note is that the microgrid has a significant amount

of load and need support from the gas generator most often.

4.7 Chapter Summary

This chapter presents a comprehensive overview of inverter controls and function-

alities. Grid following inverter controls are more well known as these are used for

solar inverters. However, grid forming inverter controls which are required for IBMG

operations is significantly different from typical grid following inverter controls. This

chapter highlights the differences in control modes. Depending on how the inverter

controls are modeled the fault response of the inverter can vary a lot. Grid forming

control strategies are presented and simulation results are shown for a test system.

Results show that the grid forming inverter controls can maintain the voltage and

frequency of a microgrid very stable and well withing standard limit. It has also been

shown how these inverter modeling approach can be applied in an utility microgrid

to find the optimal location of BESS within the microgrid. The next chapter presents

how the inverter control can be leveraged to enhance the microgrid design and help

mitigate grid integration challenges of inverter based resources.
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(a)

(b)

(c)

Figure 4.10: BESS2 Possible Location 2 (a) Active Power of different resources , (b)
Reactive Power of different resources, (c) voltage profiles at BESS POI .
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(c)

Figure 4.11: BESS2 Possible Location 3 (a) Active Power of different resources , (b)
Reactive Power of different resources, (c) voltage profiles at BESS POI .
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Figure 4.12: BESS2 Possible Location 4 (a) Active Power of different resources , (b)
Reactive Power of different resources, (c) voltage profiles at BESS POI .



CHAPTER 5: CONTROL OF TRANSIENT OVERVOLTAGE FOR INVERTER

ONLY BASED MICROGRID IN POWER DISTRIBUTION SYSTEM

When connecting inverter-based generation resources to a four-wire distribution

system, TOV is an important design consideration.Photovoltaic (PV) inverters oper-

ating in a grid-following mode of operation were the subject of previous research into

temporary overvoltage caused by GFOV and load rejection overvoltage (LROV).Due

to its contribution to improving the resilience of the power system, the grid-forming

mode of operation of inverters has received increased attention.The overvoltage ob-

served in the system during an unbalanced ground fault can be affected by the control

methodology of an inverter, which determines how it responds to faults.To help re-

duce the risk of transient overvoltage, a method for controlling the negative sequence

impedance during a ground fault is proposed. On a small system and an IEEE 34 bus

test system, PSCAD R© is used to perform an electromagnetic transient simulation to

verify the characteristics of the inverter and the method’s efficacy.

5.1 Chapter Introduction

Microgrid implementation has garnered interest in recent grid advancements and

the incorporation of renewable energy generation [64, 95]. Not only can a microgrid

serve a remote community or a critical load [65], but it can also boost the system’s

resilience and dependability [96]. The work in both [19] and [66] point to the potential

for utility energy efficiency and cost savings offered by microgrids as one essential

component of resilient distribution systems.

A power electronic interfaced converter connects numerous renewable resources to

the grid. Coordination among protective devices, transformer configuration for inter-
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connection, and load rejection overvoltage are just a few of the difficulties associated

with an IBR microgrid. The design of a system for distribution integration presents

a significant obstacle in the form of TOV. TOV is caused by a number of factors,

including ferroresonance, generation to load ratio, and a single line to ground fault.

A single line to ground fault can cause significant overvoltage in an electric power

system supplied by an ungrounded source [97, 98]. TOV poses a serious threat to

the power system’s safe and dependable operation [67] and the catastrophic failure

of surge arresters. The system must be designed to ensure effective grounding in all

operating scenarios in accordance with IEEE standard C62. 92. 1 [68]. Depending

on the configuration and requirements of the utility system, effective grounding re-

stricts the overvoltage to 125-138 percent of the nominal voltage. By introducing a

low impedance return path, effectively grounded systems quickly respond to ground

faults [99, 100].

Systems are designed to meet the following criteria for zero sequence reactance, re-

sistance, and positive sequence reactance: 0<X0

X1
<3 and 0<R0

X1
<1. Effective grounding

criteria for synchronous machine-based generations are well defined [69, 101]. Ac-

cording to IEEE standard C62. 92. 6 [70], the GFOV mechanism differs for current

regulated resources, such as an inverter, and varies depending on the inverter control

topology. However, a system’s effective grounded depends on a number of things, like

the design of the utility system and the configuration of the inverter and distribution

interconnection transformer. As discussed in [102, 103], some utilities require effective

grounding for their system.

Effective grounding can be significantly affected by the winding configuration of

an IBR step-up transformer [104, 100]. For PV inverters, transient overvoltage has

been thoroughly investigated [105, 106]. In [107], only the inverter’s grid-following

mode’s ground fault overvoltage was investigated. As a result, grid formation requires

a comprehensive discussion of ground fault overvoltage. Both synchronous machines
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and an inverter’s TOV mechanisms, ground fault and load rejection overvoltage,

are examined in this chapter. To reduce phase overvoltage and phase unbalance in

microgrids, a method for controlling the negative sequence impedance of an inverter

is proposed.

The initial findings of this work has been published into [5] and then the work is

further expanded in this chapter. The main contributions of this chapter are:

• For inverter machine-based microgrids, expressions for phase overvoltage and

investigation of TOV, when the inverters operate in grid forming mode.

• Proposed method to control inverter negative-sequence impedance to mitigate

the phase overvoltage and voltage unbalance observed in the microgrid.

• Comparison of the overvoltage results for different inverter control modes and

transformer configurations.

• Dynamically adjust the inverter negative-sequence impedance to mitigate the

phase overvoltage and voltage unbalance for varying system conditions, fault

locations and DER sizes.

• Novel algorithm for calculating the required inverter negative-sequence impedance

for secure and safe operation of microgrid.

The rest of the chapter is organized as follows: Section 5.2 presents the theoretical

background related to ground fault overvoltage,and inverter modeling. Section 5.3

describes the proposed negative sequence impedance control methodology. Simulation

results are discussed on Section 5.4 and Section 6.5 concludes the chapter and outlines

the future work.

5.2 Modeling of Ground Fault Overvoltage for Inverter based DERs

For the modeling, Voltage expressions for an IBR are presented. The IBR is repre-

sented by a current source in the positive sequence and negative sequence impedance,
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with the negative sequence impedance varying per on the inverter control objectives

[70, 108].

5.2.1 Without Effective Grounding

Per the network shown in Figure 5.1a, voltage expressions are derived in this section

for an IBR without effective grounding.

After solving the network, (5.1) and (5.9) present expressions for the sequence

voltage and phase voltages.

Zth1 =
Zb × Zload2Zload1 + Za × Zload0Zload1

Zb × Zload2 + Za × Zload0

+Zb + Zload2 × Zload1 (5.1)

Zth2 =
Zb × Zload2 + Za × Zload0

Za

(5.2)

Zth3 =
Zb × Zload2

Za

(5.3)

Za = (Zxfmr + Zinv2 + Zload2) (5.4)

Zb = Zxfmr + Zinv2 (5.5)

V1 = Zth1 × I (5.6)

V2 = Zth3 × I1 (5.7)

V0 = Zload0 × I1 (5.8)

I1 = (
ZL1

Zth2 + ZL1

)× I (5.9)

5.2.2 With Effective Grounding

The sequence network for an unground inverter source is displayed in Figure 5.1b,

which also includes a grounding transformer. The negative sequence impedance,

which can be controlled by the inverter, is the determinant of the voltage expression in

(5.10). To effectively mitigate overvoltage, an inverter’s response must be understood,
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as stated in Per [70].

Zth1 =
Zb × Zload2Zload1 + Za × ZloadTZload1

Zb × Zload2 + Za × ZloadT

+Zxfmr + Zinv2 + (Zload2 × Zload1) (5.10)

Zth2 =
Zb × Zload2 + Za × ZloadT

Za

(5.11)

Zth3 =
Zb × Zload2

Za

(5.12)

Za = (Zb + Zload2);Zb = Zxfmr + Zinv2 (5.13)

V1 = Zth1 × I (5.14)

V2 = Zth3 × I1 (5.15)

V0 = ZT × I1 (5.16)

I1 = (
ZL1

Zth2 + ZL1

)× I (5.17)
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Figure 5.1: Sequence network of inverter for a single line to ground fault (a) without
grounding transformer, (b) with grounding transformer [5].

The system’s overvoltage varies as well due to the inverter’s wide range of negative
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sequence impedance variations based on control mode. The maximum overvoltage

that can be observed in an unground system with a one-to-one generation to load

ratio during a single line-to-ground fault is shown in Figure 5.2. When the inverter

is used as a current-regulated source in the grid-connected mode, the overvoltage in

the healthy phases is not as severe as it would be in a synchronous machine. The

X2/R2 ratio and the negative sequence resistance both have a significant impact on

the magnitude of the voltage. For a negative sequence reactance of 0.5 to 2.5 pu,

the voltage has a greater magnitude at a lower resistance (< 1pu). The overvoltage

decreases if the resistance rises (> 1pu).

Figure 5.2: Maximum overvoltage observed versus inverter negative sequence
impedance (R2 and X2) [5].

5.2.3 Effect of Inverter Control Topology on Inverter Negative Sequence

Impedance

Unintentional islanding with an ungrounded source is the result of the IBR’s Y g−Y

step-up transformer connection to the grid, where the voltages in other healthy phases

at the load bus jump up to 1.27pu, as shown by Figure 5.3a, and the DER recloser

opens to clear the fault at 1.3s. The DER recloser is opened for the purpose of
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Figure 5.3: grid following mode 1:1 generation to load ratio a) Phase voltage, b)
Negative sequence resistance c) Negative sequence reactance [5].

studying the temporary overvoltage 0.2 seconds after the grid disconnects.

The effective negative sequence impedance at the inverter terminal is depicted in

Figure 5.3b and Figure 5.3c. The impedance is 0.5 + 0.4jpu during a ground fault

when the grid serves as a ground reference between 1s and 1.1s.

When the inverter is in grid-forming mode and a line to ground fault is applied, the

Figure 5.3a display indicates a 1.38pu overvoltage. The negative sequence impedance

for grid forming mode is 0.002 − 0.04jpu, as shown by Figure 5.3b and Figure 5.3c.

In this test, the grid-forming mode does not have a negative sequence current control

and exhibits more overvoltage than the grid-following mode.
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Figure 5.5: Implementation flowchart of proposed negative sequence impedance con-
trol [5].

5.3 Proposed Methodology

The grid-tied inverter’s general configuration, which can operate in grid following or

grid forming mode, is depicted below for the inverter (Figure 5.4). The outer control

loop in Figure 5.4 demonstrates how the control objective varies for various inverter

operation modes, where the inverter adjusts accordingly. The inverter operates in

the grid following mode to conform to the application-specific active and reactive

power setpoints (e. g., PV smoothing, energy time-shift, etc.). Figure 5.4 shows the

control loop for positive sequence control, in grid following mode, where the active

and reactive power setpoints are used to generate the reference for the inner current

control loop, which is then used to generate the references for the positive sequence

voltage. In grid forming mode, the inverter tries to keep the islanded section’s voltage

and frequency as close to their nominal values as possible. The phase-locked loop

(PLL) is given a constant frequency of 60 Hz, and a d− q reference frame is used to

set the unity voltage reference point. The outer control loop for grid forming mode

is shown by the inverter in Figure 5.4, which makes use of Vd and Vq to generate the

reference signals. The inverter’s capacity to regulate negative sequence current is yet
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another feature.

This chapter introduces an outer control loop that is applied on top of the inner

negative sequence current control loops. During unbalanced operating conditions,

this loop controls the effective negative sequence impedance seen at the inverter ter-

minal by using the negative sequence resistance and reactance as an input reference.

Figure 5.2 demonstrates that the overvoltage decreases at specific values of R2 and

X2. The reference points for R2 and X2 have been chosen to be 1pu and −0.1pu,

respectively. The flowchart for putting this proposed control architecture into action

is shown in Figure 5.5.

5.3.0.1 Automated measurement of RRef
2 and XRef

2 using system voltage and

current

This section discussed the automated measurement of the negative-sequence impedance,

R2 and X2, using the system voltage and current. Recall the impedance, Zinv = Vinv

Iinv
,

as a function of the voltage and current. Therefore, the negative-sequence impedance,

Zinv
2 , can be expressed as,

Zinv
2 =

V inv
2
6 δ

I inv2
6 δ

= Rinv
2Meas + jX inv

2Meas

=
V inv
x2 + jV inv

y2

I invx2 + jI invy2

=
(V inv

x2 + jV inv
y2 )(I invx2 − jI invy2 )

(I invx2 + jI invy2 )(I invx2 − jI invy2 )

=
V inv
x2 I invx2 + V inv

y2 I invy2

(I invx2 )2 + (I invy2 )2
+ j

V inv
y2 I invx2 − I invx2 I

inv
y2

(I invx2 )2 + (I invy2 )2
.

(5.18)

Thus, per (5.18), Rinv
2Meas and X inv

2Meas can be expressed as a function of the system

voltage and current,

Rinv
2Meas =

V inv
x2 I invx2 + V inv

y2 I invy2

(I invx2 )2 + (I invy2 )2
(5.19)

X inv
2Meas =

V inv
y2 I invx2 − I invx2 I

inv
y2

(I invx2 )2 + (I invy2 )2
(5.20)
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where Rinv
2Meas and X inv

2Meas are the measurement-based negative-sequence impedance

components, V inv
y2 is the measured voltage, and I invx2 is the measured current.

The overvoltage, V OV , can be shown as a function of the phase voltages.

V OV = max(Va, Vb, Vc) (5.21)

Recall that the phase voltages can be expressed as a function of the sequence voltages

as follows,

VA = V0 + V1 + V2

VB = V0 + α2V1 + αV2

VC = V0 + αV1 + α2V2

(5.22)

Considering the phase voltage, VA, as a function of the impedance and current,

VA = Zload0I + Zth1I + Zth3I

=

[
ZloadoZL1

Zth2 + ZL1

+ Zth1 +
Zth3ZL1

Zth2 + ZL1

]
I

=

[
ZloadoZL1 + Zth1Zth2 + Zth1ZL1 + Zth3ZL1

Zth2 + ZL1

]
I

=
n1 + n2 + n3

d1

(5.23)

where n1, n2, n3, and d1 are as follows,

n1 = (Zxfmr + Zinv2)Zload2 (5.24)

n2 = (Zxfmr + Zinv2 + Zload2)Zload0 (5.25)

n3 = ZL1Za (5.26)

d1 = Zxfmr + Zinv2 + Zload2. (5.27)
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Then, in a similar fashion, V UFA is found as follows,

V UFA =
|VA − Vavg|

Vavg

=
3VA − VA − VB − VC

VA + VB + VC

=
Zth1I + Zth3I1

Zload0I1

=
na + nb + nc + nd + ne

da

(5.28)

where na, ..., ne, and da are as follows,

na = [(Zxfmr +R2 + jX2 + Zload2)(Zxfmr +R2 + jX2)(Zload2Zload1)]I (5.29)

nb = [(Zxfmr +R2 + jX2 + Zload2)
2(Zload0Zload1)]I (5.30)

nc = (Zxfmr +R2 + jX2 + Zload2)(Zxfmr +R2 + jX2)I (5.31)

nd = (Zxfmr +R2 + jX2 + Zload2)(Zload2Zload1)I1 (5.32)

ne = (Zxfmr +R2 + jX2)(Zload2)I (5.33)

da =
Zxfmr +R2 + JX2 + Zload2

Zload0I1
. (5.34)

5.4 Simulation Results and Discussion

In this section, simulation results are presented for two systems. First one is a

small system modeled to match the simulation results with hand calculation and

provide proof of concept. Then second system is an IEEE 34 bus system as shown

in Figure 5.10 to show the scalability and practical implementation of the proposed

method.

5.4.1 Transient Overvoltage for Different DERs

The test system that was utilized to demonstrate the transient overvoltage using a

synchronous machine and a grid-forming inverter is depicted in Figure 5.6, both with

and without grounding. A 115kV radial distribution system is depicted in Figure 5.6,
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Algorithm 1 Proposed Method to Calculate RRef
2 and XRef

2 Reference

Step: 1 Calculate phase voltages (V PCC
abc ),(V Inv

abc ) and currents (IPCC
abc ),(IInvabc ) at the

point of common coupling and inverter terminal, respectively.

Step: 2 Measure Inverter Negative-sequence Impedance using equations (5.19)-(5.20).

Step: 3 Compute V OV and V UF using equations (5.21)-(5.28)

Step: 4 Compare measured V OV and V UF with thresholds V OVThreshold and
V UFThreshold

Step: 5 if (V OV ≥ V OVThreshold) or (V UF ≥ V UFThreshold) then
Determine V OVPhase and/or V UFPhase

end if

Step: 5 if V OVPhase == ’Phase A’ then
V OVeqn = V0 + V1 + V2

else if V OVPhase == ’Phase B’ then
V OVeqn = V0 + a2V1 + aV2

else if V OVPhase == ’Phase C’ then
V OVeqn = V0 + aV1 + a2V2

end if

Step: 6 if V UFPhase == ’Phase A’ then
V UFeqn = V1+V2

3V0

else if V UFPhase == ’Phase B’ then
V UFeqn = a2V1+aV2

3V0

else if V UFPhase == ’Phase C’ then
V UFeqn = aV1+a2V2

3V0

end if

Step: 7 Solve for RRef
2 and XRef

2 ,

V OVeqn = V OVref., V UFeqn = V UFref. (5.35)
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with a substation resistance of 14.27Ω and a 3MW load fed by a step-down transformer

immediately after the substation. The transformer has a rating of 115 kV/12.47 kV.

Its winding configuration on the primary and secondary sides is Delta-Y. Its power

rating is 25 MVA, and its positive sequence leakage reactance is 0.019 pu. The

respective line impedance values between Bus 2 and Bus 3, Bus 3 and Bus 4, Bus 4

and Bus 5 are 0.84041Ω, 2.3491Ω, 0.206507Ω.

Substation Bus 1 Bus 2 Bus 3 Bus 4 Bus 5 F
au

lt

Bus 6

B1 B2 BR BF

DERGT

Load

Figure 5.6: Test system single line diagram [5].

5.4.1.1 TOV for Synchronous Machine Based DER Sourced Microgrid

The distribution circuit is connected to a synchronous machine-based DER (SMDER)

in Figure 5.6. The recloser BR is opened to create a microgrid with the circuit down-

stream, which is only fed by the SMDER. In the first scenario the SMDER is con-

nected to the test System through a step-up transformer with the vector configuration

Y N0yn. In order to observe the TOV [109, 110], two scenarios use a single line to

ground (A-G) fault. The islanded microgrid is not effectively grounded in the first

scenario.

In the second scenario, an efficient grounding bank (Yn0d1) is constructed in accor-

dance with [111]. The comparison between the two scenarios is displayed in Figure 5.7.

At 2s, an A-G (line to ground) fault is applied. Figure 5.7a shows that the voltage

(for an incapably grounded framework) comes to 1.69pu for phase C, which exceeds

the 1.38pu limit.

After the fault, the maximum voltage for the effectively grounded system with the
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grounding bank was approximately 1.08 pu, which is within the limit. The zero-

sequence voltage for the effectively grounded case is higher than that for the ineffec-

tively grounded case, as shown by Figure 5.7b. For the case with a grounding bank,

Figure 5.7c demonstrates that an effectively grounded case can generate zero-sequence

current, whereas for the ineffectively grounded case, there is no zero-sequence current.

Figure 5.7 depicts the sequence voltages and currents. The DER step-up transformer’s

medium voltage (MV) side is where these parameters are measured.

5.4.1.2 TOV for Inverter Based DER Sourced Microgrid

In this test case, the inverter is connected to the system via a Yg-Y transformer

without a grounding transformer and operates in grid-connected mode. The system

is subjected to a phase A to ground fault at 2s. For the effectively grounded and

ineffectively grounded conditions, two scenarios are run.

A comparison of the test scenarios is shown in Figure 5.8. The voltage for the

system that is not effectively grounded reaches 1.51pu for phase C, which is higher

than the 1.38pu threshold, as shown by Figure 5.8a. After the fault, the maximum

voltage for the effectively grounded system with the grounding bank is approximately

1.23 pu. Per Figure 5.7b and Figure 5.7c, the sequence voltage and currents at the MV

side of grid-forming inverters exhibit similar trends to those of synchronous machines.

The negative sequence components of the IBR are higher than those of a syn-

chronous machine, while the zero sequence components are lower, as shown in Fig-

ure 5.7 and 5.8. There is a significant negative sequence voltage component in the

IBR overvoltage. The IBR overvoltage remains at 1.23pu even after the grounding

transformer bank is added.

5.4.2 Transformer configuration Impact on Microgrid Operation

The microgrid’s operation is significantly influenced by the configuration of the

step-up transformer, which is connected to the distribution circuit by a DER [112,
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Figure 5.7: Synchronous machine without effective grounding (L) and with effective
grounding (R) TOV comparison for PCC voltage for generation to load ratio 1:1 (a)
Phase Voltage, (b) Sequence Voltage, (c) Sequence Currents [5].



105

Figure 5.8: Inverter without effective grounding (L) and with effective grounding (R)
TOV comparison for PCC voltage for generation to load ratio 1:1 (a) Phase Voltage,
(b) Sequence Voltage, (c) Sequence Currents [5].
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Figure 5.9: Voltage and Power profile for different transformer winding configuration
(a) Inverter LV side L-N (RMS), (b) PCC MV side L-N (RMS), and (c) PCC MV
side L-L (RMS) [5].

113, 114]. As shown in Figure 5.6, a small test system is used. An islanding recloser,

BR, is used to create a microgrid by isolating a portion of the distribution circuit

following a grid outage in the Test System. The inverter provides balanced currents

and is modeled as a grid-forming inverter.

The microgrid loses its effective grounding when the transformer winding configu-

ration is changed to YN0yn at 1. 5 seconds. Figure 5.9 demonstrates that there is no

significant overvoltage at the inverter terminal’s phase to ground voltage [115].

As can be seen in Figure 5.9b, the transformer configuration has a significant im-

pact on the phase to ground voltage on the MV side of the transformer. A phase A to

ground fault at 1s causes no overvoltage when the IBR is effectively grounded. How-
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ever, when the transformer winding configuration is changed at 1. 5s to an ineffec-

tively grounded source, the load’s unbalance causes a phase overvoltage. Figure 5.9c

demonstrates that unlike phase voltages, line-to-line voltages do not experience an

overvoltage.

5.4.3 Proposed Inverter based distributed generation with negative sequence

impedance control

The voltage unbalance factor (VUF) is calculated via (5.36).

V OV = max(Va, Vb, Vc) (5.36)

Vavg =
Va + Vb + Vc

3
(5.37)

V UF = max(
|V a− Vavg|

Vavg
,
|V b− Vavg|

Vavg
,
|V c− Vavg|

Vavg
) (5.38)

Figure ?? shows that with the proposed method, the phase unbalanced decreases to

0.4% and the phase overvoltage on phase C decreases to 1.01. Figure ?? and Figure ??

show that proposed method tracks the R2 and X2 set points and has a higher value

than grid forming inverter without negative sequence control. Figure ?? shows that

negative sequence voltage for the proposed method is lower.

5.4.4 Simulation Results for Proposed methodology for larger IEEE 34 Bus

system

The proposed method is evaluated for three distinct scenarios in this section. The

proposed method’s efficacy under a variety of system conditions is tested in Case 1.

Case 2 demonstrates that the proposed method works for various fault locations. The

proposed method’s performance with various DER locations is evaluated in Case 3.

The procedure for setting protective device settings for a distribution system, such

as an IEEE 34 node unbalanced test system [6], is discussed in this section. The 34

node test feeder is a radial distribution feeder that has spot and distributed loads,
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in-line step-down transformers, two voltage regulators, overhead and underground

lines with different phasing, and a radial distribution feeder. Between nodes 832

and 888, there is a transformer with a rating of 0.5MVA and a voltage rating of

24.9kV/4.16kV . The substation’s positive-sequence and zero-sequence impedances

are listed in [6]. An EMT program, PSCAD R©, is used to create the test system, as

shown in Figure 5.10). Relays, reclosers, fuses, and circuit breakers are added to the

test system as a protective measure. Feeder protection is provided by the addition of

a numerical relay substation circuit breaker. To divide the circuit into smaller zones,

three line-reclosers (R0, R1, and R2) are added (see Figure 5.10) to more effectively

isolate faults. In order to safeguard both single-phase and double-phase loads, two

additional fuses, F1 and F2, are installed in the laterals. The IEEE standard for

protective relays [116] is used for the design basis protection design. Analyses of

power flow and short circuits are carried out. The work in [6] serves as a benchmark

to confirm the findings.

5.4.4.1 Case 1: Proposed method performance for varying system condition

In this section, a Microgrid is created by opening the Islanding Recloser (IR), as

shown in Figure 5.10. The inverter based DER is the only generating source in the

microgrid. The inverter based DER is a large utility scale battery energy storage site

and the inverters are equipped with grid forming capability. Inverter is connected

to the Medium Voltage (MV) distribution grid through a step-up transformer. The

transformer winding configuration is YN0yn. Two scenarios are run as part of this

case. In first scenario the microgrid is run without proposed method and in sec-

ond scenario the microgrid is run with the proposed negative-sequence impedance

control method. Figure 5.11a shows the voltage at the PCC and Figure 5.11b and

Figure 5.11c show the currents at PCC and at the inverter terminal respectively for

scenario 1. A single line to ground fault is applied on Phase A at 0.5s which causes

overvoltage upto 1.76 pu in the healthy phase C. This is a potential safety issue for
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Figure 5.10: Implementation of proposed method with test system.

the distribution system as this can cause malfunction of the surge arresters which can

typically withstand 1.4 pu voltage. This issues is created for the system not being

effectively grounded and the inverter step up transformer configuration is YN0yn.

Figure 5.12a shows the voltage at the PCC and Figure 5.12b and Figure 5.12c show

the currents at PCC and at the inverter terminal respectively for scenario 2. Similar

to scenario 1, a SLG fault is applied on phase A, but in the scenario with proposed

method it does not cause any overvoltages on the healthy phases. Figure 5.13 pro-

vides a side by side comparison of overvoltage and unbalanced factor for with and

without proposed method scenarios. Figure 5.13a shows that the maximum phase
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Figure 5.11: Case 1: Without proposed method a) voltages at PCC, b)currents at
PCC, and c) currents at inverter terminal.

voltage is around 1.2 pu for without proposed method scenario and it reached as high

as 1.76 pu when a fault is applied. But with proposed method the maximum phase

voltage always remains around 1 pu. So the proposed method protects the system

from temporary overvoltage for different system conditions like with and without

fault. Similar to phase overvoltage the proposed method also helps to improve phase

unbalance. Figure 5.13b shows that the phase unbalance during normal condition was

around 20% and during fault it increased to 80%. But with proposed method, during
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Figure 5.12: Case 1: With proposed method a) voltages at PCC, b)currents at PCC,
and c) currents at inverter terminal.

normal condition the phase unbalance was below 1% and during fault it is around

60%. Phase unbalance during fault condition is fine but phase unbalance during nor-

mal condition is not good for system operation and power quality. Figure 5.14 shows

the negative-sequence impedance calculated by the proposed method. It is noticeable

that the negative-sequence resistance and reactance reference varies dynamically with

system condition.
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Economical Benefits

A 2.0 MVA grounding bank is needed to mitigate the overvoltage issues for the

case without the proposed method. With the proposed method the size of grounding

bank reduces significantly to 0.5 MVA from 2.0 MVA. Typical cost of a 2.0 MVA

grounding transformer is around $170, 000. And, the typical cost of a 0.5 MVA

transformer is around $60, 000. So the implementation of our method results in a

savings of $110, 000.

5.4.4.2 Case 2: Proposed method performance for different fault location

A single line to ground fault is applied on Phase A at 0.5s, which causes overvoltage

upto 1.76 pu in the healthy phase C. This is a potential safety issue for the distribu-

tion system as this can cause malfunction of the surge arresters which can typically

withstand 1.4 pu voltage. This issues is created for the system not being effectively

grounded and the inverter step up transformer configuration is YN0yn. Figure 5.12a

shows the voltage at the PCC and Figure 5.12b and Figure 5.12c show the currents

at PCC and at the inverter terminal respectively for scenario 2. Similar to scenario

1, a SLG fault is applied on phase A, but in the scenario with proposed method it

does not cause any overvoltages on the healthy phases. Figure 5.15 provides a side by

side comparison of overvoltage and unbalanced factor for with and without proposed

method scenarios. Figure 5.16a shows that the maximum phase voltage is around

1.2 pu for without proposed method scenario and it reached as high as 1.76 pu when

a fault is applied. But with proposed method the maximum phase voltage always

remains around 1 pu. So the proposed method protects the system from temporary

overvoltage for different system conditions like with and without fault. Similar to

phase overvoltage the proposed method also helps to improve phase unbalance.
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out proposed method for fault at Node 854.

5.4.4.3 Case 3: Proposed method performance for different DER location

In this case, the DER location is changed multiple time to evaluate the robustness

of proposed method for different system configuration. Figure 5.17 shows the phase

overvoltage and phase unbalance when the DER is connected towards the end of

the microgrid at Node 836. A single line to ground fault is applied at Node 840

at 0.5s. Results show that without the proposed method the steady state voltage

reaches almost upto 1.4 pu and voltage during fault reaches 1.8 pu. However, with

proposed method voltage is kept around 1 pu during normal operating conditions

and during fault maximum overvoltage observed is around 1.2 pu which is well within

the withstand capability of the distribution surge arresters. Phase unbalance factor

also shows similar improvements with proposed method. Without proposed method

phase unbalanced is around 20% for normal operating condition and during a fault

it reaches upto 90%. It is expected that during a fault the phase unbalance will be
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Figure 5.16: Over Voltage and Voltage unbalanced factor comparisons with and with-
out proposed method for fault at Node 826.

more but 20% phase unbalance during normal operation is not acceptable. Proposed

method helps to keep the phase unbalance during normal operating condition below

3%. Figure 5.18 shows the effectiveness of proposed method for a different location

of the DER. This proofs that proposed method is not sensitive to a specific location

or topology of the distribution system and can help improving system operation and

safety parameters.

5.5 Chapter Summary

The TOV for a fully (100%) inverter-based microgrid distribution circuits is ex-

amined in this chapter. The findings indicate that IBRs’ ground fault overvoltage

mechanism differs from that of synchronous machine-based resources. Overvoltage

mitigation is not always guaranteed by adding a grounding transformer. The work

also demonstrates that microgrids with unbalanced loads must have a ground refer-
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ence in order to maintain steady state operation. In order to lessen phase overvoltage

and unbalance, the chapter suggests implementing a negative sequence impedance

control. The study does not take into account inverter protection settings in the

current work. In subsequent work, scenarios will be run with the settings for inverter

protection, and the chapter’s findings will be validated in hardware through the loop

simulation.



CHAPTER 6: NOVEL PROTECTION METHOD FOR FULLY

INVERTER-BASED DISTRIBUTION SYSTEM CONNECTED MICROGRID

The distribution system’s use of distributed generation has grown rapidly in re-

cent years. Reliability and resilience of the power system can both be enhanced by

utilizing these resources. Inverter-based resources, such as solar and energy storage,

which can provide distribution upgrade deferral, clean energy, backup power, short

restoration times, and improved power quality, are becoming increasingly popular

among distributed generation sources. However, inverter-based distributed genera-

tion presents a number of difficulties in fault detection and protection coordination

among protective devices for distribution system protection. A novel approach to

fault detection for distribution microgrids based on inverters is proposed in this chap-

ter, which examines how inverter-based distributed generation affects the operation

of distribution protection devices in various scenarios. PSCAD R© is used to perform

simulations on an IEEE 34 bus unbalanced test system to demonstrate the method’s

efficacy.

6.1 Chapter Introduction

The increased use of renewable energy sources is altering the conventional struc-

ture of distribution networks [117, 118, 119, 120]. The utility sector has been forced

to adopt new inverter-based resources like solar and energy storage at medium and

low voltage networks as a result of rising renewable energy penetration [121]. Several

studies in the literature demonstrate that the presence of DG influences the sensitivity

and operating time of overcurrent relays (OCRs) [122, 123, 124]. Integration of IDG

poses a number of challenges for distribution system protection [125, 126]. As a re-



120

sult, new security measures are needed that take these requirements into account and

can adjust to the way the system works [127, 128]. In addition, IDGs may operate in

either the grid-connected or islanded modes, necessitating a reevaluation of the neces-

sary safety requirements [129, 130]. A microgrid is a self-sustaining island of load and

generation that safely operates in either islanded mode or grid-connected mode when

the small portion of the network is isolated from the grid [131, 128]. A practical mi-

crogrid is constructed from an existing distribution feeder during outages or extreme

weather, despite the fact that some microgrids are designed specifically for prototype

studies. This transforms such a feeder into a multi-source system while maintaining

the radial network configuration, in which open switches prevent loops. During this

transformation, the protection system is most likely to be impacted most. The work

in [72] discusses some of the challenges associated with the design of microgrid pro-

tection based solely on inverter-interfaced generation. The issues with inverter-based

microgrid protection have been addressed using a variety of approaches that have

been suggested in the literature. However, there are some limitations to each pro-

posed approach. The work in [132] suggest an adaptive overcurrent protection scheme

for fault detection in microgrid and grid-connected operating modes. However, the

current contribution from inverter-based resources decreases the sensitivity of fault

detection significantly due to a limited source fault. For fault detection, differential

protection has been proposed in [133], but the scheme is too expensive for large dis-

tribution microgrids due to the number of current transformers required. A current

polarity and energy function-based fault detection method has been proposed in [134];

however, in order to comprehend the impact of switching events, additional research

into its efficacy is required. on the proposed method, line losses and load modeling.

A negative sequence resistance detection-based method is proposed in [135, 99], but

its primary dependence is the inverter’s control topology.

In the grid-connected mode of operation, the effects of inverter-based distributed
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Figure 6.1: Modified IEEE 34 bus test system with protection devices and utility
scale inverter connected [6].

generation (IDG) on overcurrent (OC) protection are examined first in this chapter,

followed by the difficulties associated with microgrid protection when IDGs are the

only generating source in the microgrid. Then, a new microgrid protection plan is

proposed that effectively identifies faults within IBMGs by combining a number of

algorithms and cutting-edge numerical relays. Using PSCAD R©/EMTDC, research

simulations are carried out on a modified IEEE 34 bus distribution network that

features in-depth inverter models.

The initial findings of the proposed method has been published in the conference

proceedings [7] and more validation work and enhancements have been performed in

this chapter. The main contributions of this work include:

• A study regarding how the addition of IDG to a distribution system affects

the sensitivity and selectivity of protection devices for both grids tied and grid

forming mode of operation of IDGs.

• An outline of the challenges associated with overcurrent protection schemes for

only inverter-based resource sourced microgrids is presented.

• A new microgrid protection scheme that overcomes the challenges of typical

distribution system overcurrent protection for the only inverter sourced distri-
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bution microgrids.

• The proposed protection method does not depend on the distribution feeder

topology, DER size, or DER location.

• The proposed method can distinguish between faults and typical switching

events, such as transformer energization, capacitor bank starts, and motor

starts.

• The new proposed method does not require any communication with other

devices to coordinate, since it works based on local measurements.

The rest of the chapter is organized as follows. Section 6.2 details the background

related to existing distribution system protection, test system description with pro-

tection device settings, and inverter modeling. The proposed protection method is

presented in Section 6.3. Simulation results are discussed in Section 6.4, before con-

cluding the chapter and outlining possible future work in Section 5.5.

6.2 Protection Settings and Inverter Modeling

To identify various kinds of fault, the distribution system protection typically em-

ploys an overcurrent protection scheme. In distribution systems, there are three

different kinds of overcurrent relay elements. Depending on the type of relay, system

configuration, and protection requirements, these overcurrent relay elements can be

directional or non-directional. [136].

6.2.1 Distribution System Protection Overview

A feeder breaker or recloser is typically where distribution feeder protection begins

at the substation. Depending on the substation’s design, this device is coordinated

with either the upstream main bus breaker or transformer high voltage protection.

Additionally, it is coordinated with downstream devices on the main feeder or tap

sections (recloser, fuses) [137]. All of the protection devices in the distribution circuit
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are time-current coordinated to reduce the impact of an outage on customers. Line

currents are detected by the phase overcurrent relay element. The settings for the

minimum response or pickup are set to be higher than the anticipated maximum

feeder load current. The phase overcurrent relay pickup settings are typically set to

1.5 to 3.0 times the maximum expected feeder load current to prevent malfunctions.

Due to feeder load unbalance, the ground overcurrent relay’s pickup setting is set to

greater than the expected maximum zero-sequence current. As a consequence of this,

the majority of ground relays have a pickup range that is between 25% and 50% of the

phase overcurrent relay pickup, resulting in a slight increase in sensitivity for phase-

to-ground faults. The coordination of the downstream fuses and ground overcurrent

relays is an additional significant factor to take into account. A negative sequence

relay element is used for phase-to-phase fault detection, and it is more sensitive than

phase overcurrent relays. Negative grouping transfers can likewise be applied to

identify open stage conditions and low side stage to-ground shortcomings on delta-

grounded wye transformers. Relay settings are determined by taking into account the

anticipated maximum feeder loads, cold load pickup, and transformer magnetizing

inrush. The IEEE standard C37.230 [138] provides additional information regarding

distribution protection settings.

6.2.1.1 Test System and Protection Device Settings

The procedure for setting protective device settings for a distribution system, such

as an IEEE 34 node unbalanced test system [6], is discussed in this section. The 34

node test feeder is a radial distribution feeder that has spot and distributed loads,

in-line step-down transformers, two voltage regulators, overhead and underground

lines with different phasing, and a radial distribution feeder. Between nodes 832

and 888, there is a transformer with a rating of 0.5MVA and a voltage rating of

24.9kV/4.16kV . The substation’s positive and zero sequences impedances are listed

in [6]. An EMT software, PSCAD R©, is used to create the test system, as shown in
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Figure 6.1. Relays, reclosers, fuses, and circuit breakers are added to the test system

as a protective measure. Feeder protection is provided by the addition of a numerical

relay substation circuit breaker. To divide the circuit into smaller zones, three line-

reclosers (R0, R1, and R2) are added (Figure 6.1) and better isolate faults. In order

to safeguard both single-phase and double-phase loads, two additional fuses, F1 and

F2, are installed in the laterals. The IEEE protection standard for protective relays

is utilized for the design basis protection [138]. Analyses of power flow and short

circuits are carried out. The work [6] serves as a benchmark to confirm the findings.

The test system is then altered to connect a 2MVA IDG near node 824. Node 824,

which is typically close but open during an upstream fault and has the potential to

form a microgrid, is directly in front of the islanding recloser. Every safety device is

properly coordinated. Table 6.1 displays the time dial and pickup settings for each

relay and recloser’s overcurrent elements.

Table 6.1: Protection Device Settings

Relay Number Time Dial Setting Pickup Current
R0 TD0 = 0.01 I0 = 0.1 kA
R1 TD1 = 0.03 I1 = 0.15 kA
R2 TD2 = 0.05 I2 = 0.21 kA
R3 TD3 = 0.25 I3 = 0.3 kA

6.2.2 Inverter Modeling

For IBMG protection studies, it is necessary to accurately model onboard protection

elements and inverters for various control modes. The inverter’s general configuration,

which can be used in grid following or grid forming mode, is shown in Figure 6.2.

The outer control loop in Figure 6.2 demonstrates how the control objective varies

for various inverter operation modes. The inverter adjusts accordingly. The inverter

operates in the grid following mode to conform to the application-specific active and

reactive power setpoints (e.g., PV smoothing, energy time-shift, etc.). The control
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loop depicted in Figure 6.2 shows how the active and reactive power set points are

used to generate the reference for the inner current control loop, which is then used

to generate the positive sequence voltage references. When serving a microgrid, the

inverter operates in grid-forming mode. In grid-forming mode, the inverter tries to

keep the islanded section’s voltage and frequency as close to their nominal values as

possible. The phase-locked loop (PLL) is given a constant frequency of 60 Hz, and a

d− q reference frame is used to set the unity voltage reference point.
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Figure 6.2: Inverter design architecture used in this chapter.

The outer control loop for grid forming mode is shown in Figure 6.2, which makes

use of Vd and Vq to generate the reference signals. In microgrid operation, the inverter

must serve an unbalanced load, so a negative sequence control loop that can generate



126

negative sequence currents in unbalanced conditions is added to the inverter control.

In Figure 6.2, the current reference limitation block implements control strategies for

limiting currents to the power electronic switches with a hardware limit of 1.6 pu.

During faults, the inverter injects reactive power current through virtual impedance

and blocks PWM when the fault current exceeds the device current limit. The model

now includes trip set points for overvoltage and undervoltage as well as over-frequency

and under-frequency inverter protection. On top of the inner negative sequence cur-

rent control loops, a new outer control loop is added. During unbalanced operating

conditions, this loop controls the effective negative sequence impedance seen at the

inverter terminal by using the negative sequence resistance and reactance as an in-

put reference. Zero-sequence current is not generated by the inverter, but a step-up

transformer or additional grounding transformer can provide it during faults.

6.3 Proposed Protection Method

The theoretical background, an algorithm, and the protection philosophy of the

proposed protection method for a fully inverter-based distribution system connected

microgrid are presented in section 6.3.1 and then section 6.3.2 provides elaboration

regarding the implementation approach.

6.3.1 Theoretical Background of the Proposed Method

Figure 6.3 depicts sequence networks for various operating conditions. Figure 6.3a

displays the fault-free sequence network of an unbalanced system. The sequence net-

works for the LG and LLLG faults, respectively, are displayed in Figure 6.3b and

Figure 6.3c. Because of the virtual impedance that is modeled in Section 6.2.2, grid

forming inverters are modeled as a voltage source behind a variable impedance in

a positive sequence network. Because it only generates negative sequence voltage

when unbalanced loads necessitate negative sequence currents, it is modeled as a

voltage source dependent on current. For each scenario, generic expressions of se-
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Figure 6.3: Sequence networks of grid forming inverter sourced system for different
operating conditions.

quence voltages and currents are derived. Only a small number of equations are

displayed in (6.1)-(6.10) due to page limitations. During an unbalanced fault, there

is a significant amount of current flowing through zero sequences (I0) and negative

sequences (I2). The proposed method uses the relative relationship between negative

sequence currents and positive sequence currents (3I2
I1
, 3I0

I1
) to detect unbalanced faults

because the inverters in grid forming mode can generate zero sequences and negative

sequences. The algorithm declares a fault condition when the ratio of 3I2
I1

or3I0
I1

ex-

ceeds a predetermined percentage over a predetermined time period. For symmetrical

faults, sequence-based protection schemes require additional protective functions and

are difficult to coordinate. Two additional protection elements are added to the pro-

posed method to make it effective for symmetrical faults. The Negative-Sequence

Voltage-Based Detection looks for faults by comparing the magnitudes of the nega-

tive and positive voltages (3V2

V1
). The negative sequence voltage that is observed at

various protection devices varies and is used to detect symmetrical faults if the dis-

tribution system is unbalanced. However, the voltage difference is smaller and the

voltage element is less sensitive if the faults occur close to the inverter terminal. The

fault current waveform can become extremely distorted when the inverter for faults
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close to its terminal reaches its hardware current limit. To find faults, the proposed

method calculates the harmonic components of the currents. If the harmonic current

(IH) is above a threshold, a fault is found. The proposed method is described in de-

tail in Algorithm 2 and the method of implementation are discussed in the following

sub-section.

Case(a) : I1 =
V1

jXfmr + Zline1 + Zload1 + Zinv1

(6.1)

I2 =
V2

jXfmr + Zline2 + Zload2 + Zinv2

(6.2)

V1R = V1 − [I1 × (Zinv1 + jxfmr + Zline1)] (6.3)

V2R = V2 − [I2 × (Zinv2 + jxfmr + Zline2)] (6.4)

Case(b) : Z0 = (Zxfmr0 + Zline0)||(Zload0 + 3Zn) (6.5)

Z1 = (Zinv1 + Zxfmr1 + Zline1)||Zload1 (6.6)

Z2 = (Zinv2 + Zxfmr2 + Zline2)||Zload2 (6.7)

I1f = I2f = I0f =
V1 + V2

jXfmr + Zline1 + Zload1 + Zinv1

(6.8)

Case(c) : I1 =
V1

jXfmr + Zline1 + Zload1 + Zinv1

(6.9)

I1f =
Z1 × I1
Z1 + Zf

I2 = 0 I0 = 0 (6.10)

6.3.2 Implementation of Proposed Protection Method

The proposed method’s practical application is depicted in the Figure 6.4 flowchart.

The values of the protection settings, which are based on the operating conditions,

configurations, relay locations, and other factors of the system, are dependent on all

of the protection elements. In addition, the proposed method necessitates a number

of settings, 3I limit
2 , 3I limit

0 , 3V limit
0 , H limit, which are described in Algorithm 2. Power

flow and short circuit studies on the system under investigation are required to ob-
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Algorithm 2 Proposed Microgrid Fault Detection Method [7]

Step: 1 Calculate phase voltages (Vabc) and currents (Iabc) at protection device loca-
tions using CTs and PTs.

Step: 2 Calculate sequence voltages and currents.I”0I”1
I”2

 =
1

3
∗

1 1 1
1 a2 a
1 a a2

 ∗
I”aI”b
I”c

 (6.11)

V ”
0

V ”
1

V ”
2

 =
1

3
∗

1 1 1
1 a2 a
1 a a2

 ∗
V ”

a

V ”
b

V ”
c


Step: 3 Extract current harmonics components (In).

Step: 4 Determine thresholds for protection elements: 3I limit
2 , 3I limit

0 , 3V limit
0 , H limit.

Step: 5 Calculate 3I2
I1
, 3I0

I1
, 3V2

V1
, IH where IH =

√∑7
n=1 I

2
n

n
.

Step: 6 If (3I2
I1
≥ 3I limit

2 ) || (3I0
I1
≥ 3I limit

0 ) || (3V2

V1
≥ 3V limit

0 ) || (IH ≥ H limit), TTrip =
start.

Step: 7 TRIP=

{
1, If TTrip > RT imeDelay.

0, otherwise.
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Gather Power System Model for the 
System Under Study  

Run Load Flow and Short Circuit 
Studies for defined scenarios using 

steady state softwares

Define Study Scenarios 
1. Grid Following Mode with Peak Load
2. Grid Following Mode with Min Load
3. Grid Forming Mode with Peak Load
4. Grid Forming Mode with Min Load 

5. Motor Load Startup
6. Transformer Inrush

7. Capacitor Bank Energization  

Based on the study define the 
Pickup thresholds for different 

protection elements for all relays 
and line recloses 

Implement the Protection 
Algorithm Developed in  Algorithm 

1 in Relay Settings File 

Prepare relay/recloser settings file 
with appropriate  values

Workstation

Field Devices 

CT

PT

CT

PT

CT

PT

Figure 6.4: Implementation framework for the Proposed Protection Architecture.

tain these values. To ensure that the settings chosen will produce accurate results

for all possible scenarios, a variety of scenarios must be examined. The study of

transformer energization, capacitor bank switching, motor start, and cold load pick

up requires particular attention. It is necessary to select settings to ensure that the

proposed method is accurate in detecting faults but does not produce false alarms for

typical distribution switching events. Custom math variables are used in the relay

and recloser settings file to implement Algorithm 2, and the settings values from the

studies are assigned to each PD. Each PD uses the values of its corresponding current

transformer (CT) and potential transformer (PT) to determine the TRIP conditions

because the settings are local to that PD.
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6.4 Simulation Results and Discussion

6.4.1 Distribution Protection Issues with the Integration of IDGs

The effects of IDG integration on distribution system protection in grid following

and grid forming modes of operation are examined in three scenarios.

6.4.1.1 Case 1

In this case, the loads are only served by the substation, and the IDG is discon-

nected (recloser DR open). On node 846, an LLG fault is applied at 1s for 0.5s.

Figure 6.5a demonstrates that the fault current reached 0.4kA and that the nearby

protection device R1 cleared the fault in 1.055s.

6.4.1.2 Case 2

Both the substation and the inverter are connected and serving the load in this

scenario. The fault is in the same place as before. Figure 6.5b demonstrates that the

fault current exceeded case 2’s value of 0.48kA. The fault current is higher because

the fault is fed by both the substation and the inverter, and the R1 recloser trips

faster, at 1.045s. However, the substation’s contribution to the fault current is lower

than in Case 1, and it may desensitize the R3 feeder breaker relay.

6.4.1.3 Case 3

The islanding recloser (IR) is open in this instance. This results in the creation

of a local microgrid with IDG serving as the sole source in a circuit downstream

of IR. In grid-forming mode, the inverter serves the loads. The fault is applied at

node 846, just like in the previous two instances. Figure 6.5c demonstrates that

the fault current is significantly lower than in the previous two instances, reaching

0.2 kA. The protection device R1 is unable to clear the fault due to a lack of fault

current. Additionally, neither the R2northeDR backup protection devices within the

microgrid area function. This clearly demonstrates IBMG’s lack of conventional OC
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protection.

Figure 6.5: R1 Fault currents for fault at Node 846 (a) Case 1, (b) Case 2, (c) Case
3 [7].

6.4.2 Application of Proposed Protection Method

Faults at Node 846 are used to evaluate the proposed protection scheme’s perfor-

mance. All of the relays and reclosers depicted in Figure 6.1 are equipped with the

protection schemes. The same location is exposed with both balanced (LLLG) and

unbalanced (LG) faults. The summary of the results is displayed in Figure 6.7. The

active power, reactive power, and voltages observed at recloser location R1 during a

LLLG fault are depicted in Figure 6.7a to 6.7d. Figure 6.7e demonstrates that the

proposed algorithm quickly operates the recloser R1 to isolate the fault when the
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Figure 6.6: Comparison of proposed method with Over current Protection [7].

Figure 6.7: Proposed Method results at Recolser location R1 for fault at Node 846
[7].

fault is applied for one second. Due to the absence of fault current in the islanded

mode of operation, the fuse F1 does not operate. Figure 6.7f exemplifies how recloser
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Figure 6.8: Results at recloser location R2 for faults at Node 854 [7].

R1 functions in the vicinity of the fault. The proposed and existing overcurrent pro-

tection schemes are contrasted in Figure 6.6. When compared to the overcurrent

element, the outcomes demonstrate that the proposed method can accurately and

reliably identify and isolate faults. During a LG fault, the voltages, currents, and

active power at recloser location R1 are depicted in Figure 6.7g to 6.7j. The proposed

method is reliable for LG fault cases as well, as it is for the LLLG fault case.

To demonstrate the approach’s robustness, faults are applied to various locations.

The summary of the results is displayed in Figure 6.8. During a LLLG fault, the
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voltages and currents seen at recloser location R2 are depicted in Figure 6.8a and 6.8b.

Figure 6.8c demonstrates that the proposed algorithm quickly operates the recloser

R2 to isolate the fault when the fault is applied for one second. Figure 6.8d shows that

recloser R2 works best when it is near the fault. The voltages and currents observed at

recloser location R2 during a LG fault are depicted in Figure 6.8e and Figure 6.8f. As

shown in Figure 6.8g and Figure 6.8h, the proposed method is dependable for LG fault

cases as well as the LLLG fault case. Table 6.2 presents a summary of the various

faults and a comparison of the proposed approach to the existing OC approach.

For microgrid fault protection, the proposed method improves fault detection and

sensitivity.

Table 6.2: Comparison of Proposed Method with Existing OC Method

Fault Fault Conventional Proposed
Location Type PD OC (s) Method (s)

Node 840 LLLG R0 ≥1s 0.003
LG R0 ≥1s 0.003

Node 846 LLLG R1 ≥1s 0.001
LG R1 ≥1s 0.001

Node 854 LLLG R2 ≥1s 0.221
LG R2 ≥1s 0.425

Node 826 LLLG DR ≥1s 0.181
LG DR ≥1s 0.449

6.4.3 Performance of Proposed Method for Different Fault location

In this section, fault locations are varied to validate the effectiveness of the proposed

microgrid protection scheme. Proposed method needs to work for all faults within the

microgrid. First a LLLG fault is applied at node 840. Figure 6.9a and Figure 6.9b

show the active and reactive power observed at recloser location R0. Figure 6.9c and

Figure 6.9d show the current and voltage at recloser location R0. Figure 6.9e shows

the value of proposed protection element. It shows that following the fault there is a
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big change in the element value and it crosses the pre-programmed threshold, which

cause R0 recloser to operate. Figure 6.9f shows that R0 which is the closest recloser

to the fault operates first and isolates the fault.

(a) (b)

(c) (d)

(e) (f)

Figure 6.9: Fault Location 1: Results at recloser location R0 for faults at Node 840 (a)
Active Power, (b) Reactive Power, (c) Current, (d) Voltage, (e) Proposed algorithm
pickup values, and (f) Recloser Status.

Then, a similar LLLG fault is applied at node 860. Figure 6.10a and Figure 6.10b

shows the active and reactive power observed at recloser location R1. Figure 6.10c

and Figure 6.10d show the current and voltage at recloser location R1. Figure 6.10e

shows the value of proposed protection element. It shows that following the fault there

is a big change in the element value and it crosses the pre-programmed threshold,
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which cause R1 recloser to operate. Figure 6.10f shows that R1 which is the closest

recloser to the fault operates first and isolates the fault.

(a) (b)

(c) (d)

(e) (f)

Figure 6.10: Fault Location 2: Results at recloser location R1 for faults at Node
860 (a) Active Power, (b) Reactive Power, (c) Current, (d) Voltage, (e) Proposed
algorithm pickup values, and (f) Recloser Status.

Then, a similar LLLG fault is applied at node 854. Figure 6.11a and Figure 6.11b

show the active and reactive power observed at recloser location R2. Figure 6.11c and

Figure 6.11d show the current and voltage at the recloser location R2. Figure 6.11e

shows the value of proposed protection element. It shows that following the fault there

is a big change in the element value and it crosses the pre-programmed threshold,
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which cause R2 recloser to operate. Figure 6.11f shows that R2, which is the closest

recloser to the fault, operates first and isolates the fault.

(a) (b)

(c) (d)

(e) (f)

Figure 6.11: Fault Location 3: Results at recloser location R2 for faults at Node
854 (a) Active Power, (b) Reactive Power, (c) Current, (d) Voltage, (e) Proposed
algorithm pickup values, and (f) Recloser Status.

6.4.4 Performance of Proposed Method for Different DER Size and Location

Effectiveness of the proposed algorithm is tested for different microgrid topology

by moving the DER locations and changing DER size.
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6.4.4.1 Case 1- Different DER location

For different location of DER proposed algorithm need to effectively identify fault

and nearest protection device must response for any type of fault in the distribution

system. First location of the DER is node 824, then the second location is node

836. Additionally, fault location is fixed at node 854 for both cases. LLLG and LG

faults are applied in both cases. Figure 6.12f shows that recloser R2 operates for a

fault in node 854 and DER location 824. This is the right operation as the current

flows in forward direction through the R2 recloser. Figure 6.12a to Figure 6.12e show

the other parameters active power, reactive power , voltage, currents and proposed

algorithm value respectively.

Figure 6.13f shows that recloser R1 operates for a fault in node 854 and DER loca-

tion 836. This is the right operation as the current flows in reverse direction through

the R1 recloser and closest to the fault location. Figure 6.13a to Figure 6.13e show

the other parameters active power, reactive power , voltage, currents and proposed al-

gorithm value respectively. In all the cases, fault was detected and nearby protection

device operated for the particular fault.

6.4.4.2 Case 2: Different DER sizes

For different Size of DERs (3MVA, 4MVA, 5MVAand6MVA), proposed algo-

rithm need to effectively identify all types fault and maintain coordination between

protection devices. To validate this, LLLG and LG fault applied at node 854. In all

the cases fault was detected and nearby protection device operate for that fault. In

this particular test case, A thorough investigation performed for fixed generation to

variable load ratio. Load and generation highest ratio is 1. To perform this test this

ratio varied between 0.5 to 1. Total load of this microgrid is 2.8MVA.
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(a) (b)

(c) (d)

(e) (f)

Figure 6.12: DER Location 1: Results at recloser location R2 for faults at Node 854
and DER at Node 824 (a) Active Power, (b) Reactive Power, (c) Current, (d) Voltage,
(e) Proposed algorithm pickup values, and (f) Recloser Status.
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(a) (b)

(c) (d)

(e) (f)

Figure 6.13: DER Location 2: Results at recloser location R1 for faults at Node 854
and DER at Node 836 (a) Active Power, (b) Reactive Power, (c) Current, (d) Voltage,
(e) Proposed algorithm pickup values, and (f) Recloser Status.
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6.4.5 Sensitivity of Proposed Method for Typical Distribution Switching Events

Any new protection schemes needs to prove it’s reliability and show that the chances

of false alarms are negligible . There is a lot of very common switching events that

happen in a distribution circuit like transformer energization, capacitor bank switch-

ing and motors starts. In this section, the proposed algorithm is tested for these

scenarios and the effectiveness of proposed protection scheme is tested.

6.4.5.1 Case 1: Transformer Energization

This section Verifies the effectiveness of proposed method for transformer energiza-

tion event. There are distribution transformer which draws a large inrush current

following an outage, during a startup. Any protection scheme should be able to de-

tect that phenomenon and should not operate the protection devices as it is not a

fault. Figure 6.14(a)-(d) show the active power, reactive power, currents and voltages

observed at location R2 during transformer energization at node 888. Figure 6.14e

shows that although there is a little increase in the proposed algorithm value but it

does not cross the threshold for fault detection. Figure 6.14f confirms that none of

the reclosers operate during the transformer energization event.

6.4.5.2 Case 2: Capacitor Bank Start-Up

This section Verifies the effectiveness of proposed method for capacitor bank start

up event. There are distribution cap banks which draws a large current during a

startup. Any protection scheme should be able to detect that phenomenon and should

not operate the protection devices as it is not a fault.Figure 6.15a- 6.15d show the

active power, reactive power, currents and voltages observed at location R2 during

transformer energization at node 888. Figure 6.15e shows that although there is a

little increase in the proposed algorithm value but it does not cross the threshold for

fault detection. Figure 6.15f confirms that none of the reclosers operate during the

capacitor bank start up event. So algorithm was able to differentiate between typical
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(a) (b)

(c) (d)

(e) (f)

Figure 6.14: Transformer energization at Node 888 at 1 second (a) Active Power, (b)
Reactive Power, (c) Current, (d) Voltage, (e) Proposed algorithm pickup values, and
(f) Recloser Status.
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distribution operation scenario due to capacitor bank energization and fault in the

system.

(a) (b)

(c) (d)

(e) (f)

Figure 6.15: Capacitor Bank start up at Node 864 at 1 second (a) Active Power, (b)
Reactive Power, (c) Current, (d) Voltage, (e) Proposed algorithm pickup values, and
(f) Recloser Status.

6.4.5.3 Case 3: Motor Start-up

A motor started up at node 888 at 1 sec 6.16. There was an increase in current

when motor started up however, the amount of current due to motor start did not

exceed the limit. Therefore, the algorithm was able to differentiate between typical

distribution operation, resulting from motor start up, and a fault in the system.
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(a) (b)

(c) (d)

(e) (f)

Figure 6.16: 1 MW Motor start up at Node 888 at 1s (a) Active Power, (b) Reac-
tive Power, (c) Current, (d) Voltage, (e) Proposed algorithm pickup values, and (f)
Recloser Status.
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6.4.6 Computational Burden of Proposed Algorithm

The proposed algorithm is implemented in electro-magnetic transient (EMT) simu-

lation software PSCAD R©. PSCAD R© software does not perform real-time simulation.

To compute the computational burden of the proposed algorithm signals have been

recorded in PSCAD and then the recorded data is exported in MATLAB to calculate

the execution time of the algorithm. Figure 6.17 shows the computation time of the

algorithm for fault at node 854. The results show that in a Intel Core I5 windows

machine with a clock speed of 2.3 GHz it takes around 15 ms to execute the algorithm.

The algorithm execution time can be faster with more powerful machines.

Figure 6.17: Computational time of the proposed algorithm for fault at Node 854.

6.5 Chapter Summary

For both grid-following and grid-forming modes of operation, the impact of inverter-

based distributed generation on distribution protection has been investigated in this

chapter. The chapter begins by highlighting the drawbacks of the current overcurrent-

based protection for microgrids that are entirely inverter-based. Then, in contrast to

more conventional approaches, proposes a novel protection scheme that can effectively

identify IBMG flaws and produces promising results. The proposed method’s robust-

ness will be evaluated for various IDG sizes, locations, and numbers in future work.

In a hardware-in-the-loop (HIL) setup, the performance of the proposed method will

also be compared to that of other adaptive protection techniques.



CHAPTER 7: CONCLUSIONS AND FUTURE WORK

In this work, new methods are presented to effectively address the challenges related

with integrating a fully inverter-based generation resource microgrid with a power

distribution system.

Main contributions of the dissertation are as follows:

• This dissertation presents the theoretical background of fully inverter-based mi-

crogrids and describes how the short circuit behavior varies for different inverter

modes of operation.

• This work investigates the transient overvoltage for a fully inverter-based distri-

bution system microgrids. The results show that the ground fault overvoltage

mechanism of inverter-based resources is different than that of synchronous

machine-based resources.

• The addition of a grounding transformer does not necessarily guarantee the

mitigation of overvoltage. The work also shows the necessity of a ground ref-

erence for the steady-state operation of microgrids with unbalanced loads. A

negative sequence impedance control method is proposed to reduce the nega-

tive sequence voltage and decrease the phase overvoltage and unbalance. The

proposed methods are validated and the performance evaluated via several test

cases performed on different size IEEE test systems. Test results validate the

proposed methods and show that these approaches can improve the inverter-

based microgrid system design and increase the reliability of such systems.

• Also, the impact of inverter-based distributed generation on distribution pro-

tection has been studied for both grid-following and grid-forming modes of op-
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eration. First, the limitations of existing overcurrent-based protection for fully

inverter-based microgrids discussed. Then, a novel protection scheme is pro-

posed that can effectively detect faults for inverter-based microgrids. Based on

the test results, the proposed methods shows promising performance improve-

ments in comparison with conventional methods.

The work proposed in this dissertation leads to an number of future research plans

for developing analytical tools that can help the design and integration of microgrids.

Suggestions of future work areas are detailed below:

• In the future, the robustness of the proposed method will be tested for differ-

ent inverter-based distributed generation sizes, locations, and numbers. The

proposed method’s performance will also be compared with other adaptive pro-

tection methods.

• The current work does not consider inverter protection settings in the study. In

future work, scenarios can be considered with inverter protection settings and

the findings can be validated using hardware in the loop simulations.

• The negative sequence impedance reference selection in the transient overvolt-

age mitigation work can be automated in the future, where the current work

provides a basis to address this enhancement. This will help to make the devel-

oped method more robust and effective without necessitating any system prior

knowledge.

• The proposed method for fault detection can be enhanced for different microgrid

topologies, sizes, and locations. The robustness of the proposed method can be

further evaluated and adjusted accordingly.

• The sequence network models developed here for different inverter control modes

will be compared with positive sequence models used in commercial software



149

to perform short circuit studies. The deficiencies of positive sequence models

used in steady state short circuit studies will be demonstrated and a method

for representing inverter dynamics in such software will be presented.
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