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Abstract

Integration of distributed generators (DGs) into distribution networks results in

active distribution networks (ADNs) characterized by bidirectional power flow and

can evolve into microgrids. Microgrids could host synchronous-based DGs (SBDGs) or

inverter-interfaced DGs (IIDGs). These networks have many advantages, including

power loss reduction, deferring network upgrades, and backup for the main grid.

Despite these advantages, IIDGs have limited fault current contributions, adversely

impacting the protection coordination.

This dissertation investigates the overcurrent protection challenges faced by inverter-

based islanded microgrids (IBIM). The aim is to devise reliable overcurrent protection

schemes for IBIM in the fundamental and harmonic domains taking advantage of the

flexibility of the IIDG controllers. Optimal protection coordination (OPC) is achieved

by developing a new short-circuit current calculation (SCC) algorithm for IIDGs in the

fundamental domain and using a harmonic short-circuit current calculation (HSCC)

algorithm.

An effective method is proposed by modifying the IIDG controller to include a vir-

tual impedance-fault current limiter (VI-FCL) in the positive-sequence frame. The

new SCC algorithm incorporates VI-FCLs to enable modeling droop-based IIDGs

as a voltage source behind an impedance and protect inverter switches from over-

current. The VI-FCL is implemented as an additional control loop in the inverter

control scheme to limit IIDG fault currents and achieve OPC. Further, the VI-FCL is

adaptively adjusted to enhance overcurrent protection sensitivity. A two-stage OPC

algorithm for directional overcurrent relays (DOCRs) is developed. An optimal value

for the adaptive VI-FCLs and relay currents is calculated in Stage I. Stage II aims

at obtaining optimal DOCRs settings by solving the OPC problem as a constrained

nonlinear programming problem. Time-domain simulations are used to demonstrate

the effectiveness of the proposed adaptive VI-FCL and the accuracy of the proposed

SCC algorithm.
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OPC is usually solved for the original network topology with all lines, loads, and

generation intact. However, power grids may experience contingencies due to tran-

sient events, e.g., generation or line outages. Low fault currents of IIDGs necessitate

a sensitive and reliable protection scheme. The protection scheme utilizes adaptive

VI-FCLs to limit IIDGs fault currents and achieve protection coordination. The two-

stage OPC algorithm is modified to include the islanded topology and each possible

topology following an N-1 contingency.

Limited fault currents in IBIM impose immense challenges on conventional over-

current protection schemes. Therefore, a sensitive and selective protection scheme is

proposed for islanded microgrids using a third harmonic voltage generated by IIDGs.

The generated harmonic voltage results in a harmonic layer formed during short-

circuit faults and is decoupled from the fundamental fault current, i.e., limited by

IIDGs. Further, the generated harmonic voltage is adaptively adjusted based on

fault severity. The proposed protection scheme utilizes harmonic directional overcur-

rent relays (HDOCRs) equipped with a dual time-current-voltage setting that senses

the generated harmonic voltages and currents at the relay location to ensure an OPC

of islanded microgrids. The OPC with the proposed dual setting is formulated as a

constrained nonlinear program to determine the optimal forward and reverse relays’

settings. The results ensure the ability of the proposed scheme to protect islanded mi-

crogrids without communication and its capability to reduce relays’ operation times.

Lastly, the adaptive harmonic generation is utilized to develop a new harmonic-

based overcurrent protection scheme for IBIM considering N-1 contingency. The

proposed scheme employs HDOCRs with only forward trip characteristics. The OPC

problem is formulated as a constrained nonlinear program to obtain the HDOCRs’

setting. A two-stage OPC algorithm is developed to include the main topology and

each possible single IIDG and line outage. The results confirm that a single set of

relay settings can achieve OPC up to the maximum resistive fault on the main network

topology while satisfying the N-1 criterion.
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Chapter 1

Introduction

1.1 Preface

The continuous advancements in renewable energy technologies, rapid advances in

power electronics, and incentives put forward by governments pave the way to re-

think distribution systems by integrating small-scale distributed generators (DGs).

This integration results in active distribution networks (ADNs) characterized by bidi-

rectional power flow and could be self-sustained by forming microgrids [1]. Microgrids

have two modes of operation, namely, grid-connected and islanded modes. In grid-

connected mode, the DG operates in current control, supplying the grid with active

and reactive powers, where the main grid regulates the system voltage and frequency.

In islanded mode, the network is powered by a cluster of DGs that share system load-

ing and maintain the voltage and frequency of the microgrid within their allowable

limits. The Droop-based control represents a feasible method to control and operate

an islanded microgrid, which does not rely on communication links [2].

Microgrids could host synchronous-based DGs (SBDGs) or inverter-interfaced

DGs (IIDGs). Inverters facilitate the integration of renewable energy sources to mi-

crogrids. IIDGs have limited fault current contributions, which may adversely impact

the protection coordination or render the coordination of protective devices infeasible

[1]. Despite the low fault current contributions of IIDGs, relying on hard limiters may

result in reference current saturation from the IIDG controller perspective. Conse-

quently, outer control loops may suffer from poor dynamic performance [3]. Further,

the IIDG model may switch between a constant current source and a droop-based

voltage source, complicating the short-circuit current calculation (SCC).

Islanded microgrids could be at risk if not adequately protected against short-

circuit faults. The unavailability of an off-the-shelf protective relay to suit microgrid
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1. INTRODUCTION

protection leaves us with the existing protective relays, e.g., directional overcurrent

relays (DOCRs), distance relays, and differential relays, as potential candidates. Dis-

tance and differential relays are uneconomical options for microgrids. DOCRs repre-

sent simple and economical relays for overcurrent protection of grids with bidirectional

fault currents, such as ADNs and microgrids [4]–[6]. The DOCRs need to be time

coordinated to isolate faults reliably and ensure minimum load interruption.

1.2 Research Motivation

The limited fault currents of the IIDGs have a negative impact on conventional over-

current protection schemes, which depend on fault current magnitude. Several studies

have presented solutions to the limited IIDGs fault currents [7], [8]. Nevertheless, the

offered solutions require communication infrastructure that may not be available in

distribution systems.

The protection challenges of inverter-dominated islanded microgrids include:

� Conventional distribution systems have unidirectional power flow from the sub-

station to loads. Therefore, their overcurrent protection employs only overcur-

rent relays. In contrast, ADNs have bidirectional power flow due to the presence

of DGs within the distribution network. During short-circuits, the bidirectional

fault currents necessitate the use of DOCRs.

� IIDGs typically use droop characteristics to share loads in islanded microgrids.

The IIDGs can be operated as a droop-controlled voltage source. However,

built-in current hard limiters may suffer from reference current saturation due

to high short-circuit faults. As a result, the IIDG model may switch between

a voltage source and a current source complicating the SCC and deteriorating

microgrid transient stability during short-circuit faults. A virtual impedance-

fault current limiter (VI-FCL) is employed to limit the inverter’s fault current

and avoid the reference current saturation, which enhances microgrid transient

stability [3]. Further, the VI-FCL keeps the voltage source model intact, which
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reduces the complexity of SCC. The VI-FCL is adaptively adjusted and included

in the formulation of a new SCC algorithm.

� Power systems experience network topology changes due to transient contin-

gencies such as generation or line outages. For instance, an IIDG being out

of service results in lower short-circuit current levels in the microgrid. On the

other hand, the microgrid topology splits into two separate sub-microgrids with

the removal of a line. As a result, lower short-circuit current levels exist in the

sub-microgrids. Ignoring contingencies resulting from IIDGs and line outages

leads to protection coordination violations. Therefore, an optimal protection

coordination (OPC) formulation is proposed in which a model simultaneously

considers all topologies resulting from all single IIDG and line outages as well

as the main topology. The OPC problem is solved considering N-1 contingency,

including a single line and an IIDG outage during the islanding mode. Includ-

ing contingencies guarantees the proper operation of the assigned primary and

backup DOCRs under planned or transient outages. Therefore, a single set of

relays’ settings is obtained utilizing a comprehensive model, which works for all

possible topologies.

� In the fundamental domain, relays pickup currents must be selected to have a

safe margin of 25%–50% above the rated load current of the protected element.

This constraint ensures that DOCRs only trip when a fault occurs. Fulfilling

this condition, relay pickup current may be set at close and tight margins to

the fault currents. As a consequence, relays have high operation times. In

contrast, employing a harmonic-based generation system that is independent of

load currents implemented within the IIDG controller results in higher multiples

of pickup current and hence lower relay operation time.
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1.3 Research Objectives

The main goal of this research was to devise protection schemes that overcome the

limited IIDG fault currents hindrance. The aim is to obtain an OPC while protecting

inverter switches from overcurrent.

The following objectives have driven this dissertation:

� Development of control algorithms for inverters to enable the reliable operation

of the inverter-dominated islanded microgrids.

� Development of overcurrent protection scheme based on fundamental layer mea-

surements.

� Development of overcurrent protection scheme based on harmonic layer mea-

surements.

� Development of reliable overcurrent protection schemes that consider N-1 con-

tingencies.

1.4 Dissertation Outline

This dissertation is divided into two main parts: chapters 3 and 4 focus on fundamen-

tal current-based overcurrent protection schemes for islanded microgrids. Chapters

5 and 6 concentrate on harmonic-based overcurrent protection schemes for islanded

microgrids.

The remainder of this dissertation is organized as follows:

Chapter 2 provides a background and literature survey relevant to SCC and

control algorithms of ADNs.

Chapter 3 presents the newly developed SCC algorithm for IIDGs, which serves

as a tool to calculate short-circuit currents measured by protective relays to achieve

OPC.

Chapter 4 introduces power system contingencies and the N-1 criteria. All pos-

sible single IIDG and single line outages are considered in solving the OPC problem
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to obtain a universal set of relays’ settings.

Chapter 5 investigates the use of harmonic voltage generation utilizing the

IIDG controller. The independence of fault and load currents results in a sensi-

tive harmonic-based dual-setting overcurrent protection scheme. The OPC solution

results in a single relays’ settings that maintain protection coordination up to the

maximum resistive faults.

Chapter 6 proposes a harmonic-based overcurrent protection scheme employing

harmonic voltage generation considering N-1 contingency. The proposed scheme can

preserve protection coordination under different contingencies using a universal set of

relays’ settings.

Chapter 7 concludes the dissertation, highlights its contributions, and suggests

topics for future work.
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Chapter 2

Background and Literature Review

2.1 Islanded Microgrid Operation

In the grid-connected mode of operation, IIDGs supply a pre-specified amount of

active and reactive powers to fulfill system requirements (e.g., exporting power to

the main grid). The discrepancy between the active and reactive power generated

by the IIDGs and the microgrid total demand is either supplied or absorbed by the

main grid. Consequently, the IIDGs can be controlled as PQ or PV buses [9]. In

this operation mode, the IIDGs voltage reference is often taken from the grid voltage

sensed by a phase-locked-loop (PLL); an inner current control loop ensures the IIDG

act as a current source. In contrast, in the islanded mode of operation, the IIDG

units within the microgrid cannot be controlled as PV or PQ buses due to:

(i) Operating the generation units in a conventional power system as a PV or a PQ

bus relies on a slack bus capable of stabilizing and maintaining the system fre-

quency at a constant value by supplying the difference between the load and the

pre-scheduled generation. Nevertheless, in islanded microgrids, no IIDG unit

can act as a slack bus since all IIDGs are relatively small and have comparable

ratings.

(ii) IIDGs do not have a reference signal to control their generation, requiring a sep-

arate control measure to control the islanded microgrid voltage and frequency.

Connecting the IIDGs without such a control measure, depending only on the

control of the IIDGs’ output voltage to pre-defined values, result in large circu-

lating currents flow between these IIDGs due to system components’ tolerances

[10].

(iii) In conventional grids with IIDGs operating as PV or PQ, the slack bus com-
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pensates for any increase in the system loading until the settings of the PV or

PQ buses are increased by the dispatch center. Therefore, in the absence of the

slack bus in the islanded mode, the total power generated by the IIDGs must

match the total islanded microgrid demand.

Most IIDGs are coupled with a passive output filter [11], [12]. Different techniques

have been proposed in the literature to accommodate IIDGs with the previously

mentioned challenges and or requirements. These techniques are broadly categorized

into two approaches centralized and decentralized control approaches.

The centralized control approach depends on a central controller that controls

the operation of all IIDGs in the islanded microgrid. This approach enfolds two main

control strategies: single master operation and multi-master operation. In single mas-

ter operation mode, one master IIDG serves as a slack bus (voltage reference). At

the same time, the other enslaved IIDGs operate in active/reactive power dispatch

mode by regulating their output current. Several IIDGs are set as masters in multi-

master operation mode to regulate the microgrid voltage and frequency. The slave

IIDGs operate in PQ control mode [13]. In this case, the PQ control is implemented

by measuring the load powers and sending them to the supervisory control level,

which calculates and sends the reference PQ to each IIDG. The IIDG built-in current

controller regulates the measured output current to track the reference current [12],

[14]. Given its single point of failure, the centralized control lacks the required opera-

tion redundancy and depends on communication which adds extra cost and decreases

reliability.

The decentralized control approach is widely accepted in the industry and lit-

erature to overcome the drawbacks of centralized control [15], [16]. This approach

depends on the local controllers of the IIDGs and uses the system frequency as means

of communication between these controllers. Further, the approach utilizes the droop

control strategy to mimic the behavior of conventional synchronous generators (SGs).

In droop control, the IIDG’s local controller emulates the characteristics of an SG

by decreasing proportional amounts of the output active and reactive powers from

the system frequency and IIDG’s output voltage magnitude, respectively (i.e., imple-
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menting specific droop characteristics). Hence, it guarantees that the IIDGs in the

islanded microgrid always stabilize at the required load sharing.

2.2 Droop Control Implementation

In decentralized (interactive) islanded microgrid operation, the DGs mimic the behav-

ior of SGs by implementing droop characteristics [16]. Figure 2.1 displays the static

droop characteristics implemented by the IIDG controller to emulate SG character-

sitics. Assuming an inductive impedance between the grid and the point of common

coupling (PCC), the power exchange between an IIDG and the grid is given by

PG =
VoVgrd
Xeq

sin(δ) (2.1)

QG =
VoVgrd cos(δ)− V 2

grd

Xeq

(2.2)

where Xeq is the network equivalent reactance, and δ is the phase angle between the

DG output voltage Vo and the grid voltage Vgrd. The above equations reveal that

the generated active power, PG, relies on δ, and the generated reactive power, QG,

depends on the magnitude of the output voltage Vo. The instantaneous active power,

p, and the instantaneous reactive power, q, in the synchronous d-q frame are given by

p =
3

2
(VodIod + VoqIoq) (2.3)

q =
3

2
(VoqIod − VodIoq) (2.4)

Then, the average powers PG and QG can be calculated by filtering the instantaneous

powers using a low-pass filter (LPF) having a cut-off frequency, ωc, to enhance power

quality injection:

PG =
ωc

s+ ωc
p (2.5)
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Figure 2.1: IIDG droop characteristics.

QG =
ωc

s+ ωc
q (2.6)

The droop characteristics determine the reference voltage and frequency of the

outer control loops:

ω = ω∗ −mpPG (2.7)

V ref
od = V ∗ − nqQG (2.8)

where V ref
od and ω are the magnitudes of the d-axis reference voltage from the power

controller and DG frequency, respectively, V ∗ and ω∗ are the magnitudes of the re-

active power droop control voltage at no load and nominal system frequency, respec-

tively, mp and nq are the frequency and voltage droop coefficients, respectively. For

low voltage microgrids that typically have a high R/X ratio, the droop characteristics

exchange their role and are given by [17]

ω = ω∗ +mpQG (2.9)

V ref
od = V ∗ − nqPG (2.10)

mp and nq are calculated based on the allowable frequency and voltage regulation

mp =
ωmax − ωmin

Pmax
(2.11)
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Figure 2.2: Generic control of droop-based IIDG operating in an islanded microgrid.

nq =
|Vod|max − |Vod|min

Qmax
(2.12)

where ωmin and ωmax are the minimum and maximum permissible frequencies, re-

spectively. |Vod|min and |Vod|max are the minimum and maximum allowable voltage

magnitudes, respectively. Pmax and Qmax are the maximum active and reactive power

of the DG, respectively. As noted by (2.10), the output voltage is aligned with the

d-axis; in other words, V ref
oq = 0, so as Vod has full controllability of the reactive power

QG.

The control strategy of the IIDGs typically includes two cascaded loops; outer and

inner. The internal loop is a current control loop that regulates the DG’s inverter

current. The outer control loop can have different control objectives depending on the

microgrid mode of operation, i.e., grid-connected or islanded. Figure 2.2 illustrates

the block diagram of the power circuit and the control circuit of a droop-based IIDG

operating in islanded mode [12], [16]. The power circuit comprises the LC filter to

remove the switching harmonics and the interfacing inverter. The controller has a

cascaded structure with an outermost power-sharing control loop that achieves the

required power-sharing by generating the reference magnitude and frequency of the
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output voltage across the LC filter following the droop characteristics given by (2.7)

and (2.8). The innermost control loop is a current controller, which provides control

over the filter inductor current by generating the inverter reference voltage u∗, i.e.,

gating signals. The middle loop is the voltage controller that regulates the voltage

across the filter capacitor by generating a reference signal for the current controller.

An IIDG inverter’s model in the d-q reference frame represents the dynamics of

the interfacing filter, which is given by

Lf
dId
dt

= −RfId + Vd − Vod + ωLfIq (2.13)

Lf
dIq
dt

= −RfIq + Vq − Voq − ωLfId (2.14)

Cf
dVod
dt

= Id − Iod + ωCfVoq (2.15)

Cf
dVoq
dt

= Iq − Ioq − ωCfVod (2.16)

where Rf , Lf , and Cf are the IIDG interfacing filter resistance, inductance, and

capacitance, respectively, and ω is the microgrid frequency. Vdq and Vodq pertain to

the d-q components of the inverter terminal voltage and the IIDG voltage at the PCC,

respectively. Idq and Iodq denote the d-q components of the inverter output current

and the IIDG current at the PCC, respectively. New terms are defined to provide a

decoupled control for Vod and Voq:

I ′d = Id − Iod + ωCfVoq (2.17)

I ′q = Iq − Ioq − ωCfVod (2.18)

Subsituting (2.17) and (2.18) in (2.15) and (2.16) respectively yields

Cf
dVod
dt

= I ′d (2.19)
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Cf
dVoq
dt

= I ′q (2.20)

Equations (2.19) and (2.20) represent a decoupled model for Vo. Figure 2.3(a) shows

the utilization of droop characteristics to generate the reference voltage and frequency,

which dynamically controls the angle. Figure 2.3(b) shows the voltage controller

outer loops. Figure 2.3(c) displays the current and voltage controllers ignoring the

decoupling terms. The voltage control loop must be designed to be three to five times

slower than the inner current loop to maintain the stability and reference current

tracking [18]. On the other hand, the inner current controller is typically designed to

have a time constant, Ti, in the range of 3–5 ms [19].
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2.3 Steady State Analysis of Islanded Microgrids

The successful implementation of the microgrid concept requires the conduction of

planning and operational studies by power distribution utilities. These studies include

but are not limited to:

1. Planning studies.

2. Contingency analysis.

3. Optimal allocation of DG units.

4. Restoration and reconfiguration.

5. Protection coordination studies.

2.4 Literature Review

The majority of the OPC studies which consider islanded microgrids use time-domain

simulation software (SIMULINK or PSCAD/EMTP) to obtain steady-state values for

the short-circuit currents measured by the protective relays [20], [21]. The simulation

software solves the differential equations set describing the system response at every

sampling instant. Therefore, employing this method to solve for the system’s steady-

state values is time-consuming, computationally expensive, and limited to relatively

small test systems. In contrast, an SCC algorithm only solves the nonlinear algebraic

equations at the steady-state operating point. Hence, using an SCC algorithm for the

islanded microgrid is computationally much less expensive than time-domain simula-

tions, which solve a larger number of differential equations at different points of time

until it reaches the steady-state.

Islanded microgrids could be at risk if not adequately protected against short-

circuit faults. The typical line protection scheme design involves assigning a primary

protective relay backed up by another protective relay for each microgrid line. Pro-

tection coordination involves the procedure carried out to determine the operation
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sequence of primary and backup relay sets for each fault location to isolate faults

reliably.

In the event of a fault, DGs contribute differently to microgrid fault currents de-

pending on the DG type, which can be SBDG or IIDG. IIDGs in islanded microgrids

adopting droop characteristics can be operated as a droop-controlled voltage source.

The SBDGs have a more profound effect on fault current, unlike IIDGs, which have

a limited short-circuit capacity. An SCC method should be first performed to coordi-

nate DOCRs. Conventional fault analysis methods used with SBDGs are inadequate

to analyze microgrids with IIDGs because they do not consider inverter controllers.

This requires a model to capture the IIDG behavior during faults and be used in fault

analysis to obtain short-circuit currents seen by DOCRs [22], [23].

In [22], the authors utilize an SCC method for IIDGs based on the superposition

theorem and an improved backward-forward sweep (IBFS) procedure. [24] proposes

an iterative SCC method, where the fault current of a photovoltaic (PV) source is

updated based on its terminal voltage. In [25], an SCC algorithm is developed for

IIDGs that utilize sparsity methods. The authors of [26] develop an SCC algorithm

for droop-based IIDGs. However, the algorithm does not consider current reference

saturation.

In [27], an analytical fault analysis model is developed for grid-connected IIDGs,

implementing a decoupled sequence control. The model is used to investigate the

characteristics of the IIDG fault currents. The study in [28] proposes an analyti-

cal model to reflect the transient behavior of IIDG fault currents, considering the

IIDG controller saturation. The PCC voltage is utilized to define a domain of attrac-

tion (DOA) that precisely estimates the PI controller’s working status. [29] models

grid-connected IIDGs as voltage-controlled current sources and considers fault ride-

through (FRT). The model switches from a voltage-controlled current source to a

voltage-controlled voltage source for limited modulation signals.

This dissertation focuses on inverter-based islanded microgrid (IBIM) protection,

which is challenging due to the low fault current levels. On the other hand, the

protection of grid-connected microgrids is not challenging and is well covered in the
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literature.

2.4.1 Fundamental Domain Protection

The built-in current controller limits the IIDG fault currents to 150% of its rated

current [30]. Although the IIDGs have limited contribution to fault currents, built-in

current hard limiters may suffer from reference current saturation. The hard limiter

is a saturation block that limits the IIDG output current following a grid disturbance.

It limits the IIDG’s fault current to a maximum value by controlling the reference

values of the IIDG active and reactive current components in the d-q reference frame.

As a result, the IIDG fault current may saturate at its threshold irrespective of the

fault location. As mentioned in the preface, the IIDG model may switch between

a droop-based voltage source and a constant current source. This behavior causes

instability in the outer control loops [31].

Physical fault current limiters (FCLs) are used to limit fault currents [4], [32];

nevertheless, they have drawbacks, including high cost, bulkiness, and periodic main-

tenance. An alternative and feasible solution to limit the IIDG fault currents is using

VI-FCLs. Controlling the IIDG as a voltage source behind a virtual impedance during

faults protects the inverter switches from overcurrent or thermal damage and ensures

the stable and reliable operation of islanded microgrids. In addition, VI-FCLs are not

costly, allow IIDGs to remain connected during faults, and improve transient stability

[33].

In [34], a modification in the IIDG secondary control is proposed to act as an

intrinsic FCL. An adaptive protection scheme proposed in [35] utilizes a central con-

troller to identify an optimal setting for DOCRs. A dynamic VI-FCL is presented

in [36] to limit downstream fault currents and protect a dynamic voltage restorer

(DVR). A virtual impedance is used to limit the inverter current when operating

in parallel with SGs in islanded microgrids [31]. [37] introduces a review of control

schemes based on virtual impedance for the current source and voltage source con-

verters. VI-FCLs are integrated into the IIDG model to limit IIDG fault currents,

protect inverter switches, and ensure islanded microgrids’ reliable and stable opera-
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tion [38]. However, OPC is not considered in the presence of IIDGs with VI-FCLs.

Thus, a new SCC algorithm is required for islanded microgrids powered by IIDGs

with VI-FCLs in order to solve the OPC problem.

The OPC problem is tackled using different optimization algorithms. The OPC

problem is formulated as a linear programming (LP) problem and is solved using

the simplex method [39]. In [40], an improved Moth-flame optimization (IMFO)

algorithm is utilized to solve the DOCR coordination problem. Alternatively, in [41],

a mixed-integer non-LP (MINLP) formulation is proposed, and the problem is solved

by a fuzzy-based genetic algorithm (GA). The authors of [32], [42] consider GA and

hybrid GA, respectively, to solve the protection coordination problem as a nonlinear

programming (NLP) problem. A new objective function is defined to minimize the

operation time of primary, backup DOCRs, and the coordination time; the problem

is solved using GA [43].

The authors of [4], [32] explored the use of physical FCLs in series with the ADN

to restore protection coordination considering grid-connected and islanded modes of

operation. The study in [5] used dual-setting DOCRs capable of operating in forward

and backward directions using a low bandwidth communication link. The proposed

scheme is used to preserve protection coordination. Despite the low bandwidth used,

the communication channel comes with extra cost. The study in [44] employs a

hybrid symbiotic organism search algorithm to solve the OPC as an NLP problem.

[45] solves the protection coordination problem, considering line outages. However,

all of the studies [4], [5], [32], [44] and [45] considered only SBDGs.

Power systems experience network topology changes due to transient contingen-

cies such as generation or line outages. These outages may result from fault isolation,

conducting routine maintenance, and network reconfiguration. The North-American

Electric Reliability Corporation (NERC) develops and enforces standards throughout

North America to ensure power system reliability. Outages of any line (excluding ra-

dial lines) or a generator is considered an N-1 contingency, according to the NERC

reliability standards [46]. Contingency analysis is a cornerstone in power system plan-

ning, which includes protection coordination [6]. Finding one set of relay settings that
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accommodates all possible N-1 contingencies is crucial for the reliability of protection

schemes.

In [47], the k-means clustering technique is used to design an adaptive protection

scheme where the available set groups of overcurrent relays are matched to the pos-

sible resulting network topologies. The author of [48] introduces an online adaptive

protection scheme that accommodates a power distribution network with different

operating conditions. The OPC problem is solved, considering all possible single-line

contingencies for a distribution system where an interval LP is implemented [49].

The study in [50] assessed only DG outages when solving the protection coordination

problem. The differential evolution meta-heuristic algorithm is used as a solver. [51],

[52] consider all network topologies resulting from the line, substation, and DG outage

contingencies. The studies use particle swarm and hybrid GA-LP optimization tech-

niques for protection coordination, respectively. However, all of the studies [49]–[52]

consider SBDGs, not IIDGs.

2.4.2 Harmonic Domain Protection

Numerous non-communication methods are proposed to tackle inverter-interfaced is-

landed microgrid protection challenges. Faults in islanded microgrids are detected by

monitoring the inverter’s current transient response [53]. In [54], faults are detected

and classified based on a data-mining decision tree created using wavelet transform

and the extracted features from sequence and phase currents. [55] proposes a digital

protection scheme that detects faults based on the extracted and analyzed informa-

tion of the current components in the d-q reference frame, using a wavelet transform.

However, the proposed methods do not consider relay coordination and lack selec-

tivity [53]–[55]. The study in [56] utilizes negative-sequence components to achieve

protection coordination based on a definite-time grading method to protect islanded

microgrids. Nonetheless, unbalanced loading conditions may challenge the negative-

sequence-based protection schemes. An overcurrent protection scheme equipped with

dual setting time-current-voltage DOCRs for distribution systems powered by DGs

is suggested [57]. Despite the scheme’s capability to handle reverse DG fault cur-
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rents, it considers only SBDGs. The authors of [58] propose to increase the IIDGs

fault currents by integrating supercapacitors to obtain a single set of relays’ settings

for grid-connected and islanded modes. However, supercapacitors introduce an extra

cost. VI-FCLs are employed in the IIDG control scheme to protect inverter switches

from overcurrent and achieve protection coordination [3]. An overcurrent protection

scheme for microgrids is proposed in [59], utilizing a non-standard trip characteristic.

Communication-assisted protection schemes have also been proposed to address

microgrid protection challenges [60], [61]. In [60], a protection scheme based on

mathematical morphology is proposed in which faults are detected utilizing current

traveling waves. The traveling-wave-based protection schemes are immune against

fault current levels but require high-frequency instrument transformers. An adaptive

DOCR is proposed in [61], utilizing the superimposed positive and negative-sequence

components. However, the relay’s pickup current has to be accurately set to avoid

nuisance tripping. Differential-based protection schemes are also suggested using the

difference in negative-sequence impedance angle [62], power flow [63], relays’ output

binary state [64], and measured impedance [65]. The methods in [62]–[65] require

communication infrastructure that is often unavailable in microgrids, comes with an

extra cost, and may suffer from latency.

The flexibility of the IIDG controllers makes them a venue for recent research

to fulfill different protection objectives [66]–[68]. These studies employ the IIDG

controller to inject harmonics to assist in islanded microgrids protection. In [66], the

IIDG controller injects a fifth-harmonic used for fault detection. A droop impedance

is used to limit the fundamental fault current to enable coordination of upstream and

downstream relays in an islanded microgrid. However, existing commercial relays

may indicate incorrect fault directions [1], [69]. Moreover, [66] does not consider

bidirectional fault currents.

The study in [67] proposes a protection scheme for islanded microgrids that utilize

harmonic-DOCRs (HDOCRs). The IIDG control scheme is modified to include a

function that makes the IIDG injects an nth order harmonic current synthesized by

the respective HDOCRs. The HDOCRs measure the injected harmonic currents at
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different locations, which are employed to attain protection coordination. However,

some backup relays have high operation times with moderate resistance faults. In

[68] and following fault inception, the IIDG controller generates a constant third

harmonic voltage, resulting in harmonic fault currents. The OPC of the developed

HDOCRs is attained based on the locally measured harmonic voltages and currents.

However, the constant harmonic voltage generation may result in fault currents being

less than relays’ pickup current. Furthermore, using a single relay trip characteristic

for forward and reverse fault directions may lead to higher relays’ operation times.

2.5 Discussion

The literature review presented in this chapter reveals that research has been con-

ducted on IBIM overcurrent protection. However, the literature falls short in ad-

dressing several key challenges. First, no SCC algorithm has been developed for

IBIM utilizing the fundamental current. Second, ignoring contingencies when solving

the OPC impacts the protection scheme’s reliability. Third, most methods that ob-

tained relatively low speed for primary protection used communication, which may

suffer from latency, data packet loss and add an extra cost to distribution utilities.

Further, the methods proposed for OPC of IBIM employing harmonic injection or

generation are not sensitive to high resistive faults. Sensitive protection schemes are

crucial for the reliable and successful operation of IBIM.
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Chapter 3

Adaptive VI-FCL for Protection

Coordination of IBIM

Fault currents of IIDGs depend on inverter controllers. Thus, IIDGs fault currents are

different than those of SBDGs, both from the magnitude and waveshape perspectives.

Although the IIDGs have limited contribution to fault currents, built-in current hard

limiters may suffer from reference current saturation. As a result, the droop-based

IIDG fault current may saturate at its threshold, and the IIDG model may switch

between a droop-based voltage source and a constant current source. This behavior

complicates the SCC and causes instability in the outer control loops [31].

This chapter proposes a new SCC algorithm that incorporates VI-FCLs to enable

modeling droop-based IIDGs as a voltage source behind an impedance. The VI-FCL

is implemented as an additional control loop in the inverter control scheme to limit

IIDG fault currents and achieve OPC.

3.1 Proposed SCC Considering VI-FCLs

This section first presents the modified IIDG control structure, followed by the VI-

FCL design, an explanation of the current control concept, and system modeling for

the proposed SCC algorithm.

3.1.1 Modified IIDG Control

The generic control block diagram for a droop-based IIDG with a VI-FCL is shown in

Figure 3.1(a), where a cascaded structure has an innermost current control loop that

provides control over its output current io. The outer control loop is a power control

loop that achieves power-sharing by generating a voltage reference from the power
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Figure 3.1: Droop-controlled IIDG with VI-FCL: (a) The IIDG control scheme with VI-
FCL. (b) IIDG circuit model with VI-FCL.

controller, Eo, that is subtracted from the voltage drop across a VI-FCL, vfcl, to

provide voltage reference, v∗o , for the output voltage vo. A voltage controller regulates

the voltage across the filter capacitor by generating a reference signal for a current

controller. The innermost loop is the current controller, which controls the filter

inductor current by generating the inverter reference voltage u∗, i.e., gating signals.

3.1.2 VI-FCL Design

Following fault inception, the inverter’s output currents may saturate when using

hard limiters in the current control loops of IIDGs. Thus, the IIDG model may

switch between a constant current source and a droop-based voltage source, which

complicates the SCC. The VI-FCLs make IIDGs modeled as a voltage source behind
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an impedance similar to SGs. Hence, it maintains the voltage source model of IIDGs

intact during faults. Therefore, a control method was devised to implement a VI-

FCL as an additional control loop in the inverter control scheme to protect the IIDG

switches against overcurrent and reduce the complexity of SCC.

The VI-FCL is implemented in the IIDG control circuit and only activated during

faults to act as a high impedance. The VI-FCL can be viewed as a transient impedance

that is engaged only during faults. It is added virtually by subtracting the voltage

drop across the VI-FCL from the internal inverter voltage, Eog . The IIDG equivalent

circuit after implementing the VI-FCL is shown in Figure 3.1(b). From which one

can deduce

v∗ok = Eok − ioZfclk (3.1)

where k is the IIDG index. v∗ok is the voltage reference for vok , Eok , and iok are the

internal inverter voltage and IIDG output current, respectively, and Zfclk includes the

filter inductor impedance Zfk and VI-FCL impedance. The value of Zfcl is determined

by limiting the IIDG maximum fault current to 1.5 per unit (pu) for a bolted fault

at the IIDG terminals, i.e., vok = 0. Thus, |Zfclk | can be approximated by

|Zfclk | =
Eok
ImaxDG

(3.2)

where ImaxDG is the maximum IIDG current. The magnitude of Zfclk in (3.2) is calcu-

lated for the worst-case scenario; hence any other IIDG fault currents can be limited

using the same constant value. vok drops under fault conditions; once a voltage sag

below 0.9 is detected in vok ; the VI-FCL is activated.

The constant VI-FCL limits the IIDG fault current irrespective of fault harshness,

narrowing the range of fault scenarios considered for protection coordination. In

contrast, using an adaptive VI-FCL provides a more gradual fault current profile,

accommodating a broader range of fault resistances.

It is worth mentioning that the proposed adaptive VI-FCLs offer the following

advantages:
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Figure 3.2: Adaptive VI-FCL.

(i) Hard limiters may result in reference current saturation during faults. Conse-

quently, outer control loops may suffer from a poor dynamic response [3]. On

the contrary, VI-FCLs prevent current saturation and contribute to microgrid

transient stability, as reported in [33].

(ii) Unlike constant VI-FCLs—which are typically proposed by other researchers

to fulfill different objectives other than OPC—the proposed adaptive VI-FCL

allows appreciable fault current levels based on fault severity, thus, enhancing

the protection sensitivity.

(iii) IIDGs with VI-FCLs mimic the behavior of SGs. The farther the fault loca-

tion from the IIDG, the lower the fault current. That behavior enhances the

protection coordination selectivity.

The proposed adaptive VI-FCL is designed following the characteristic in Figure

3.2, which represents a linear droop. Using Figure 3.2, |Zfclk | can be written as a

function of the FCL resistance and the network X/R ratio

|Rfclk |
√

1 + a2︸ ︷︷ ︸
|Zfclk

|

= m|vok |+ b (3.3)
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Figure 3.3: Simple test microgrid.

where a denotes the network X/R ratio. |Zfclk | is expressed using the network X/R

ratio to enable the correct operation of protective functions, such as phase selection

and directional elements [70]. The impedance droop characteristic in (3.3) simulates

an adaptive VI-FCL that senses the measured IIDG output voltage, vo, during a fault

and outputs a virtual impedance value depending on the fault severity. The constants

m and b denote the parameters of the droop characteristic in Figure 3.2. The slope

m is calculated using the two endpoints in Figure 3.2, assuming vo dips to 0.9 pu

at fault inception for the highest resistive fault while the constant b is equal to the

impedance magnitude in (3.2).

The built-in hard current limiter in the primary IIDG controller typically limits

fault currents to 150% of the IIDG rated current [30]. In the event of low resistive

faults, the IIDG reference current may saturate, i.e., switch to a constant current

source, which may result in instability of outer control loops [31]. On the other hand,

engagement of VI-FCLs mitigates current saturation and enhances the microgrid

transient stability [33]

To assess the performance of the proposed VI-FCL control scheme, the 4-bus

microgrid depicted in Figure 3.3 is simulated by PSCAD/EMTDC. The microgrid is

powered by two droop-based IIDGs rated at 2 MVA each and connected to buses 1 and

4 through a 2.5-MVA, 480/12.47 kV, dYG transformers with Zt = 0.0012 + j0.05

pu. Lines 1-2, 3-4 are 1 km in length, and line 2-3 is 2 km. The line impedance

Z = 0.1529 + j0.1406 W/km. The microgrid has 6 DOCRs (R1–R6) installed for

overcurrent protection. The rated loads consume 0.75 MVA at 0.9 power factor.

A bolted fault F1 is applied at t = 1 s and lasts for 1 s. Figure 3.4(a) shows a
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comparison of IIDG1’s fault currents with the hard limiter and the proposed VI-FCL

control scheme for F1. The VI-FCL limits the IIDG fault current to a value below the

saturation level and above the relay pick-up current, while the current is saturated

with the hard limiter. Figure 3.4(b) compares the system frequency during and after

the fault clearance. Without the VI-FCL, the system frequency during restoration

drops beyond the lower permissible frequency bound (i.e., 59.3 Hz) and experiences

more significant oscillations. When engaging the VI-FCL, the frequency remains

within the acceptable limits (59.3–60.5 Hz), and oscillations are attenuated, which

illustrates the VI-FCL benefit to the microgrid transient stability. This result also

confines with [38].

Bolted faults at mid of the lines, i.e., denoted by F1 and F2, are considered one at a

time at t = 1 s to demonstrate the effectiveness of the proposed VI-FCL in maintaining

the IIDG fault currents. Figure 3.5 displays the currents measured by R1 during faults

F1 and F2 with the hard limiter and the VI- FCL, respectively. The currents measured

by R1 have the same magnitude for two different fault locations due to the IIDGs

fault currents saturation, as noted in Figure 3.5(a). This behavior, i.e., switching of

the IIDG model from voltage mode to current mode, complicates the SCC. On the

other hand, the fault currents measured by R1, utilizing VI-FCL, are limited below

the threshold and sustained during faults. As shown in Figure 3.5(b), the nearer the

fault to the IIDG terminals, the higher the fault current, enhancing the protection

scheme selectivity. It is worth mentioning that transient current could exceed ImaxDG

immediately after fault inception. Such a response is noted for hard limiters and

VI-FCLs, as illustrated in Figure 3.5, because the current limitation is fully enforced

when the proposed control scheme reaches a steady state. Therefore, two current

limits exist, the steady-state current limit (ImaxDG =1.5 pu) and a maximum current

limit (Ilimit), which accommodates transient currents. Inverters could contribute

transient currents in the range 2.0–3.0 pu immediately after fault inception [30].

The proposed algorithm is developed for islanded microgrids where the grid has

no contributions to the fault current. Therefore, only IIDGs can control the current

flow in the microgrid during faults. The VI-FCLs limit the fault currents of the IIDGs
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Figure 3.4: Responses during F1 and after restoration: (a) Fault current of IIDG1. (b) The
simple test microgrid frequency.

and protect the inverter’s electronic switches from overcurrent.

3.1.3 Current Control

The power controller of a current-controlled IIDG estimates the reference currents to

track the reference active and reactive powers. The magnitude of the current source

depends on source reference power and terminal voltage. Current-controlled inverters

adopt control algorithms to track the maximum power during normal operation.

During faults, the inverter continues to operate in a constant power mode for
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Figure 3.5: Fault currents measured by relay R1: (a) Hard limiter. (b) VI-FCL.

terminal voltages equal to or above 1/ImaxDG . In contrast, for terminal voltages below

1/ImaxDG , the current is limited to 1.5 pu, and the inverter operates in the constant

current mode. The V-I characteristic of a PV source is displayed in Figure 3.6 and is

interpreted by

IPV =

I
max, |VPV | ≤ P/Imax

P/|VPV |, P/Imax ≤ |VPV | < Vnom

(3.4)

where P , Imax , and Vnom are the PV source power, maximum current, and nominal

voltage, respectively.
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Figure 3.6: PV source V-I characteristic.

3.1.4 System Modeling

Loads can be modeled to reflect the variations in their consumed active and reactive

powers PLi and QLi at bus i due to changes in the microgrid voltage, i.e.,

PLi = Poi|Vi|α (3.5)

QLi = Qoi|Vi|β (3.6)

where Poi and Qoi are the nominal active and reactive powers, respectively, α and β

are the active power and reactive power exponents. The constant impedance model

for loads is adopted in this dissertation, where the active and reactive power exponents

are equal to two. Injected active and reactive powers Pi and Qi at bus i are given by

Pi =
N∑
j=1

|Vi||Vj||Yij(ω)|cos(δi − δj − γij) (3.7)

Qi =
N∑
j=1

|Vi||Vj||Yij(ω)|sin(δi − δj − γij) (3.8)

where |Yij(ω)| and θij are the magnitude and angle of line ij admittance, respectively.

|Vi| and δi denote the voltage magnitude and angle at bus i, respectively. Similarly,

|Vj| and δj pertain to bus j voltage magnitude and angle, respectively.

Two types of buses exist in an islanded microgrid: a droop bus and a PQ bus.

Each PQ bus i, has two mismatch equations:
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PGi,sch = PLi(|Vi|)− Pi(ω, |Vi|, |Vj|, δi, δj) (3.9)

QGi,sch = QLi(|Vi|)−Qi(ω, |Vi|, |Vj|, δi, δj) (3.10)

where PGi,sch and QGi,sch are the scheduled active and reactive power generation,

respectively. PLi and QLi are the load active and reactive powers, respectively. Pi

and Qi are the injected active and reactive powers to bus i, respectively. The unknown

variables for PQ buses are

xPQ = [xPQ,1 xPQ,2 ... xPQ,i ... xPQ,nPQ
]T (3.11)

where

xPQ,i = [|Vi| δi]T (3.12)

and nPQ is the total number of PQ buses.

Each droop bus i has two power mismatch equations:

PGi = PLi(|Vi|)− Pi(ω, |Vi|, |Vj|, δi, δj) (3.13)

QGi = QLi(|Vi|)−Qi(ω, |Vi|, |Vj|, δi, δj) (3.14)

Since the VI-FCL is adopted, vo accurately tracks its reference v∗o at the fault

instant. Based on that and recalling (2.7) and (2.8) and substituting Eo for V ref
od ,

PGi
=

1

mpi

(ω∗ − ω) (3.15)

QGi
=

1

nqi
(V ∗ − |Eoi |) (3.16)

The voltage equation in (3.1) can be decomposed into its real and imaginary compo-

nents and rewritten as

|Eoi |cosδi − voDi
− ioDi

Rfcli + ioQi
Xfcli = 0 (3.17)
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|Eoi |sinδi − voQi
− ioQi

Rfcli − ioDi
Xfcli = 0 (3.18)

where voDi and voQi are direct and quadrature components of voi, respectively, Rfcli

and Xfcli are the resistance and reactance of Zfcli , respectively.

Each droop bus i is modeled for SCC by (3.13)–(3.18) in addition to (3.3). The

unknown variables for the droop buses are

xdrp = [xdrp,1 xdrp,2 ... xdrp,i ... xdrp,ndrp
]T (3.19)

where

xdrpi = [|Vi| δi ioDi ioQi PGi QGi]
T (3.20)

and ndrp is the total number of droop buses. The total unknown variables X and the

number of mismatch equations n in an islanded microgrid are given by

X = [ω xpq xdrp]
T (3.21)

n = 2× npq + 6× ndrp (3.22)

Phase relays subjected to balanced and unbalanced faults are considered in this

study for phase fault protection. The fault is modeled by adding the fault resistance as

an additional branch at the fault location. Then, a set of the nonlinear equations (3.9),

(3.10), and (3.13)—(3.18) along with (3.3) of the VI-FCL are solved simultaneously as

a minimization problem using the Levenberg-Marquardt algorithm (briefly described

in Subsection 3.1.5). The solution provides the voltages at each bus during the fault;

and hence, the lines’ fault currents are calculated.

3.1.5 Levenberg-Marquardt Algorithm

The Levenberg-Marquardt algorithm is one of the powerful tools for solving nonlinear

equations [71]. The set of nonlinear equations that models the various components

in islanded microgrids is formulated as a minimization problem
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minimize Fi(X) = fi(X)− Ci = 0 (3.23)

where Fi(X) (i= 1, 2,.., n) is the system of nonlinear equations describing the islanded

microgrid, i.e., (3.9), (3.10), (3.13)—(3.18), and (3.3), fi(X) and Ci are the variable

dependent and constant terms, respectively, and n is the number of unknowns.

The unknowns are assigned an initial guess solution vector X0. The algorithm

adopts a search direction, which is a solution of the linear set of equations, i.e.,

(
J
(
xk
)T
J
(
xk
)

+ µkI
)
dk = −J

(
xk
)T
F
(
xk
)

(3.24)

where dk is the step solution vector, µk is a scalar that controls dk magnitude and

direction, and J(xk) is an n-by-n Jacobian:

J
(
xk
)

=



∇F1(xk)T

∇F2(xk)T

...

∇Fn(xk)T


(3.25)

The solution vector xk represents the unknown variables of X in the islanded micro-

grid. The algorithm toggles the update of the variable between the gradient descent

update and the Gauss-Newton update. Small µk values result in a Gauss-Newton

update and large values of µk result in a gradient descent update.

3.2 Proposed Optimal Protection Coordination

3.2.1 OPC Problem Formulation

The typical formulation of the protection coordination problem is developed as an

optimization program to minimize the relays’ total operation time while maintaining
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coordination between primary and backup relay sets. Hence, the objective function

is defined as the sum of all relays operation times, T , i.e.,

minT =
R∑
r=1

L∑
l=1

(tprl +
BK∑
b=1

tbkrl ) (3.26)

where l is the fault location identifier with total locations L, r is the relay identifier

with R as the total number of relays. Each fault location is identified as a near-end,

midline, and far-end fault. This identifier allows for covering the entire feeder length

to ensure that the proposed algorithm can operate at all possible fault locations.

The subscript p refers to a primary relay and bk refers to a backup relay k, with BK

denoting the total number of backup relays for each primary relay. tprl is the operation

time of relay r as a primary relay for fault location l, and tbkrl is the operation time of

the backup relay bk of relay r for fault location l.

The operation time of a DOCR is inversely proportional to the short-circuit cur-

rent passing through it. The inverse-time-current (ITC) relay characteristic based on

IEC 60255-151 standard characteristic is adopted [72]. The operation time is given

by

trl = TDSr
A

(
Iscrl
Ipr

)B − 1
(3.27)

where TDSr is the time dial setting, Kr is a constant parameter, Iscrl is the short-

circuit current measured by relay r due to a fault at location l, Ipr is relay r pick-up

current. The constants A and B are determined according to the DOCR characteristic

employed. Assuming a standard inverse-time characteristic, the constants A and B

are 0.14 and 0.02, respectively. The time-current-volage (TCV) relay characteristic is

proposed in [73] mainly for distribution systems. Due to its benefits, such as gaining

the highest possible reduction in relay’s operation time, it is utilized in the following

case studies for islanded microgrids. That characteristic is based on the IEC 60255-

151 standard characteristic, where the operation time of relay r is given by
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trl = e(V f
rl−1)Kr TDSr

A

(
Iscrl
Ipr

)B − 1
(3.28)

where V f
rl is the phase voltage magnitude measured at relay r due to a fault at location

l.

The coordination time is the minimum time between a primary relay’s operation

and its backup that must be preserved. This time is known in the literature as

the coordination time interval (CTI). The CTI is set at 0.2 s to comply with IEEE

Standard 242-2001 [74], and thus, the following constraint is defined

tbkrl − t
p
rl ≥ CTI ∀r, [l, k] (3.29)

Pick-up currents are selected to have fixed values with a significant margin of 30%

above the respective protected line’s rated load current. This condition ensures that

DOCRs trip only when a fault occurs. Further, TDS and K can have continuous

values. Therefore, the constraints on TDS, K, and minimum relay operation time

are given by

Kmin ≤ Kr ≤ Kmax ∀r (3.30)

TDSmin ≤ TDSr ≤ TDSmax ∀r (3.31)

tprl , t
bk
rl ≥ tmin ∀r (3.32)

where TDSmin and TDSmax are the lower and upper bounds of TDSr, respectively,

which are set at 0.01 and 1.0. Kmin and Kmax denote the lower and upper bounds of

Kr, respectively, with values of 0 and 4.0 [68]. tmin is the minimum relay operation

time, and tmin is set to 20 ms [75].

3.2.2 SCC Algorithm for IIDGs

In this study, the droop-based IIDG is modeled as a voltage source behind an impedance,

owing to the integration of the proposed VI-FCL. This impedance comprises the filter

inductor impedance and virtual impedance. The current-controlled IIDG is modeled
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as a current source that updates its fault current based on the terminal voltage, as

indicated by (3.4). The mismatch equations for load, current-controlled IIDGs (in-

terpreted as a negative load with powers equal to the pre-fault settings), and droop

buses are formulated, including the fault location as a virtual load bus. The adaptive

VI-FCL in (3.3) ensures limiting the IIDG output current to a value less than the

threshold (1.5 pu). The algorithm starts with building the system bus admittance

matrix Ybus. Then, a modified version of Ybus, i.e., Y f
bus, is generated to include the

virtual fault bus, which is represented by the last row and column of Y f
bus. Y

f
bus is a

function of the fault location in each line. Thus, it is formulated for each fault scenario

in the test microgrid. Three-phase faults are simulated at virtual buses, representing

near-end, midline, and far-end locations. The algorithm involves a two-stage opti-

mization, as displayed in Figure 3.7. In Stage I, the power mismatch equations are

solved, including the VI-FCLs, to obtain bus voltages during short-circuit faults. The

first stage is solved using MATLAB’s Levenberg-Marquardt algorithm.

The algorithm restarts for each fault location, near, mid, and far, involving several

fault resistances in one iteration for each fault location. A solution vector with all

bus voltages for different fault locations is obtained for fault resistances simultane-

ously, i.e., VilRflt
, where i, l, and Rflt are subscripts indicating the bus number, fault

location, and fault resistance, respectively. The solution vector also includes the fre-

quency and IIDGs fault currents. Then, the short-circuit current seen by each relay

is calculated using the obtained bus voltages during a fault. The relays’ short-circuit

currents are then mapped to their respective primary and backup relays.

Stage II determines the optimal values of the tuning variables TDS and K to

achieve OPC. Due to the nonlinearity and intractability of the OPC problem, a

meta-heuristic optimization method is employed. GA is an evolutionary optimization

algorithm that outperforms other meta-heuristic techniques in terms of execution

time and solution accuracy [76]. Thus, GA is selected to solve the OPC problem as

suggested in [32]. The nonlinear constraints formulated using voltages and currents

are obtained in Stage I, considering several values of Rflt in the range 0.1—10 Ω and

solved simultaneously using the GA.
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Solve the power mismatch equations (3.9), (3.10), equations

(3.13)–(3.18) and the adaptive VI-FCL equation (3.3) using the 

Levenberg-Marquardt algorithm with different fault resistances

Calculate lines short-circuit currents 

Map each voltage and short-circuit current to its respective 

primary and backup relays

Read ADN parameters, loads,  

and IIDGs specifications

Start

For each fault location obtain Yf
bus by adding 

a virtual fault bus at x% from lines near end 

All fault 

locations 

considered?

No

Increment x

Obtain bus voltages, IIDGs output currents and adaptive 

VI-FCL magnitudes

Calculate the objective function defined by (3.26) 

and its constraints (3.29)–(3.32)

End

Display relays’ optimal 

settings (TDS & K)

Yes

Solve the optimization problem using the

Genetic Algorithm (GA) to obtain optimal settings

Stage I

Stage II

Figure 3.7: Flow chart of the proposed OPC program.

3.2.3 Solving Method

GA is one of the meta-heuristic optimization techniques usually applied to highly

nonlinear problems [71]. Each candidate solution is encoded as an array of parameter

values. For a problem with Z dimensions, each solution is encoded as a Z-dimensional

array. Two settings need to be determined for each DOCR, namely TDS and K. For

a distribution system with R relays, the total number of unknowns is 2R. The GA
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chromosome is defined by

chromosome = [ p1, p2, ..., p2R] (3.33)

where pi denotes a value of a relay parameter.

The OPC program is formulated as an NLP problem, which is time exhaustive to

be solved through deterministic methods. GA is an efficient optimization technique

to solve intractable problems such as OPC [76], [77]. Hence, it is used to solve Stage

II of the OPC problem, as suggested in [31]. The GA exhibits superior performance

compared to other meta-heuristic techniques in terms of execution time and accuracy

[78]. The GA available in the MATLAB optimization toolbox is used to obtain

the optimal relays settings TDSr and K that guarantee DOCRs’ coordination. The

nonlinear constraints formulated using short-circuit currents are obtained for different

outage contingencies in Stage I and considered simultaneously in the solution.

3.3 Performance Evaluation

The test microgrid is described in this section, and the proposed SCC algorithm is

validated by comparing its results with the steady-state values obtained from time-

domain simulations. Further, the results of the formulated OPC program are pre-

sented.

3.3.1 Test Microgrid

An islanded microgrid representing a section of the Canadian urban benchmark dis-

tribution system is used for testing [32], as depicted in Figure 3.8. All lines are 1

km in length with an impedance Z = 0.1529 + j0.1406 W/km. The loads shown are

the rated loads and consume 1 MVA at 0.9 power factor each. Four droop-based

IIDGs are connected to buses 4, 5, 6, and 9. The IIDGs are identical and rated at

3 MVA. They are connected through 3.5-MVA, 480 V/12.47 kV, dYG transformers

with Zt = 0.0012 + j0.05 pu. The microgrid is equipped with 16 DOCRs (R1—R16)

for overcurrent protection. Two case studies were conducted: Case I, all IIDGs are
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Figure 3.8: Single line diagram of the test microgrid.

droop-based, and in Case II, IIDG4 represents a 2-MW PV source, and the rest are

droop-based.

The DOCRs should operate for near-end, far-end faults as well as midline faults

within its zone. Three-phase faults (F1–F24) located at near-end, mid, and far-end

locations on the lines are considered, as displayed in Figure 3.8. Due to the bidirec-

tional short-circuit current flow, each fault requires two primary relays, one at each

end of the line. For instance, if a fault occurs in the middle of line 3-4, namely F11,

R5, and R6 are the primary relays with R3 operating as a backup for R5. While R8

serves as a backup for R6. Short-circuit branch currents are calculated using the pro-

posed SCC algorithm. A map-matrix is defined according to the relays that respond

to the defined faults (F1–F24). This matrix is used to map each branch current and

voltage to its relevant relay, and hence the constraints for relays can be checked for

satisfaction.

3.3.2 SCC Algorithm Validation and Results

The test microgrid is simulated by PSCAD/EMTDC to validate the SCC algorithm.

The proposed SCC algorithm was developed in MATLAB and used to solve for bus
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Table 3.1: Validation Results with the Constant VI-FCLs

PSCAD SCC Algorithm

Relays currents magnitudes (pu)

io = the IIDG fault current (pu)

# Primary Backup # Primary Backup

F12

R7 R5

F12

R7 R5

3.3916 2.2181 3.4379 2.2082

R8

-
R8

-
1.2153 1.2426

F15

R13 R11

F15

R13 R11

3.3737 3.2340 3.4394 3.1778

R14 R16 R14 R16

1.2131 1.2153 1.2569 1.2604

F12

io1 io2

F12

io1 io2

1.2115 1.2211 1.2297 1.2325

io3 io4 io3 io4

1.1622 1.1456 1.1911 1.1787

F15

io1 io2

F15

io1 io2

1.1443 1.1390 1.1741 1.1698

io3 io4 io3 io4

1.1995 1.217 1.2104 1.2283

voltages during faults performed one at a time at mid of lines 4-5 and 7-8 when

using Rflt= 0.1 Ω. The bus voltages obtained are used to calculate the relay currents

during faults and compared with the steady-state results obtained from the detailed

time-domain PSCAD simulations.

Table 3.1 displays the results with constant VI-FCLs obtained from the detailed

time-domain simulations and the proposed SCC algorithm. The maximum error in

relays’ currents and IIDGs fault currents are 3.71% and 2.89%, respectively. Table 3.2

displays the results with adaptive VI-FCLs obtained from the detailed time-domain
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Table 3.2: Validation Results with the Adaptive VI-FCLs

PSCAD SCC Algorithm

# Primary Backup # Primary Backup

F12

R7 R5

F12

R7 R5

3.4672 2.4053 3.5897 2.3099

R8

-
R8

-
1.2808 1.3235

F15

R13 R11

F15

R13 R11

3.5443 3.5493 3.5852 3.4246

R14 R16 R14 R16

1.2743 1.2765 1.3221 1.3140

F12

io1 io2

F12

io1 io2

1.2749 1.2793 1.2824 1.2857

io3 io4 io3 io4

1.2587 1.2571 1.241 1.2274

Zvi-fcl1 Zvi-fcl2 Zvi-fcl1 Zvi-fcl2

0.779 0.779 0.763 0.761

Zvi-fcl3 Zvi-fcl4 Zvi-fcl3 Zvi-fcl4

0.749 0.736 0.768 0.764

F15

io1 io2

F15

io1 io2

1.2548 1.2541 1.2223 1.2177

io3 io4 io3 io4

1.2664 1.276 1.2616 1.2808

Zvi-fcl1 Zvi-fcl2 Zvi-fcl1 Zvi-fcl2

0.737 0.733 0.763 0.761

Zvi-fcl3 Zvi-fcl4 Zvi-fcl3 Zvi-fcl4

0.773 0.778 0.768 0.764

simulations and the proposed algorithm. The maximum error in relays’ currents,

IIDGs fault currents, and |Zvifcl| are 4.13%, 2.99%, and 3.82%, respectively. The

results obtained from the proposed SCC algorithm are within a 5% tolerance.
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Figure 3.9: Comparison of relays’ currents during F15.

Table 3.3: VI-FCLs Magnitudes in Per Unit (Case I)

Rflt Fault Zvi-fcl = the VI-FCL magnitude (pu)

(Ω) Location IIDG1 IIDG2 IIDG3 IIDG4

Zvi-fcl1 Zvi-fcl2 Zvi-fcl3 Zvi-fcl4

0.1

Near-end 0.765 0.763 0.768 0.765

Midline 0.763 0.761 0.768 0.764

Far-end 0.762 0.761 0.763 0.765

1

Near-end 0.721 0.718 0.728 0.723

Midline 0.720 0.718 0.726 0.723

Far-end 0.720 0.718 0.724 0.722

5

Near-end 0.532 0.53 0.538 0.535

Midline 0.532 0.53 0.537 0.535

Far-end 0.531 0.53 0.536 0.535

To reflect the advantage of using adaptive VI-FCLs, the OPC problem was first

solved using constant VI-FCLs. These constant VI-FCLs limit the IIDGs fault cur-

rents to 150% of their rated currents for bolted faults at the IIDG terminals, and

hence, applicable to any faulty conditions. To further elaborate on the results re-

ported in Table 3.2 using the proposed SCC algorithm, the primary and backup

relays’ currents are displayed in Figure 3.9.

Table 3.3 displays Zvi−fcl for Case study I for selected values of fault resistances
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Table 3.4: Relays Optimal Settings for the Test Microgrid (Case I)

# TDS Ip K # TDS Ip K

(s) (pu) (s) (pu)

R1 1.1588 0.4334 2.5106 R9 0.6367 0.4334 1.3408

R2 1.9991 0.4334 2.236 R10 0.9774 0.4334 2.0446

R3 0.2300 0.4334 1.2745 R11 0.3394 0.4334 0.9727

R4 0.6105 0.4334 0.8253 R12 1.2617 0.4334 1.9509

R5 0.1840 0.8667 3.0000 R13 0.5201 0.4334 2.0714

R6 0.8504 0.8667 1.5117 R14 1.8578 0.4334 2.1512

R7 0.0915 0.4334 3.0000 R15 0.1121 0.4334 3.0000

R8 2.3568 0.4334 2.3872 R16 1.3810 0.4334 1.6935

Rflt. The table shows a decreasing Zvifcl value with the increase in Rflt, which reflects

the adaptivity to faults. For example, IIDG1 has a VI-FCL impedance magnitude of

0.765 pu for a 0.1 Ω near-end fault versus 0.532 pu for a 5 Ω near-end fault.

Tables 3.4 and 3.5 furnish the results for Case study I. Table 3.4 shows the optimal

values of TDS and K for the test microgrid obtained by solving the OPC problem,

as well as the values of the pickup current Ip. The relays’ pickup currents are fixed

at a value with a safe margin above the rated load current. TDS and K are used

as decision variables to satisfy the coordination constraints. Table 3.5 illustrates the

relays’ operation times for near-end and far-end bolted faults on test microgrid lines.

The operation times are calculated using the obtained optimal values of TDS, K, and

Ip for each relay. It is observed that all primary and backup relay sets are correctly

coordinated by having CTIs at least equal to 0.2 s.

Tables 3.6 and 3.7 display the results for Case study II. The OPC problem is first

solved when the microgrid supplies the rated load and the PV source injects its rated

power. Secondly, the OPC problem is solved when the microgrid is 15% loaded and

the PV source injects 15% of its rated power. Table 3.6 shows the optimal values

of TDS and K obtained by solving the OPC problem as well as the values of the

pickup current Ip considering the worst pre-fault operating conditions. Table 3.7
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Table 3.5: Operation Times in Seconds for Bolted Faults (Case I)

# Primary Backup # Primary Backup

F1

R1 R10

F17

R1 R10

0.5890 0.7981 0.6094 1.6401

R2 R4 R2 R4

0.8552 1.0686 0.8296 1.5356

F2

R3 R1

F18

R3 R1

0.3992 0.6083 0.4217 1.3187

R4 R6 R4 R6

1.0457 1.3515 1.0014 1.951

F4

R7 R5

F20

R7 R5

0.022 0.2326 0.02 0.4656

R8

-
R8

-
1.4065 1.3724

F5

R9 R2

F21

R9 R2

0.646 0.8549 0.6813 1.2169

R10 R12 R10 R12

0.7978 1.0635 0.7522 1.9134

F6

R11 R9

F22

R11 R9

0.4491 0.6729 0.42 0.9294

R12 R14 R12 R14

0.9557 1.165 0.9219 3.2936

F7

R13 R11

F23

R13 R11

0.2268 0.4511 0.227 0.6523

R14 R16 R14 R16

1.1016 1.3338 0.9984 3.7958

illustrates the relays operation times for selected near-end and far-end faults. It is

observed that all primary and backup relay sets are correctly coordinated. It is worth

mentioning that the relays’ operation times can be further enhanced by increasing

the IIDG current limit to 2.0 pu, as suggested in [24].
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Table 3.6: Relays Optimal Settings for the Test Microgrid (Case II)

# TDS Ip K # TDS Ip K

(s) (pu) (s) (pu)

R1 1.7024 0.4334 2.1037 R9 0.6740 0.4334 1.1395

R2 0.9088 0.4334 1.1846 R10 1.5108 0.4334 1.6717

R3 1.7571 0.4334 2.5081 R11 0.3547 0.4334 0.7720

R4 1.2586 0.4334 1.3815 R12 0.6945 0.4334 0.6627

R5 0.3030 0.8667 1.5888 R13 0.2343 0.4334 1.0273

R6 1.3514 0.8667 1.7160 R14 1.0312 0.4334 0.9503

R7 0.0125 0.4334 0.3573 R15 0.1141 0.4334 2.7692

R8 3.0043 0.4334 2.4074 R16 3.6521 0.4334 3.3150

Table 3.7: Operation Times in Seconds for Selected Bolted Faults (Case II)

Rated Load Light Load (15%)

# Primary Backup # Primary Backup

F1

R1 R10

F1

R1 R10

0.6171 0.8344 0.6128 0.8288

R2 R4 R2 R4

0.8812 1.0936 0.8761 1.0879

F4

R7 R5

F4

R7 R5

0.0201 0.2486 0.0201 0.2283

R8

-
R8

-
1.4409 1.4384

F6

R11 R9

F6

R11 R9

0.4754 0.6998 0.4732 0.6925

R12 R14 R12 R14

1.0108 1.2208 1.011 1.221

F8

R15 R13

F8

R15 R13

0.0201 0.2328 0.0201 0.2303

R16

-
R16

-
1.4296 1.4299
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Figure 3.10: Comparison of total relays’ operation times for the test microgrid (Case
study I) N, M, and F are the near-end, midline, and far-end faults, respectively.

Figure 3.10 displays a bar chart that compares relays’ total operation times for

the constant VI-FCLs versus the adaptive VI-FCLs for Case study I of the test mi-

crogrid. The figure displays the summation of individual relays’ operation times in

the microgrid (i.e., 16 relays) at different fault locations. The figure shows that the

adaptive VI-FCL resulted in comparable relays’ total operation times for Rflt ≤ 0.1

W and less total operation times for Rflt = 1 W to 2 W. It is worth noting that with

the adaptive VI-FCLs, relays coordination can be achieved for fault resistances up

to 10 W. In contrast, for constant VI-FCLs, relay coordination cannot be achieved

beyond 2 Ω, i.e., an indication of infeasible OPC.

3.3.3 Unbalanced faults

During unbalanced faults, the positive-, negative-, and zero-sequence networks should

be formed for SCC. These sequence networks are then connected based on the fault

type. In the case of single-line-to-ground (SLG) faults, the sequence networks are

connected in series with threefold the fault resistance (3Rflt). Since the VI-FCL

is implemented in the positive-sequence frame, only positive-sequence currents have

been employed for OPC. To obtain the positive-sequence currents measured by the
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Figure 3.11: Modified sequence networks for SLG faults.

relays, both negative- and zero-sequence networks are replaced by their equivalent

impedances, i.e., Z− and Z0, respectively. The justification behind using Z− and Z0

is that droop-based IIDGs with VI-FCLs do not generate negative- or zero-sequence

voltages. As shown in Figure 3.11, the sequence networks are connected in series for

SLG faults, and Zeq is equal to the summation of Z−, Z0, and 3Rflt. As can be noted

from the figure, the positive-sequence network during balanced faults becomes identi-

cal to that during unbalanced faults if Zeq is replaced by Rflt. Thus, the proposed SCC

algorithm can also be applied to obtain the relays’ positive-sequence currents during

unbalanced faults as follows. The bus admittance matrix Y f
bus of the positive-sequence

network is built, where 1/Zeq is added to the diagonal element that represents the

fault location. Then, the power mismatch Equations (3.9), (3.10), (3.13), and (3.14)

along with (3.3), (3.15)–(3.18) are solved to obtain positive-sequence components of

the bus voltages. The obtained positive-sequence bus voltages during unbalanced

fault are then used to calculate the positive-sequence currents seen by each relay. It

is worth noting that the microgrid is assumed to be properly grounded to avoid the

scenario where the voltages of non-faulted phases increase during unbalanced faults.

A case study that considers SLG faults for OPC has been conducted to support

the applicability of the proposed algorithm during unbalanced faults. The ITC was

selected for the OPC with the unbalanced faults because the ITC operates based on

currents only, i.e., fewer sensors are required. It is also the most used characteristic

in the industry [72]. Table 3.8 displays the relays’ operation times for SLG and three-

phase faults considering various fault resistances. It is observed that all primary and
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Table 3.8: Operation Times for Selected Far-end Faults in Seconds

Rflt = 0.1 W

SLG Three-phase

# Primary Backup # Primary Backup

F9

R1 R10

F9

R1 R10

0.7698 1.0099 0.6717 0.8812

R2 R4 R2 R4

0.9625 1.1946 0.833 1.0464

F12

R7 R5

F12

R7 R5

0.0363 0.3304 0.0323 0.242

R8

-
R8

-
1.74 1.3851

F14

R11 R9

F14

R11 R9

0.4777 0.7419 0.4302 0.6392

R12 R14 R12 R14

1.496 1.8357 1.0869 1.4137

2.2936 1.7565

Rflt = 3 W

F9

R1 R10

F9

R1 R10

0.7924 1.0396 0.7289 0.9562

R2 R4 R2 R4

0.986 1.1995 0.907 1.1163

F12

R7 R5

F12

R7 R5

0.0377 0.8136 0.0349 0.6589

R8

-
R8

-
1.7074 1.5585

F14

R11 R9

F14

R11 R9

0.486 1.1512 0.4571 1.0623

R12 R14 R12 R14

1.7453 1.9554 1.4371 1.6658
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Table 3.9: Relays Optimal Settings Considering SLG Faults

#
TDS Ip

#
TDS Ip

(s) (pu) (s) (pu)

R1 0.1692 0.4335 R9 0.1585 0.4334

R2 0.2107 0.4334 R10 0.222 0.4334

R3 0.1149 0.4458 R11 0.1343 0.4334

R4 0.265 0.4334 R12 0.1744 0.4334

R5 0.0344 0.8667 R13 0.0725 0.4334

R6 0.1916 0.8667 R14 0.2233 0.4335

R7 0.0100 0.4334 R15 0.0100 0.4334

R8 0.2245 0.4334 R16 0.2995 0.4334

backup relay sets remain coordinated with a CTIs of at least 0.2 s. Table 3.9 reports

the optimal relays’ settings obtained by solving the OPC problem, where three-phase

and SLG faults are considered simultaneously.

3.4 Enhanced Adaptive VI-FCL Design

IIDGs can withstand fault currents up to two times their rated current [24]. To limit

IIDG fault current below 2.0 pu for bolted fault at the IIDG terminals and other fault

locations, Zmax
fcl magnitude can be approximated by

|Zmax
fclk
| = Eok

ImaxDG

(3.34)

The characteristics displayed in Figure 3.12 are proposed and utilized to investi-

gate their influence on protective relays’ total operation time. Based on Figure 3.12,

the proposed characteristics can be expressed as follows:

|Zfclk | =

{
k1|vok |+ |Zmax

fclk
|, 0 ≤ |vok | ≤ d

Zfk , d < |vok | ≤ 1
(3.35)
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Figure 3.12: Impedance characteristics of the adaptive VI-FCL.

|Zfclk | =

|Z
max
fclk
| k−|vok |2 , 0 ≤ |vok | ≤ d

Zfk , d < |voK | ≤ 1
(3.36)

|Zfclk | =

{
k3 (|vok | − d)2 + Zfk , 0 ≤ |vok | ≤ d

Zfk , d < |vok | ≤ 1
(3.37)

The droop characteristics represent linear, exponential, and parabolic functions.

Zv adapts to fault severity such that it is at its maximum value for bolted fault and

zero at point d for the highest resistive fault. In other words, it diminishes for the

highest resistive fault. Thus, the constant d can be approximated by

d = Eo − ZfImaxDG (3.38)

The constants k1, k2, and k3 are the linear, exponential, and parabolic droop

characteristic parameters, respectively. The constant k1 represents the linear char-

acteristic slope and is calculated using the endpoints. k2 and k3 are calculated by

substituting the points (d,Zfk) and (0,Zmax
fclk

) in the exponential and parabolic char-

acteristics, respectively.

The fault is modeled by connecting the fault resistance at the fault location. Then,

the set of the nonlinear equations (3.9), (3.10), and (3.13)–(3.18) along with one of

(3.35)–(3.37) of the adaptive VI-FCL are solved simultaneously as a minimization
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problem using the Levenberg-Marquardt algorithm [71]. The solution furnishes the

bus voltages during faults, from which the relays’ fault currents are calculated.

3.4.1 Proposed adaptive VI-FCL Characteristics Results

This subsection furnishes the OPC results obtained utilizing the three proposed adap-

tive VI-FCL characteristics, i.e., linear, exponential, and parabolic. In addition, a

breakdown of the relays’ operation times for near-end and far-end faults on micro-

grid’s lines is reported. The islanded test microgrid depicted in Figure 3.8 is used to

illustrate the impact of adopting different VI-FCL characteristics on relays’ operation

times. The lines for Case study III are 0.5 km in length.

Case III: Impact of VI-FCL Characteristic on Protection Coordination

1) Optimal DOCRs Settings: A matrix is used to map each branch current and bus

voltage to its relevant relay so that relays’ constraints can be checked for satisfaction.

The constraints are formulated for a number of fault resistances. Each of the adaptive

VI-FCL characteristics is employed while solving for the optimal settings. Table 3.10

lists the optimal settings of TDS, K, and Ip for all DOCRs. The solution with each

of the proposed adaptive VI-FCL characteristics results in a different optimal set of

settings.

2) Relays’ Operation Times: Table 3.11 shows the total relays’ operation times for

each VI-FCL characteristic investigated. The total operation times increase with the

distance from the near-end. The total operation time obtained utilizing the parabolic

characteristic is the best. A maximum of 5% reduction in the total relays’ operation

time is achieved, employing the parabolic characteristic for moderate resistive faults.

The reduction achieved with the parabolic characteristic is insignificant; therefore,

the linear characteristic is implemented in the OPC program.

The relays’ operation times are calculated using the optimal settings TDS and

K obtained utilizing the linear characteristic. Table 3.12 reports the operation times

of the assigned primary and backup DOCRs for near-end and far-end bolted faults

on selected lines of the test microgrid. The results indicate that the CTIs for all

primary and backup DOCRs sets are at least 0.2 s. Similar results can be obtained
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Table 3.10: Relays Optimal Settings with
Different VI-FCL Characteristics

Linear Exponential Parabolic

#
Ip TDS

K
TDS

K
TDS

K
(A) (s) (s) (s)

1 0.3 0.1908 0.0047 0.1968 0.0254 0.2135 0.0859

2 0.3 0.2519 0.0000 0.2548 0.0000 0.2632 0.0000

3 0.3 0.1317 0.0275 0.1331 0.0297 0.1399 0.0560

4 0.3 0.3208 0.0206 0.3266 0.0270 0.3391 0.0330

5 0.6 0.0433 0.0000 0.0440 0.0000 0.0458 0.0000

6 0.6 0.2481 0.0024 0.2645 0.0465 0.2861 0.0821

7 0.3 0.0100 0.3682 0.0134 0.6895 0.0203 1.1540

8 0.3 0.2893 0.0000 0.3029 0.0233 0.3309 0.0721

9 0.3 0.1901 0.0000 0.1981 0.0321 0.1988 0.0000

10 0.3 0.2518 0.0000 0.2549 0.0000 0.2800 0.0745

11 0.3 0.1660 0.0992 0.1884 0.2204 0.1742 0.0967

12 0.3 0.2074 0.0000 0.2125 0.0000 0.2184 0.0000

13 0.3 0.0903 0.1493 0.1000 0.2435 0.0876 0.0580

14 0.3 0.2856 0.1428 0.2906 0.1363 0.2962 0.1278

15 0.3 0.0100 0.3650 0.0110 0.4744 0.0130 0.6500

16 0.3 0.3766 0.2711 0.3798 0.2531 0.3835 0.2321

for different fault resistances.

Table 3.13 displays the OPC results for Rflt = 5 Ω, with the DOCRs remaining in

coordination with CTIs equal to or greater than 0.2 s. The results obtained demon-

strate that a universal set of relay settings can be achieved and maintain OPC for a

range of bolted fault to the highest possible resistive fault.
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Table 3.11: Relays Total Operation Times at Different Fault
Resistances with Different VI-FCL Characteristics

Rflt( Ω) #

Values (s)

Linear Exponential Parabolic ∆T(%) Linear
vs Parabolic

0.1

F1–F8 23.9699 23.8288 24.0156 -

F9–F16 23.8531 23.9063 23.6857 -

F17–F24 23.7423 23.4705 23.6143 0.54

1

F1–F8 24.8788 24.4505 24.1612 2.88

F9–F16 24.8586 24.4272 24.1316 2.92

F17–F24 24.8397 24.4055 24.1045 2.96

3

F1–F8 26.1143 25.4173 24.7944 5.05

F9–F16 26.0943 25.3983 24.7763 5.05

F17–F24 26.0744 25.3792 24.7578 5.05

5

F1–F8 27.6319 27.9258 28.5982 -

F9–F16 27.6100 27.9038 28.5746 -

F17–F24 27.5879 27.8812 28.5503 -

Table 3.12: Operation Times in Seconds for
Near-end and Far-end Bolted Faults

Employing adaptive VI-FCL Linear characteristic

# Primary Backup # Primary Backup

F1

R1 R10

F17

R1 R10

0.6442 0.8542 0.6456 0.8561

R2 R4 R2 R4

0.8562 1.0681 0.8505 1.0605

F3

R5 R3

F19

R5 R3

0.2282 0.4397 0.2330 0.4430

R6 R8 R6 R8

1.2690 1.4843 1.2493 1.4593

F5

R9 R2

F21

R9 R2

0.6457 0.8558 0.6491 0.8603

R10 R12 R10 R12

0.8543 1.0804 0.8512 1.0612

F8

R15 R13

F24

R15 R13

0.0208 0.2308 0.0213 0.2324

R16

-
R16

-
1.4440 1.3826
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Table 3.13: Operation Times in Seconds for Near-end and
Far-end Faults Considering 5 Ω Fault Resistance

Employing adaptive VI-FCL Linear characteristic

# Primary Backup # Primary Backup

F2

R3 R1

F18

R3 R1

0.5050 0.7150 0.5064 0.7166

R4 R6 R4 R6

1.1523 1.3645 1.1484 1.3584

F4

R7 R5

F20

R7 R5

0.0262 0.2979 0.0263 0.3007

R8

-
R8

-
1.5785 1.5751

F6

R11 R9

F22

R11 R9

0.4762 0.7158 0.4783 0.7197

R12 R14 R12 R14

1.4026 1.6133 1.3998 1.6098

F8

R15 R13

F24

R15 R13

0.0264 0.2596 0.0265 0.2606

R16

-
R16

-
1.8136 1.8069

3.5 Conclusion

Droop-based IIDGs in islanded microgrids switch to current sources under faulty

conditions, which could ruin protection coordination and microgrid stability. VI-

FCLs are implemented within the IIDG control scheme to keep the IIDG voltage

source model intact. The VI-FCLs are adaptively adjusted to protect inverters and

optimally tune the DOCRs settings. An SCC algorithm that accommodates the VI-

FCLs is developed to formulate an OPC program that involves two stages. Stage I is

dedicated to the SCC algorithm and VI-FCLs sizing. In Stage II, one set of settings
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that maintain relays coordination for a range of low to medium fault resistances

is obtained. The studies also investigate the impact of various adaptive VI- FCL

characteristics on the total operation time of protection relays. The results assure

that the VI-FCLs act as a means for fault current discrimination, which facilitates

OPC. Further, the adaptive VI-FCLs reduced the relays’ total operation times in the

presence of droop-based and current-controlled IIDGs and achieved coordination. The

VI-FCLs represent a non-costly current limiting method, enable the IIDGs voltage

source model to remain intact, and are beneficial to microgrid transient stability.
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Chapter 4

Protection Coordination of IBIM

Considering N-1 Contingency

Conventional distribution networks have a unidirectional power flow from a utility

substation to loads. Traditional distribution systems have recently undergone tremen-

dous changes that include integrating DGs derived from increasing interest in green

energy and smart grids. These changes led to the emergence of microgrids [1]. To en-

sure a reliable operation of distribution networks, they should be adequately defended

against faults using protection schemes that quickly isolate the minimum portion of

faulty elements. This isolation reduces load interruption and equipment damage, and

improves the power quality. Protective relays need to respond in a coordinated man-

ner to ensure the microgrid reliable operation. OPC is usually solved for the original

network topology with all lines, loads, and generation intact. However, power grids

may experience contingencies due to transient events, e.g., generation or line outages.

Low fault currents of IIDGs necessitate a sensitive and reliable protection scheme.

4.1 Adaptive Piecewise VI-FCL Design

As mentioned earlier, the fault severity can be inferred by measuring the IIDG output

voltage, vok . A smaller value of vok indicates a more severe fault. The worst-case

scenario is a bolted fault at the IIDG terminals, resulting in vok = 0 and the maximum

IIDG fault current, ImaxDG . Therefore, to limit IIDG fault current below 1.5 pu for this

fault scenario, an impedance Zfclk of a magnitude

|Zmax
fclk
| = Eok

ImaxDG

(4.1)

is sufficient. where k is the IIDG index.
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Figure 4.1: Impedance characteristic of the adaptive VI-FCL.

The characteristic displayed in Figure 4.1 is proposed. From Figure 4.1, it can be

deduced

|Zfclk | =

{
k1|vok |+ k2, 0 ≤ |vok | ≤ c

Zfk , c < |vok | ≤ 1
(4.2)

The characteristic is a straight line from 0 to c and constant from c to 1.0. It

is split into two segments to adapt to fault such that it is at its maximum value

for bolted faults and zero at point c for the highest resistive faults. The constants

k1 and k2 are the parameters of the droop characteristic in Figure 4.1. The slope

k1 is calculated using the line endpoints and assuming vok dips to c pu. k2 is equal

to |Zmax
fclk
|. With reference to Figure 4.1, Zvk diminishes for relatively high resistive

faults. Thus, the constant c can be approximated by

c = Eok − ZfkImaxDG (4.3)

The proposed SCC method utilizes adaptive VI-FCLs to limit the IIDG fault cur-

rents contribution. The engagement of VI-FCLs prevents inverter current saturation,

resulting in different short-circuit currents measured by DOCRs during low resistive

faults, i.e., enhancing selectivity.

The fault is modeled by connecting the fault resistance as an additional branch
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at the fault location. Then, the set of the nonlinear equations (3.9), (3.10), and

(3.13)–(3.18) along with (4.2) of the VI-FCL are solved simultaneously as a mini-

mization problem using the Levenberg-Marquardt algorithm [71]. The solution pro-

vides the voltages at each bus during the fault, and hence, the lines’ and relays’ fault

currents are calculated.

4.2 Proposed Optimal Protection Coordination

The proposed OPC problem formulation is revisited in this section.

4.2.1 OPC Problem Formulation

The main goal of protection coordination is to minimize all relays’ operation times for

fast fault isolation while maintaining coordination of the assigned primary and backup

relays. Hence, the objective function is defined as the sum of all relays’ operation

times due to their respective near-end, midline, and far-end fault, T , i.e.,

minT =
R∑
r=1

L∑
l=1

(tprl +
BK∑
b=1

tbkrl ) (4.4)

where l is the fault location with a total of L fault locations, r is the relay identifier,

where R is the total number of relays. The subscript p denotes a primary relay, and

bk refers to a backup relay k for a primary relay p with BK as the total number of

backup relays for each primary relay. tprl is the operation time of relay r as a primary

relay for fault location l and tbkrl is the operation time of the backup relay bk of relay

r for fault location l.

The operation time for the TCV characteristic is given by

trl = e(V f
rl−1)Kr TDSr

A

(
Iscrl/CTR

Ipr
)B − 1

(4.5)

where TDSr, Ipr are the time dial setting and the pickup current for relay r, respec-

tively. Iscrl is the fault current in the primary of the current transformer (CT) for
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fault location l. CTR is the current transformer ratio. V f
rl is the phase voltage mea-

sured by relay r due to a fault at location l and Kr is a constant parameter. A and B

are constants that determine the DOCR characteristic. Assuming the standard ITC

characteristic, the constants A and B are 0.14 and 0.02, respectively.

For DOCR coordination, the relay settings and coordination constraints are in-

cluded in the OPC program. The pickup current Ip is selected to have a minimum

value of 30% higher than the rated load current of the respective protected line. En-

forcing this condition ensures that DOCRs only trip when a fault occurs. The TDS

of each relay is bounded by minimum and maximum values. Thus, the constraints

imposed on Ip and TDS can be written as

Ipr,min ≤ Ipr ≤ Ipr,max ∀r (4.6)

TDSmin ≤ TDSr ≤ TDSmax ∀r (4.7)

where Ipr,min and Ipr,max are the lower and upper bounds of Ipr, respectively, which

are set at 1.3 and 1.5 of the nominal line current at the rated load. TDSmin and

TDSmax denote the lower and upper bounds of TDSr, respectively, with values of

0.01 and 1. Similarly, the parameter K has bounds defined by

Kmin ≤ Kr ≤ Kmax ∀r (4.8)

where Kmin and Kmax are the lower and upper bounds of Kr. Kmin and Kmax are set

at 0 and 4.0, respectively.

A coordination time that represents the time delay between the operation of a

primary relay and its backup relay, known as CTI, must be preserved for all fault

scenarios. The CTI is set at 200 ms to adhere to the IEEE Standard 242-2001. The

200 ms includes circuit breaker opening time and a safety factor for CT saturation

and relay setting errors. Thus, the following constraint is defined

tbkcrl − t
p
crl ≥ CTI ∀c, [l, r, k] (4.9)
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where tpclr and tbkclr are the operation time of the primary relay r and its backup

relay bk for a fault at location l when the microgrid topology c is triggered. The

relay constraints remain the same for the islanded topology with all IIDGs and lines

engaged and any IIDG outage. In contrast, every topology formed due to a line

outage has different set of constraints corresponding to the faults considered in the

resulting topology. The typical operation time of a DOCR is one cycle to three cycles

[75]. A constraint on the minimum relay operation time is imposed as

tpclr , t
bk
clr ≥ tmin ∀c, [l, r, k] (4.10)

where tmin is the minimum relay operation time. tmin is set to 20 ms. This study

considers phase relays subjected to three-phase faults for phase overcurrent protection

[6], [39]–[45].

SBDGs have high fault currents; therefore, they do not introduce issues to overcur-

rent protection schemes. On the contrary, islanded microgrids dominated by IIDGs

face protection challenges due to their limited fault current contributions. Therefore,

in an islanded microgrid with both SBDGs and IIDGs, DOCRs measure different lev-

els of fault currents based on the locations and types of DGs. To explain this point,

Figure 4.2 displays a four-bus islanded microgrid with two IIDGs and an SBDG con-

nected to bus 1. Three cases can be extracted for the measured currents by the relays:

(i) A relay only measures an SBDG fault current (R1) (ii) A relay only measures an

IIDG fault current (R3 and R5) (iii) A relay measures a mix of the SBDG and IIDG

fault currents (R2, R4, and R6).

The VI-FCL effect would be diminished if the fault current is dominated by the

SBDG fault current, i.e., Cases 1 and 3. In these cases, networks do not face issues

with overcurrent protection due to the high fault current level. On the other hand,

the VI-FCL is beneficial in Case 2.

4.2.2 OPC Program for IIDGs with VI-FCLs

The conventional OPC formulation involves calculating short-circuit currents assum-

ing SGs as the primary power source [4]–[6], [39]. On the contrary, the proposed OPC
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IIDG12
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R1 measures SBDG fault currents 
R3 and R5 measure IIDG fault currents 
R2, R4, and R6 measure mixed fault currents 

IIDG2

Figure 4.2: A 4-bus microgrid with two IIDGs and one SBDG.

formulation considers limiting the IIDGs fault currents using an adaptive VI-FCL.

Thus, it protects the inverter’s switches from overcurrent and prevents reference cur-

rent saturation. In addition, the inclusion of the VI-FCL keeps the voltage source

model of IIDGs intact during faults and enhances the microgrid transient stability.

Further, the proposed adaptive VI-FCL has the advantage of furnishing more tangible

fault current levels depending on fault severity, enhancing protection selectivity.

The IIDG is modeled as a voltage source behind an impedance for short-circuit

analysis, owing to the employment of the proposed VI-FCL. This impedance includes

the proposed VI-FCL impedance and the IIDG filter impedance. The algorithm

starts by constructing a modified bus admittance matrix Y f
bus, which comprises the

fault location as a virtual bus. It is formulated for each topology resulting from an N-1

contingency and each fault location in the test microgrid. The optimization program

enfolds two stages, as demonstrated by the flow chart in Figure 4.3. In Stage I, the VI-

FCL voltage equations and the power mismatch equations are solved simultaneously

to obtain bus voltages during faults conducted on virtual fault buses. The virtual fault

buses are selected to represent near-end, midline, and far-end locations. The proposed

OPC formulation can be applied for microgrids hosting droop-based IIDGs with VI-

FCLs and current-controlled IIDGs without VI-FCLs. The current-controlled IIDGs

are interpreted in the power mismatch equations as negative loads with powers equal

to the pre-fault settings if the IIDG terminal voltage is higher than 1/ImaxDG pu [24].

Otherwise, the current-controlled IIDGs are modeled as constant current sources with

iok = ImaxDG pu. MATLAB’s Levenberg-Marquardt built-in algorithm is used to solve
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Figure 4.3: Flow chart of the proposed OPC program.

for bus voltages employing the SCC algorithm in subsection 3.2.2. The algorithm

restarts for each fault location. A row vector with all bus voltages for different fault

60



4. PROTECTION COORDINATION OF IBIM CONSIDERING N-1 CONTINGENCY

locations considering bolted faults is obtained. The bus voltages obtained during the

fault are used to calculate the lines’ short-circuit currents. A map-matrix is then used

to map each short-circuit current to its respective primary and backup relays.

4.3 Microgrid Adequacy and Models Under Con-

tingencies

This section discusses microgrid adequacy, which is needed to comply with the N-1

criterion. Further, it explains the different OPC models considered in this study.

4.3.1 Microgrid Adequacy

Adequacy is an assessment of the available generation and its sufficiency to supply

loads and network losses. The microgrid should be capable of supplying its planned

demand and losses under all operating conditions, including contingencies such as

lines and IIDG outages. In such events, contingency planning decisions are imple-

mented to shed loads when there is a power inadequacy, e.g., an IIDG planned or

transient outage or switching off a part of the microgrid under a scheduled or a tran-

sient line contingency. The contingency planning decisions are mainly enforced to

ensure islanded microgrid’s successful operation. These constraints include maintain-

ing the voltage profile between the permissible limits (i.e., 0.95–1.05 pu) and providing

sufficient generation to supply the microgrid loads and losses.

To elaborate on microgrid adequacy, the microgrid displayed in Figure 4.4(a) is

considered. It has two IIDGs rated at 1.0 MVA connected to buses 1 and 5. The loads

displayed are represented by their rated powers, i.e., 0.4 MVA at 0.9 power factor.

For instance, the contingency resulting from IIDG2 being out of service is shown in

Figure 4.4(b), which requires the shedding of the loads at buses 4 and 5 since IIDG1

cannot adequately supply the total microgrid load and network losses. On the other

hand, as illustrated by Figure 4.4(c), the microgrid topology splits into two separate

sub-microgrids, A and B, with the removal of Line 4-5 due to a transient contingency
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Figure 4.4: Network topologies of a sample microgrid: (a) Islanded topology. (b) IIDG2
outage topology. (c) Line 4-5 outage topology.

or scheduled maintenance. IIDG1 cannot supply the total demand of sub-microgrid

A. Therefore, the load at bus 4 should be shed to ensure the successful operation

of sub-microgrid A. Sub-microgrid B comprises only IIDG2, which supplies only the

load at bus 5. In other words, Line 4-5 outage makes IIDG1 remain connected

to the distribution feeder and IIDG2 be isolated. The OPC formulation in Model 3

simultaneously considers all topologies resulting from all single IIDG and line outages

as well as the main topology. Therefore, a single set of relays’ settings is obtained

utilizing Model 3, which works for all possible topologies.

4.3.2 Models Considering Contingencies

The islanded microgrid used for testing is displayed in Figure 3.8. Each DOCR has a

continuous TDS and a range for Ip. The CTR for each DOCR is 1000/5. The ratio is

chosen such that the minimum pickup current is higher than the rated current of the
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Table 4.1: OPC Models Description

Model Topologies considered

1 Islanded mode topology

2 Islanded mode topology + all topologies due to

single IIDG contingencies

3 Islanded mode topology + all topologies due to

single IIDG contingencies + all topologies due to

single line contingencies

respective line. A short-circuit analysis is performed for faults (F1–F24) that involve

the fault resistance at near-end, midline, and far-end as shown in Figure 3.8, for the

islanded microgrid with no outages and all other possible outages. Each line requires

two primary DOCRs because of the bidirectional flow of the short-circuit currents.

Each primary relay is backed-up by one DOCR.

It is worth mentioning that the OPC for microgrid topologies resulting from dif-

ferent outage contingencies has been investigated in the literature only for SBDGs.

This study considers all single outages (line and IIDG contingency) in multi-IIDG is-

landed microgrids. The bus-admittance matrix is modified to reflect the contingency

by eliminating the parameters corresponding to the outage. Then, the modified ma-

trices are used to calculate the short-circuit currents in the resulting topologies. The

models used are listed in Table 4.1. Model 1 considers only the islanded topology,

whereas Model 2 accounts for the islanded topology and all topologies resulting from

single IIDG contingencies.

The proposed model (Model 3) is the most inclusive, where the islanded topology

and all possible single outages are considered. The objective function defined by (4.4)

is used for all models for fair performance evaluation.

Although the dissertation focuses on the islanded operation of microgrids, the pro-

posed OPC method can be applied to the grid-connected mode. To accommodate the

grid-connected mode, bus 1 is modeled as a slack bus (i.e., V1 = 1.0∠0◦ pu) and is in-

tegrated into the proposed SCC as an equality constraint. The relays’ settings should
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be changed when switching between the islanded and grid-connected modes due to

the change in the fault current levels. Therefore, relays can be equipped with dual

trip characteristics, namely islanded and grid-connected trip characteristics. Switch-

ing between the relays’ characteristics can be achieved using an islanding detection

technique or a communication link.

4.4 Results and Analysis

This section presents the OPC results obtained using the three models in Table 4.1.

Then, a thorough investigation of the results obtained from each model is conducted.

Further, the relays’ operation times are obtained for faults on all lines of the test

microgrid. The test microgrid in Figure 3.8 is used to conduct two case studies.

Case I: Microgrid Powered only by Droop-based IIDGs

1) Optimal DOCRs Settings at Different Topologies: The network contingencies are

interpreted through a set of constraints corresponding to the contingency considered.

These constraints are then employed by the different OPC models while solving for

the optimal settings, employing the ITC. Table 4.2 displays the optimal TDS and Ip

settings for all DOCRs of the test microgrid using the ITC. The solution of each model

leads to different optimal settings. Thus, the OPC based on the original topology

cannot meet the N-1 criterion because each model has a different set of settings.

Table 4.3 displays the sum of relays’ operation times for near-end, midline, and

far-end faults for each model. The total operation times follow the same pattern, in

which the times decrease with distance from the near-end. The total operation time

obtained for Model 3 is higher than its corresponding total operation times achieved

for Models 1 and 2. This higher total operation time reflects that more cases have

been considered in Model 3 to account for all possible microgrid topologies. The total

operation time achieved for Model 2 is slightly higher than that obtained for Model

1. This slight difference can be interpreted as no significant variation in short-circuit

current levels with the single IIDG outage.

The miscoordination between primary and backup relay sets occurs when the
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Table 4.2: Relays Optimal Settings for the Test Microgrid (Case I)

Model 1 Model 2 Model 3

Relay
TDS Ip TDS Ip TDS Ip

(s) (A) (s) (A) (s) (A)

R1 0.1080 0.5291 0.1642 0.3010 0.1639 0.3000

R2 0.0698 0.9503 0.2345 0.3090 0.2395 0.3001

R3 0.1074 0.3199 0.1123 0.3010 0.1121 0.3000

R4 0.1560 0.6152 0.2928 0.3010 0.5367 0.3001

R5 0.0466 0.4393 0.0610 0.3010 0.0605 0.3028

R6 0.4812 0.3000 0.3488 0.3010 0.4307 0.4805

R7 0.0100 0.3000 0.0101 0.3010 0.0100 0.3000

R8 0.2867 0.3335 0.3819 0.3101 0.4541 0.4765

R9 0.0486 0.9979 0.1864 0.3013 0.1748 0.3316

R10 0.1421 0.5296 0.2159 0.3010 0.2158 0.3002

R11 0.1308 0.3177 0.1353 0.3010 0.1346 0.3004

R12 0.1582 0.3000 0.2465 0.3011 0.2464 0.3002

R13 0.0493 0.5692 0.0723 0.3010 0.0723 0.3001

R14 0.1899 0.3000 0.2972 0.3011 0.1637 0.4666

R15 0.0100 0.3000 0.0101 0.3011 0.0100 0.3000

R16 0.1634 0.3939 0.1382 0.5611 0.4921 0.4281

Table 4.3: Sum of Operation Times for Bolted
Faults in the Test Microgrid (Case I)

#

Values (s)

Model 1 Model 2 Model 3

F1–F8 27.0816 31.9437 46.8655

F9–F16 26.9505 31.6881 46.4431

F17–F24 26.7987 31.3949 45.9166

backup relay operates before the primary relay for a given fault or the backup relay

operates after the primary relay but with a time delay less than the defined CTI.

If a backup relay does not operate for a fault in its assigned zone, it also leads to
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miscoordination. For instance, a bolted fault at F9 on the test microgrid with Line

3-4 outage results in a fault current of 2.3579 pu passing through the primary relay

R1 and 2.3720 pu through its backup relay R10. Using Model 1’s optimal settings, R1

and R10 operate in 0.6616 s and 0.8581 s, respectively. Thus, R10 operates after R1

but with a time delay of 196.5 ms, which is less than the CTI. Using Model 2 optimal

settings relays R1 and R10 operate in 0.6671 s and 0.8649 s, respectively. The backup

relay operates after the primary relay with a time gap of 197.8 ms, less than the CTI.

However, using Model 3 (i.e., the proposed OPC model), optimal settings relays R1

and R10 operate in 0.6646 s and 0.8723 s, respectively, coordinated with CTI = 207.8

ms.

An example of a backup relay that does not operate is R5, which backs up R7

for any faults on lines 3-4 or 4-5 with Line 2-3 out of service. This issue happens

because R5 is connected to an open end, i.e., R5 barely sees a fault current. Thus,

it is not considered in the coordination constraints of Model 3. Also, unfeasible

constraints under some lines’ outages are excluded. For example, considering Line

1-2 outage, the test microgrid splits into two sub-microgrids. The upper feeder has

a unidirectional power flow; therefore, only the upstream relays (R5 and R7) are

considered for coordination constraints. The optimal relays’ settings obtained by

solving the OPC problem are used to test the relay sets coordination for all topologies

in Table I. This analysis highlights the number of coordination violations resulting

from considering each model’s settings. All violations are listed in Table 4.4. The

violations resulting from using Model 1 are much higher than those resulting from

using Model 2. Utilizing Model 3 results in proper coordination for all DOCR pairs

in each topology. Therefore, it is the best option for the OPC.

2) Relays’ Operation Times: To calculate the operation times of each DOCR,

short-circuit currents passing through each relay obtained in Stage I of the OPC pro-

gram are needed. Besides, relay’s optimal settings TDS and Ip attained in Stage II

utilizing the proposed model (Model 3) are employed. The operation times of the

assigned DOCRs are shown in Table 4.5 for selected near-end and far-end faults for

the original islanded topology. Similar results can be obtained for all other topolo-
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Table 4.4: Coordination Violations for Bolted
Faults in the Test Microgrid (Case I)

Number of coordination violations
Topology

Model 1 Model 2 Model 3

Islanded 0 0 0

IIDG1 outage 16 0 0

IIDG2 outage 13 0 0

IIDG3 outage 6 0 0

IIDG4 outage 1 0 0

Line 1-2 outage 9 0 0

Line 2-3 outage 9 0 0

Line 3-4 outage 10 1 0

Line 4-5 outage 15 0 0

Line 1-6 outage 8 3 0

Line 6-7 outage 2 0 0

Line 7-8 outage 1 0 0

Line 8-9 outage 1 0 0

Total violations 91 4 0

gies. The results reveal that the primary and backup DOCRs sets remain correctly

coordinated with a CTI of at least 200 ms under all considered topologies.

Severe voltage drops are unavoidable in islanded microgrids during short-circuit

faults with all current limiting methods, including VI-FCLs. Despite the voltage

drop during faults, the relays’ operation times mainly depend on the fault current

magnitude. The successful operation of the proposed OPC is reported at different

fault resistances in Table 4.6. The table displays the assigned relays operation times

during fault F4 on the upper feeder for Rflt = 1 Ω, Rflt = 5 Ω, and Rflt = 10 Ω.

The relays’ operation times are obtained using the optimal settings of Model 3. The

primary and backup relay sets remain coordinated with CTIs of at least 200 ms. The

results demonstrate that a single set of relay settings can be obtained and guarantees
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Table 4.5: Operation Times for Selected Near-end and Far-end Bolted
Faults in the Test Microgrid (Case I)

Relays operation times (s)

# Primary Backup # Primary Backup

F1

R1 R10

F17

R1 R10

0.6632 0.8735 0.6658 0.8769

R2 R4 R2 R4

0.9703 2.1702 0.9658 2.1611

F2

R3 R1

F18

R3 R1

0.4562 0.6660 0.4582 0.6686

R4 R6 R4 R6

2.1601 2.4631 2.1466 2.4451

F4

R7 R5

F20

R7 R5

0.0387 0.2492 0.0344 0.2533

R8

-
R8

-
5.4003 5.3248

F6

R11 R9

F22

R11 R9

0.4803 0.7562 0.4548 0.7659

R12 R14 R12 R14

1.6796 1.9613 1.6644 1.9385

F7

R13 R11

F23

R13 R11

0.2442 0.4545 0.2427 0.4516

R14 R16 R14 R16

1.9459 5.0545 1.8455 4.8976

optimal coordination of DOCRs under an N-1 contingency (i.e., considering IIDG and

line outages). The operation times increase with the increase of Rflt. This increase

in operation times is expected due to the lower short-circuit currents measured by

DOCRs, and following the ITC, the relays take longer times to operate. It is worth

mentioning that using constant VI-FCLs, feasible OPC solutions are only obtained

for severe faults (i.e., when the fault resistance does not exceed 2 Ω). On the con-
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Table 4.6: Operation Times for a Three-phase Fault
at F4 with Selected Fault Resistances (Case I)

Rflt Relays operation times (s)

(Ω) Primary Backup

1

R7 0.0325 R5 0.2476

R8 4.9392 - -

5

R7 0.0349 R5 0.2867

R8 5.3897 - -

10

R7 0.0396 R5 0.3674

R8 6.3405 - -

trary, utilizing the adaptive VI-FCL attains the OPC feasibility up to 10 Ω. Table

4.6 demonstrates the ability of adaptive VI-FCLs to enhance the sensitivity of the

proposed OPC.

Model 3 increases the summation of the relays’ operation times because it con-

siders more topologies. However, the relay’s individual operation time is relatively

low due to the optimal protection coordination. A further reduction in the relays’

operation times can be achieved using adaptive protection schemes, but it requires

communication. Alternative relay characteristics can be used to further reduce the

relays’ operation times, such as the TCV characteristic [73]. This alternative provides

a non-assisted protection scheme.

The OPC problem is also solved using Model 3, employing the TCV characteristic.

As displayed in Table 4.7, the TCV characteristic with the proposed model results

in a significant reduction of 44% in the total relays’ operation time. Tables 4.8 and

4.9 report the optimal settings and operation times for selected DOCRs of the test

microgrid utilizing the TCV characteristic. Several primary relays on the upper feeder

and the lower feeder have a significant reduction in their operation times, i.e., R4,

R6, R8, and R16.

Case II: Microgrid Powered by Droop-based and Current-controlled IIDGs

In this case study, two current-controlled IIDGs rated at 2-MVA each replace
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Table 4.7: ITC vs TCV characteristic (Case I)

ITC TCV

OPC achieved achieved

# Sum of opera-
tion times (s)

Reduction
percent-
age

F1–F8 46.6466 26.2453 44.00 %

F9–F16 46.2260 26.3490 43.27 %

F17–F24 45.7019 25.4867 44.49 %

Table 4.8: Relays Optimal Settings for the Test Microgrid (Case I)

Using TCV characteristic

# TDS Ip K # TDS Ip K

(s) (pu) (s) (pu)

R1 0.2743 0.3 0.1521 R9 0.9986 0.3 1.9615

R2 1.0000 0.3 1.6781 R10 0.8740 0.3 1.1496

R3 0.7587 0.3 1.4306 R11 0.2933 0.3 1.0169

R4 1.0000 0.3 1.4518 R12 0.4842 0.3 0.9011

R5 0.0976 0.6 1.1132 R13 0.5182 0.3 2.2985

R6 0.3737 0.6 0.7958 R14 0.9893 0.3 1.4898

R7 0.0109 0.3 0.7102 R15 0.1634 0.3 3.5545

R8 1.0000 0.3 1.6341 R16 1.0000 0.3 1.3985

IIDG3 and IIDG4 in the test microgrid. Firstly, the OPC problem is solved when the

microgrid is fully loaded and the current-controlled IIDGs inject their rated powers

before faults. Secondly, the OPC problem is solved when the microgrid is lightly

loaded (i.e., 20% of the rated load) and the current-controlled IIDGs inject 20%

of their rated powers. The OPC settings separately obtained for the two scenarios

are different. The pre-fault generation condition for current-controlled IIDGs does

affect the OPC because these IIDGs do not share the fault current as in the case of
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Table 4.9: Operation Times for Selected Near-end and Far-end Bolted
Faults in the Test Microgrid (Case I)

Relays operation times (s)

Using TCV characteristic

# Primary Backup # Primary Backup

F2

R3 R1

F18

R3 R1

0.7658 0.9700 0.7776 0.9773

R4 R6 R4 R6

0.9793 1.1795 0.9586 1.1557

F3

R5 R3

F19

R5 R3

0.2346 0.7774 0.2400 0.7904

R6 R8 R6 R8

1.1491 1.3723 1.0940 1.2946

F4

R7 R5

F20

R7 R5

0.0212 0.2404 0.0216 0.2652

R8

-
R8

-
1.2802 1.2268

F7

R13 R11

F23

R13 R11

0.2008 0.4007 0.2160 0.4180

R14 R16 R14 R16

1.4934 1.6896 1.2382 1.5429

F8

R15 R13

F24

R15 R13

0.0203 0.2202 0.0292 0.2592

R16

-
R16

-
1.5161 1.3586

droop-based IIDGs. Therefore, the OPC should simultaneously consider the worst-

case pre-fault operating scenarios in the presence of current-controlled IIDGs. Table

4.10 shows the optimal TDS and Ip settings for all DOCRs considering the worst

pre-fault operating scenarios. The displayed results are obtained utilizing Model 3

and the ITC. Table 4.11 lists the operation times of the assigned DOCRs for selected
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Table 4.10: Relays Optimal Settings for the Test Microgrid (Case II)

Relay
TDS Ip

(s) (A)

R1 0.1345 0.3002

R2 0.1781 0.3000

R3 0.0356 0.6951

R4 0.2220 0.3004

R5 0.0234 0.6098

R6 0.2663 0.3000

R7 0.0100 0.3000

R8 0.3476 0.3063

R9 0.1355 0.3000

R10 0.1771 0.3001

R11 0.1356 0.3003

R12 0.1061 0.7565

R13 0.0727 0.3000

R14 0.3005 0.3001

R15 0.0100 0.3000

R16 0.3494 0.3001

near-end and far-end faults for the original islanded topology. These results confirm

the effectiveness of the proposed OPC when the microgrid is powered by a mix of
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Table 4.11: Operation Times for Selected Near-end Bolted Faults
for the Test Microgrid (Case II)

Rated Load Light Load (20%)

Relays operation times (s)

# Primary Backup # Primary Backup

F3

R5 R3

F19

R5 R3

0.2396 0.4465 0.2469 0.4511

R6 R8 R6 R8

1.2979 1.5072 1.2837 1.5072

F4

R7 R5

F20

R7 R5

0.0353 0.2466 0.0335 0.2389

R8

-
R8

-
1.5072 1.5072

F5

R9 R2

F21

R9 R2

0.6734 0.8847 0.6832 0.8976

R10 R12 R10 R12

0.8641 1.0773 0.8542 1.0773

F6

R11 R9

F22

R11 R9

0.4759 0.6828 0.4520 0.6717

R12 R14 R12 R14

1.0773 1.2865 1.0773 1.2865

F7

R13 R11

F23

R13 R11

0.2435 0.4519 0.2413 0.4494

R14 R16 R14 R16

1.2865 1.4957 1.2865 1.4957

F8

R15 R13

F24

R15 R13

0.0334 0.2412 0.0333 0.2413

R16

-
R16

-
1.4957 1.4957
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droop-based and current-controlled IIDGs.

4.5 Conclusion

In designing a reliable OPC scheme, it is essential to consider all possible microgrid

topologies that may result from operation conditions and transients. This chapter

considers the islanded topology of a microgrid and all microgrid topologies that result

from single IIDG and line contingencies. An SCC method that utilizes VI-FCLs to

limit IIDGs fault currents is proposed. The VI-FCLs contribute to microgrid transient

stability, keep the IIDG voltage model intact, and represent a cost-effective current

limiting. The VI-FCLs are selected to be adaptive to enhance the relay sensitivity to

faults with relatively high fault resistances. The OPC program comprises two stages.

In Stage I, the fault currents measured by DOCRs are calculated. Stage II aims at

obtaining the optimal settings of the DOCRs. The typical OPC formulation that

considers no contingencies results in 91 violations. However, including single IIDG

outages reduces OPC violations by 95%. Further, no violations are obtained when all

single IIDG and line outages are considered. As opposed to the ITC characteristic,

the TCV reduces the total relays’ operation time by 44%. The results confirm that

DOCRs in an islanded microgrid can have a single set of optimal settings to main-

tain relays’ coordination under all microgrid topologies resulting from different N-1

contingencies.
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Chapter 5

Harmonic-based Dual-setting

Protection for IBIM

IIDGs limit their output fundamental currents to 150% of the inverter’s rated current

[30]. These low fault currents have an adverse impact on the available protection de-

vices such as overcurrent relays and render their coordination troublesome or infeasi-

ble [1], [69]. Moreover, the IIDG controllers adversely impact the existing commercial

directional elements [69]. Thus, a reliable relaying scheme is required.

5.1 Proposed Harmonic-based Protection

This chapter proposes a protection scheme that triggers a harmonic voltage generation

at the inverter’s terminals upon fault detection. Consequently, harmonic current flows

from IIDGs to the fault location. The deliberately generated harmonic currents are

decoupled from the fundamental currents. Further, the decoupled harmonic currents

can be discriminated from load harmonic currents. Then, HDOCRs are utilized to

measure the harmonic voltages and currents to achieve OPC for islanded microgrids.

5.1.1 IIDG controller and harmonic generation characteristic

The modulation index of the IIDG is augmented with a harmonic modulation index,

mh, before being fed to the pulse width modulation (PWM) block, as illustrated

by Figure 5.1(a). mh determines the magnitude of the adaptive generated harmonic

voltage at the inverter’s terminals and h pertains to the order of the individual injected

harmonic.

As shown in Figure 5.1(a), neither the magnitude nor the angle of the generated

harmonic voltage is regulated by the IIDG droop controller [Figure 5.1(b)] or PQ
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Figure 5.1: The IIDG control block diagram with the proposed adaptive harmonic genera-
tion.

controller [Figure 5.1(c)]. By setting the angular frequency, ω′, and magnitude of

mh, two decoupled layers (i.e., fundamental and harmonic) are formed during faults.

Therefore, the HDOCRs operate based on the measured harmonic currents that are

not impacted by the IIDGs’ limited fundamental current. On the other hand, the

IIDG controller limits the inverter’s current in the fundamental layer, resulting in a

constant current source model for the IIDG.

Upon fault detection, binary variables ka,b,c are set at 1.0, activating the respective

harmonic generation system as shown in Figure 5.1. These variables switch to zero

once the fault is cleared to deactivate the harmonic generation system. Therefore, the

harmonic injection exists only during faults. HDOCRs are then coordinated based on

the measured harmonic voltages and currents. It is worth mentioning that injected

harmonics have a minor effect on power quality since the fault condition typically

lasts for a short time. Other system applications, such as microgrid islanding detec-
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tion, have employed limited harmonics injection for a short period of time [79], [80].

Further, the load harmonics have a phase angle of hδ, i.e., zero-sequence third-order

harmonics. In contrast, the proposed harmonic injection system injects synthetic har-

monics, which are positive-sequence and has a phase angle of δ. Thus, the proposed

HDOCRs can differentiate between load harmonics and generated harmonics.

Fault currents change based on fault severity, i.e., the fault resistance and loca-

tion. Establishing a deliberate harmonic current flow during faults can be attained

by a constant or adaptive harmonic voltage generation. However, the constant har-

monic voltage may fail to produce sensible fault currents for a broader range of fault

resistances, especially at the farthest point from the IIDG’s terminals. This study

proposes a scheme that guarantees reliable protection coordination for higher fault re-

sistances in islanded microgrids. Employing an adaptive harmonic voltage generation

produces higher harmonic fault currents for high resistive faults.

The harmonic voltage is adapted to faults such that its maximum and minimum

magnitudes are generated during the highest resistive faults at the feeder end and

for bolted faults at the IIDG terminals, respectively. The sample microgrid displayed

in Figure 5.2 is considered to elaborate on the harmonic voltage generation. Figure

5.3 depicts the equivalent circuit of the sample microgrid in the harmonic layer. In

Figure 5.3, vh1 and vh2 denote the generated harmonic voltages at the IIDGs’ inverter

terminals. Zf , Ztr, and Zline are the filter, transformer, and line impedances, respec-

tively. The superscript h indicates harmonic quantities. In that figure, the fault F

may result in an unappreciable harmonic fault current measured by relay R2, consid-

ering a high resistive fault. In this case, IhF2 is expected to be low because IIDG2 is

far away from the fault location.

Fault severity can be inferred by sensing the voltage sag, ∆Vo, in the fundamental

layer at the IIDG’s terminals, i.e.,

∆Vo = Vmin − V f
o (5.1)

where Vmin is the lowest normal IIDG output voltage and V f
o denotes the IIDG
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Figure 5.2: A sample microgrid.
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Figure 5.3: Microgrid equivalent model in the harmonic layer.

output voltage during faults, which is lower than Vmin. Vmin is set at 0.88 pu as rec-

ommended by the IEEE Standard 1547 [15]. Vo is obtained using PSCAD/EMTDC

simulations. The extreme fault scenarios are bolted and high resistive faults at the

farthest point from the IIDG’s terminals, resulting in the maximum and minimum

∆Vo, respectively. Promoting higher harmonic voltage generation at the IIDG’s ter-

minals that adapt to fault severity leads to higher harmonic currents at high resistive

faults. Three harmonic voltage characteristics are proposed (i.e., linear, piecewise

linear, and quadratic), tested, and compared as displayed in Figure 5.4 and defined

respectively by (5.2)–(5.4).

|vh| = k1|∆Vo|+ dvhe (5.2)

|vh| =



y1 − dvhe
∆1

|∆Vo|+ dvhe, 0 ≤ |∆Vo| ≤ 0.2

y2 − y1

∆2

(|∆Vo| − 0.2) + y1, 0.2 < |∆Vo| ≤ 0.5

y3 − y2

∆3

(|∆Vo| − 0.5) + y2, 0.5 < |∆Vo| ≤ 0.7

bvhc − y3

∆4

(|∆Vo| − 0.7) + y3, 0.7 < |∆Vo| ≤ 0.88

(5.3)
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Figure 5.4: Proposed adaptive harmonic voltage characteristics.

|vh| = k2|∆Vo|2 + k3|∆Vo|+ k4 (5.4)

where |vh| is the generated harmonic voltage magnitude at the inverter’s terminals.

The slope, k1, of the linear characteristic is calculated using the endpoints represent-

ing the minimum, bvhc, and maximum,dvhe, magnitudes of vh, respectively. Unlike

the linear characteristic, the piecewise linear characteristic assumes different line seg-

ments based on fault harshness, i.e., high, moderate, or severe. The slope for each

line segment is calculated using its endpoints having the ordinates y1, y2, and y3, as

indicated in Figure 5.4. The constants k2, k3, and k4 are the quadratic characteristic

coefficients. The boundaries of each characteristic are set such that vh is at its max-

imum value for the highest resistive fault and at its minimum value for bolted fault

at the IIDG’s terminals.

The main objective of the adaptive harmonic voltage generation is to maximize

the generated voltage based on fault severity while maintaining the IIDG output

current below or equal to its maximum allowable value, ImaxDG , i.e., 1.5 pu, according

to [30]. Thus, an objective function is defined to maximize the sum of all generated

harmonic voltages, V h, i.e.,
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maxV h =
nDG∑
k=1

L∑
l=1

Rtot∑
rf=1

vhklrf (5.5)

where k is the IIDG index, nDG is the total number of IIDGs, and vhklrf is the

individual IIDG’s generated harmonic voltage due to a fault at location l involving

fault resistance rf . L and Rtot are the total numbers of fault locations and resistances,

respectively. All characteristics are bounded by lower and upper bounds defined by

bvhc ≤ y1, y2, y3 ≤ dvhe (5.6)

bvhc ≤ |vh| ≤ dvhe (5.7)

Equality constraints are set at the endpoints of the adaptive quadratic characteristic

by replacing ∆Vo with zero and ∆V max
o as follows:

k4 = dvhe (5.8)

k2|∆V max
o |2 + k3|∆V max

o |+ dvhe − bvhc = 0 (5.9)

The quadratic characteristic can be expressed as a parabola in its vertex form,

with only one coefficient that can be determined using the endpoint (∆V max
o ,bvhc).

The determined coefficients are used to set the lower and upper bounds for k2 and

k3, i.e.,

lb ≤ k2, k3 ≤ ub (5.10)

where lb and ub are the lower and upper bounds of k2 and k3.

Due to the intractability and nonlinearity of the piecewise linear and quadratic

characteristics, a meta-heuristic optimization technique is utilized to optimize their

parameters. The GA has a superior performance compared to other meta-heuristic

algorithms in terms of accuracy and execution time [78]. Therefore, the GA in MAT-

LAB is used to optimize the piecewise linear and quadratic characteristics parameters,

such that it results in the minimum total relays’ operation time.
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Harmonic voltage generation at the inverter’s terminals can be achieved by di-

rectly changing the harmonic modulation signals. The minimum generated voltage

is adapted when a bolted fault is applied at the IIDG’s terminals, such that the

amplitude of the peak output current does not exceed ImaxDG to protect the inverter’s

switches from excessive current. Further, the fundamental current is limited by the

current limiter in the current control loop. Thus, the constraints imposed on the

lowest injected harmonic current, Ihlow, can be established by

bvhc = Ihlow|Zh
tr + Zh

f | (5.11)

Ifundsat + Ihlow ≤ ImaxDG (5.12)

where Ifundsat is the saturated fundamental fault current, set at 1.2 pu. The maximum

generated voltage is adjusted when the maximum fault resistance, Rmax
flt , is applied

at the farthest point from the IIDG’s terminals such that it results in the highest

harmonic fault current, Ihhigh. The IIDGs operate near their nominal current at high

resistive faults, allowing 50% room for the harmonic current. Therefore, dvhe can be

approximated by

dvhe = Ihhigh|Zh
tr + Zh

f + Zfeed +Rmax
flt | (5.13)

where Zfeed is the impedance between the IIDG’s terminals and the farthest point on

the feeder.

5.1.2 Trip characteristics of HDOCRs

Typically, overcurrent protection schemes adopt the ITC characteristic, according to

the IEC standard 60255-151 [72]. Applying the standard ITC for the HDOCR results

in a harmonic ITC (HITC) characteristic defined by

trl = TDSr
A

(
Ihscrl
Ihpr

)B − 1
(5.14)
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where TDSr and Ihpr are the time dial setting and the harmonic pickup current for

relay r, respectively. Ihscrl denotes the harmonic fault current measured by relay r for

a fault location l. trl is the operation time of relay r for a fault location l. A and B

are constants that determine the HDOCR characteristic. Assuming the standard ITC

characteristic, the constants A and B are 0.14 and 0.02, respectively. To enhance the

operation time of HDOCR, the TCV characteristic is implemented in the harmonics

layer. The operation time for the harmonic TCV (HTCV) characteristic can be

obtained as

trl = e(vhfrl−1)K TDSr
A

(
Ihscrl
Ihpr

)B − 1
(5.15)

where vhfrl is the harmonic fault phase voltage measured by relay r for a fault location

l and K is a constant parameter.

5.1.3 The harmonic directional element

The HDOCRs measure harmonic fault voltages and currents; therefore, they can

identify the fault’s current direction [68]. The directional element can be implemented

using

T hr = vhfrI
h
scr

δhr︷ ︸︸ ︷
cos(δhvr − (δhIr + δhZ)) (5.16)

where T hr is the developed torque by relay r. δhvr and δhIr pertain to the phase angles of

the relay’s measured harmonic voltage and current, respectively, and δhZ denotes the

angle of the harmonic impedance of the protected line. The relay’s harmonic torque

angle is represented by δhr . The harmonic directional element logic is given by

Zone =

{
forward, −90◦ ≤ δhr ≤ 90◦

reverse, otherwise
(5.17)

The harmonic directional element is utilized along with the harmonic voltages and

currents measured by HDOCRs to implement the proposed protection scheme.
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5.2 Harmonic Short Circuit Calculations

As a prerequisite step, SCCs should be performed for OPC. This study adopts the

modified nodal method (MNM) initially proposed in [81] and applied by [68] as an

SCC method. The MNM is selected due to its superior computational capabilities

that offer flexible modeling of all system components and handling different system

topologies. Further, the MNM has an outstanding performance compared to the

backward-forward sweep and current injection methods used to solve the power flow

problem in distribution networks [82].

The developed SCC method is denoted in this study by the harmonic short-circuit

current calculation (HSCC) method. The bus admittance matrix is a function of the

harmonic order and models the microgrid buses, including virtual fault buses. The

relationship between voltages and currents in the HSCC is given by


Y h
N B1

B2 B3



V h
N

Ihu

 =


IhN

V h
u

 (5.18)

where Y h
N is the harmonic bus admittance matrix neglecting the harmonic voltage

sources’ contributions. N denotes the total number of system buses, including the

virtual fault locations and the IIDGs’ internal buses. u is the total number of com-

ponents that are not included in Y h
N . V h

N and Ihu comprise the unknown bus harmonic

voltages and the unknown harmonic currents, respectively. V h
u and IhN define the

magnitudes of the known independent harmonic voltages and the known injected

harmonic currents, respectively. The matrices B1 and B2 are determined by the volt-

age sources and their connection to system buses. B1 is a binary matrix with an

element equal to zero if the respective element of Ihu is not related to the correspond-

ing nodal equation and 1.0 otherwise. B2 is also a binary matrix with elements equal

to 1.0 only if the corresponding elements of V h
N and V h

u are equal. B3 is a square

matrix defined by source type (i.e., dependent or independent).

Since IIDGs generate only harmonic voltages, (5.18) can be rewritten as
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
Y h
N B1

B2 0u



V h
N

Ihu

 =


0N

V h
u

 (5.19)

u defines the number of independent harmonic voltage sources regulated by IIDGs.

0N and 0u are columns with N zeros and u× u matrix with all its elements equal to

zero, respectively. The off-diagonal elements of Y h
N are calculated as

yhij =
−1

zhij
(5.20)

zhij denotes line ij impedance (i.e., between buses i and j) and is calculated by

zhij = Rij + jhLijω (5.21)

where Rij and Lij are the resistance and inductance of line ij, respectively. The

diagonal elements of Y h
N are given by

yhii =
N∑
j=1

1

zhij
+

G∑
g=1

1

zhig
(5.22)

zhig models the total impedance from bus i to ground, including the fault impedance

connected to the virtual fault bus vbus, which is calculated as follows:

Zvbus =

{
Rflt, fault at vbus

∞, no fault at vbus
(5.23)

The inline fault is modeled by an impedance Zvbus connected to vbus, where Rflt is

the fault resistance. Solving (5.19) for the unknown nodal harmonic fault voltages

and currents results in
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
V h
N

Ihu

 =


Y h
N B1

B2 0u


−1 

0N

V h
u

 (5.24)

Then, the harmonic fault current is obtained using the nodal harmonic voltages during

the fault:

ihfij =
vhfi − vhfj

zhij
(5.25)

where vhfi and vhfj are the harmonic voltages of buses i and j during a fault, respec-

tively.

5.3 Proposed Protection Coordination

This section explains the proposed OPC problem formulation and describes the OPC

program.

5.3.1 OPC problem formulation

In contrast to the conventional directional relays, which operate only in a forward

direction, the dual setting directional relays can operate in both forward and reverse

directions utilizing two different settings. This study proposes an HDOCR equipped

with a dual setting TCV characteristic for islanded microgrid overcurrent protection

to enhance the relays’ total operation time. The operation times of the dual setting

HDOCR are defined as

trl,fwd = e(vhfrl−1)Kr,fwd TDSr,fwd
A

(
Ihscrl
Ihpr

)B − 1
(5.26)

tlr,rev = e(vhfrl−1)Kr,rev TDSr,rev
A

(
Ihscrl
Ihpr

)B − 1
(5.27)
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where tlr,fwd, TDSr,fwd, and Kr,fwd pertain to the relay operation time for a fault

location l, time dial setting, and constant parameter for the forward operation, re-

spectively. Likewise, tlr,rev, TDSr,rev, and Kr,rev are the relay operation time for a

fault location l, time dial setting, and constant parameter for the reverse operation,

respectively.

The main aim of protection coordination is to minimize the HDOCRs total oper-

ation time while satisfying the coordination constraints. Thus, the objective function

is defined as follows:

minT =
R∑
r=1

L∑
l=1

(tprl,fwd +
K∑
k=1

(tbkrl,fwd + tbkrl,rev)

+ tprl,rev +
K∑
k=1

tbkrl,rev)

(5.28)

where l is the fault location with a total number of L locations, and r is the relay

identifier with R as the total number of relays. p and bk denote the primary and

the kth backup relay, respectively. tprl,fwd, t
bk
rl,fwd, t

p
rl,rev, and tbkrl,rev are computed for

each relay r, employing the harmonic fault voltage and current calculated using the

HSCC.

The OPC program considers a set of constraints to be satisfied to ensure a feasible

solution for the forward and reverse operation of every HDOCR. For the HDOCRs

coordination purposes, the relay settings and coordination constraints should be in-

cluded in the OPC program. The constraints imposed on the relay settings are

TDSmin ≤ TDSr,fwd, TDSr,rev ≤ TDSmax ∀r (5.29)

Kmin ≤ Kfwd, Krev ≤ Kmax ∀r (5.30)

where TDSmin and TDSmax denote the lower and upper bounds of TDSr,fwd and

TDSr,rev, respectively, with values set at 0.01 and 1.0. Kmin and Kmax are the

minimum and maximum values for Kfwd and Krev, respectively. Kmin and Kmax are

equal to 0 and 4.0, respectively.
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A minimum CTI should be maintained between the operation of primary and

backup relays. CTI is set at 0.2 s as recommended by the IEEE Standard 242-2001.

Hence, the CTI constraints are formulated as follows:

tbkrl,fwd − t
p
rl,fwd ≥ CTI ∀r

tbkrl,fwd − t
p
rl,rev ≥ CTI ∀r

(5.31)

The IEEE Standard 519 mandates a maximum harmonic current distortion of

0.04 pu for harmonic orders 3–11 during normal operation. Further, the accuracy of

CT measurements is guaranteed if the measured currents are equal to or above 0.05

pu [83]. Hence, to distinguish the generated harmonics, the pickup current of the

HDOCR is selected to have a value of 0.1 pu. A constraint on the minimum relay

operation time is enforced through the following constraint:

tprl,fwd , t
bk
rl,fwd ≥ tmin ∀r

tprl,rev , t
bk
rl,rev ≥ tmin ∀r

(5.32)

where tmin is the minimum relay operation time set to 20 ms.

5.3.2 OPC program

The algorithm starts by building the bus admittance matrix Y h
N , which includes the

fault location as a virtual bus and is formulated for each fault location. The OPC

program enfolds two stages, as illustrated by the flow chart depicted in Figure 5.5.

The first stage aims at maximizing the generated harmonic voltage to promote higher

harmonic currents at high fault resistances. In Stage I, the harmonic voltage gener-

ation characteristics are tested. The GA in MATLAB is used to obtain optimized

values for the coefficients starting with an initial guess for characteristic coefficients.

Then, the HSCC is employed to obtain bus voltages during faults for several fault

resistances utilizing the optimized harmonic generation characteristic. Next, the bus
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Use the GA to obtain optimal harmonic 

voltage generation characteristic parameters 

Calculate bus harmonic voltages and lines harmonic short-

circuit currents using HSCC involving the fault resistance

Read Microgrid parameters, 

loads,  and IIDGs specifications

Start

For each fault location obtain Yh
 by adding 

a virtual fault bus at lines near and far ends 

All fault resistances and 

locations considered?

No

Map harmonic voltages and short-circuit currents to their 

respective primary and backup relays

Calculate the objective function defined 

by (5.5) using one of the adaptive 

harmonic voltage equations (5.3) or 

(5.4) and the constraints (5.6)–(5.10)

Calculate the objective function defined by (5.28) 

and its constraints (5.29)–(5.32)

End

Display relays’ optimal settings 

(TDSfwd , Kfwd ,TDSrev and Krev)

Yes

Solve the optimization problem using the

Interior-point Algorithm to obtain relays’ optimal settings

Stage I

Stage II

Max Iterations?
No
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Obtain the relays’ total operation time 

for  all fault scenarios considered  

Obtain the minimum total operation time

Employ the harmonic 

voltage linear 

characteristic (5.2)

(1) (2)

(2)

N

Figure 5.5: Flow chart of the proposed OPC program.
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voltages obtained are used to calculate the lines’ short-circuit currents. Finally, the

harmonic short-circuit currents and voltages are mapped to their respective relays.

The second stage determines the optimal relays’ dual setting. The harmonic

short-circuit currents and voltages are used in Stage II, employing the interior-point

algorithm to obtain the optimal relays’ settings TDSfwd, TDSrev, Kfwd, and Krev

that guarantee OPC. The nonlinear constraints formulated using the harmonic short-

circuit currents and voltages resulting from involving several fault resistances are

considered simultaneously in the solution. The solution obtained results in a single

relays’ setting that guarantees optimal coordination under all fault scenarios.

5.4 Performance Evaluation

5.4.1 Test system

The performance of the proposed protection scheme is assessed on the same microgrid

in Figure 3.8. IIDG1 and IIDG3 are replaced with IIDGs having a 2-MVA rating,

as displayed in Figure 5.6. Faults (F1–F16) at the near and far ends are marked as

indicated. Each line hosts two primary relays due to the bidirectional power flow. As

a result, 16 HDOCRs are used for overcurrent protection.

5.4.2 The harmonic layer measurements

The islanded microgrid in Figure 5.6 is simulated using PSCAD/EMTDC, and a

bolted fault at F10 is considered to demonstrate the operation of the proposed pro-

tection scheme. The fault is detected by monitoring the change in the IIDG output

voltage. IIDGs reduce their output voltages upon fault inception to limit their out-

put currents. As a consequence, a severe network-wide voltage sag dominates in the

microgrid. A harmonic voltage is superimposed on the faulted phase once a voltage

sag below 0.88 pu is detected at the IIDG’s terminals. Figure 5.7(a) displays the

IIDG1 output current during F10. This current enfolds a 3rd harmonic component

excited by the superimposed 3rd harmonic voltage and a fundamental component. A
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Figure 5.6: Single line diagram of the test microgrid.
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Figure 5.7: IIDG1 currents during F10: (a) output current. (b) harmonic current.
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Figure 5.8: The harmonic current measured by R4 during F10.
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Figure 5.9: The harmonic current measured by R1 during F1.

fast Fourier transform (FFT) is used to extract the positive-sequence 3rd harmonic

current, depicted in Figure 5.7(b). The IIDGs’ harmonic fault currents flow towards

the fault at F10. As a result, the harmonic current measured by R4 is the sum of

IIDG1’s and IIDG2’s injected harmonic currents, as demonstrated in Figure 5.8. An-

other fault scenario at F1 is considered to illustrate the sensitivity of the proposed

protection scheme to the highest resistive fault (Rmax
flt = 15 Ω). Figure 5.9 shows the

3rd harmonic current measured by the primary relay R1. The harmonic torque angles

of R2 and R3 are displayed in Figure 5.10. The relays R2 and R3 identify a forward

and a reverse fault, respectively, as noted by the angles in Figure 5.10. Since the

harmonic pickup current is exceeded for F1, relays R4, R6, and R8 are triggered due

to the identification of a forward fault. Therefore, R1 and R2 must be designed to

have the fastest operation times for a fault at their primary protection zone.
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Figure 5.10: The harmonic torque angles measured by R2 and R3 during F1.
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Figure 5.11: The magnitude of the harmonic currents measured by relay R1 due to
(a) SLG (b) LL (c) DLG during F1.

Single-line-to-ground (SLG), line-to-line (LL), and double-line-to-ground (DLG)

are applied at F1 with Rmax
flt to illustrate the capability of the proposed harmonic

voltage generation in producing tangible harmonic currents during unbalanced faults.

Figure 5.11 displays the harmonic fault currents measured by R1 during SLG, LL,
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and DLG faults at F1 with Rmax
flt . During unbalanced faults, the 3rd harmonic voltage

is activated only at the faulted phase(s). As noted in Figure 3.11, the harmonic fault

currents of the faulted phase(s) are well above the pickup current (0.1 pu). Hence, the

proposed protection scheme can work with different fault types. It is worth noting

that harmonic-based protection schemes should be immune to faults in unbalanced

IBIMs, but it needs to be tested and could be considered a future work.

5.4.3 OPC using constant and adaptive harmonic voltage

generation

Table 5.1 compares the relays’ total operation times for constant and adaptive har-

monic voltage generation considering relays equipped with only the forward trip char-

acteristic. First, the OPC is solved using constant harmonic voltage generation [67],

optimized for bolted to the highest resistance faults. Although the OPC is feasible

in all fault scenarios, the relays’ total operation times have high values, as noted in

the second column of Table 5.1. Then, the OPC is solved employing a linear adap-

tive harmonic voltage generation optimized for bolted to Rmax
flt resistance faults. The

results in Table 5.1 reveal that the adaptive harmonic protection scheme has two

advantages, a significant reduction of 30.58% and 62.69% in relays’ total operation

time at bolted and high fault resistances and a feasible OPC up to the highest fault

resistance (i.e., Rmax
flt ).

Table 5.2 displays the optimal settings of TDS and K obtained for all HDOCRs

of the test microgrid by solving the OPC problem utilizing constant and adaptive

harmonic voltages. The solution leads to different optimal settings. Table 5.3 re-

ports the relays’ total operation times adopting different adaptive vh characteristics

and the dual setting. Testing various adaptive vh characteristics aims at obtaining

the minimum relays’ total operation times. The results demonstrate that optimized

characteristic coefficients lead to further reducing the total relays’ operation time

compared to the linear characteristic. The minimum relays’ total operation time for

high resistive faults is obtained using the piecewise linear characteristic. The optimal
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Table 5.1: Relays Total Operation Times in Seconds for
Near-end Faults Considering Forward Characteristic

Rflt( Ω)

Values (s)

vh Charctersistic

Constant [67] Adaptive ∆T(%)
Constant vs
Adaptive

0.1 35.172 24.416 30.58

1 36.507 24.646 32.49

3 40.041 24.978 37.62

5 44.252 25.690 41.95

10 58.222 28.396 51.23

15 85.472 31.893 62.69

Table 5.2: Relays Optimal Settings
Considering Forward Characteristic

vh characteristic

Constant Adaptive

Relay
TDS K TDS K

(s) (s)

R1 1.0000 1.7363 0.2100 0.3204

R2 0.3627 0.6812 0.2822 0.3377

R3 1.0000 2.2778 0.1082 0.0492

R4 0.7194 1.1456 0.4679 0.6228

R5 0.4092 0.0000 0.0538 0.0000

R6 1.0000 1.2638 0.7063 0.8508

R7 0.0100 0.5478 0.0100 0.5146

R8 0.2488 0.0974 0.5902 0.8671

R9 0.1385 0.0000 0.1519 0.0000

R10 1.0000 1.3767 0.3643 0.5896

R11 0.1153 0.0000 0.1330 0.0605

R12 0.1987 0.0000 0.1710 0.0000

R13 0.0602 0.0000 0.0654 0.0000

R14 1.0000 0.7512 0.6703 1.1861

R15 0.0100 0.5599 0.0100 0.5216

R16 1.0000 0.2848 1.0000 1.3121
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Table 5.3: Relays Total Operation Times in Seconds for Near-end
Faults with TCV Dual Setting and Various Characteristic

Rflt( Ω)

Values (s)

Linear Piecewise
Linear

Quadratic ∆T(%)
Linear vs
Piecewise
Linear

0.1 34.809 34.726 35.833 0.24

1 35.138 35.139 35.530 0.00

3 35.623 35.625 35.048 0.00

5 36.652 36.373 35.882 0.76

10 40.560 37.980 40.660 6.36

15 45.591 45.470 47.838 0.27

Table 5.4: Relays Optimal Dual Setting
with Piecewise Characteristic

Relay TDSfwd Kfwd TDSrev Krev

(s) (s)

R1 0.2048 0.3587 0.2690 0.3352

R2 0.2692 0.3365 0.2046 0.3571

R3 0.1047 0.0801 0.4447 0.6170

R4 0.4446 0.6174 0.1047 0.0797

R5 0.0504 0.000 0.6716 0.8459

R6 0.6709 0.8455 0.0504 0.0000

R7 0.0100 0.5705 0.7991 1.2527

R8 0.7991 1.2536 - -

R9 0.1451 0.0000 0.3560 0.6285

R10 0.3565 0.6308 0.1451 0.0000

R11 0.1314 0.1026 0.1638 0.0000

R12 0.1638 0.0000 0.1248 0.0457

R13 0.0619 0.0000 0.6262 1.1612

R14 0.6267 1.1629 0.0619 0.0000

R15 0.0100 0.5763 1.0000 1.3774

R16 1.0000 1.3784 - -
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dual setting obtained achieved OPC for bolted faults and up to 15 Ω fault resistance.

Table 5.4 lists the relays’ optimal settings for forward and reverse fault directions

obtained from solving the OPC problem employing the piecewise linear characteristic.

The relay’s optimal settings, along with the calculated harmonic voltages and

short-circuit currents, are used to obtain the relay’s operation time. Table 5.5 re-

ports a breakdown of the relays’ operation times in response to bolted faults. The

primary and backup relay sets are adequately coordinated with CTIs of at least 0.2

s. Furthermore, the backup relays on the lines adjacent to the faulty line have the

same operation times, enabling the clearance of the fault instantly from both sides.

The relays’ operation times are obtained using the optimal dual setting displayed in

Table 5.4.

Table 5.6 displays the relays’ operation times in response to Rmax
flt . The results are

obtained using the same optimal dual setting of Table 5.4. Using the same settings

confirms the capability of the proposed dual setting protection scheme to achieve

OPC up to the maximum fault resistance and its sensitivity to high resistive faults.

The primary and backup relays remain coordinated without violating the minimum

value of the CTI.
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Table 5.5: Operation Times in Seconds for Bolted Faults
Utilizing the Proposed Scheme with TCV Dual Setting

# Primary Backup1 Backup2 # Primary Backup1 Backup2

F1

R1 R9 R10

F9

R1 R9 R10

0.6121 0.8121 0.8121 0.6158 0.8169 0.8172

R2 R3 R4 R2 R3 R4

0.8135 1.0147 1.0154 0.8098 1.0101 1.0105

F2

R3 R2 R1

F10

R3 R2 R1

0.4159 0.6159 0.6159 0.4185 0.6197 0.6199

R4 R5 R6 R4 R5 R6

1.0103 1.2141 1.2153 1.0054 1.2083 1.2089

F4

R7 R6 R5

F12

R7 R6 R5

0.0200 0.2200 0.2200 0.0202 0.2220 0.2220

R8

- -
R8

- -
1.4025 1.3962

F5

R9 R1 R2

F13

R9 R1 R2

0.6137 0.8137 0.8137 0.6165 0.8175 0.8177

R10 R11 R12 R10 R11 R12

0.8120 1.0248 1.0248 0.8068 1.0171 1.0171

F6

R11 R10 R9

F14

R11 R10 R9

0.4162 0.6166 0.6166 0.4186 0.6204 0.6204

R12 R13 R14 R12 R13 R14

1.0169 1.2181 1.2186 1.0124 1.2124 1.2124

F7

R13 R12 R11

F15

R13 R12 R11

0.2187 0.4208 0.4187 0.2200 0.4232 0.4211

R14 R15 R16 R14 R15 R16

1.2122 1.5583 1.5519 1.2066 1.5517 1.5517
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Table 5.6: Operation Times in Seconds for 15 Ω Resistance Faults
Utilizing the Proposed Scheme with TCV Dual Setting

# Primary Backup1 Backup2 # Primary Backup1 Backup2

F1

R1 R9 R10

F9

R1 R9 R10

0.8593 1.0603 1.0603 0.8677 1.0677 1.0677

R2 R3 R4 R2 R3 R4

1.0202 1.2202 1.2202 1.0123 1.2130 1.2130

F2

R3 R2 R1

F10

R3 R2 R1

0.6663 0.8679 0.8679 0.6754 0.8754 0.8754

R4 R5 R6 R4 R5 R6

1.2128 1.4128 1.4128 1.2049 1.4055 1.4054

F4

R7 R6 R5

F12

R7 R6 R5

0.0313 0.4838 0.4838 0.0315 0.4940 0.4940

R8

- -
R8

- -
1.6716 1.6584

F5

R9 R1 R2

F13

R9 R1 R2

0.8194 1.0204 1.0204 0.8274 1.0274 1.0274

R10 R11 R12 R10 R11 R12

1.0602 1.5418 1.5418 1.0519 1.5148 1.5148

F7

R13 R12 R11

F15

R13 R12 R11

0.2754 0.4935 0.4970 0.2772 0.4960 0.4994

R14 R15 R16 R14 R15 R16

1.6965 1.8965 1.8965 1.6779 1.8829 1.8829

5.5 Conclusion

The limited fault current contributions from IIDGs introduce formidable protection

challenges in islanded microgrids. Consequently, overcurrent protection may fail to

distinguish between normal load and short-circuit currents. A harmonic-based pro-

tection scheme that does not rely on communication is developed for islanded micro-

grids to ensure reliable overcurrent protection. Once a fault is detected, a harmonic
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current flow is established by utilizing the IIDG controller to generate adaptive har-

monic voltages based on fault severity. The adaptive harmonic voltage is optimized

to maximize the harmonic current flow during faults, thus, reducing the relays’ to-

tal operation time. A two-stage OPC program is developed that employs an HSCC

method. Stage I determines the optimized coefficients of the harmonic generation

characteristics and the relays’ harmonic voltages and currents. In Stage II, a univer-

sal set of dual settings that maintain HDOCRs coordination is obtained utilizing the

HTCV characteristic and a harmonic directional element. The proposed protection

scheme provides non-expensive and reliable overcurrent protection for islanded mi-

crogrids powered by IIDGs. Further, the adaptive harmonic voltage reduces the total

relays’ operation time and achieves coordination for bolted to the highest resistance

faults.
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Chapter 6

Harmonic-based Protection of

IBIM Considering N-1

Contingency

Solving the OPC problem for the main network topology results in coordination

violations when the network experiences a contingency. Therefore, all possible single

outages of IIDGs and lines should be considered in the OPC formulation to ensure a

reliable protection scheme.

6.1 Proposed Harmonic-based Protection

The linear adaptive harmonic voltage generation system devised in Chapter 5 is em-

ployed to design a new overcurrent protection scheme. In addition, the OPC for-

mulation accommodates all single IIDGs and lines outages to guarantee protection

coordination under N-1 contingencies.

The new protection scheme activates the harmonic voltage generation at the in-

verter’s terminals upon fault detection. As a result, harmonic current flows from

IIDGs to the fault location. The HDOCRs are utilized to measure the harmonic

voltages and currents to achieve OPC for islanded microgrids.

6.1.1 OPC problem formulation

HDOCRs are equipped with a single TCV characteristic for islanded microgrid over-

current protection. The operation time of the HDOCR is given by

100
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trl = e(vhfrl−1)Kr TDSr
A

(
Ihscrl
Ihpr

)B − 1
(6.1)

where trl, TDSr, and Kr denote the relay operation time for a fault location l, time

dial setting, and constant parameter for the forward operation, respectively. The

constants A and B determine the relay characteristic. Assuming the standard ITC

characteristic, the constants A and B are 0.14 and 0.02, respectively.

The objective function is defined as follows:

minT =
R∑
r=1

tr (6.2)

where tr is the operation time of relay r in response to its respective near-end fault. tr

is calculated for all the HDOCRs, utilizing the harmonic fault voltages and currents

computed using the HSCC (Subsection 5.2).

The OPC program considers a set of constraints representing all possible IIDG and

line outages to be satisfied to ensure a feasible solution for the OPC. The constraints

imposed on the relay settings are

Ipr,min ≤ Ipr ≤ Ipr,max ∀r (6.3)

TDSmin ≤ TDSr ≤ TDSmax ∀r (6.4)

Kmin ≤ Kr ≤ Kmax ∀r (6.5)

where Ipr,min and Ipr,max pertain to the minimum and maximum pickup current,

respectively. TDSmin and TDSmax denote the lower and upper bounds of TDSr,

respectively, with values set at 0.01 and 1.0. Kmin and Kmax are the minimum

and maximum values for Kr, respectively. Kmin and Kmax are equal to 0 and 4.0,

respectively. A CTI is set at 200 ms as recommended by the IEEE Standard 242-2001.

Thus, the CTI constraint is defined as:

tbkcr − tpcr ≥ CTI ∀r (6.6)
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where tpcr and tbkcr are the operation time of the primary relay r and its backup relay

bk when the microgrid topology c is formed. The relay constraints remain the same

for the islanded topology with all IIDGs and lines engaged and any IIDG outage. In

contrast, every topology formed due to a line outage has different set of constraints

corresponding to the faults considered in the resulting topology.

A constraint on the minimum relay operation time is imposed through the follow-

ing constraint:

tpcr, t
bk
cr ≥ tmin ∀r (6.7)

where tmin is the minimum relay operation time set to 20 ms.

According to [83], the accuracy of CT measurements is guaranteed for current

measurements at least 0.05 pu. Further, adhering to the IEEE Standard 519 that

mandates a maximum harmonic current distortion of 0.04 pu for harmonic orders

3–11 during normal operation. Thus, the HDOCR Ipr,min and Ipr,max are set at 0.06

pu and 0.1 pu, respectively.

6.1.2 OPC program

The algorithm starts by building the bus admittance matrix Y h
N , including the virtual

fault bus, formulated for each fault location. The OPC program encompasses two

stages, as illustrated by the flow chart displayed in Figure 6.1. In Stage I, the adaptive

linear harmonic voltage generation characteristic is employed. Firstly, bus voltages

during faults are obtained for several fault resistances using the HSCC. Secondly, the

bus voltages obtained are used to calculate the lines’ short-circuit currents. Finally,

the harmonic short-circuit currents and voltages are mapped to their respective relays.

The harmonic short-circuit currents and voltages are used in Stage II, utilizing the

interior-point algorithm to obtain the optimal relays’ settings TDS and K that guar-

antee OPC. The nonlinear constraints formulated using the harmonic short-circuit

currents and voltages resulting from involving several fault resistances under different

contingencies are considered simultaneously in the solution. The obtained solution

results in universal relays’ settings that ensure optimal coordination under all con-
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Use the HSCC to calculate bus harmonic voltages and lines 

short-circuit currents with the fault resistance involved

Read Microgrid parameters, 

loads,  and IIDGs specifications

Start

No

Assign harmonic voltages and short-circuit currents 

to their respective relays

Compute the objective function defined by (6.2) 

and its constraints (6.3)–(6.7)

End

Print relays’ optimal settings 

(TDS , Ip and K)

Yes

Utilize the Interior-point Algorithm to 

Obtain  relays’ optimal settings

Stage I

Stage II

Employ the harmonic voltage linear characteristic (5.2)

All fault locations 

considered?

All topologies 

considered?

No

Consider another 

network topology

Yes

Construct Yh
 for each fault location by adding 

a virtual fault bus at the respective line near end

For each network topology

considered, build Yh

N

N

Figure 6.1: Flow chart of the proposed OPC program.

sidered network topologies.
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Table 6.1: Relays Optimal Settings for the Test Microgrid (Case I)

Model 1 Model 2 Model 3

Relay
TDS K TDS K TDS K

(s) (s) (s)

R1 0.2091 0.3175 0.2403 0.1486 0.2439 0.1508

R2 0.2825 0.3411 0.3604 0.1936 0.3687 0.2160

R3 0.1075 0.0451 0.1512 0.0912 0.1514 0.0713

R4 0.4666 0.6205 0.5152 0.3292 0.5363 0.3740

R5 0.0535 0.0000 0.0731 0.0112 0.0751 0.0022

R6 0.7053 0.8487 0.6713 0.3971 0.7204 0.4803

R7 0.0100 0.5643 0.0108 0.3938 0.0100 0.0046

R8 0.6093 0.9007 0.5382 0.0031 0.5402 0.0133

R9 0.1517 0.0000 0.2287 0.0070 0.2312 0.0128

R10 0.3623 0.5846 0.3593 0.2527 0.3667 0.2641

R11 0.1330 0.0628 0.1687 0.0590 0.1619 0.0058

R12 0.1716 0.0000 0.3484 0.0019 0.3514 0.0018

R13 0.0651 0.0000 0.0852 0.0298 0.0848 0.0046

R14 0.6763 1.1928 0.7491 0.5928 0.7627 0.6057

R15 0.0100 0.5718 0.0202 1.0366 0.0100 0.1172

R16 1.0000 1.3070 0.7531 0.3095 0.7584 0.3095

6.2 Performance Evaluation

This section provides the OPC results obtained using the three models described in

Table 4.1. Two case studies are conducted on the test microgrid in Figure 5.6.

Case I: Non-identical IIDGs and Fixed Pickup Current

In this case study, two IIDGs rated at 2-MVA (IIDG1 and IIDG3) and two rated at

3 MVA (IIDG2 and IIDG4). The resulting contingencies are interpreted by a set of

constraints that correspond to each contingency considered. Then, these constraints

are utilized by the different OPC models while solving for the optimal relays’ settings.

Table 6.1 lists the optimal settings of TDS and K for all HDOCRs of the test
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Table 6.2: Coordination Violations for Considered
Fault Resistances in the Test Microgrid

Topology

Number of coordination violations

Model 1 Model 2 Model 3

Islanded 0 0 0

IIDG1 outage 8 0 0

IIDG2 outage 6 0 0

IIDG3 outage 16 0 0

IIDG4 outage 6 0 0

Line 1-2 outage 0 0 0

Line 2-3 outage 0 0 0

Line 3-4 outage 0 0 0

Line 4-5 outage 6 2 0

Line 1-6 outage 0 0 0

Line 6-7 outage 0 0 0

Line 7-8 outage 0 0 0

Line 8-9 outage 3 2 0

Total violations 45 4 0

microgrid using the three models. The optimal settings obtained for each model

are different. Hence, considering the main topology cannot satisfy the N-1 criterion.

Table 6.2 displays the coordination violations. Model 3 results in proper coordination

of all HDOCRs pairs for all topologies considered.

The relays’ optimal settings obtained utilizing Model 3 (the proposed model),

along with the harmonic voltages and short-circuit currents, are used to calculate the

HDOCRs’ operation times. The obtained operation times for selected near-end and

far-end bolted faults for the main topology are displayed in Table 6.3. The results

reveal that the assigned primary and backup HDOCRs pairs are coordinated under

all considered topologies without coordination violations.
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Table 6.3: Operation Times for Selected Near-end
and Far-end Bolted Faults with Fixed Ip (Case I)

Relays operation times (s)

# Primary Backup # Primary Backup

F1

R1 R10

F9

R1 R10

0.8860 1.1890 0.8903 1.1946

R2 R4 R2 R4

1.2595 1.5644 1.2538 1.5574

F2

R3 R1

F10

R3 R1

0.5984 0.8904 0.6016 0.8950

R4 R6 R4 R6

1.5572 1.8812 1.5499 1.8724

F3

R5 R3

F11

R5 R3

0.3203 0.6017 0.3220 0.6048

R6 R8 R6 R8

1.8722 3.2804 1.8636 3.2628

F4

R7 R5

F12

R7 R5

0.0351 0.3221 0.0353 0.3245

R8

-
R8

-
3.2623 3.2508

F5

R9 R2

F13

R9 R2

0.9681 1.2599 0.9727 1.2659

R10 R12 R10 R12

1.1888 2.1895 1.1827 2.1729

Case II: Identical IIDGs and Variable Pickup Current

The test microgrid in Figure 3.8 is used to conduct this case study for a fair comparison

with the VI-FCL overcurrent protection scheme. Table 6.4 displays the HDOCRs’

optimal settings with variable Ip. The relays’ optimal settings in Table 6.4 are used

to obtain the relays’ operation times. Table 6.5 reports the operation times of the

HDOCRs of the test microgrid for bolted faults. The primary and backup relay pairs
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Table 6.4: Relays Optimal Settings for the Test Microgrid (Case II)

Relay TDS (s) Ip (pu) K

R1 0.1716 0.0991 0.0000

R2 0.3649 0.0694 0.2096

R3 0.1300 0.0796 0.0000

R4 0.4946 0.0779 0.3637

R5 0.0781 0.0600 0.0000

R6 0.6624 0.0857 0.5323

R7 0.0100 0.0600 0.2310

R8 1.0000 0.0600 0.4630

R9 0.2669 0.0600 0.0857

R10 0.2722 0.1000 0.0000

R11 0.1748 0.0600 0.0038

R12 0.5753 0.0600 0.0000

R13 0.0906 0.0600 0.0000

R14 1.0000 0.0851 0.6358

R15 0.0100 0.0600 0.2395

R16 1.0000 0.1000 0.4399

are coordinated with CTIs of at least 0.2 s.

Employing variable pickup current results in further reduction of individual relays’

operation times, as noted in Table 6.6. Table 6.7 displays the operation times of the

HDOCRs of the test microgrid for the highest resistive fault (i.e., Rmax
flt = 15 Ω). The

primary and backup relay pairs remain coordinated with CTIs equal to or greater

than 0.2 s.

Table 6.8 compares the harmonic generation and the VI-FCL overcurrent pro-

tection schemes from a speed and sensitivity perspective. The VI-FCL results in a

feasible OPC considering N-1 contingency up to 10 ohms in the main topology. In

contrast, with the harmonic-based protection scheme, an OPC can be achieved under

N-1 contingency up to Rmax
flt . Further, the harmonic-based protection scheme signifi-
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Table 6.5: Operation Times for Selected Near-end and
Far-end Bolted Faults with Variable Ip (Case II)

Relays operation times (s)

# Primary Backup # Primary Backup

F1

R1 R10

F9

R1 R10

0.6501 1.0358 0.6535 1.0408

R2 R4 R2 R4

0.9385 1.1539 0.9344 1.1484

F2

R3 R1

F10

R3 R1

0.4408 0.6536 0.4430 0.6571

R4 R6 R4 R6

1.1483 1.3659 1.1428 1.3587

F3

R5 R3

F11

R5 R3

0.2329 0.4431 0.2340 0.4453

R6 R8 R6 R8

1.3585 2.6600 1.3516 2.6445

F4

R7 R5

F12

R7 R5

0.0200 0.2340 0.0201 0.2356

R8

-
R8

-
2.6442 2.6368

F5

R9 R2

F13

R9 R2

0.7271 0.9388 0.7302 0.9430

R10 R12 R10 R12

1.0356 2.4510 1.0302 2.4348

cantly reduces the total relays operation times by 20.62% and 51.63% at bolted and

moderate high resistance faults, respectively.

Table 6.9 reports a sensitivity analysis for the harmonic and VI-FCL schemes.

The VI-FCL scheme maintains the protection coordination for resistive faults up to

10 ohms compared to 15 Ω for the harmonic scheme for the main topology. Under

N-1 contingency, the VI-FCL scheme can maintain protection coordination for severe
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Table 6.6: Reduction in Individual Relays’ Operation
Times for Selected Near-end Bolted Faults (Case II)

Relays operation times (s)

Fixed Ip Variable Ip ∆ t (s) ∆ t (s)

# Primary Backup # Primary Backup Primary Backup

F1

R1 R10

F1

R1 R10

0.8860 1.1890 0.6501 1.0358 0.2359 0.1532

R2 R4 R2 R4

1.2595 1.5644 0.9385 1.1539 0.3210 0.4105

F2

R3 R1

F2

R3 R1

0.5984 0.8904 0.4408 0.6536 0.1576 0.2368

R4 R6 R4 R6

1.5572 1.8812 1.1483 1.3659 0.4089 0.5153

F3

R5 R3

F3

R5 R3

0.3203 0.6017 0.2329 0.4431 0.0874 0.1586

R6 R8 R6 R8

1.8722 3.2804 1.3585 2.6600 0.5137 0.6204

F4

R7 R5

F4

R7 R5

0.0351 0.3221 0.0200 0.2340 0.0151 0.0881

R8

-
R8

- -
3.2623 2.6442 0.6181

F5

R9 R2

F5

R9 R2

0.9681 1.2599 0.7271 0.9388 0.2410 0.3211

R10 R12 R10 R12

-
1.1888 2.1895 1.0356 2.4510 0.1532
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Table 6.7: Operation Times for Selected Near-end and
Far-end 15 Ω resistance Faults with Variable Ip (Case II)

Relays operation times (s)

# Primary Backup # Primary Backup

F3

R5 R3

F11

R5 R3

0.4002 0.6743 0.4034 0.6779

R6 R8 R6 R8

1.5629 2.9796 1.5594 2.9685

F4

R7 R5

F12

R7 R5

0.0266 0.4035 0.0267 0.4074

R8

-
R8

-
2.9681 2.9620

F7

R13 R11

F15

R13 R11

0.2715 0.4966 0.2726 0.4982

R14 R16 R14 R16

4.1948 4.4063 4.1576 4.3848

F8

R15 R13

F16

R15 R13

0.0266 0.2726 0.0267 0.2736

R16

-
R16

-
4.3840 4.3612

Table 6.8: Relays Total Operation Times Considering Near-end Faults

Rflt

Adaptive

∆T(%)
VI-FCL Harmonic Voltage

0.1 48.2272 38.2836 20.62

1 48.2393 38.5716 20.04

3 55.6110 39.0422 29.79

5 63.8686 40.1193 37.18

10 91.2693 44.1455 51.63

15 – 49.2848 –
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Table 6.9: Protection Schemes Sensitivity

Outage Rflt (Ω) Harmonic VI-FCL

0–3 X X

No outage 3–10 X X

10–15 X ×

0–3 X X

All single IIDG outages 3–10 X ×

10–15 × ×

0–1 X X

All single line outages 1–10 X ×

10–15 × ×

faults (up to 3 Ω), while the harmonic scheme can preserve the coordination up to

moderate high resistance faults (up to 10 Ω).

6.3 Conclusion

The fault currents measured by overcurrent protective relays in IBIM are comparable

to the nominal load current even at low resistive faults. Therefore, a communication-

less harmonic-based protection scheme is developed for islanded microgrids to provide

reliable overcurrent protection. In addition, the IIDG controller is modified to include

a linear adaptive harmonic voltage generation function that generates a harmonic

voltage based on fault severity. A two-stage program is developed which utilizes an

HSCC method. The first stage calculates the relys’ harmonic voltages and currents. In

Stage II, a single relays’ settings that preserve HDOCRs coordination employing the

HTCV characteristic and a harmonic directional element are obtained. The proposed

protection scheme achieves coordination for bolted to the highest resistance faults for

the main topology. Further, it is capable of maintaining coordination up to 10 Ω for

all single IIDG and line outages.

111



Chapter 7

Conclusions

7.1 Summary

The effect of IIDGs limited fault current contributions on overcurrent protective re-

lays has been tackled. The studies were based on time-domain simulations using

PSCAD/EMTDC software and algorithms developed in the MATLAB environment.

The objective of the studies was threefold: unveiling any transient stability issues

associated with IIDG current saturation under low resistive fault conditions, devising

a modified IIDG controller to confront these problems without the need for com-

munication, extra hardware, and protecting the inverter’s switches from overcurrent.

The studies broadly utilized two layers, namely fundamental and harmonic. The

dissertation has focused on two topics in the overcurrent protection of IBIM:

1. Fundamental-based overcurrent protection: A control algorithm is developed

utilizing an adaptive VI-FCL that adapts to fault severity to enhance the over-

current protection scheme. The adaptive VI-FCL serves two objectives: pro-

tecting the inverter’s switches from overcurrent while ensuring a feasible OPC

for IBIM under various fault scenarios. The OPC problem is formulated as a

constrained nonlinear programming problem and solved to obtain the optimal

DOCRs settings. The results confirm that DOCRs in an islanded microgrid can

have a single set of optimal settings to maintain relays’ coordination under all

microgrid topologies resulting from different N-1 contingencies.

2. Harmonic-based overcurrent protection: An adaptive harmonic generation sys-

tem is proposed by modifying the IIDG controller to generate a third harmonic

voltage based on fault severity. The generated harmonic voltage results in a

harmonic layer formed during short-circuit faults and is decoupled from the fun-
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damental fault current, i.e., limited by IIDGs.The harmonic-based protection

scheme utilizes the generated harmonic voltages and currents at the relay loca-

tion to ensure the OPC of IBIM. In addition, the proposed protection scheme

employs dual-setting HDOCRs capable of operating in forward and reverse di-

rections. The results demonstrate the ability of the proposed scheme to protect

islanded microgrids without communication and its capability to reduce relays’

operation times. The proposed adaptive harmonic generation system is utilized

in another protection scheme employing HDOCRs equipped with forward trip

characteristic. The results reflect that the proposed scheme can protect IBIM

under different N-1 contingencies using universal relys’ settings. The OPC is

achieved up to the maximum resistive fault in the main topology.

7.2 Contributions

The contributions of this dissertation can be summarized as follows:

Development of a new OPC framework with an SCC algorithm for islanded mi-

crogrids, in which:

� A VI-FCL is developed to limit the inverter’s fault current, avoid the reference

current saturation, and enhance microgrid transient stability. Further, the VI-

FCL keeps the voltage source model intact, which reduces the complexity of the

SCC;

� A two-stage OPC algorithm is proposed for islanded microgrids. The algo-

rithm adaptively adjusts the VI-FCLs and calculates relays’ currents in Stage

I, which are used in Stage II for protection coordination based on the standard

ITC and the TCV characteristics. The adaptive VIFCLs allow for solving the

OPC problem at a broader range of fault resistances and enhance the DOCR

sensitivity;

� The OPC problem is solved considering N-1 contingency, including all possible

single line and IIDG outages during the islanding mode. Including contingencies
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guarantees the reliable operation of islanded microgrids.

Development of an OPC algorithm based on an adaptive harmonic voltage gener-

ated by IIDGs, which makes microgrid protection independent of the limited funda-

mental current during faults, in which:

� An adaptive harmonic voltage generation characteristic produces tangible fault

current measurements for a broader range of fault resistances. The use of the

adaptive harmonic voltage enhances protection sensitivity;

� A new OPC formulation is developed for islanded microgrids involving a two-

stage algorithm. The algorithm tests various harmonic voltage generation char-

acteristics in the first stage to maximize the harmonic voltage resulting in more

tangible harmonic currents;

� In the second stage, the harmonic voltages and currents are used to achieve

protection coordination utilizing HDOCRs equipped with dual TCV character-

istics. The dual setting reduces relays’ total operation time and handles reverse

fault currents without communication;

� A new overcurrent protection scheme is proposed utilizing an adaptive harmonic

linear characteristic using relays with a forward trip characteristic. The two-

stage OPC algorithm is used and the protection coordination problem is solved

considering all possible N-1 contingencies. Including contingencies ensures a

secure and dependable operation of islanded microgrids.

It is worth mentioning that although the optimal settings obtained considering

balanced faults, the relay might take longer to respond to unbalanced faults because

of the change in the fault current levels. However, using relays equipped with fault-

type classifiers can be programmed to switch between multiple characteristics based

on fault type. Low-bandwidth communication can be used as means to select the

appropriate trip characteristic. Hence, achieving enhanced relay operation times can

be considered in future work.
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7. CONCLUSIONS

7.3 Future Work

Building on the results obtained in this dissertation, further research on the protection

of IBIM may include the following topics:

1. OPC for IBIM utilizing the harmonic-based overcurrent protection considering

unbalanced faults,

2. Enhancement of the harmonic-based overcurrent protection scheme speed under

contingencies, and

3. Planning of overcurrent protection coordination for IBIM.
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Appendix A

A1. Parameters based on IIDG rating

Paramter Value (pu)

mp 0.022

nq 0.229

Rf 0.003

Lf 0.2

Cf 0.04

Kvp 1.0

Tvi 0.1

Kip 0.1

Tii 2.0

H 0.5
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