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ABSTRACT

This work presents a new protection function for microgrids based on differential

current, with a smaller number of current transformers (CT) than in the conventional

approach, complemented by a dead zone logic and an adaptive minimum operating

current element. To achieve this objective, a medium voltage (MT) microgrid was

modeled and simulated using the EMTP program. The algorithm was computationally

implemented and simulations were carried out to test its effectiveness, supported by the

correct definition of protection zones as a relevant aspect. The results demonstrated

that the proposed method responds reliably and safely to various types of short-circuits

that occur in different locations of the microgrid, with several fault impedances, at the

same time. Furthermore, its robust performance has been confirmed under different

operating conditions, including on-grid and off-grid modes, as well as ring and radial

topologies. The proposed protection method represents a viable alternative for the

protection of microgrids due to its simplicity, independence from the generation-load

balance, the need of fewer current transformers compared to traditional differential

protection scheme, and its dependability and security. Furthermore, although the

number of CTs is smaller than there would be conventionally for a differential element,

the backup logic for dead zones ensures that the microgrid is logically, and physically,

covered by the complete protection scheme.

Keywords: Converter-based sources; Dead Zone; Differential Protection; Electrical

Microgrids; Incremental Quantities; Renewable Sources.



RESUMO

UM ESQUEMA DE PROTEÇÃO DIFERENCIAL ALTERNATIVO PARA

MICROREDES ELÉTRICAS

Este trabalho apresenta uma nova função de proteção para microrredes baseada

na corrente diferencial, com um número de transformadores de corrente (TC) menor

do que na abordagem convencional, complementada por uma lógica de zona morta e

um elemento adaptativo de corrente mínima de operação. Para atingir este objetivo,

uma microrrede de média tensão (MT) foi modelada e simulada utilizando o programa

EMTP. O algoritmo foi computacionalmente implementado e foram efetuadas simu-

lações para testar a sua eficácia, sempre colocando como aspecto relevante a definição

das zonas de proteção. Os resultados demonstraram que o método proposto responde

de forma confiável e segura a vários tipos de curtos que ocorrem em diferentes locais

da microrrede, com diferentes valores de impedância de falta, em tempo simultâneo.

Além disso, o seu desempenho robusto foi confirmado em diferentes condições opera-

cionais, incluindo os modos on-grid e off-grid, bem como topologias em anel e radiais.

O método de proteção proposto representa uma alternativa viável para a proteção

de microrredes devido à sua simplicidade, independência do balanço geração-carga, à

menor necessidade de transformadores de corrente em comparação com os esquemas

de proteção diferencial tradicionais e à sua confiabilidade e segurança globais. Ainda,

embora o número de TCs seja menor do que haveria convencionalmente para um ele-

mento diferencial, a lógica de retaguarda para zonas mortas garante que a microrrede

seja logicamente, e fisicamente, coberta pelo esquema completo de proteção.

Palavras-chave: Fontes baseadas em conversor; Zona morta; Proteção Diferencial;

Microrredes Elétricas; Quantidades Incrementais; Fontes renováveis.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

The growing insertion of intermittent renewable sources represents a sustainable al-

ternative for electric energy generation as centralized or distributed generation (DG).

Nevertheless, it brings operation challenges because of their uncontrollable nature and

variability. As the transition of the electrical energy matrix progresses for the triennium

2025/27, the National System Operator (ONS. . . , 2020) anticipates the introduction

of new energy sources and technologies. This shift will bring innovative approaches

to utilizing generation sources, challenging existing paradigms. In 2022, the estimated

distributed generation of the National Interconnected System (SIN) was 16 GW. Draw-

ing attention to the Northeast in Brazil, it is noteworthy that on 21/10/22, at 10 am,

there was a record-breaking solar photovoltaic generation, reaching an average hourly

output of 3,667 MW. This achievement accounted for 31% of the load being supplied

by this source. Furthermore, on 19/10/22, at 10 pm, there was a record for wind gen-

eration, reaching an average hourly output of 16,656 MW, representing 124.65% of the

region’s load supplied by this source (ONS. . . , 2022).

The increasing connection of distributed generation units to traditional distribution

networks has led to changes in the usual way of protecting these grids. Specifically,

the implantation of electrical microgrids, based on distributed loads and generation

units, is an actual concern once the fault nature of inverter-based sources and the grid

flexibility can compromise the traditional protection methods. For example, distribu-

tion networks are designed on the basis of large short circuits currents with a radial

(unidirectional) power flow (WHEELER et al., 2017). However in new dynamic con-

figurations, other variables can contribute to the protection of these microgrids: the



topology, which can be ring or radial; the modes of operation, connected to the grid or

islanded; the positioning of loads; the bi-directionality of the power flow; the intermit-

tency of distributed generation and how these characteristics alter short circuits, even

if they are not directly involved in the fault.

In this context, differential current-based protection, widely used for high-voltage

equipments, is a widespread concept used to develop new protection algorithms in mi-

crogrid applications. This method uses the principle that under normal conditions, the

current that enters a grid is the same that will leave the grid. Consequently, differen-

tial current, which is the difference between the currents entering and leaving the grid,

shall be zero. Nevertheless, this will not occur when an internal fault happens, and

a non-zero differential current is used on a fault condition detection (LOUW et al.,

2014). The differential protection function is commonly used in commercial relays for

power system equipment and transmission lines. It is a challenge to improve and use

the technique for protection of microgrids maintain flexibility, sensibility, selectivity,

feasibility, coordination and velocity. Furthermore, conventional radial networks use

one CT and one circuit breaker on each distribution line for coordinated overcurrent

protection, besides other forms of protection, like fuses and reclosers. However, re-

newable sources could make this type of configuration inappropriate due to variable

short-circuit levels.

In that sense, this thesis presents a suitable approach to implement the traditional

differential current element using less quantity of CTs, reinforced by an incremental

current-based strategy to avoid malfunctions in distribution lines. In addition, dead

zones must be also covered so an additional strategy must be considered. On the other

hand, the algorithm must provide dependability and security for on-grid and off-grid

operations with radial and ring configurations aiming to represent a suitable alternative

for microgrid protection.
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1.2 MOTIVATION

With the growth of renewable sources plants in conventional distribution networks,

it is necessary to develop new protection techniques, as several variables become part

of the network. The type and quantity of generation units, the mode of operation, the

bidirectional power flow, and the network topology are some of them.

The list of factors can jeopardize the correct performance of relaying algorithms is

large, and several proposals try to consider all of them. In that sense, new algorithms

could be unfeasible for commercial relay applications due to the quantity of information.

For this reason, a traditional concept, but considering the particularities of the grid

to be protected, can still be used to develop protection algorithms without requiring

more advanced technology. Nevertheless, it must be recognized that communication

systems have a relevant role for the correct implementation of a microgrid protection

scheme due to the presence of instrument transformers in different locations.

It is worth mentioning that improving the protection of electrical microgrids is still

a challenge for power systems worldwide. In this context, the main motivation of this

dissertation is to contribute to the safety and reliability of the energy delivered to the

consumer. In that sense, the protection studies by using the differential current concept

is an opportunity for understanding and implementing algorithms in the network which

is more efficient with tangible cost.

1.3 OBJECTIVES

This work aims to develop an alternative protection algorithm for microgrid ap-

plications, based on the differential current principle, for a medium voltage flexible

microgrid with converter-interfaced sources and distributed loads. In order to carry

out this study some specific objectives are set out:

• Model a microgrid in the EMTP software (Electromagnetic transients program),

aiming to simulate on-grid and off-grid operation, as well as different flexible

configurations.

3



• Implement the conventional differential current-based protection algorithm

• Introduce the proposed relaying technique and compare its performance with the

traditional approach.

• Identify the advantages and limitations of the new protection algorithm.

1.4 PUBLICATIONS

The studies developed throughout the master’s degree enabled the publication of

the following article, which is directly related to the theme of the master’s degree:

• Gisela Sousa Ferreira, Francis Arody Moreno Vásquez, A new current-based pro-

tection system for inverter-dominated microgrids, Electric Power Systems Re-

search, Volume 225, 2023, https://doi.org/10.1016/j.epsr.2023.109814.

1.5 THESIS ORGANIZATION

The present work is organized as follows:

• Chapter 2 provides a brief presentation of the main protection articles proposed

in the highly relevant literature, as well as a concise assessment of them in relation

to their advantages and disadvantages;

• Chapter 3 provides a theoretical principles about the topics addresses in this

thesis, serving as the basis for the document understanding;

• Chapter 4 describes and explains the proposed protection technique;

• Chapter 5 exposes case studies and results;

• Chapter 6 exposes the thesis conclusions and proposes future works.

4



CHAPTER 2

LITERATURE REVIEW

The emergence of electrical microgrids as a new concept of power distribution and

generation systems inspires the development of new forms of protection. Aiming to

overcome the inverter challenges mentioned in previous section, alternative relaying

algorithms were developed for microgrids.

Despite the infrastructure and operation characteristics of microgrids, protection

algorithms based on conventional power systems functions such as differential, direc-

tional, and overcurrent are still the basis for this proposed technique. Independently,

the protection element used is influenced by topology and operating mode. These

flexibility characteristics of microgrids, help to test the effectiveness of the algorithm.

This chapter presents some works that deal with differential protection of micro-

grids, in order to validate this study and identify some views on this topic. For this

purpose, the techniques used are briefly described and the main results are mentioned.

Furthermore, observations were made regarding obstacles encountered in the develop-

ment of the proposed methods. Besides that, tables are presented with summaries of

the work, the main characteristics of the proposed methods, in addition to aspects

evaluated by them. Finally, the aspects cited in works were also used for comparison

to show the validity of the proposed technique for several scenarios.

The microgrid protection proposed by Haron et al. (2013) is about coordination of

relays using overcurrent, directional and differential techniques. The authors cite fault

current levels variation, bi-directional fault current, and microgrid operation modes

changes. Although the idea brings benefits for microgrid protection, the differential

element used as a backup protection in case of miscoordination between overcurrent

and a directional protective elements for eventual blinding and false tripping scenarios

turn the system complex and expensive.



In turn, the protective scheme presented by Ustun & Khan (2015) used the differ-

ential element for high-risk zones together with an adaptive low cost communication

load scheme for less critical scenarios. Nevertheless, the threshold for switching be-

tween these two strategies depends on the actual operation conditions which could

constantly change.

On the other hand, a novel protection scheme based on the pre-fault and post-

fault current amplitude differences is formulated by Lin Xiao Ma (2021). The results

show that the protection can prevent the risk of maloperation in several external fault

scenarios and identify sensitive internal faults. This paper considers the source-effect

of induction motors for load branches, which for the passive unmeasurable load branch,

the current amplitude difference is greater than its original value under internal faults

while smaller under external faults. Also, the simulation is tested with a strong grid

without connection of DG and weak grid with connection of DG.

Nevertheless, the differential impedance concept introduced by Huang et al. (2014)

performs the protection coordination of feeders in a radial microgrid, which also can be

used as backup protection or for single-ended lines. The paper shows that this method

is able to clear faults in different operation modes, although for the effectiveness of

the protection scheme the response depends on the precision of the parameters of

the whole microgrid. Alternatively, the impedance angle-based algorithm proposed by

Dubey & Jena (2021) discriminated the faults tested on IEEE 13-bus system, needing

an advanced communication infrastructure for feasibility.

With another approach, a differential frequency-based on off-nominal frequency

current injections was tested on islanded microgrids by Soleimanisardoo et al. (2019).

The function in this paper was constructed from the observation that the frequency

components of the currents measured at two terminals of a distribution line are differ-

ent in case of fault conditions. A potential drawback of having only one inverter-based

DG injecting a non-standard frequency is that if this particular inverter becomes dis-

connected, the suggested protection system may be unable to identify the fault. In

addition, this method is limited to off-grid operation.

The relaying algorithm proposed by Zhou et al. (2022a) consists of adjusting the

6



restraint current in differential protection by utilizing the current amplitude ratio on

both ends of the protected feeder. This adaptive modification aims to mitigate the

impact of time synchronization errors caused by the fault data self-synchronization

algorithm, thereby enhancing the performance of current differential protection. Em-

ploying a fault data self-synchronization algorithm for constructing current differential

protection offers cost savings in terms of protection and communication. However, the

asynchronous initiation of relays on both ends can lead to time synchronization errors,

impacting the reliability of protection. In the same year, Zhou et al. (2022b) describes

differential protection suitable for active distribution networks with complex operating

modes and multiple types of DGs. The paper proposed an algorithm that uses the

current zero-crossing time and current slope polarity to estimate the starting delay dif-

ference at both terminals and its advantage does not require additional synchronization

equipment and high communication bandwidth. Its disadvantage is related to some

factors such as noise, sampling frequency, and fault time affected the synchronization

accuracy, i.e., it needs to be used in conjunction with an additional communication

reliability detection method. In turn, Zhou et al. (2023) proposed a method based on

mathematical morphology to solve synchronization accuracy and anti-noise ability. In

this paper the authors proposed a solution for synchronization without additional syn-

chronization equipment, thus greatly reducing the cost, but still fails when the effect

of different fault inception angles is around 180◦ when the time synchronization error

is relatively large.

About synchronization, Jin et al. (2023) introduces the difficulty to be satisfying

differential protection based on the current communication conditions of active dis-

tribution networks. The extraction of fundamental frequency components is mainly

challenged by distortion, frequency offset, and the instability inherent in fault cur-

rents. The suggested scheme transmits only computational outcomes rather than sam-

pled values, thereby successfully preventing any adverse effects from arising from data

synchronization errors.

Nonetheless, the proposal of El-Sayed et al. (2021) is an statistical algorithm which

extracts features of the differential quantities from the interharmonic components of

7



currents and voltages signals. The proposed current limiter performs an amplitude

modulation of the output fault current from the inverter. This method requires mini-

mal bandwidth communication to detect and isolate the fault. Although the proposed

strategy has been validated, the method is capable of protecting only islanded micro-

grids like former example.

Anudeep & Nayak (2022) also used differential features to construct a decision

tree-based data-mining model where the training time could be higher than the testing

time. Furthermore, the transient period information after fault inception was used in

a differential features-based protection scheme based on spectral energy content com-

plemented by an estimation of a phasor deviation of the current signals. This concept

was already used by Aghdam et al. (2019) which implement a wavelet transform-based

differential faulty energy, considering DG stability, from the zero-sequence current to

identify high-resistance faults in active distribution networks, but rapid fault elimina-

tion is achieved only if lateral fuses are coordinated with agents.

On the other hand, a recent proposal focused on the time synchronization error

of the differential protection schemes in active distribution networks by adaptively

modifying the restraint current considering the current amplitude ratio on both ter-

minal CTs (dos Reis et al., 2021). It can be concluded that the proposed multi-agent

architecture is a viable solution, despite the approach used a more sophisticated in-

frastructure with means that is a significant cost associated with its communication

system.In order to minimize the cost of data synchronization, Miao et al. (2023) pro-

poses an innovative differential protection scheme based on an extended dynamic time

warping distance. The scheme promises to work reliably under various fault locations

and fault resistances, but fails when the data synchronization reaches 36◦ and the

transition resistance reaches 60 Ω. Furthermore, frequent adjustment of the protection

limit must be avoided when disturbances occur.

Moreover, the protection scheme proposed by Nsengiyaremye et al. (2020) introduce

a low-cost communication differential element and it is motivated by the limitations of

overcurrent and distance relays in microgrid. The article based differential protection

by comparing binary state outputs of relays at both ends of the line thus requiring
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a simple, flexible and low bandwidth communication system. However, it has been

shown that careful consideration is essential when selecting the differential protection

parameter, as traditional differential current relays may lose effectiveness in scenarios

with high inverter penetration. This is due the impact of the variance between the

sequence components of the fault currents on each side of the line.

One of the recent works related to differential protection is an application focused

not on current, but on voltage-based relay by Manditereza & Bansal (2020). This paper

suggests that the relay algorithm accomplishes its protective role by performing calcu-

lations on active power differentials and sensitivity, depended on voltage measurements

within a designated protection zone. Although the operation of the proposed scheme

is efficient and selective, it must be highlighted that all of the differential protection

proposals seen so far require a CT in each line terminal and another in DGs feeders,

which makes the system expensive when adding more CTs.

The paper of Chen et al. (2020) presents a differential impedance protection al-

gorithm which uses as quantities a differential impedance and restraint impedance in

different operating states such as normal operation, external faults and internal faults.

In addition, it is pointed out that an additional criterion is formulated using the ampli-

tude characteristic of the fault current to address potential dead zone faults. Despite its

contribution, the technique experiences difficulties to deal with high resistance ground

fault, i.e., the performance of the proposed method is not satisfactory when the fault

resistance is greater than 300 Ω.

Moreover, a coordinated multi-element current differential is discussed in Nikolaidis

et al. (2022). The authors present a current differential protection scheme that uses a

ring topology to test a differential element against faults with a critical value of fault

resistance, while an instantaneous differential element is activated against the most

severe faults. The applicability of the proposed scheme does not take into account the

optimal number of differential relays. Also, a limitation described in this article itself

is that the supply or intermediate load of the DG on the performance of the differential

protection is not addressed.

In contrast to current protection methods, Liu et al. (2022) suggested that its
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transients-based relaying technique has a significant advantage by demonstrating sub-

stantial resilience to variations in system fault levels, fault types and locations, mi-

crogrid operating conditions, and the control strategies implemented on the inverters.

In addition, it has a significantly reduced sampling frequency requirement compared

to traveling wave-based methods. This study did not consider a self-learning based

threshold setting (adaptive technique), and the network uses several CTs (two between

two busbars), which increases the cost of implementation.

Dua et al. (2023) presents a protection scheme based on the differential angle of the

positive sequence superimposed current, using only the positive sequence current phasor

from both ends of the line. The method collects current phasor readings from low-cost

microphasor measurement units. In addition, real-time hardware-in-loop testing is

performed to enhance the verification of the scheme for practical application. However,

it is only effective when the fault current is at least 10% of the nominal value.

The data mining models for fault detection and classification, which are based on

deep neural networks, are constructed using datasets of differential current phasors.

These datasets are generated under different fault and operating conditions within

the microgrid. The variations include different fault types, changes in fault location,

fault resistance, distributed generation penetration in both grid-connected and islanded

operating modes, and different types of DG units verified by Samal et al. (2023).

This scheme also does not consider the influence of the sporadic and unpredictable

characteristics of distributed generation on the protection method.

Tables 2.1 , 2.2 and 2.3 summarize the entire literature review and compare it

with the proposed algorithm. In table 2.1, it can be seen within the works that use

differential protection, the basic concept used to employ this type of protection, as well

as the mode of operation applied, on-grid and off-grid, and the topology utilized in the

network, radial or ring.
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Table 2.1. Summary of Research Works - Mode Operation and Topology.

Reference Basis Concept

Mode Topology of Grid

O
n-

gr
id

O
ff-

gr
id

R
in

g

R
ad

ia
l

Haron et al. (2013) Coordination ✓ ✓ ✓
Ustun & Khan (2015) Bit error rate of the communications ✓ ✓ ✓
Lin Xiao Ma (2021) Current amplitude ✓ ✓
Huang et al. (2014) Impedance ✓ ✓ ✓
Soleimanisardoo et al. (2019) Current frequency ✓ ✓
Dubey & Jena (2021) Impedance ✓ ✓
Zhou et al. (2022a) Current amplitude ✓ ✓
Zhou et al. (2022b) Current polarity ✓ ✓
Zhou et al. (2023) Mathematical morphology ✓ ✓
Jin et al. (2023) Current waveform ✓ ✓
El-Sayed et al. (2021) Current and interharmonic ✓ ✓
Anudeep & Nayak (2022) Differential power ✓ ✓ ✓
Aghdam et al. (2019) Tripping time differential ✓ ✓ ✓
dos Reis et al. (2021) Current magnitude ✓ ✓ ✓
Miao et al. (2023) Dynamic time warping ✓ ✓ ✓
Nsengiyaremye et al. (2020) Current ✓ ✓
Manditereza & Bansal (2020) Voltage-based ✓ ✓ ✓ ✓
Li et al. (2019) Backup strategy ✓ ✓
Chen et al. (2020) Impedance ✓ ✓
Nikolaidis et al. (2022) Multiple differential elements ✓ ✓
Liu et al. (2022) Transient wavelet energy ✓ ✓ ✓
Dua et al. (2023) Current differential angle based ✓ ✓ ✓
Samal et al. (2023) Current signals ✓ ✓ ✓ ✓
Proposed Algorithm Current ✓ ✓ ✓ ✓

Following the literature review found, table 2.2 shows the works that use differential

protection using the traditional form of protection with two current transformers at

the beginning and end of each distribution line, as well as a current transformer at the

output of the DGs and one for the loads. None of the work found sought to reduce

project costs by reducing the number of current transformers in the network, except

for the proposed algorithm.
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Table 2.2. Summary of Research Works - Number of CTs.

Reference Basis Concept

Number of CTs

2
be

tw
ee

n
fe

ed
er

/l
in

es

1
be

tw
ee

n
lo

ad
an

d
D

G

1
pe

r
zo

ne
an

d
D

G

Haron et al. (2013) Coordination ✓
Ustun & Khan (2015) Bit error rate of the communications ✓ ✓
Lin Xiao Ma (2021) Current amplitude ✓
Huang et al. (2014) Impedance ✓ ✓
Soleimanisardoo et al. (2019) Current frequency ✓
Dubey & Jena (2021) Impedance ✓
Zhou et al. (2022a) Current amplitude ✓
Zhou et al. (2022b) Current polarity ✓
Zhou et al. (2023) Mathematical morphology ✓
Jin et al. (2023) Current waveform ✓
El-Sayed et al. (2021) Current and interharmonic ✓
Anudeep & Nayak (2022) Differential power ✓ ✓
Aghdam et al. (2019) Tripping time differential ✓
dos Reis et al. (2021) Current magnitude ✓ ✓
Miao et al. (2023) Dynamic time warping ✓
Nsengiyaremye et al. (2020) Current ✓
Manditereza & Bansal (2020) Voltage-based ✓ ✓
Li et al. (2019) Backup strategy ✓
Chen et al. (2020) Impedance ✓
Nikolaidis et al. (2022) Multiple differential elements ✓
Liu et al. (2022) Transient wavelet energy ✓ ✓
Dua et al. (2023) Current differential angle based ✓
Samal et al. (2023) Current signals ✓ ✓
Proposed Algorithm Current ✓

Finally, the summary table 2.3 shows the highest fault resistance parameters tested

in the proposed method, as well as the shortest tripping time for opening the circuit

breaker and the load range of the proposed system.
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Table 2.3. Summary of Research Works - Fault Resistance, Tripping and Loads.

Reference Max.fault resistance tested Max.tripping time Range of loads

Haron et al. (2013) × 152 ms ×
Ustun & Khan (2015) × 40 ms ×
Lin Xiao Ma (2021) 100 Ω 500 ms 0.25 MW to 0.5 MW
Huang et al. (2014) 100 Ω 900 s 400 kVA to 0.1 MVA
Soleimanisardoo et al. (2019) × 100 ms 1 MVA to 2 MVA
Dubey & Jena (2021) 1000 Ω 27.082 ms 442.296 kVA
Zhou et al. (2022a) 60 Ω 60 ms (10 + j0.2) MVA
Zhou et al. (2022b) 60 Ω 10 ms 4 MVA
Zhou et al. (2023) 30 Ω 60 ms 1 MVA to 7 MVA
Jin et al. (2023) 30 Ω 20 ms 3.5 MVA
El-Sayed et al. (2021) 40 Ω 46 ms 1.2 MVA
Anudeep & Nayak (2022) 100 Ω 10 ms ×
Aghdam et al. (2019) × 170 ms ×
dos Reis et al. (2021) × 942 ms 5.26 MVA to 15.21 MVA
Miao et al. (2023) 60 Ω 20 ms 3 MW to 5 MW
Nsengiyaremye et al. (2020) 100 Ω 41.3 ms 0.2 MW to 1.3MW
Manditereza & Bansal (2020) 330 Ω 60 ms ×
Li et al. (2019) × 195 ms ×
Chen et al. (2020) 100 Ω 42.5 ms ×
Nikolaidis et al. (2022) 8 Ω 2.786 ms 15.93MVA
Liu et al. (2022) 10 Ω 80 ms 20 kVA to 30 kVA
Dua et al. (2023) 500 Ω 0.21 ms ×
Samal et al. (2023) 200 Ω 242,6 ms 1.4 MW
Proposed Algorithm 50 Ω 4,4 ms 2 MW to 3.5 MW

This summary of works that used differential protection of microgrids, shows that

this concept could be used more often with some treatment specific in order to imple-

ment a bus protection algorithm.
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CHAPTER 3

THEORETICAL BACKGROUND

This chapter initially presents the theoretical background of the conventional dif-

ferential current-based protection function. Here the operation principle and the main

settings are mentioned. Also, a description of the operation modes of the inverters is

presented, as well as the control scheme of PQ and V/f modes, used in off-grid and

on-grid operation, respectively.

3.1 CONVENTIONAL DIFFERENTIAL PROTECTION

Differential Protection is one of the most used method for lines, busbars and trans-

formers protection. This method establishes that the sum of all currents in one zone

is zero in normal conditions, and it fastly increases in case of a short-circuit. On

the other hand, a protection scheme based on this principle does not require voltage

measurements and is not sensitive to power swings, sudden load changes, and voltage

variations (USTUN et al., 2013). The phase-segregated current-based differential pro-

tection uses the secondary currents of terminal CTs of, for example, a distribution line,

as illustrated in Fig. 3.1.a. These measurements are the input signals in the protective

equipment, where a previous signal processing stage is performed before being used by

the relaying algorithm. The ouput signal is a trip command to the terminal circuit

breakers to isolate the fault.

Internally, two quantities are determined, the operation current and the restraint

current. The operation current, IOP , increases when a fault occurs and it is compared

with the restraint current, IRES, which is typically multiplied by a percentage value,

called as slope. There is several ways to calculate IOP and IRES, but the Figure Fig.

3.1.a. focuses in one of them. Also, it must be mentioned that this protective function



can be implemented in the phasor domain, where a phasor estimation process is per-

formed. Alternatively, the samples can be directly used to implement the algorithm in

time domain. In this work, the proposed technique uses the phasor approach, where

the plane IOP and IRES are used. Here, the initial IOP is ideally zero so it is located on

the restraint zone, and it enters the operation zone when the fault occurs. Convention-

ally, it is imposed that this condition must remain for a quarter-cycle to confirm the

presence of the fault, because this is typically the minimum time before CT saturation.

C 1T C 1B C 2B

F

Differential Element

C 2T

I =|I +I |OP CT1 CT2

I =|I |+|I |RES CT1 CT2

IOP

IRES

Iop,min

SLP

Operation
Zone

Restraint
Zone

a) b)

Figure 3.1. Traditional Differential Current Protection Scheme.

In differential protection, limits are used to ensure the security of the operation of

the relays. In this way, measurement errors due to the saturation of the CTs, CTs

ratio incompatibilities, and leaking load currents (IEEE, 2021) must be compensated

to avoid malfunctions due to incorrect differential currents. In that sense ,a minimum

operation current, IOP,MIN , must be set. Normally, this value is constant and it is not

dynamically modified. This current is calculated from local parameters and increases

with increasing current to deal with higher measurement errors Imin (USTUN et al.,

2013).

Moreover, an additional warning element is used to sensitize a disturbance in the

grid. This disturbance detector can be mathematically defined from the variation rate

of the restraint current, as the Equation 3.1. If the index ∆Ires becomes higher than

a pickup, the disturbance detector flag is activated so the protection element itself is

ready to operate in case the fault conditions be recognized.

∆Ires =
Ires(k)− Ires(k − 1)

dt
. (3.1)
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The differential current protection becomes interesting in microgrids because of its

capability to be selective, sensitive, and fast. The challenges of this type of protec-

tion refer to the need for digital relay communication and the associated cost, which

implies the use of relays and CTs on each line terminal and others on the DG feeders

(RODRIGUES, 2017).

3.2 CONTROL OF THREE-PHASE INVERTERS

The devices commonly recognized as inverters, which convert direct current (DC)

to alternating current (AC), are categorized as either current source inverters or volt-

age sources, based on topology of the power circuit and corresponding the nature of

the power supply source. Inverters are engineered to send power back to the grid and

encompass several tasks typically carried out by protection relays, such as synchroniza-

tion, voltage regulation (both over and under), and frequency monitoring.

There are different types of requirements when it comes to microgrid control de-

pending on the DGs mode of operation. The basis and difficulty of discovering the best

way of operating and configuring the microgrid implies analyzing the output character-

istics of the DG through different control methods and its failure characteristics within

the microgrid under different operational strategies. A microgrid controller needs to be

sufficiently resilient to handle intermittence of generation and loads within the micro-

grid, stemming from factors such as shifts between grid-connected and islanded modes,

power balance fluctuations, changes in configuration, and potential communication

breakdowns, particularly if the controller depends on signal communication (FARINA,

2018).

There are three major control strategies for inverters in the literature: Grid feeding

(PQ control); Grid forming (V/F control) and Grid supporting (droop control).

• The grid-feeding power converters can be represented by current sources and they

receive as input reference the power that they must deliver. These converters

are well-suited for parallel operation with other grid-feeding power converters

in grid-connected mode. Typically, the converters are connected to intermittent
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renewable sources so the main concern is to extract the maximum power from the

resource, i.e., wind or solar, by implement the Maximum Power Point Tracking

algorithm (MPPT) on the rectifier stage. On the other hand, the reactive power

typically is zero. In this operation mode, PQ, the converter uses the voltage and

frequency of the grid to implement the control loop.

• The grid-forming power converters of closed-loop control ensures they function as

ideal AC voltage sources, characterized by a specified amplitude and frequency.

These converters act as low-output impedance voltage sources, requiring a highly

precise synchronization system to operate seamlessly alongside other grid-forming

converters in parallel. This is equivalent to the V/f operation mode because the

converters in this condition regulates the network voltage and frequency. This

operation mode is used when the inverter is in off-grid operation because it is

necessary to define a reference for the others converters.

• The grid supporting power converter is designed for manager either as a voltage

source with a series impedance or as a current source with a parallel impedance.

Regardless of the configuration, its primary goal is to contribute to the regulation

of the AC grid voltage amplitude and frequency by overseeing the control of

active and reactive power supplied to the grid (ROCABERT et al., 2012). These

type of operation is similar to the droop control used for synchronous machines

where the there is a relation between the active power and the frequency, and

another relation between the voltage and the reactive power. Basically, this

approach defines the way to dynamically share the load by following the droop

characteristic, but keeping the nominal frequency. Analogously, the sharing of

reactive power can be performed together with the voltage regulation (KHAN et

al., 2019).

3.2.1 PQ MODE

The PQ control oversees and regulates the active power generated and used within

the microgrid. Power generation, load requirements, and energy storage are adjusted by
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it to ensure a harmonized distribution of active power based on the system’s demands.

Alongside managing active power, the PQ control also oversees reactive power in the

microgrid, which is important for maintaining voltage quality and avoiding problems

like stability and preventing issues such as voltage fluctuations and excessive network

losses. It can intervene to either supply or absorb reactive power as needed to uphold

system integrity. Furthermore, the PQ control generation, load, and energy adjustment

to maintain voltage levels within acceptable parameters across all microgrid points.

This is crucial to ensure the secure operation of electrical equipment’s and ensure the

quality of service for users.

In this case, the active power to be delivered from the inverter can be defined by the

Maximum Power Point Tracking (MPPT) algorithm. On the other hand, the reference

to reactive power is commonly imposed to be zero. Based on that, the phase of voltages

signals is firstly captured by the Phase Locked Loop (PLL) and it is incorporated into

the grid currents and voltages signals in the dq reference, as shown in Fig. 3.2. From

that, the calculated powers PQ are compared with their corresponding references and

the error passes through PI controllers. The output is the current references idq which

are now compared with the measured idq. The PI control applied on these errors

provides the voltage references, vdq,ref , which are the reference voltages to be used

by the inverter with a previous inverse transformation dq to abc.
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Cdc-link

v *abc

abc/dq

vi,abc

vg,dq
ig,dq

ig,abc

vg,abc

dq Power
Controller

PI Current
Controller

dq/abc

vq,ref
vd,ref

ig,dq

θg

PLL
θg

PQ
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i
*

g,d

i
*
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Figure 3.2. On-grid PQ mode
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3.2.2 V/F MODE

The V/f control monitors and controls the frequency of electricity in the microgrid.

It adjusts power generation and load to keep the frequency within specified limits,

thus ensuring system stability. Changes in frequency can indicate imbalances between

generation and load, and V/f control acts to correct these deviations. As with PQ

control, V/f control also regulates the voltage in the microgrid to keep it within the

appropriate limits. This is crucial for ensuring the safe operation of electrical equipment

and the quality of the energy supply to users. In this condition, the main concern is

to provide electric energy to the local load with the nominal voltage and frequency.

Thus, the voltages and currents at the supplying point to the load are transformed

into dq frame to calculate the actual dq powers, PQ. These values are then used as

inputs in the droop controller to define the corresponding voltage and frequency based

on the droop characteristic, Vdroop,ref and Fdroop,ref , as shown in Fig.3.3. Now,

they are compared with the nominal voltage and frequency of the system to define

idq,ref through a PI controller. The error between these quantities and the actual idq

is reduced with a second PI controller so the obtained vdq,ref is used by the inverter

in a similar way to PQ mode control.

Inverter

Cdc-link

Droop
Controller

v *abc

abc/dq

vi,abc

vg,dq
ig,dq

ig,abc vg,abc

dq Power
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PI Current
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Vdroop,ref

fdroop,ref

dq/abc

vq,ref
vd,ref

ig,dq
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Figure 3.3. Off-grid V/f mode.
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CHAPTER 4

PROPOSED PROTECTION FUNCTION

In this chapter, the proposed technique is described. The protection scheme and

the necessary equipments are mentioned, and thereafter the algorithm itself is detailed.

Here, the main protection logic and a backup logic for dead zones are described.

4.1 PROPOSED PROTECTION SYSTEM

In order to explain the proposed algorithm, the Figure 4.1 illustrates a part of a

microgrid where a inverter-based generation unit is connected to a line of a micro-

grid through a circuit breaker. In this figure, distribution lines, DL1 and DL2, are

connected to a common busbar where a load, denoted as L2, is connected. A dis-

tributed generation unit, DG1, is the main responsible for supplying power to the load

L1. Current transformers, CT1 and CT2, are installed at the beginning of DL1 and

DL2, respectively, and these lines can be opened using the circuit breaker pairs CB1-

CB2 and CB3-CB4, respectively. Furthermore, DG1 is equipped with its own current

transformer, denoted as CTDG1, and a dedicated circuit breaker, CBDG1.

Unlike the conventional differential protection scheme, where an additional current

transformer would be typically positioned on the right side of DL1, in this proposed

scheme, CT2 is used for this purpose, as depicted in Figure 4.1. This deviation from

the conventional arrangement is made to accommodate the specific requirements and

configurations of the microgrid model being developed.
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Figure 4.1. Proposed Scheme

In this way, the operation and restraint currents calculation uses the secondary

signals of CT1, CT2 and CTDG1, and they can be mathematically determined, re-

spectively, as:

Iop = |ICT1 − ICT2 + ICTDG1|, Ires = |ICT1|+ |ICT2|+ |ICTDG1| (4.1)

Based on these calculations, the trip command to circuit breakers CB1, CB2, and

CBDG1 is sent if the conditions of Eq. 4.1 are satisfied. In turn, DG1 keeps supplying

the load L1 if the illustrated topology is adopted. On the other side, the circuit

breakers, CB3 and CB4, remain closed so the load L2 will be supplied by downstream

sources. Nevertheless, the opening of these specific CBs will eliminate the fault when

it occurs within the physical protection zone of DL1, delimited by these CBs, such as

the fault F1 in Fig. 3. Moreover, it is possible to identify that there is a dead zone, for

example, between CB2 and CT2, so a complementary logic is necessary to overcome

this issue and eliminate the fault F2. This additional function can use the logic state

of the opened CBs as input and verify if the trip conditions of the differential function

are still satisfied in Z1. Then, the output of this backup element is a trip command for

CB3 and CB4.
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4.1.1 Main Protection Logic Description

Initially, it is confirmed whether the internal fault conditions described in Eq. 4.2 of

the differential element are known, indicating the logic state of SFI = 1, as illustrated

in Figure 4.2.

Traditionally, these conditions should be fulfilled within a quarter cycle, which

represents the minimum time required for CT saturation. However, the presence of

contributions from Distributed Generators in healthy zones may sensitize the protection

element of their respective zones. Therefore, to enhance the overall security of the

microgrid protection scheme, an incremental operation current for each protection zone,

denoted as ∆Iop, is utilized to prevent incorrect operations. This incremental current

can be calculated as follows:

∆Iop = Iop(k)− Iop(k −N) (4.2)

To trigger relay operation, the incremental operation current ∆Iop needs to exceed

a predefined minimum threshold, denoted as ∆Imin. Additionally, the ratio between

∆Iop values of zones where SFI = 1 is computed. Subsequently, it is ensured that

the index of the faulted zone is at least λ times greater than that of the other zones.

The lambda value was established in accordance with a specific margin to differentiate

between faulty and non-faulty zones. This value should not be very low, as this could

lead to more than one faulty zone being misrecognized, and it should not be very high,

as this could lead to delays in the operation. Following this verification process, the

trip command is issued to the circuit breakers (CBs) if both the conditions of the

differential and incremental elements are met, as illustrated in Figure 4.2.
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Figure 4.2. Main protection logic of the proposed algorithm.

4.1.2 Adaptive Minimum Threshold Logic

An additional strategy was incorporated to dynamically define the minimum pick-up

to suitably deal with the generation-load changes. This intelligent system automatically

adjusts the minimum value of the operation current based on dynamic conditions. This

specific algorithm is necessary because load feeders do not have a exclusive current

transformer for this measurement and this current is not considered for calculation of

IOP and IRES.

Adaptive Minimum Threshold Logic is a strategy which uses the balance generation-

load as a factor for the definition of its value. The adaptive logic can be executed

through the utilization of control and machine learning algorithms, which consider

real-time data such as the microgrid’s current demand, the capacity of distributed

energy sources like solar panels and wind turbines, the accessibility of energy storage

options such as batteries or other storage systems, and the charging status of devices

linked to the microgrid.

The process of adapting logic could involve several steps, including monitoring,

data collection, real-time analysis, decision-making, adjustment of the minimum cur-

rent value, and evaluation and feedback. During monitoring, sensors and meters would

be employed to continually monitor the operating current of the microgrid, along with

other relevant variables like voltage, frequency, and temperature. The data collected

by these sensors is transmitted to a processing system where it is stored and analyzed.
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Real-time control and machine learning algorithms then scrutinize the data to identify

patterns, trends, and correlations among the microgrid’s variables. Based on this anal-

ysis, the system would make decisions regarding the appropriate minimum operating

current for the microgrid at any given moment. Subsequently, utilizing this informa-

tion, the system adjusts the minimum current value to optimize the microgrid’s per-

formance and efficiency. Lastly, the microgrid’s performance is continuously assessed

to validate the effectiveness of the decisions made by the adaptive logic. The feedback

obtained from this evaluation is utilized to enhance the system’s future performance.

In this approach, the decision threshold, responsible for distinguishing between desired

signals and unwanted noise or interference, is constantly adapted to accommodate fluc-

tuations in operational settings. This proves particularly advantageous in grid where

signal characteristics undergo substantial variations over time, making it challenging

to establish a fixed threshold that remains effective across all scenarios.

The implementation of the Adaptive Minimum Threshold Logic can take different

forms, employing either signal processing algorithms or machine learning methodolo-

gies. These techniques, described in the previous paragraph, empower the system to

continuously monitor the quality of signals and flexibly adjust the decision threshold

to enhance detection accuracy and performance. Adapting the threshold according to

channel conditions can significantly improve the robustness and reliability of the com-

munication system, guaranteeing consistent and reliable performance when detecting

events or making decisions.

Despite the explained advanced methods, in this work, this logic is simple and uses

as inputs the operation current and its corresponding instantaneous incremental value

which is calculated as:

∆Iop−inst =
Iop(k)− Iop(k −N)

∆t
(4.3)

It’s important to note that ∆Iop−inst differs from the incremental operating currents,

∆Iop, utilized for identifying non-faulted protection zones, which are computed with

a one-cycle interval between samples. As a result, it’s conceivable to establish that

the minimum pickup level should be M times the operating current when there are
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changes in load or generation powers, which can be discerned if ∆Iop−inst falls below

a certain threshold. To find the value of M, previous simulations were performed to

identify which value would be ideal. It was determined that 1.3 does not cause any

sort of delay or inappropriate actuation. Conversely, in the event of a short-circuit,

this value experiences a sudden increase, and Iop,min should adopt the value from one

cycle before the fault occurrence and remain constant thereafter.

For instance, Figure 4.3 illustrates the change in Imin with M = 1,3 when a load

is disconnected at 0,6 s in a microgrid, followed by the connection of another load

at 0,8 s. Subsequently, a short-circuit occurs at 0,9 s. It can be observed that Imin

remains elevated compared to Iop following the load alterations, but its value remains

constant after the occurrence of the short-circuit event, which is initially perceived as

a significant disturbance due to the sudden increase in ∆Iop−inst.

Load

Disconnection

Load

Connection

Load

Connection

Short-

Circuit

Figure 4.3. Response of the adaptive minimum pickup strategy.

4.1.3 Backup Dead Zone Protection Logic

The dead zone refers to a critical sector of the grid where the primary protec-

tion system may fail to accurately detect and isolate a fault because it is not covered

by any main protection zone. Then, this backup logic serves as an extra protective

layer, activating only when the primary protection mechanism is incapable of effectively

addressing a fault. Its purpose is to quickly identify and isolate the fault, thereby min-

imizing disruptions to microgrid operations and preventing the fault from spreading to
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other sections of the system.

The functionality of the backup logic in the dead zone typically involves continuous

monitoring of system conditions, which includes detecting fault signals by the primary

protection system. If a fault is identified but the primary protection fails to respond

within a predetermined timeframe, the backup logic is triggered.

This backup logic can rely on various criteria to determine when intervention is

necessary. For instance, it may take into account the continuity of fault signals or the

absence of response from the primary protection devices. Once activated, the backup

logic can issue commands to open circuits or disconnect specific areas of the microgrid,

effectively isolating the fault and restoring system stability.

The backup logic in the dead zone proposed in this work starts by taking the

instant k, when the command to trip the circuit breakers of the faulted zone is sent.

Simultaneously, it continuously monitors the conditions of the internal fault, ensuring

that the status indicator SFI remains in the logic state 1. Furthermore, the logic

also observes the operational status of the opened circuit breakers in the faulted zone,

indicated by CB = 0. If these conditions persist for four cycles after the instant k,

the circuit breakers of the adjacent zones are triggered to open as well, as depicted in

Figure 4.4. The correct circuit breakers to be opened are defined by the protection

zones.The time of four cycles is necessary to identify, according to the logic of the

proposed algorithm, that the circuit breaker of the adjacent zone in which the current

increased should also be opened. Thus, the increase or decrease in the incremental

currents in the CTs of the adjacent zones in which the short-circuit occurred indicates

that this zone must also be protected, as the short-circuit occurred in a dead zone. This

action aims to contain the fault and prevent its spread to neighboring zones, thereby

safeguarding the integrity of the microgrid.

In order to guarantee the selectivity of the relaying scheme and ensure accurate

identification of the adjacent zone to be opened, an instantaneous overcurrent element

is incorporated. This element complements the backup logic by confirming the adjacent

zone based on the current magnitude measured by the common current transformer

shared between the faulted zone and the adjacent one. The current measured by this
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CT must exceed a predetermined minimum threshold value, denoted as ICT,min, to

confirm the need for opening the adjacent zone.

S =1IF

I
CT,adjacent zone

C =Bsfaulted zone 0

4 cycles
+krelay

0
& Trip

C sB
adjacent,zone

TRIP=1
krelay

I (k)>I (k -N)CT CT DZF

kDZF

Figure 4.4. Backup logic of the proposed algorithm for dead zone protection

4.2 SIGNAL PROCESSING

In this work, in order to use differential protection in the algorithm, the analog

currents obtained by the CTs are first passed through 2-order low-pass filters. In this

technique, the sampled signals are filtered by low-pass filters to remove high-frequency

components and obtain a smoother and more accurate representation of the original

signal. Low-pass filters are designed to allow lower frequencies to pass through, while

attenuating higher frequencies. This is fundamental in phasor estimation, as short-term

variations in current signals can be due to noise or transients that do not reflect the

long-term characteristics of the electrical system. The use of low-pass filters in phasor

estimation helps to reduce the distortion effect in the estimated signals, ensuring a

more faithful representation of the real conditions of the electrical system.

After passing through the low-pass filter, the current signal is discretized and re-

sampled in sample/cycle quantities. The process of discretizing samples by cycles in

current signals involves converting continuous analog current signals into discrete values

that represent each cycle of the electrical frequency. During this procedure, samples of

the current are gathered at regular intervals, typically aligning with integer multiples

of the fundamental period of the electric current.

This approach proves particularly valuable in systems dedicated to monitoring and

analyzing electricity, especially those operating in real time. By discretizing samples

according to cycles, it becomes feasible to acquire a precise and efficient portrayal of
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the periodic attributes of the current signal. This allows for thorough examinations of

phenomena such as harmonic distortion, phase imbalance, and other irregularities.

Moreover, employing discretization by cycles streamlines the process of signal ma-

nipulation, as samples are organized based on the cycles of electrical frequency. Con-

sequently, this facilitates the analysis and understanding of data, which is especially

beneficial in applications involving the control and safeguarding of electrical systems,

where rapid decision-making is contingent upon the state of the current signal.

The third step of the proposed algorithm is phasor estimation. Phasor estimation

refers to the accurate determination of the amplitude, phase and frequency character-

istics of the current signal being monitored. This is crucial for correctly identifying

abnormal conditions, such as short circuits or system faults, and activating the appro-

priate protection devices to isolate the fault and prevent damage to electrical equipment

and the whole grid.
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CHAPTER 5

RESULTS AND DISCUSSION

This chapter evaluates the performance of the proposed microgrid differential pro-

tection scheme. To do this, the electrical microgrid modeled in EMTP program is firstly

described. From that, different types of fault are simulated. They can be internal or

external to certain protection zone, with different types of fault impedance, when the

microgrid is connected and disconnected from the main grid. Also, radial and ring

topologies are used to perform this assessment. In addition, faults in dead zones were

also tested to demonstrate the benefits of the proposed protection scheme. In addition,

a sensitivity analysis is carried out for internal and evolving faults, combining different

values of fault resistance to ground and between phases. The locations of faults to be

simulated to test the proposed algorithm are presented in Figure 5.2.

5.1 ELECTRICAL MICROGRID MODEL DESCRIPTION

The electrical network under consideration is composed of a main grid operating at

24,9 kV and 60Hz and four additional sources of distributed generation. These sources

are represented by three-phase inverters CC/CA, denoted as DG1, DG2, DG3, and

DG4. Each distributed generation unit is associated with a specific load, labeled as

L1, L2, L3, L4, and L5. To enhance system reliability and functionality, the network

has been divided into protection zones. Each protection zone has a current transformer

with a transformation ratio of 100/5, a circuit breaker, and a distribution line. The

distributed generation units, together with their respective loads, are connected to bus-

bars, each equipped with its own circuit breaker and CT. Nonetheless, the Zone Z6

deviates from this configuration, featuring only a CT and a circuit breaker. The CTs

associated with DG1 and DG3 have a transformation ratio of 200/5, distinguishing



them from the others. In addition, the system layout follows a ring network topology,

which can be transformed into a radial configuration if the CB11 circuit breaker is

opened. This feature reduces the grid flexibility, as depicted in Figure 5.1. The param-

eters used to model each of the components of the generation sources and the network

are described and illustrated in figure 5.1 and summarized in table 5.1.Also, several

simulations helped to define the operation modes of DGs in order to guarantee voltage

and frequency stability in off-grid operation. Specifically, DG1, DG3 and DG4 adopt

the V/f mode while DG2 remains in the PQ mode.

Figure 5.1. Proposed Grid System

Table 5.1. Parameters of the Simulated Power System Components

Equipment’s Parameters

Source
Rated voltage 24,9 kV

Frequency 60 Hz

DG 1

Generation 6 MW
Operation Mode Ongrid PQ
Operation Mode Offgrid VF

DG 2

Generation 2 MW
Operation Mode Ongrid PQ
Operation Mode Offgrid PQ

DG 3

Generation 6 MW
Operation Mode Ongrid PQ
Operation Mode Offgrid VF

DG 4

Generation 8 MW
Operation Mode Ongrid PQ
Operation Mode Offgrid VF
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The parameters used to model each of the components of the loads are described

and illustrated in figure 5.1 and summarized in table 5.2 are shown below.

Table 5.2. Parameters of the Simulated Power System Components - Loads

Equipment’s Parameters

Load 1 Active power 3 MW
Reactive Power 1 MVAr

Load 2 Active power 3 MW
Reactive Power 1 MVAr

Load 3 Active power 2 MW
Reactive Power 1 MVAr

Load 4 Active power 2 MW
Reactive Power 1 MVAr

Load 5 Active power 3.5 MW
Reactive Power 1.5 MVAr

5.2 PROTECTION ZONES

One of the main concerns of the proposed algorithm is the definition of the protec-

tion zones, which are determined by the location and logic states of circuit breakers

and current transformers. In relation to the protection zones, the table 5.3 shows their

composition as well as the current transformers which link them, summarizing which

CT and CB are part of the protection zone. Also, the CTs in common and adjacent

by protection zones are mentioned.
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Figure 5.2. Test microgrid modeled in the software EMTP.

Table 5.3. Protection zones (CTs, CBs) and common CTs.

Zone Equipments Adjacent zones and common CTs

Z1 Z2 Z3 Z4 Z5 Z6

Z1 CTs CT1 - CT2 - CTDG1 - CT2 CT1 - - -CBs CB1 - CB2 - CBDG1

Z2 CTs CT2 - CT6 - CTDG2 CT2 - - - - CT6CBs CB3 - CB4 - CBDG2

Z3 CTs CT1 - CT3 - CTDG3 - CT7 CT1 - - - CT3 -CBs CB12 - CB5 - CB6 - CBDG3

Z4 CTs CT5 - CT4 - CTDG4 - - - - CT5 CT4CBs CB9 - CB10 - CBDG4

Z5 CTs CT3 - CT5 - - CT3 CT5 - -CBs CB7 - CB8

Z6 CTs CT6 - CT4 - CT6 - CT4 - -CBs CB11

5.3 CASE 1: PHASE-TO-PHASE FAULT (ON-GRID AND OFF-GRID OP-

ERATION)

The first scenario is a phase-to-phase AB fault in line DL1 at 0.9 seconds, i.e.,

in the protection zone Z1. This case is also used to compare the effectiveness of the

proposed algorithm against the conventional differential element. To achieve this, an
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extra current transformer was added between CB2 and L6 with appropriate polarity

adjustments for the computational implementation of the traditional approach. Ini-

tially, the fault was tested with the system isolated from the grid. In this case, the

operation modes of DG1, DG3, and DG4 is V/f mode, and only DG2 operates in PQ

mode. It was previously verified that these settings ensure the microgrid stability.

It can be seen in Fig. 5.3 that Iop in Z1 enters into the operation zone. This behavior

also occurs in zone Z3 but it occurs slightly. In a conventional protection approach, it

would wrongly issue the trip command to the corresponding circuit breakers. For this

reason, it is very important to monitor the variation of ∆Iop. Specifically, the amplitude

of ∆Iop of Z1 is much higher than the other zones, as shown in Fig. 5.4, which makes

the algorithm identify that the zone where the fault occurred is Z1, and not Z3. In

relation to the other zones, in no case, the operation current becomes higher than the

restrain current, and the variation of ∆Iop is negligible. Then, it can be concluded that

the protection scheme will correctly operate.

Figure 5.3. Short-circuit AB in Z1 off-grid operation: Iop × Ires
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Figure 5.4. Short-circuit AB in Z1 off-grid operation: ∆Iop × t

Moreover, as represented in Fig. 5.5, the differential currents in the faulty phases

enter the operational range as predicted. Fig. 5.6 confirms a quick trip occurrence at

0.90194 seconds, while the traditional element exhibits delayed operation at 0.90688

seconds, as illustrated in Fig. 5.7. This variance arises because the proposed scheme

validates fault location by comparing incremental operation currents, whereas the tra-

ditional method necessitates a quarter-cycle delay for confirmation.

Proposed Traditional

Figure 5.5. Ires.SLP × Iop−Fault AB in Z1−Off − grid.
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FEXT Z1

FDD Z1
0.90116 s

0.90194 s

Figure 5.6. Case 01. Time domain response of the proposed function 87. Off-grid operation.

0.86 0.88 0.9 0.92 0.94 0.96

t (s)
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FEXT Z1

FDD Z1
0.90116 s

0.90688 s

Figure 5.7. Case 01. Time domain response of the traditional function 87. Off-grid operation.

Switching to on-grid mode, differently of off-grid, it can be seen in Fig.5.8 that

Iop in Z1 is the only one to enter into the operation zone. Figure 5.9 shows that the

amplitude of ∆Iop of Z1 is much higher than in the other zones.
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Figure 5.8. Short-circuit AB in Z1 on-grid operation: Iop × Ires

Figure 5.9. Short-circuit AB in Z1 in on-grid operation: ∆Iop × t

In addition, certain considerations emerge. Fig. 5.10 demonstrates satisfactory

performance of the differential current, where it starts below the minimum threshold

due to adaptive logic, swiftly entering the operational range, triggering a trip command

at 0.90168 seconds, as shown in Figure 5.11.
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Proposed Traditional

Figure 5.10. Ires.SLP × Iop−Fault AB in Z1−On− grid.

0.9009 s

0.90168 s

0.86 0.88 0.9 0.92 0.94 0.96

t (s)

TRIP Z1

FEXT Z1

FDD Z1

Figure 5.11. Case 01. Time domain response of the proposed function 87. On-grid operation.

Conversely, the traditional approach falters due to fixed threshold settings, lack

of adaptive logic, and alterations in power flow caused by grid connection, resulting

in relay misoperation. An external fault is identified at 0.93444 seconds following

sensitization of the disturbance detector FDD, as depicted in Figure 5.12. It’s worth

noting that the performance of the proposed scheme remains uncompromised despite
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the non-utilization of the CT on load L6.

0.86 0.88 0.9 0.92 0.94 0.96
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0.93444 s

Figure 5.12. Case 01. Time domain response of the traditional function 87. On-grid operation.

5.4 CASE 2: SHORT-CIRCUIT AT DEAD ZONE

In this second case, the simulation was carried out in the dead zone, which is

physically located in zone Z2, but logically lies between zones Z1 and Z2. Where it

is located in a critical sector, which it is not covered by any main protection zone.

Another fault occur also physically in Z2, and logically between Z2 and Z6. Both

simulations works in order to validate the model and verify the advantages of using the

differential relay in microgrids.

Thus, in this instance, a fault F2 in BC phases emerges at 0.9 seconds within the

dead zone between CT2 and CB3. Another scenario involves a fault, F2b, occurring in

the opposite dead zone between CB4 and CT6. These faults manifest during on-grid

operation of the microgrid. Initially, examination of Figs. 5.13 and 5.14 reveals that the

differential currents penetrate the operational region of protection zone Z2 similarly,

i.e, the trip command to circuit breakers of the protection zone Z2 may be sent, because

Iop enters in the operation zone. Thus, the logic states of the trip command and CBs

of Z2 are 1 and 0, respectively.

The simulation triggers the opening of CBs within protection zone Z2 at the moment
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indicated by vertical dashed lines in the figures 5.13 and 5.14. Notably, in the scenario

where the fault arises close to CT2, which is shared with protection zone Z1, the CT2

currents in phases B and C surge following CB2 opening, besides CB3 from Z2 that

already opened at the moment that the fault occurs.

Conversely, the corresponding currents of CT6 abruptly drop to zero. This response

confirms the need to open protection zone Z1. In the second scenario, CT6 currents

escalate post CBs opening, while CT2 currents diminish to zero, indicating the necessity

to open CB11 in protection zone Z6.

Figure 5.13. Case 2a: Fault if the dead zone close to CT2.

Figure 5.14. Case 2b: Fault if the dead zone close to CT6.

5.5 CASE 3: INFLUENCE OF FAULT RESISTANCE

In this scenario, or case 3, the microgrid is isolated from the main grid, leading to

the occurrence of an AG fault in zone Z3 with fault resistances Rf set at 0 Ω , 25 Ω,

and 50 Ω. To obtain stability, DG1 and DG2 operate in PQ mode, while DG3 and

DG4 operate in V/f mode.
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As illustrated in Fig. 5.15, the differential current initially falls below the minimum

threshold but promptly enters the operation region following the fault. However, its

amplitude decreases with higher fault resistances, as indicated in Fig. 5.15.a. This

trend directly affects the time required to initiate the trip command, as illustrated in

Fig. 5.15.b. Nonetheless, it’s evident that the performance of the proposed method

surpasses that of the traditional element.

R =0 ohmf

R =25 ohmf

R =50 ohmf

0.78 0.8 0.82 0.84 0.86 0.88

t (s)

0 ohm

0.80184 s

0.80236 s

25 ohm

0.80912 s

50 ohm

0.80600 s

Proposed

Traditional

0.81094 s

Proposed

Traditional

0.81592 s

Proposed

Traditional

a) b)

Figure 5.15. Case 3 - Fault resistance impact. (a) Ires.SLP × Iop (b)Operationflags.

Furthermore, Fig. 5.16 illustrates that the ratio between incremental operation

currents within the faulted zone and other zones remains sufficiently high to ensure

accurate identification of the faulted zone no matter what kind of fault resistance

impedance occur, 0 Ω , 25 Ω, or 50 Ω.

This case demonstrates that the fault resistance can compromise the sensitivity of

the conventional differential element, where the minimum threshold and slope deter-

mine the limit of relay sensitivity. However, by employing the strategy outlined in

this study to adjust the minimum value based on power balance and incorporating the

comparison of incremental currents, the algorithm’s sensitivity can be enhanced.
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Figure 5.16. Case 3 - Fault resistance impact. (a) Ires.SLP × Iop (b)Operationflags.

5.6 CASE 4: FAULT TYPES

In this section, we simulated three fault types AG, ABG, and ABC within zone Z4

while the microgrid operated in off-grid mode. As predicted, the trajectory of ∆Iop

entered the operation region in all three cases within Z4.

Conversely, it is observed that the other zones remained unaffected, except for zone

Z3, by the closeness from Z4. Unlike single-phase faults, whose responses are depicted

in Fig. 5.17, two-phase and three-phase faults can impact zone Z3 across the same

faulted phases, as illustrated in Fig. 5.18 and 5.19, respectively.

Figure 5.17. Case 04. Relay operation in zones Z3 and Z4 in case of a fault AG in Z4.
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Figure 5.18. Case 04. Relay operation in zones Z3 and Z4 in case of an fault ABG in Z4.

Figure 5.19. Case 04. Relay operation in zones Z3 and Z4 in case of fault ABC in Z4.

However, examining the ratio between ∆Iop of Z3 and Z4, as displayed in Figs. 5.20

and 5.21, assures the method’s security. This is because ∆Iop,Z4 for the faulted phases

significantly exceeds ∆Iop,Z33 in both cases.
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Figure 5.20. Case 04. Relay operation in zones Z3 and Z4 in case of a fault AG in Z4.

Figure 5.21. Case 04. Time-domain response of ∆Iop of Z3 and Z4 in case of a fault ABC in Z4.

5.7 CASE 5: RING AND RADIAL TOPOLOGY

In this next scenario, the simulated case changes the topology of the electrical grid.

In order to obtain the effectiveness of the algorithm, a solid fault CG occurs at line

DL5 during on-grid operation. For this case, the method is evaluated for both radial

and ring topologies by altering the state of CB11 on Z6 (on and off).

Figs. 5.22 and 5.23 illustrate that the trajectories successfully enter the operation

zone and are highly similar. To delve into this, it is crucial to observe in Fig. 5.23 that

43



initially, the module of the currents of CT4 and CT6 drops to zero upon the opening

of CB6. Consequently, the currents of CT3 and CT1 increase while the CT5 current

decreases, compared to the ring response illustrated in Fig. 5.22. Regardless of the

topology used, the grid contribution remains consistent in both cases.

These responses suggest that the current entering CT4, equal to CT6, now flows

through the transformers on the opposite side, CT1 and CT3. Consequently, the

outgoing current, denoted as ∆Iop, remains approximately equal in both scenarios.

Therefore, it is demonstrated that the reliability of the proposed technique remains

unaffected by the topology of the microgrid.

Figure 5.22. Case 05. Relay response for a CG fault in Z5 with a microgrid ring topology.

Figure 5.23. Case 05. Relay response for a CG fault in Z5 with a radial microgrid.

5.8 CASE 6: SIMULTANEOUS SHORT-CIRCUITS

In this scenario, simultaneous faults occur at different locations within the microgrid

at different starting points. The microgrid operates in off-grid mode, with DG1 and

DG2 functioning in PQ mode, while DG3 and DG4 operate in V/f mode. Initially, a
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CT fault emerges at zone Z1 at 0.88 seconds, followed by a BC fault at 0.92 seconds

in Z3. Fig. 5.24 illustrates that the CT fault in Z1 triggers the differential current

to enter the operational region. Subsequently, when the BC fault occurs at Z3, both

phase currents enter zone Z3, with the differential current of phase B sensitizing the

differential current in Z1, even though it’s not directly involved in the fault in this

phase.

Figure 5.24. Case 06. Response in the traditional operational plane.

Fig. 5.25 confirms that the traditional element recognizes the initial fault at Z1.

Additionally, it’s noted that Z3 is sensitized due to the proximity between protection

zones, classifying this disturbance as an external fault. Consequently, the relay fails to

operate when the BC fault in Z3 occurs. However, Zone 1 in phase B is sensitized in

response to the BC fault in Z3 without triggering an operation, as expected. Conversely,

the relay correctly identifies the fault in Z3, as show in Fig. 5.26.

0.86 0.88 0.9 0.92 0.94 0.96
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TRIP Z3

FEXT Z3

FDD Z3 

TRIP Z1

FEXT Z1

FDD Z1 

Logic States - Phase B

Figure 5.25. Case 06. Operation flags in phase B for the traditional 87 element.
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Figure 5.26. Case 06. Operation flags in phase C for the traditional 87 element.

Regarding the proposed technique, Fig. 5.27 demonstrates that, unlike the tradi-

tional element, the operating conditions in zone Z1 are not noticed for phase B, and

the operation currents align coherently with the sequence of events. Conversely, Figs.

5.28 and 5.29 exhibit a successful response with reduced operation time. Specifically,

the faults at Z3 are accurately recognized, as well as the fault of phase B in zone Z3.

Figure 5.27. Case 06. Response in the operational plane of the proposed scheme.
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Figure 5.28. Case 06. Operation flags in phase B for the proposed 87 element.
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Figure 5.29. Case 06. Operation flags in phase C for the proposed 87 element.

Thus, two faults may occur at different locations with a time gap between their

initiation moments. In such scenario, the conventional approach involves identifying

the external fault by all unaffected protection zones and adjusting their settings ac-

cordingly. Setting the new slope value poses a challenge as it needs to be sensitive

enough to detect internal faults during short-circuits elsewhere in the microgrid, yet

uncertainty in microgrid operation makes this task difficult.

The proposed scheme addresses this issue by inherently recognizing the fault lo-

cation through comparison of incremental differential currents. Furthermore, if two

short-circuits occur in close proximity, the initial unaffected protection zone could be

impacted. This implies that an external fault might be identified if the disturbance

detector is overly sensitive but fails to meet operational conditions. Without backup

protection logic, the relay could become blocked, compromising the security of the

protection scheme.
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5.9 CONTRIBUTIONS

Based on the results, some contributions of the proposed algorithm can be cited:

1. In conventional distribution networks, the number of CTs is higher because each

distribution line has two terminal CTs, and each distributed generation also has

its own CT, in addition to the use of CTs for load feeders. In the proposed differ-

ential protection, one CT per zone is used, and an additional CT per generation

unit. This makes the proposed method much more affordable, without making

the system less reliable and safe.

2. The minimum operating current is one of the main differential protection set-

tings. This current avoids errors on the part of the CTs and measurement of

the load leakage current, so current transformers are not necessary to supply the

loads. Furthermore, CTs used with a differential element to measure the input

contribution at the fault point and not the load current, which is why the mini-

mum pickup can be constant, however, it is not suitable for microgrids as there

is an intermittency between generation and charge.

3. The sensitivity of the relay to come into operation is related to the comparison

between the incremental currents of the protection zones, which defines slope

values. Thus, slope values that are too low can result in relay misoperation due

to external faults, while high values can result in a delay in operation. The

definition of the slope is essential to guarantee the sensitivity and the operating

time of the differential current in the detection of internal faults.

4. In order to guarantee safety in the face of high CT saturation, a higher slope

is traditionally placed, but in microgrids naturally, there is a lack of distributed

generation outputs, which makes a scenario difficult to happen. However, si-

multaneous faults may occur in different locations. This aspect is not an actual

concern for the proposed technique because the comparison between the incre-

mental differential currents inherently recognizes where the fault does not occur.

Moreover, if two faults are close, the initial non-faulted protection zone could
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be affected. That means that an external fault would be identified if the distur-

bance detector was sensitized but without satisfying the operation conditions. If

no backup protection logic was implemented, the relay may be blocked and the

security of the protection scheme would be lost.

5. In a traditional differential element, the fault resistance can impair the sensitivity

of disturbance detection. This sensitivity is defined by the slope and the minimum

threshold. The strategy of changing the minimum value according to the power

balance plus the comparison of differential incremental currents improves the

sensitivity of the algorithm.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORKS

In this work, a protection function based on differential current is applied to active

microgrids, complemented by an incremental element aiming to ensure reliability and

security. To this purpose, a microgrid system modeled in EMTP software was used to

carry out analyses of protection and operation behavior in the face of different situa-

tions such on-grid and off-grid operation and different topologies. The simulation of

several short circuits with different characteristics at various locations in the microgrid

allows to validate the effectiveness of the protection system. Then, the simplicity of

its formulation, without the need for additional CTs compared to traditional systems,

make it a suitable alternative for electric grids with distributed generation and loads.

Chapter 1 begins with a contextualization of the growth in the penetration of dis-

tributed generation in distribution networks, the benefits and disadvantages of this

generation and a brief introduction of differential protection are presented. Chapter

1, also treats the objectives of the work and the publications carried out during the

master’s degree.

Chapter 2 presents a literature review of existing protection techniques for microgrid

application. These techniques can be classified according with the basic concept, as

current, frequency, voltage, impedance. After this review, it was verified that there is

no a technique that works perfectly for all systems and for different situations, once

the use of each method depends on the type of DG, the configuration of the network

and the level of penetration.

Chapter 3 presents the theoretical background on the formulation of the differential

protection of microgrid power systems. In addition, an overview of the operation modes

of inverters according according with the status of the microgrid, i.e., on-grid or off-grid,

is introduced. Also, typical control loops are presented.



Chapter 4 presents the formulation of the proposed relaying scheme is detailed. The

main protection logic, the adaptive minimum pick-up logic, and the backup logic for

dead zones are introduced. Thereafter, a brief description of the signal processing is

done.

In Chapter 5, the analyses and results from the computer simulations were pre-

sented. Analyses for different situations that can be experienced, such as short-circuits

at various points in the distribution network, in on-grid and off-grid operation, with

fault resistances, using a ring or mesh topology and with the short-circuit occurring

in the dead zone. Based on the results obtained, it can be concluded that the algo-

rithm responds satisfactorily all situations, in relation to the speed, dependability and

security.

Finally, one of the major contributions of this work was to demonstrate that the use

of fewer current transformers, reducing the cost without losing the reliability and safety

of the system, is possible, unlike conventional differential protection. Moreover, the

differential element can dispense load feeders CTs. Additionally, the CTs utilized by the

differential component are configured to accurately measure the incoming contribution

at the fault location along the distribution line, with load currents being disregarded.

Based on this work and the results obtained, it is possible to propose improvements

that can be addressed on future researches. Therefore, as a continuation of this work,

it is suggested:

• Implement the proposed algorithm in a real device

• Test the protection algorithm for new alternative control schemes for inverters.

• Verify the algorithm performance considering the detailed model of converters,

i.e., considering the switching transients.

• Use the developed model to test new protective function, like differential protec-

tion with voltage or frequency, wavelet transform.
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