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Abstract 

Conventional power generation from fossil fuels contribute to problems of climate change 

and low energy efficiency. These problems can be partly addressed by interconnecting 

distributed generators (DGs) with the distribution system to provide electricity from renewable 

energy resources such as wind, photovoltaic (PV), biomass, and fuel cells. One way of integrating 

a large number of DG sources with the distribution system is to interconnect them with low 

voltage (LV) loads to form a microgrid (MG). Multi-microgrids (MMGs) increase the load capacity 

of the distribution system by integrating several MGs, DGs, and medium voltage (MV) loads with 

the distribution system. This thesis addresses a number of challenges in the protection of MGs 

and MMGs. These include accurate measurement of fault current signals, making the protection 

of MGs more robust, and enabling MMGs to continue operation by isolating only the faulted 

sections. 

Fault current signals that are processed by digital relays consist of DC, fundamental, and 

harmonic components. Filtering algorithms are necessary to eliminate the DC and harmonic 

components from these signals. Several algorithms have been proposed for this task which vary 

in their accuracy, response time, and computational burden. The conventional Discrete Fourier 

Transform (DFT) can eliminate harmonics and is commonly used to estimate the fundamental 

frequency phasor. But its accuracy is lower as it does not filter the DC offset. Other algorithms 

including variants of DFT attempt to improve the accuracy and response time. This thesis 

proposes a technique that takes into account the exponential variation of the DC offset, is 

computationally simple, and more accurately determines the fundamental component. The 

effectiveness of this method is evaluated by simulation on a 2-machine system and also 

compared against existing phasor measurement methods. The simulations show that the 

proposed method is more accurate in the estimation of the fundamental component compared 

to the existing methods and also provides faster response time. 

The communication-based protection schemes for MGs provide high speed of operation 

and systematic coordination between the different protection modules. A more robust 
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communication-based protection strategy for MGs is proposed in this thesis to provide 

protection of feeder sections and PV sources against the 3-ph bolted and high impedance faults 

(HIF) by isolating smaller sections than existing zone-based schemes. The effectiveness of this 

strategy is evaluated by simulation for the islanded, net load (NL-), and net generator (NG-) MGs. 

The existing protection scheme for MMGs originally proposed by the EU More Microgrids 

Project disconnects all the DG sources when fault conditions occur. As a result, this protection 

scheme prevents the continued operation of the MMG during fault conditions. The MMG also 

experiences varying fault current levels due to contributions from DGs and MGs compared to 

single grid-connected MGs. A more versatile protection strategy is proposed in this thesis that 

deals with varying fault current levels and enables the MMG to continue operating during fault 

conditions. It extends the strategy proposed for MGs to provide more robust protection to 

feeder sections and PV sources by isolating small grid sections. The proposed protection strategy 

is evaluated by simulation on different MMG scenarios consisting of combinations of NL- and 

NG-MGs. 

A new adaptive overcurrent protection scheme for MMGs containing MGs with varying 

generation and load is also proposed in this thesis. It improves the protection coordination 

strategy for MMGs by automating the setting of relay characteristics to deal with variations of 

generation and load as well as adjust the tripping time delays based on the fault current levels. 

It also addresses the problems due to the presence of DGs that include the blinding of protection, 

failed reclosing, and false tripping. The effectiveness of this protection scheme is evaluated by 

simulation for the MMG scenarios containing different combinations of NL- and NG-MGs.  
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1. Introduction 

1.1. Background and Scope of the Thesis 

The traditional power system is facing major challenges such as the need for drastic 

reduction in greenhouse gas emissions to combat climate change, low energy efficiency, and 

increased load demand [6]. These challenges can be partly addressed by integrating distributed 

generators (DGs) that use alternative energy sources such as wind, fuel cells, photovoltaic (PV), 

and biomass with the distribution system. The benefits of using renewable energy sources in 

DGs are that they reduce carbon emissions and pollution while improving the power quality and 

reliability in meeting the rising load demand. However, the direct interconnection of a large 

number of DGs with the distribution system becomes difficult to manage due to the intermittent 

nature of their generation. An emerging method for integrating larger numbers of DGs with the 

distribution system is to organise them as a microgrid (MG). 

MGs have been introduced at the low (LV) or medium (MV) voltage level to supply electrical 

and heat loads within small communities in industrial and residential areas [6]. They consist of 

renewable energy and combined heat and power (CHP) microsources, energy storage systems, 

and heat/electrical loads. The microsources are connected to the feeders via power electronic 

interfaces that make the necessary conversion between AC and DC. MGs can operate in both 

standalone mode and connected to the MV distribution grid via LV/MV substations. The 

generation-load balance varies dynamically within each MG due to the intermittency of 

renewable energy sources and variable load demand. In the normal mode of operation, MGs are 

connected to the distribution grid and can act either as a net generator (NG) or a net load (NL). 

When a fault or disturbance occurs on the main grid, the MG will separate from it and operate 

in islanded mode. This allows the end-customers at the LV network to continuously receive 

power during network outages. MGs have been employed to reduce transmission and 

distribution losses as well as to prevent network congestion. The advantages of MGs to end-

users and utilities are higher power quality and reliability, higher energy efficiency, reduced 

costs, and reduced carbon emissions. The generation-load balance in the MG contributes to 
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improved power supply quality while the reduced impact of transmission and distribution 

outages enhances reliability. The energy efficiency in the MG is improved by the utilisation of 

waste heat in CHP plants. However, the MG has a limited load capacity of 10MVA. Multi-

microgrids (MMGs) have been proposed by the EU More Microgrids research project [2, 5, 7] as 

a way to supply electric power from renewable energy sources to larger load pockets. 

MMGs integrate both DGs and MGs at the MV level [2, 5, 7]. The MMG operates in either 

the normal or islanded modes. The normal mode is where the MMG is connected to the high 

voltage (HV) transmission network. In the islanded mode, the MMG is disconnected from the 

transmission grid and controls its own voltage and frequency. MMGs have a number of 

advantages over single grid-connected MGs in addition to supplying larger load pockets [6]. 

Redundancy in the MMG improves supply reliability. The distributed control structure of MMGs 

gives greater stability and controllability. 

Traditional distribution systems assume unidirectional power flows from the conventional 

power plants to the customer loads [6]. The protection scheme of such systems are based on 

overcurrent relays detecting high fault currents. The interconnection of DGs to the distribution 

system introduces a number of challenges for the design of protection schemes. The 

coordination of the conventional overcurrent relays, fuses, and reclosers may be disrupted by 

bi-directional power flows due to the presence of DGs. The lower contribution by the utility grid 

to the fault due to the contribution of downstream DG sources may cause blinding of protection. 

The DG source feeding the fault and preventing the arc extinction of the circuit breakers (CBs) 

can result in failed reclosing. A DG connected to a healthy feeder section may contribute to a 

fault current in a downstream feeder section which may result in false tripping of the healthy 

section. When the DG sources near healthy sections get tripped after a fault occurs on another 

part of the grid, unintentional islands may be formed. The inverter interface between the DG 

microsource and MG feeder allows fault current magnitudes of no more than twice the inverter-

rated current [8]. Because of this, overcurrent relays are often too slow to respond to low fault 

currents from inverter-connected DGs in the MG that is operating in islanded mode.  



28 
 

Several protection schemes proposed for MGs address the challenges of bi-directional 

power flows from DGs and lower fault current levels in the islanded MG [9]. These schemes are 

most commonly implemented using digital relays. The advantages of digital relays over 

electromechanical and solid-state relays are that they can self-diagnose, communicate the 

abnormal operating conditions with grid operators, remotely diagnose fault conditions, and 

continually adapt to changing system conditions. The digital relays also have reduced protection 

costs, better system performance, and are more flexible compared to electromechanical relays 

[10]. The protection schemes that are implemented by digital relays can be categorised based 

on the techniques used as adaptive, voltage-based, admittance-based, travelling wave, wavelet 

transform (WT), and differential. The strategies for coordinating protection modules can either 

use communication or time grading techniques. Communication-based strategies [11-13] will be 

used in this thesis since they provide systematic coordination between the different protection 

modules and faster speed of operation compared to time grading strategies. 

Digital relays require the input fault current signal to be free from harmonics and DC 

components so that fault conditions can be more accurately detected [14-16]. Filtering 

algorithms are necessary to estimate the fundamental frequency component of the fault current 

signal by eliminating harmonics and DC components. The conventional Discrete Fourier 

Transform (DFT) has been commonly used to estimate the fundamental frequency phasor but it 

only eliminates harmonics and not the DC component. Several algorithms have been proposed 

to deal with the DC offset to improve the accuracy of the fundamental component extracted 

from the fault current. These algorithms vary in their accuracy, response time, and 

computational burden. There is a need to develop techniques that take into account the 

exponential variation of the DC offset that are computationally simple, and accurately 

determine the fundamental component. 

The EU More Microgrids research project [2, 5, 7] has studied the architectures, control, 

and operation of MMGs. However, the protection of MMGs has not been studied in detail. The 

existing MMG protection scheme disconnects all the DG sources from the MMG during fault 
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conditions preventing its continued operation [1]. MMGs also experience varying fault current 

levels compared to single grid-connected MGs due to the contributions from MGs and DGs [17].  

1.2. Research Objectives 

The research covered in this thesis has the following objectives: 

a) Develop an improved phasor measurement technique to accurately determine the 

fundamental component by eliminating the exponential variation of the DC offset that 

is also computationally simple. 

b) Develop a more robust communication-based protection strategy for MGs to protect 

feeder sections and PV sources by isolating small grid sections that will also consider the 

different operating modes of islanded, NL-, and NG-MGs. 

c) Develop a communication-based protection strategy for MMGs that allows its 

continued operation after isolating any faulted sections. It needs to consider MMGs 

containing different combinations of NL- and NG-MGs. 

d) Design a protection scheme for MMGs that adapts the relay settings according to 

variations in generation and load. It needs to address the different protection problems 

that include blinding of protection, failed reclosing, and false tripping. It should also 

consider different combinations of NL- and NG-MGs. 

1.3. Contributions of this thesis 

In addressing the research objectives covered in Section 1.2, the significant contributions 

made by this thesis are outlined below.  

1.3.1. An Improved Phasor Measurement Algorithm 

An improved phasor measurement algorithm is proposed to accurately estimate the 

fundamental component taking into account the exponential variation of the DC offset. It is 

computationally simpler and faster than similar algorithms.  
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1.3.2. A More Robust Protection Strategy for MGs 

A more robust communication-based strategy is proposed to protect feeder sections and 

PV sources of MGs by isolating smaller grid sections than existing zone-based schemes. This 

strategy includes primary protection modules for feeder sections and PV sources along with a 

backup protection module for the feeder sections only. It can protect the MG against the most 

severe fault conditions of 3-ph bolted and high impedance faults (HIF). This strategy is evaluated 

for different scenarios of NL-, NG-, and islanded MGs. The effectiveness of this strategy is verified 

by simulations and compared with existing MG protection schemes. 

1.3.3. Flexible Protection Strategy for MMGs 

A communication-based protection strategy is proposed for MMGs that enables their 

continued operation by isolating faulted sections. It can deal with varying fault current levels in 

the MMG due to the contributions from DGs and MGs. This strategy uses differential protection 

modules for feeder sections and under-voltage modules for PV sources. It extends the 

communication-based protection strategy for MGs mentioned in Section 1.3.2 and is able to 

deal with the variations of generation and load that are modelled using different combinations 

of NL- and NG-MGs. 

1.3.4. Adaptive Overcurrent Protection Scheme for MMGs 

A new adaptive overcurrent protection scheme is proposed to improve the protection 

strategy for MMGs mentioned in Section 1.3.3 by using a central controller to monitor the 

changes in generation and load in each MG and to automatically set the overcurrent relay 

characteristics. It makes the central controller in this scheme more advanced in functionality 

than the existing adaptive protection schemes for MGs. It also deals with the problems of 

blinding of protection, failed reclosing, and false tripping. Unlike the protection strategy for 

MMGs mentioned in Section 1.3.3 and other adaptive protection schemes for MGs, the 

overcurrent relays in this scheme have inverse-time characteristics to ensure faster tripping 

times for more severe fault conditions. 
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1.4. Thesis Outline 

Chapter 1 introduces the research topic, states the objectives, and outlines the 

contributions. 

Chapter 2 provides the background material and literature review relevant to MG and 

MMG protection as well as phasor measurement techniques. The various protection challenges 

are outlined. The protection of different components of MGs and MMGs are described in detail. 

The existing protection schemes and coordination strategies for MGs are reviewed and their 

advantages and disadvantages discussed. The relative strengths and limitations of existing 

phasor measurement techniques are also reviewed. 

Chapter 3 describes the modelling details of MGs and MMGs and also of different fault 

conditions. 

Chapter 4 proposes an improved phasor measurement algorithm to separate the DC and 

fundamental components from the input fault current signals. It is compared with existing 

methods and evaluated on a 2-machine system. 

Chapter 5 proposes a communication-based protection strategy for MGs that isolates 

smaller grid sections than the existing zone-based schemes. The strategy is evaluated by 

simulation and compared against existing communication-based protection schemes. 

Chapter 6 proposes a protection strategy for MMGs that will enable their continued 

operation by isolating faulted sections. It extends the proposed protection strategy for MGs in 

Chapter 5. The evaluation of its effectiveness for the different MMG scenarios containing NL- 

and NG-MGs is reported in detail. The performance of this strategy is compared with that in 

Chapter 5 for single grid-connected MGs. 

Chapter 7 proposes an adaptive overcurrent protection scheme for MMGs containing NL- 

and NG-MGs. The protection problems related to the presence of DGs that include the blinding 

of protection, failed reclosing, and false tripping are also addressed in this chapter. The 

effectiveness of the proposed scheme in addressing these challenges is evaluated by simulation. 
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This scheme is compared against the communication-based strategy for MMGs of Chapter 6 as 

well as the existing adaptive protection schemes for MGs. 

Chapter 8 summarises the contributions of this thesis and outlines possible future work.  
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2. Background and Literature Review 

2.1. Introduction 

The interconnection of Distributed Generators (DGs) to the distribution system brings 

benefits such as reduced transmission and distribution losses, lower greenhouse gas emissions, 

and improved power quality and reliability [18, 19]. However, the presence of DGs poses some 

challenges to the protection system operation. A significant problem is the loss of coordination 

between the overcurrent protection devices during faulted conditions due to the bidirectional 

power flows within the distribution system. Whenever faults occur in active distribution 

systems, the conventional practice is to use an islanding detection method to disconnect all DGs 

based on IEEE Standard 1547. While this approach is feasible with low penetrations of DGs, the 

system reliability will be adversely affected when there are a large number of DGs. 

The conventional overcurrent protection scheme for the distribution system is based on 

high fault currents [20-24]. When a fault occurs within a microgrid (MG) connected to the 

distribution system, the fault currents will be high enough for the overcurrent relays to function. 

However, when a MG is islanded from the distribution system, the fault currents will be 

significantly lower to activate the overcurrent relays due to the limited contributions from the 

inverter-connected DG sources. In this chapter, several proposed coordination strategies and 

protection schemes to address these issues are reviewed.  

Fault current signals consist of DC and fundamental components as well as harmonics [16, 25]. 

Digital protective relays require their input current signals to be free from harmonics and DC 

offsets so that they can accurately detect fault conditions that occur in power systems. Several 

existing phasor measurement algorithms that address this problem are reviewed in this chapter. 

The relative advantages of these algorithms and their limitations are discussed in detail. 

The rest of this chapter is organised as follows: Section 2.2 briefly describes the background 

related to MGs and MMGs. Section 2.3 gives an overview of power system protection and the 

specific protection requirements of components. The protection problems arising from the 

interconnection of DGs to distribution systems and MGs are discussed in Section 2.4. The 
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protection challenges and related protection strategies for MGs are discussed in Section 2.5. The 

existing phasor measurement algorithms are reviewed in Section 2.6. Section 2.7 summarises 

this chapter. 

2.2. Microgrids and Multi-Microgrids 

2.2.1. Microgrids 

Microgrids (MGs) interconnect DG microsources, storage devices, and loads at low (LV) or 

medium (MV) voltage level [24]. With the increasing use of DGs, integrating them through a MG 

configuration is more effective than directly interconnecting them to the distribution system. 

MGs can either be DC or AC grids. Examples of DG microsources include renewable energy 

sources of wind, photovoltaic (PV), and hydro as well as combined heat and power (CHP) plants. 

Storage devices employ technologies such as flywheels, batteries, and super-capacitors. Power 

electronic interfaces are used to interconnect AC or DC DG sources, storage devices, and loads 

to the MG which may be either AC or DC. An individual MG has a maximum load capacity of 

around 10 MVA. A MG can operate connected to the MV distribution grid or in standalone mode. 

MGs have been used in rural and urban communities, industrial sites, and commercial areas. 

The generation-load balance within the grid-connected MG changes dynamically due to 

intermittent generation from renewable energy sources and variable load demand [23]. 

Variations in generation and load demand can also occur due to seasonal changes in the 

intensity of sunlight, wind, and temperature. A grid-connected MG can either import power 

from or export power to the MV distribution grid. A MG that exports excess generated power to 

the MV distribution grid is a net generator (NG). Conversely, a net load (NL) MG imports power 

from the MV distribution grid to supply the excess load within the MG. 

The control scheme for MGs proposed in [2] consists of a Distribution Management System 

(DMS), a Microgrid Central Controller (MGCC), Load Controllers (LCs), and Microsource 

Controllers (MCs) as shown in Fig. 2.1. The DMS establishes the rules for each controller to 

balance generation and load. The MGCC interacts with the LCs and MCs by acquiring data on 
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active and reactive powers, and sending commands to balance generation and load. LCs and 

MCs control the power supplied to the loads and the power set points of the microsources 

respectively. 

 

 

 

 

 

 

 

MGs offer several advantages over conventional distribution systems [20-24]. They can be 

used to supply power to remote areas that are difficult to reach from the main grid. The MG can 

continue operation as a single aggregated unit in the islanded mode whenever power outages 

occur within the distribution system. CHP units in MGs can directly meet the heat and electricity 

requirements of customers. As the microsources use low carbon technologies, MGs can 

contribute to reducing global warming and climate change. Table 2.1 summarises the 

advantages and disadvantages of MGs. 

Table 2.1. Advantages and Disadvantages of MGs 

Advantages Disadvantages 

Reduces global warming and climate change. Has limited load capacity of 10 MVA 

Supplies power to remote areas that are 

difficult to reach from main grid. 

Renewable energy sources are intermittent 

in nature. 

Can continue operation as single aggregated 

unit in islanded mode whenever power 

outages occur within distribution system. 

 

CHP units directly meets heat and electricity 

requirements of customers 

 

 

DMS 

MV LV 

PV 

DC 

AC 

MGCC 

MC 

PV 

DC 

AC 

LC 

MC 

LC 

Fig. 2.1. Control structure for a MG that contain LCs and MCs [2]. 
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2.2.2. Multi-Microgrids 

Multi-microgrids (MMGs) consist of DGs and MGs that are connected to the MV distribution 

system [2, 7]. The large load pockets of an MMG can be divided into smaller load units served 

by individual MGs. The MMG can operate either connected to a high voltage (HV) transmission 

grid or in islanded mode. The modelling of MMGs will be covered in more detail in Chapter 3. 

A hierarchical frequency control scheme for MMGs to control the system frequency is 

proposed in [26] as shown in Fig. 2.2. The DGs and MGs are treated as individual controllers. The 

remote telemetry units (RTUs) control the operation of the HV/MV substations. A Central 

Autonomous Management Controller (CAMC) is interfaced with a Distribution Management 

System (DMS) similar to the one described in Section 2.2.1. The CAMC performs the following 

tasks: acquiring active and reactive power measurements from the MGCCs, DGs, and RTUs; 

receiving commands from the DMS for balancing generation and load; and scheduling the 

operation of the MGCCs, DGs and RTUs. The operation of this scheme is similar to the Automatic 

Generation Control (AGC). 

MMGs provide improved reliability due to the presence of several MGs [2, 7]. Their distributed 

control structure ensures greater stability and controllability. These advantages are briefly 

outlined in Table 2.2. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2. Control structure for an MMG containing several LV MGs connected to the MV grid  

[1]. 
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Table 2.2. Advantages and Disadvantages of MMGs 

Advantages Disadvantages 

Provides improved reliability due to presence 

of several MGs. 

Control and Protection Schemes are more 

complex compared to single grid-connected 

MGs. 

Distributed control structure ensures greater 

stability and controllability. 

 

 

2.3. Protection of Power Systems 

The purpose of power system protection is to detect the presence of fault conditions, quickly 

perform actions to minimise any damage that may be caused by the fault, and restore the steady 

state operation of the power system [9]. Relays in these protection systems detect faults by 

comparing measured quantities such as voltage, current, frequency, and power against 

predefined thresholds and generate trip signals which are sent to the circuit breakers (CBs). The 

CBs open to disconnect the faulted section from the grid and reconnect following clearance of 

the fault. 

The protection systems need to meet a number of requirements [9]. Firstly, it has to be 

selective in ensuring that the relay nearest to the fault is activated to isolate the faulted section 

only. Sensitivity is the ability to detect the slightest variations in voltage and current when 

abnormal conditions occur. The speed requirement is that the protection system operates 

quickly enough to minimise further damage to the healthy grid sections. Stability is achieved 

whenever the healthy grid sections are able to continue operation following fault clearance. The 

reliability requirements consist of both dependability and security. For dependability, the 

relaying scheme should only operate when a fault is present within their protective zone. The 

relaying scheme is secure when it does not trip for faults outside its zone and when there are no 

fault conditions. 
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Modern protection relaying schemes are commonly implemented using digital 

microprocessors and computers [10, 27]. The advantages of digital relays over the 

electromechanical relays are that they have reduced implementation costs, provide more 

flexible operation, increased reliability, improved system performance, and the ability to 

perform background tasks. Digital relays are also more flexible since they have more advanced 

programmable functionality [9]. The presence of high level diagnostic functions in the digital 

relay makes it more reliable. The background tasks performed by the digital relays include 

measuring voltages and currents, monitoring power flows, opening and closing of CBs and 

switching devices, and providing backup protection for other relays. Digital relays also have the 

following features: ability to adapt to changing power system conditions; communication of 

abnormal grid conditions to the central grid operator; ability to self-diagnose; and to remotely 

diagnose fault conditions. Section 2.5 will review the different coordination strategies and 

protection schemes that utilise digital relays. 

Each component in the power system requires suitable protection against the different fault 

conditions [9, 28]. The protection strategies of feeder sections include overcurrent, distance, 

differential, and phase comparison. Transformers are protected using differential, Buchholz, 

restricted earth fault, overload, and volts per hertz. Bus protection includes high-impedance, 

differential, and overcurrent. Generators are protected against stator and rotor faults, 

overspeed, overload, failure of prime mover, loss of excitation and synchronism, abnormal 

voltage and frequency conditions, and turbine failure. The following subsections describe these 

protection strategies. 

2.3.1. Feeder Sections 

2.3.1.1. Overcurrent Protection 

Instantaneous overcurrent relays are set such that there is substantial difference in the fault 

current levels between the two ends of a feeder to ensure that the relay does not cover beyond 

its own feeder section [9]. These relays provide high speed protection for the feeder. 
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Inverse time-delay overcurrent relays can be used in radial feeders to provide phase and 

ground protection [9]. These relays can be coordinated across the feeder sections by setting 

their characteristic curves from which the time delays of the different overcurrent relays can be 

obtained. These time delays should be set in such a way that the relay nearest to the fault 

operates before the neighbouring relays. The choice of pickup settings for the inverse time-delay 

overcurrent relays should ensure that all the fault conditions are isolated within the feeder 

section. The inverse time-delay overcurrent relays can also be set to provide backup protection 

to adjacent feeder/transformer sections. 

Directional overcurrent relays are used whenever there is bi-directional power flows across 

any feeder section [9]. These relays should only operate when a fault is detected in a particular 

direction. It provides coordination between all the relays that can see a given fault. 

2.3.1.2. Distance Protection 

Distance relays protect feeder sections that are connected in series from the generation 

source [9]. Each distance relay provides primary protection to its own feeder section as well as 

backup protection to the neighbouring feeder sections. The primary protection of these relays 

are usually set to around 85-90% of the feeder section and backup protection to around 120-

150%. The protection of these feeder sections needs to consider the uneven feeder lengths as 

well as fault current contributions from feeders that are interconnected to the intermediate 

buses. 

2.3.1.3. Phase Comparison Relaying 

In this scheme, the phase angles of the primary currents measured at both ends of the feeder 

section are compared with each other to check if they are in phase [9]. An internal fault exists 

whenever these two phase angles are 180° out of phase with each other. Whenever the two 

primary currents are in phase, there is either no fault on the feeder section or an external fault 

exists. This relaying scheme only provides primary protection for its own feeder section. It is 
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necessary to also provide a separate relaying scheme for backup protection for both local and 

adjacent feeder sections. 

2.3.1.4. Current Differential Protection 

In this scheme, the magnitude and phase of the current are measured at each bus and 

transmitted across communication links so that they are made available at all other buses [9]. 

There are two types of current differential schemes. One scheme combines all the current 

measurements and compares them with each other to determine the faulted feeder section. 

The other scheme converts the current measurements at the end of each feeder section into 

digital signals before they are transmitted across communication links to the other end of the 

feeder section. The difference between these currents at the two ends of each feeder section is 

computed and compared against their thresholds. 

2.3.2. Transformers  

2.3.2.1. Differential Protection 

A percentage differential relaying scheme is used to protect the two-winding transformer 

since it is robust against changes in the transformer tap ratio, transformation errors of the 

current transformers (CTs) on both the primary and secondary sides, and mismatches between 

the CT ratios [9]. These relays work in both normal load flow and external fault conditions. 

However, they do not work effectively for false differential currents in normal operating 

conditions due to irregularities in the transformer and/or CT cores. Hence improvements have 

to be made to deal with false differential currents caused by inrush conditions. 

The false differential currents contain harmonics due to the magnetising inrush currents or 

transformer overexcitation [9]. These currents are passed through both a fundamental 

frequency band-pass filter to extract the normal operating current and a blocking filter to enable 

all the harmonics to pass through. These harmonics are then used to provide the restraining 

function of the relay which should also ensure that the relay trips for any internal fault that 

occurs due to CT saturation. 
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2.3.2.2. HV Overcurrent Protection 

The HV side of the transformer is protected by both the inverse definite-time overcurrent and 

earth fault relays [28]. The inherent time delay of this overcurrent relay also provides backup to 

the LV side. Instantaneous overcurrent relays can also be used on the primary side of the 

transformer to clear the HV bushing flashovers. 

2.3.2.3. Overload Protection 

Overload condition occurs whenever the temperature of the transformer winding exceeds the 

normal maximum working value [9, 28]. It results in the deterioration of the insulation and oil 

which would lower the life of the transformer. This problem can be addressed by fitting winding 

and oil temperature detectors, alarms, and trip devices to the transformers. These alarms and 

trip devices get activated whenever the winding and oil temperatures exceed their specified 

thresholds. Cooling fans and pumps are used to control the temperatures of larger transformers. 

2.3.2.4. Buchholz Relay 

Fault conditions or failure of the winding insulation in the oil-filled transformer tank results in 

arcing within the tank [9, 28]. This leads to a breakdown of oil into molecular compounds such 

as hydrogen, acetyne, and methane. This is followed by gas and oil vapour being released from 

the tank to the conservator via a pipe resulting in an oil surge. This condition can be detected by 

a Buchholz relay located in the pipe that connects the transformer tank to the conservator. 

When gas rises along the pipe, the oil gets displaced and the float at the top of the relay casing 

operates the switch to trigger an alarm. 

2.3.2.5. Volts per Hertz Relay 

If the transformer core experiences high flux exceeding the saturation levels, it changes the 

flux patterns in the core and surrounding structure and increases the flux levels in the 

transformer tank and other structural members [9]. It can result in very high eddy currents 

damaging the transformer. A volts per hertz relay is most suitable for dealing with this situation 
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since the flux is proportional to the voltage and inversely proportional to the system frequency. 

These relays contain both a lower setting for alarms and higher settings for tripping. 

2.3.3. Buses 

2.3.3.1. Differential Protection 

In the percentage differential scheme for buses, one operating winding is used for each phase 

whereas a restraint winding is used for each phase in each circuit that contributes higher fault 

current levels [9]. Circuits with lower fault current contributions are paralleled onto one 

restraint winding. The operating current for the relay is proportional to the currents from the 

restraint windings. 

2.3.3.2. High Impedance Voltage Relays 

High impedance voltage relays are used to address the complete saturation of the CT for the 

worst case external fault condition [9]. These relays use the error voltage across the operating 

coil to distinguish between internal and external faults. Before the signal is processed by the 

overvoltage relays, its DC offset and harmonics are filtered out by the series LC circuit. An 

instantaneous overcurrent relay is also used to speed up the operation when a high fault current 

occurs. A variable resistor limits the voltage across this overcurrent relay. 

2.3.3.3. Moderately High Impedance Voltage Relays 

These relays combine both the percentage differential and high impedance voltage relays as 

they are immune to CT saturation [9]. They can also deal with the worst external fault conditions. 

These relays are connected to the system via auxiliary CTs which enable relays with incompatible 

ratios to be connected. 

2.3.3.4. Directional Comparison 

Directional comparison uses both directional relays and fault detectors [9]. Directional relays 

are placed on each circuit that is connected to the bus. Instantaneous overcurrent relays are 

used as fault detectors on circuits connected to the bus. Internal faults are detected by the fault 



43 
 

detectors when currents are flowing into the bus through all the circuits. On the other hand, 

external faults are indicated by current flowing from the bus to one or more circuits. The trip 

signal occurs when the series-connected directional relays on all the circuits are closed. 

2.3.3.5. Partial Differential Protection 

In this form of protection for different bus configurations, some of the measured currents 

flowing in the connecting circuits to the bus are not included in the differential scheme [9]. This 

is different to the full differential scheme that uses the currents in all the connecting circuits.  

2.3.4. Generators 

2.3.4.1. Stator Faults 

The phase faults that occur on stators in generators with a minimum rating of 1000 kVA 

require differential protection since the rotating machinery and protective switchgear of CBs 

and CTs are close to each other [9]. The percentage differential scheme is commonly used for 

phase faults on stators since it avoids the errors that occur due to variations in CT manufacturing 

tolerances, differences in secondary loading as well as the presence of DC offsets in the CT 

measurement. The differential or operating current can either be a constant or variable 

percentage of the through or restraining current in order to detect and isolate the different fault 

conditions. 

The generator stators are either solidly grounded or connected via a neutral impedance to 

ground [9]. Solidly grounded generators can be protected using an instantaneous overcurrent 

relay. On the other hand, generators containing a neutral impedance to ground are protected 

by a time-delayed overcurrent relay which protects against lower ground currents by adjusting 

the pickup settings to lower current values. Time delays are necessary in the overcurrent relay 

to ensure that there are no false ground currents caused by either switching or system transients. 
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2.3.4.2. Rotor Faults 

Whenever an ungrounded rotor winding experiences the first ground fault, it stresses the 

other parts of the field winding even though it does not cause immediate damage [28]. However, 

when a second ground fault occurs, the increased field current heats up the rotor and the 

resulting distorted fluxes cause vibrations and unbalanced mechanical forces on the rotor. This 

condition can be detected by the AC and DC injection methods as well as the potentiometer 

method. 

The AC injection method requires an auxiliary power supply to be injected into the field circuit 

via a coupling capacitor [28]. When a rotor winding fault occurs, the resulting current is detected 

by the sensitive relay. On the other hand, in the DC injection method, the power supply from 

the AC method is rectified and is used to give the field voltage a negative polarity with respect 

to earth. So when an earth fault occurs, it results in the flow of current into the rectifier causing 

the relay to operate. 

In the potentiometer method, the field winding is connected to a resistance with centre tap 

and the relay subsequently connects the resistor to the ground [28]. So when faults occur on the 

winding, voltages are produced across the relay. However, for faults occurring at the centre of 

the field winding, a pushbutton or bypass switch is used to check for the occurrence of the fault 

conditions. 

2.3.4.3. Overspeed 

Overspeed conditions occur on the prime mover when the generating unit is disconnected 

from the system [28]. Electrohydraulic or electronic equipment protects the prime mover 

against these conditions. However, when the generator is connected to the system, overspeed 

is never a problem since the generator’s synchronous speed has to remain within the system 

frequency. 
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2.3.4.4. Overload 

Overloads are not an issue for generators since the power generated by their prime movers 

are controlled by governors and regulators [28]. Moreover, thermocouples or thermistors 

located in the stator winding provide overload protection. The field winding resistance is used 

to check for overloads in the rotor. 

2.3.4.5. Failure of Prime Mover 

The failure of the prime mover results in the generator operating as a motor that draws power 

from the utility grid [28, 29]. This leads to further damage to the prime mover. These conditions 

can be detected by reverse power relays. 

2.3.4.6. Loss of Excitation 

This condition occurs when the synchronous generator loses excitation and instead operates 

as an induction generator that rotates well above synchronous speed and the reactive power is 

supplied by the interconnecting system [9]. The round rotors in the generators experience this 

problem since they do not have the damper windings and so the induced currents flowing in the 

rotor iron will overheat the rotor windings. However, salient-pole generators do not experience 

this issue since they contain damper windings. Underexcitation in the synchronous generator 

can be detected in a number of different ways, one of which is to use power factor or reverse 

power relays for small units. Current detectors in excitation circuits can also be used to detect 

underexcitation. However, the impedance relay is the most popular method for this purpose. 

2.3.4.7. Loss of Synchronisation 

The synchronous generator loses synchronisation when there is either a large disturbance in 

the surrounding power system or it operates at high load with a leading power factor [28]. This 

results in the rotor oscillating and if it is displaced beyond a stable limit, the rotor will slip a pole 

pitch. If this disturbance continues, then the field winding needs to be tripped for the generator 

to operate asynchronously. Moreover, the field excitation and load of the synchronous 
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generator need to be reduced and the switch needs to be reclosed at the interconnection point 

to resynchronise the generator with the power system.  

2.3.4.8. Abnormal Voltages and Frequencies 

The abnormal voltage and frequency conditions that occur for the generator include 

overvoltage and underfrequency. Overvoltages at the generator terminals results in excess flux 

damaging the core and adjacent structures leading to eddy current losses in the core and 

adjacent conductors [9]. A volts per hertz relay is used to protect the transformer that is part of 

the generator-transformer set against overvoltage conditions. Moreover, the overvoltage limits 

and alarms are contained in the excitation and regulator circuits of the generator-turbine set. 

Underfrequency conditions occur when the turbine deviates from synchronous speed 

resulting in mechanical resonant stresses in the turbine [9]. Load shedding is carried out to 

protect the turbine against these conditions and ensure that the system frequency returns to 

normal. However, this protection does not prevent turbine damage and so frequency relays are 

used to monitor underfrequency conditions. 

2.3.4.9. Turbine Protection 

Protection is provided to the wind turbine and its connecting step-up transformer [30]. When 

the step-up transformer is connected to the base of the turbine, internal fuses protect the high 

voltage side and the base of the turbine is protected by low voltage switchgear. Moreover, the 

connection of the transformer to the top of the turbine requires the MV fault interrupter and 

overcurrent relay to be installed at the base of the turbine. 

2.4. Protection Problems due to DGs 

The protection of distribution systems and MGs containing DGs experiences a number of 

different problems [31]. These include the blinding of protection, false tripping, loss of 

coordination between fuses and reclosers, and failed reclosing. The following subsections 

describe these problems and review the possible solutions that have been proposed. 
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2.4.1. Blinding of Protection 

The utility grid contribution to the fault current seen by the conventional overcurrent relays 

are reduced by the contributions from the DG sources [31]. This could result in the relays not 

detecting the fault conditions since their thresholds have not been reached. Therefore, the 

reclosers, fuses, and relays may experience misoperation during fault conditions. 

One possible solution for this problem proposed in [32] is to set overcurrent relay thresholds 

at a lower value so that faults can be detected despite reduced current levels due to the 

presence of DGs. However, this solution compromises the sensitivity and security of the 

protection system and may lead to false tripping when a fault occurs on an adjacent feeder. An 

adaptive overcurrent scheme proposed in [33] for a distribution feeder containing DGs 

decreases the overcurrent relay thresholds as the generation output increases. Another 

adaptive scheme in [34] uses the relationship between the overcurrent relay thresholds and the 

generator output to prevent the unnecessary disconnection of the distribution feeder.  

2.4.2. False Tripping 

False tripping occurs when DGs located on the healthy feeder section contribute to the fault 

on an adjacent feeder section connected to the same substation [31]. This results in the fault 

current seen by the conventional overcurrent relay on the healthy feeder section exceeding its 

threshold which then leads to the tripping of the healthy feeder section. 

Directional overcurrent relays can be used to solve the problem of false tripping by detecting 

the direction of the currents from DG sources on the healthy feeder section [31]. If this relay on 

the healthy feeder section detects the fault on an adjacent feeder section, a transfer trip signal 

is sent to the CB on the adjacent feeder section to isolate the fault. This would enable the healthy 

feeder to remain connected to the grid. Another possible solution proposed in [35] is to use 

relays with a longer time delay that enables feeder sections containing DG sources to have 

longer fault clearing times. 
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2.4.3. Loss of Fuse-Recloser Coordination 

The connection of DGs to the distribution system results in problems related to the loss of 

coordination between fuses and reclosers [31]. One problem is that the recloser is not able to 

detect the fault current levels correctly when DGs contribute towards it. The coordination 

between reclosers or between fuses and reclosers are also lost which can result in the fuse 

operating before the reclosers in clearing the fault. This leads to unnecessary interruptions when 

temporary faults are being cleared. 

Brahma and Girgis [36] proposed a microprocessor-based recloser to restore the coordination 

between fuses and reclosers. Both the fast and slow trip curves are programmed in the 

microprocessor. The fast curve used during the first reclosing cycle should be programmed to 

be selective with the lateral fuses whenever DGs is connected to the distribution grid. The slow 

curve is used in the second reclosing cycle to select the appropriate lateral fuses after DGs are 

disconnected from the distribution grid.  

Another method of solving the fuse-recloser coordination problem proposed by Funmilayo 

and Butler-Purry [37] is by limiting the amount of fault current fed by the DG into the fault. The 

DG is connected to the main feeder via a lateral recloser and overcurrent relay. The lateral 

recloser is coordinated to operate before the recloser on the main feeder. When a fault occurs 

on the main feeder, its own recloser operates to clear the fault and then the lateral recloser 

operates to limit the fault current fed by the DG. These reclosers are reconnected after the 

temporary fault is cleared. If the temporary fault cannot be cleared by the reclosers, the 

overcurrent relay disconnects the DG from the feeder. The fault can be cleared by the reclosers 

in a similar way to that of the conventional distribution grid. If the fault cannot be cleared by the 

reclosers, a permanent fault exists and the fault current will blow the fuse to remove the fault. 

If the fuse cannot clear the fault, the overcurrent relay will disconnect all the DGs in the 

distribution system and the recloser at the main feeder will lock out. 

In the solution proposed by Tailor and Osman [38], the DGs are rapidly disconnected from the 

distribution grid whenever fault conditions occur. This is done to preserve the radial nature of 
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the distribution grid and enable the fuses and reclosers to operate. A semiconductor switch 

containing two anti-parallel Gate Turn Off (GTO) thyristors and a microprocessor-based current 

sensing unit is used to perform the disconnection of the DGs during fault conditions. 

2.4.4. Failed Reclosing 

When a faulted feeder section is reclosed to clear the fault, one end of the feeder is left 

disconnected to extinguish the arc [31]. The DG connected to the feeder maintains the arc at 

the disconnected feeder end. This turns the temporary fault into a permanent one. DGs will also 

move away from synchronism with the main grid due to the load and generation becoming 

unbalanced. Therefore, the reconnection of the faulted section without synchronisation would 

lead to serious damage to DGs and high voltages and currents throughout the grid. 

The problem of failed reclosing can be most effectively addressed by rapidly disconnecting 

the DG sources from the faulted feeder section before performing the reclosing operation [31]. 

The DGs are disconnected by the voltage or frequency protection relays based on the standard 

tolerances. 

2.5. Protection Systems for Microgrids 

Protection systems for islanded MGs need to consider the following factors: protecting the 

MV side of the MG; microsource protection; protection of distribution transformers; and neutral 

grounding considerations. This section reviews the protection schemes and coordination 

strategies for both grid-connected and islanded MGs to address the above challenges. 

2.5.1. Protection Coordination Strategies 

Strategies are needed to coordinate the operations of primary and backup protection 

schemes. Primary protection acts as the first line of defence against the damaging consequences 

of faults, whereas backup protection acts only when the primary protection fails. The strategies 

for protection coordination based on optimisation methods, time grading, communication, and 

other techniques are reviewed in the following subsections. 
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2.5.1.1. Optimisation Methods 

Optimisation methods are used to solve the directional overcurrent protection coordination 

problem throughout the MG. The objective is to minimise the operating times of all the relays 

subject to different constraints. These constraints include backing up all relay and setting bounds 

on time dial settings (TDS) and pickup currents for each relay. Zeineldin et al. [39] solves the 

directional overcurrent protection coordination problem using the particle swarm optimisation 

(PSO) technique. This technique produces more accurate values than linear programming. Each 

relay in this approach have different settings for grid-connected and islanded modes of the MG. 

Najy et al. [40] employs a genetic algorithm (GA) to optimally coordinate the directional 

overcurrent relays. The GA technique is better able to exit local minima and converge to a better 

solution in faster time than the PSO technique. This method does not consider the fault ride 

through of the synchronous generators nor the presence of inverter-interfaced DGs and energy 

storage devices. 

2.5.1.2. Time Grading 

When the primary protection fails, time grading strategies enable the backup relays to 

operate after varying time delays. Loix et al. [3] developed a strategy to detect and clear faults 

within radial MGs containing a large number of inverter-coupled energy sources. Fig. 2.3 shows 

a MG consisting of multiple protection zones that are each covered by fault detection modules. 

Traditional overcurrent protection is used within a given time delay to detect a fault in the grid-

connected MG. If the fault is not detected within the time delay, the MG is islanded from the 

grid and the fault is detected using voltage measurements. The direction for each fault type is 

determined by the voltage and current measurements from the fault detection module. When 

the fault direction is known, time delays are selectively applied to each module until the fault is 

cleared. Adding a communication network can improve the speed of the protection system 

operation, though it may become vulnerable to communication failures. No experimental results 

have been provided for this scheme. 
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A protection strategy based on microprocessor relays for both the grid-connected and 

islanded modes was proposed in [41]. Each microprocessor relay contains modules for tripping, 

interface, negative-sequence directional function, three-phase protection, and also phases a, b, 

and c. Each phase module protects the corresponding phase of its secondary mains feeders. The 

three-phase protection module provides redundant protection based on zero/negative 

sequence detection. The protection of the MG is coordinated with a time grading technique 

containing directional elements for identifying forward and reverse faults. If the primary 

protection relay fails with this technique, downstream relays will respond one-by-one after 

different time delays until the fault is cleared. This scheme does not use communication or 

adaptive protection devices, but adapts to different fault current levels and fault types. However, 

it experiences relatively long fault clearing times due to the time grading technique for 

protection coordination. 

A control and protection scheme for the MG in both operating modes was proposed in [42]. 

The protection scheme coordinates the feeder and DG islanding protection within the MG. 

Differential protection is provided for each feeder whereas each DG is protected by over/under 

voltage and over/under frequency relays. When a three-phase fault occurs on one of the feeders, 

the differential relays are activated. After a time delay, the islanding detection algorithms send 

the CB status and the DG interface control mode to the central control unit. If either the DG 

frequency or voltage does not fall within their permissible ranges after a time delay, the DGs are 

disconnected from the MG. The coordination between the control and protection scheme 

Fig. 2.3. MG with multiple protection zones and fault detection modules [3]. 
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prevents nuisance tripping of DGs and non-critical loads during islanded operation. This 

operation of this scheme is slower due to the absence of communication. Other fault conditions 

were not considered in this scheme. 

2.5.1.3. Communication-based 

In communication-based protection schemes, a central control unit is interconnected with the 

measurement devices and CBs via communication networks. The central control unit analyses 

the measured voltages and currents to determine the fault location. Trip signals are then sent 

to nearby CBs. 

Sortomme et al. [11] proposed a protection scheme for phase-A-to-ground faults using digital 

relays and a communication system. The primary protection based on the differential scheme 

for each feeder segment trips the switching device on both ends of a faulted feeder. If the 

switching device fails to operate, a backup trip signal is sent to the adjacent relay on the same 

bus after a time delay. But if either the backup protection relay or communication link fails, the 

relays use comparative voltage protection until the system recovers. When the MG is islanded, 

this scheme also detects high impedance faults (HIFs) from the measured differential current. It 

has high reliability because of its looped configuration and can cope with communication failures. 

However, the placement of relays and switching devices at each end of the feeders is expensive. 

The errors and mismatches of the current transformers (CTs) have not been considered in this 

protection scheme. It also assumes technical features such as faster tripping times that are not 

available in state-of-the-art equipment. 

A scheme proposed in [43] for radial grid-connected MG configurations uses an integrated 

protection and control (IPC) unit. An IPC is interconnected by an optical Ethernet communication 

network to the measurement devices, CBs, and control units at each bus. The currents, voltages, 

and other electrical quantities are used by the IPC to make protection and control decisions to 

be sent to the CBs and control units respectively. A pilot instantaneous overcurrent protection 

scheme for the local feeder and remote busbar is implemented. This protection scheme provides 
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faster fault clearing times. However, communication failures and lack of available 

communication channels are not considered. 

A communication-based protection strategy has been proposed for different MG components 

which include feeders, buses, and DG sources by Dewadasa et al. [44]. Both the feeders and 

buses are protected by the primary differential scheme along with the backup overcurrent and 

under-voltage schemes. The differential scheme uses a characteristic containing user-defined 

slopes that define the operating and restrain regions. The backup protection schemes are only 

activated whenever communication failures are detected by the relays. On the other hand, DG 

sources are protected using under-voltage, overvoltage, reverse power flow, and synchronism 

check relays. This protection strategy shows high levels of selectivity and sensitivity when 

detecting internal faults in both grid-connected and islanded MGs. It also ensures safe and 

reliable operation of the MG. However, this scheme does not consider the time synchronisation 

of the measured current phasors. 

Nthontho et al. [45] proposed a wide-area differential protection scheme using 

communication links to protect a MG containing household PV systems against three-phase 

faults. Intelligent electronic devices (IEDs) and CBs at each bus are connected to the control 

centre via wireless mobile broadband. The embedded sensors in the IEDs monitor the real-time 

current measurements and communicate this information to the control centre. The control 

centre executes advanced differential protection for each feeder to determine the faulted 

section, send trip signals to the CBs at the faulted location, and apply auto-reclosing. If this 

primary protection fails, backup protection uses the current sensor measurements and time-

stamped Global Positioning System (GPS) coordinates to locate and isolate the fault. This 

scheme is simple, effective, and adaptable to the dynamic behaviour of MGs. However, it has 

only been tested for small grid-connected PV systems. Communication failures and the 

optimisation of the networking technologies have not been considered in this scheme. 

Li et al. [46] investigated the differential and voltage protection methods for islanded MGs 

using communication networks. The differential scheme was implemented at every connection 
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point in the MG. This scheme works for both internal and external faults, operates accurately, 

and adapts to changes in MG configuration. However, it does not detect HIFs or provide backup 

protection for neighbouring feeders. It is also expensive to implement due to the placement of 

relays at every connection point. In the voltage based scheme, the control centre determines 

the fault type and location using the indicator voltage waveforms at each connection point and 

sends trip signals. This method accurately determines the faulted zone for large MGs that have 

sufficient gradient voltage dip along the feeders. However, it cannot cope with shorter feeder 

distances since the gradient voltage dip would be low. The calculation complexity for this 

method is high. 

A communication-assisted protection strategy for MV MGs using microprocessors was 

proposed in [13]. Each microprocessor relay consists of directional, grid-connected, islanded, 

interface, and tripping modules. The proposed protection strategy interconnects a MG 

protection commander (MGPC) and the individual relays at each MG subsection via a 

communication network. The MGPC determines the faulted MG subsection using the fault 

detection and directional signals from each relay. The primary protection trip signals are sent to 

the CBs near the faulted MG subsection. If the primary protection fails, backup trip signals are 

sent to the neighbouring CBs after a time delay. Time grading is applied to all the CBs in the 

faulted MG subsection if either the backup protection or communication link fails. This 

protection strategy can cope with different fault current levels, fault types, MG operating modes, 

as well as deal with different types, sizes, and locations of DGs. The fault clearing time for this 

strategy is faster than the scheme in [41]. This scheme is improved further in [12] by adding a 

looped configuration to the MG to increase the reliability. These loop-forming lines are 

protected by an instantaneous differential scheme. However, the scheme in [12] does not 

consider the dynamic changes in generation and load. 

Fletcher et al. [47] proposed a protection system design framework that combines both unit 

and non-unit protection for direct current (DC) MGs. The position of the feeder and its 

surrounding elements within the MG network determines the appropriate protection approach. 
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If the coordination between the feeder and downstream protection devices cannot be achieved 

within the acceptable operating times, unit protection is adopted. Otherwise non-unit 

protection is used for the feeder. This framework ensures accurate fault detection for internal 

zone faults. It also ensures that there is sufficient time for the protective devices at the load 

connection points to operate. The implementation of this framework minimises the system 

operating costs. The scheme only considers a MG with a single source power supply and no DG 

sources. 

A fault protection and location method was proposed for a DC ring-bus MG in [48]. The MG is 

broken down into a number of protection zones which cover links and nodes. IEDs control CBs, 

probe power unit, and communication links in each protection zone. The currents flowing in 

each CB are monitored by the IEDs. If the currents exceed a threshold, the overcurrent relays 

trip the CBs. For HIFs, the local and remote current measurements are used by the differential 

relays to trip the CBs around the faulted zone. If one of the CBs for the faulted link is not tripped, 

the link IEDs will trip all of its CBs. The adjacent IEDs will trip the CBs on the faulted nodes. The 

faulted zones become locked out in this case. The probe power unit performs the reclosing 

function for the zones with temporary faults. If the fault is cleared within a fixed number of 

reclosing attempts, the IEDs send closing signals to the CBs for the previously faulted zones. 

Otherwise, the fault is considered to be permanent and the faulted zone becomes locked out. 

The fault location scheme improves the system reliability and the mean time between failure of 

protective switchgear. The fault location estimation is affected by the accuracy of parameters 

and measurements. 

Ustun and Khan [49] proposed a multi-terminal hybrid protection strategy for MGs consisting 

of both traditional differential and adaptive protection schemes. The traditional differential 

scheme is used in high sensitivity areas which include transformers and sensitive loads in the 

MG. The adaptive protection scheme based on [50, 51] is used as the default. It is also the backup 

strategy when the differential scheme fails in high sensitivity areas of the MG. In high sensitivity 

areas in the MG that have higher fault current levels than the less sensitive areas. Dynamic 
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switching between the adaptive and differential schemes addresses the issue of communication 

failures. The relays monitor the signal to noise ratio (SNR) of the communication links to the MG 

Central Protection Unit (MCPU). If the SNR falls below the switching threshold when the 

adaptive scheme is active, the differential scheme is activated. The protection scheme switches 

from the differential to the adaptive scheme once the switching threshold is exceeded by the 

SNR. This hybrid protection strategy is robust against communication failures and can protect 

its expensive and sensitive equipment. However, the performance of this strategy is yet to be 

tested experimentally. It has also not been implemented on a real-life communication system. 

2.5.1.4. Other coordination strategies 

Primary and backup protection strategies for MGs in both grid-connected and islanded modes 

were proposed by Nikkhajoei and Lasseter [52] without communication links or time-grading. 

The primary protection scheme for the single-line-to-ground fault uses differential current 

detection for zones upstream of the fault and zero-sequence detection for downstream zones. 

Negative sequence current detection is used for line-to-line faults. The main backup protection 

for both single-line-to-ground and line-to-line faults is 𝐼2𝑡. Under-voltage backup protection is 

also employed for the islanded MG. Three-phase faults are not considered in this protection 

scheme and it lacks systematic coordination. It also does not enable single phase tripping. 

Salomonsson et al. [53] proposed a protection system for a radial LV DC MG that uses primary 

protection schemes for the converter, battery, and feeder against pole-to-pole and pole-to-

ground faults. The converter is protected by comparing the measured current derivative with a 

minimum threshold. Under-voltage protection is used for the DC link capacitor and overcurrent 

protection for the battery. For feeder protection, the measured ground currents of the 

converter and battery are compared against their predetermined ranges to detect the ground 

fault. If the primary protection for the feeder fails, then the CBs near the converter and battery 

must be opened. Fuses on the AC side provide backup protection to the converter. Low 

impedance ground faults are easily detected and cleared. The converter is effectively protected 
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by using both the converter current derivative and DC link under-voltage protection. However, 

HIF detection within the MG is difficult due to the low ground fault currents. The protection 

methods are not systematically coordinated. 

A coordination strategy with directional overcurrent and earth fault protection relays for a 

biomass MG in Malaysia has been proposed in [54]. Non-directional phase and earth fault 

overcurrent relays are used for branches that do not link the power sources. Directional phase 

and earth fault overcurrent relays protect the branches that link to power sources and the main 

grid. The under-voltage relay is adopted for earth fault protection on the delta side of 

transformers since there is no grounded neutral. The three-phase fault was used to grade the 

phase overcurrent relays. The earth fault relays were graded by the single-phase-to-ground fault. 

This coordination strategy provides protection for all components in the MG. There is no 

systematic coordination between the protection relays. 

2.5.2. Protection Schemes 

In each protection scheme, relays compare the measured data such as voltages and currents 

against pre-determined thresholds. Trip signals are sent to the CBs when these thresholds are 

exceeded. The protection schemes vary based on the measurements used such as voltages, 

currents, power, and frequency as well as the operating characteristics defining the trip 

thresholds. The various schemes that have been proposed in the literature are discussed in the 

following subsections. 

2.5.2.1. Voltage-based  

Al-Nasseri et al. [55-57] propose voltage-based schemes to protect islanded MGs containing 

inverter-interfaced microsources for all the fault conditions. The measured utility voltages 

undergo a series of conversions before they are used to identify the fault type and zone. In [55], 

the faulted zone is tripped if the disturbance voltage exceeds the threshold corresponding to 

the fault type. In [56], the measured voltage is transmitted via communication links between 

any two relays within the MG, and compared with the mean average value of the two relays to 
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identify the faulted zone within the network. In [57], the disturbance voltages for each generator 

are used to calculate the average voltages that are subsequently used to issue the trip 

commands. This scheme protects against both internal and external faults relative to any 

protective zone. However, it ignores HIFs and does not enable single phase tripping. 

2.5.2.2. Harmonics Content-based 

Al-Nasseri and Redfern [58] proposed a protection scheme that uses the harmonics content 

of the inverter output voltage to detect fault conditions in the grid-connected MG containing 

solid state power converter interfaced DGs. The measured inverter phase voltages are 

converted to the frequency domain via discrete Fourier transforms (DFT). The windowing 

function extracts the fundamental frequency and the Total Harmonic Distortion (THD) of each 

phase voltage which are then used to determine the fault type. The fault location is determined 

by computing the THD sum for each generator and comparing them with each other. This 

scheme works for any fault condition and impedance. It does not accommodate additional DGs 

and several dynamic loads. 

2.5.2.3. Admittance Relaying 

The admittance relays proposed in [4] protect feeder segments of a radial MG connected to 

the utility network via back-to-back converters against the 3-ph fault. The feeder segment in Fig. 

2.4 shows the measured admittance 𝑌𝑚 between the relay and an arbitrary point on the feeder 

K as well as the total admittance value 𝑌𝑡. The normalised admittance 𝑌𝑟  is calculated in the 

following equation: 

     𝑌𝑟 = |
𝑌𝑚

𝑌𝑡
|        (2.1) 

The inverse time characteristic is used to find the tripping time corresponding to 𝑌𝑟  in the 

following equation: 

     𝑡𝑝 =
𝐴

𝑌𝑟
𝜌−1

+ 𝑘                   (2.2) 

where 𝐴, 𝜌, and 𝑘 are constants. A fault occurs when the value of 𝑌𝑟 exceeds 1. The CBs near 

the faulted location are tripped after a time delay 𝑡𝑝. Each upstream admittance relay provides 



59 
 

backup protection to its immediate downstream relay. The inverse time characteristic of the 

admittance relay does not use safety margins to cover its protection zones. However, this 

scheme only works for smaller MG configurations. 

 

 

 

 

 

2.5.2.4. Adaptive 

Adaptive protection schemes enable different topologies to be protected against all the short-

circuit fault operating conditions. The calculated short-circuit fault currents are stored in a relay 

database. Whenever the topology changes, the relays are updated with the new short-circuit 

current settings from the relay database. 

An adaptive protection scheme is proposed in [5] where a MGCC is connected to directional 

overcurrent relays at each bus via a communication system. Off-line analysis is performed by 

constructing event and action tables for the CB statuses and relay settings respectively for all 

the MG configurations. During online operation, the MGCC monitors the MG’s operating state 

and uses the event and action tables to configure the relays. During real-time operation, the 

measured current values are compared with the relay settings to detect the presence of a fault. 

The fault current direction is checked against the present interlock direction as shown in Fig. 2.5 

to locate the fault. This scheme adapts to several MG configurations. Protection is provided for 

all fault types. The communication system speeds up the operation of the scheme. This scheme 

is not efficient for larger MG configurations due to excessive memory used to store large 

amounts of off-line analysis data. It does not protect against HIFs and the connection of new 

loads and DGs has not been considered. 

 

 

Fig. 2.4. Feeder segment showing the measured admittance 𝑌𝑚 between points R and K and 

total admittance 𝑌𝑡 [4]. 
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Laaksonen [59] proposed an adaptive protection scheme for a LV MG where a communication 

network is connected between the MG Management System (MGMS) and the different MG 

components. Protection strategies for both the grid-connected and islanded modes are 

developed for components which include the Point of Common Coupling (PCC), LV feeders, 

loads, and DG units. The MGMS detects the change in MG configuration and sends the 

appropriate settings and pick-up limits to the protective devices for each component. This 

scheme protects against double phase faults. High speed communication links provide fast, 

selective, and reliable protection. However, the possibility of communication network failure 

has not been considered and the scheme does not support plug-and-play DGs. 

A centralised adaptive protection scheme for a MG has been proposed by Ustun et al. [50]. 

The protection system interconnects a MG central protection unit (MGCPU) with all the relays 

at each bus and the DGs via the TCP/IP-based Ethernet communication network. In this scheme, 

the MGCPU receives interrupts to calculate and update the operating fault currents in the relays. 

Fig. 2.5. Directional interlock operation of the adaptive protection scheme [5]. 
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When the measured currents exceed the relay operating currents, the relays near the fault send 

signals to the MGCPU to set their fault detection statuses. The relays that detected the fault trip 

the CBs to isolate the fault. This scheme enables the plug-and-play of DGs since they use 

universal models based on IEC 61850 and IEC 61850-7-420. However, it does not consider the 

calculation of the fault current coefficient and is not suitable for complex systems with changing 

relay connections. The dynamic behaviour of the communication network is not considered. This 

scheme is extended in [51] to assign operating parameters which include the fault current 

coefficient and time delay assignment for automating the calculation process. It adapts to 

dynamic changes within the MG and deals with new deployments of loads and DGs. However, 

the scheme needs to be extended to larger and more complex MGs. 

2.5.2.5. Differential 

Sortomme et al. [60] proposed a differential zone protection that uses an optimum number 

of relays and sensors for each protection zone. Current sensors are placed on the secondary side 

of the transformers for each load and relays at the DG source locations. The zone relays detect 

a fault when the DG source currents exceed the sum of the load currents within the zone. When 

a fault is detected, the relays send trip signals to the DG source at the faulted zone. A genetic 

algorithm was used to find the optimal placement of sensors, relays, and CBs to minimise the 

total cost. This scheme is less expensive than the differential protection in [11]. However, the 

operation of this scheme has not been experimentally validated. 

A distributed statistical classifier relaying scheme has been proposed for islanded MGs 

containing inverter-interfaced DGs by Casagrande et al. [61]. The relay consists of the feature 

extraction, statistical classifier, communication channel, and differencing operator modules. The 

feature extraction module retrieves relevant features from the measured voltage and current 

time series. These features include the Root Mean Square (RMS), THDs, and symmetrical 

components of voltage and currents as well as the power factor angles. Each relay transmits 

their feature vectors to other relays via the communication channel. The differential operator 

subtracts the difference between the local and remote features to form the differential feature 
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vector. The statistical classifier uses the differential and local feature vectors to make a decision 

on the occurrence of a fault within the network. This scheme protects against all the fault 

conditions. It is more effective than traditional differential relays based on the magnitude of 

fault current and shows high classification accuracy. However, the presence of communication 

infrastructure throughout the MG makes this scheme expensive to implement. It cannot adapt 

to dynamic changes in load and generation in the MG. 

Kar and Samantaray [62] proposed a differential energy-based protection scheme for MGs 

using the S-transform technique. The measured currents at both ends of each feeder are 

converted to frequency domain using the S-transform technique. The resulting time-frequency 

contours are subsequently used to compute the differential energy for detecting the fault 

patterns. This value is compared against different thresholds for grid-connected and islanded 

modes of the MG as well as HIF conditions. The S-transform technique for computing the 

differential energy effectively detects faults within the MG. The differential energy technique is 

less sensitive to synchronisation error than the conventional differential current scheme. This 

scheme reliably protects against all the shunt faults and HIFs and works for both the grid-

connected and islanded modes of the MG compared to the conventional differential current 

scheme. However, the thresholds are not adaptive to different MG topologies. 

A differential protection scheme has been proposed for smart DC MGs in [63]. The central 

microcontroller sums all the sampled current measurements stored in memory and compares 

them with the trip threshold. Trip signals are sent to the CBs near the faulted sections when the 

threshold is exceeded. This scheme operates with a faster speed on the order of a few 

microseconds when implemented on a hardware prototype compared to traditional current 

differential protection schemes. However, this scheme is yet to be implemented on a larger scale 

DC network. The stability and reliability of this scheme has not been tested rigorously. This 

scheme also has measurement synchronisation issues. 
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2.5.2.6. WPT-based 

Saleh et al. [64] proposed a digital protection technique that utilises WPTs to detect and 

classify transient disturbances that occur in MGs. The vector of current samples is formed using 

the d-q components of the measured phase current samples. The high-frequency subband WPT 

coefficients are calculated by performing the circular convolution operation on both the vector 

of current samples and the half-band digital high-pass filter. A fault is detected when the high-

frequency subband WPT coefficients are non-zero. Trip signals are subsequently sent to the 

faulted location. This technique is independent of the type, rating, and parameters of the 

protected equipment as well as the different fault current levels. Different types of transient 

disturbances have been accurately detected, classified, and isolated by the proposed technique. 

The technique is accurate, fast, simple, and reliable when evaluated by simulation software and 

a hardware prototype. This technique is extended in [65] by using an index to coordinate the 

operation of multiple relays within the MG. This index uses signature information which includes 

the low-frequency approximations and high-frequency details from the d-q components of the 

measured currents. A fault is detected when the coordination index is zero and the first-level 

WPT details are non-zero at the fault location. The technique in [65] has improved coordination 

between the relays through the use of the coordination index. However, the technique in [65] 

has not been tested for larger MG networks. 

2.5.2.7. Travelling Wave-based 

A travelling wave-based protection scheme for MGs containing inverter-based DG sources has 

been proposed in [66]. Each bus in the MG has a local IED that monitors the wavefronts. If they 

exceed a threshold, the local IED at each bus sends data which include the instrument 

transformer number, circuit number, time of the first waveform arrival, and its polarity to the 

central IED. The central IED uses the information from all the bus IEDs to identify and isolate the 

faulted line. The fault location and isolation is carried out by the central IED logic. If there are 

more than two lines at any bus, the line with a different polarity to the other lines will get tripped. 

The line with the same polarities at both ends will get tripped when there are only two lines 
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connected to the bus. For an instrument transformer at a single-end of a bus, the trip signal 

should only be sent to the bus when the two wavefronts at the same end have the same polarity. 

This scheme works effectively under noisy conditions. It is also stable during non-fault 

disturbances such as the initialisation of the motor, dynamic changes between grid-connected 

and islanded modes, as well as changes in the MG topology. However, this scheme has not been 

implemented on a hardware prototype. It has not considered switch-on fault conditions, 

multiple fault locations, and system earthing. 

2.5.3. Discussion of Coordination Strategies and Protection Schemes 

Several coordination strategies and protection schemes have been developed for MGs to 

meet the challenges of bidirectional power flows from DGs and lower fault current levels within 

islanded MGs. Table 2.3 summarises the advantages and disadvantages of the protection 

coordination strategies. The advantages and disadvantages of various schemes are given in 

Table 2.4. 

Table 2.3: Advantages and Disadvantages of Various Coordination Strategies 

Coordination 

Strategy 

Advantages Disadvantages 

Particle Swarm 

Optimisation 

[39] 

More accurate than linear 

programming.  

Each relay has different settings for 

grid-connected and islanded modes of 

the MG. 

Genetic 

Algorithm [40] 

Better able to exit local minima 

and converge to a better 

solution in faster time 

compared to PSO.  

Directional overcurrent protection 

coordination does not consider the 

fault ride through of the synchronous 

generators nor the presence of 

inverter-interfaced DGs and energy 

storage devices. 

Time Grading 

[3] 

Reliable scheme as it doesn’t 

use communication. 

Absence of communication could slow 

down the speed of operation.  

No study results have been reported 

to test the proposed scheme. 
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Microprocessor-

based Strategy 

for LV MGs [41] 

Deals with different fault levels.  

Does not use adaptive 

protection devices. 

Does not use communication devices. 

Slower fault clearing times. 

DG and Line 

Protection for 

MG [42] 

Coordination between the 

control and protection scheme 

prevents nuisance tripping of 

DGs and non-critical loads 

during islanded operation.  

Operation is slower due to absence of 

communication.  

Protection against other fault 

conditions not covered. 

Communication-

assisted Digital 

Relays [11] 

Increased reliability as it deals 

with looped configuration and 

communication failures. 

Placement of relays and switching 

devices on each end of the feeder is 

expensive.  

CT errors and mismatches were not 

considered within the protection 

scheme.  

Assumes technical features not 

present in state-of-the-art equipment. 

Integrated 

Protection and 

Control Scheme 

[43] 

Faster fault clearing times. Possibility of failure or lack of 

availability of communication network 

was not considered. 

Communication-

based 

Protection 

Strategy [44] 

Protection strategy shows high 

levels of selectivity and 

sensitivity when detecting 

internal faults in both grid-

connected and islanded MGs. 

Ensures safe and reliable 

operation of the MG.  

Does not consider the time 

synchronisation of the measured 

current phasors. 

Wide-Area 

Differential 

Protection [45] 

Can adapt to dynamic 

behaviour of MGs.  

Simple and effective. 

Only tested for small grid-connected 

PV systems within MG.  

Does not consider the optimisation of 

the communication technologies or 

communication failures. 

Communication-

based 

Differential Protection works 

for internal and external faults, 

operates accurately, and adapts 

Differential Protection does not detect 

HIFs, cannot provide backup 
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Protection 

Schemes [46] 

to changes in MG configuration. 

Voltage measurement method 

can accurately determine the 

faulted location provided that 

the MG is large and there is 

sufficient gradient voltage dip 

along the faulted feeders. 

protection to neighbouring feeders, 

and expensive to implement.  

Voltage measurement method cannot 

cope with reduced feeder distances 

due to insufficient gradient voltage 

dip. Voltage measurement method has 

high calculation complexity. 

Communication-

assisted 

Microprocessor-

based Strategy 

for MV MGs 

[13] 

Deals with different fault 

current levels, MG operating 

modes, and type, size, and 

location of DG units.  

Faster fault clearing times. 

Does not consider the looped 

configuration of MG. 

Communication-

based Strategy 

for Looped MGs 

[12] 

System reliability improved by 

using looped feeders. 

Does not consider the dynamic 

changes in generation and load. 

Unit and Non-

unit Protection 

of DC MGs [47] 

Framework enables accurate 

fault detection for internal zone 

faults.  

Ensures sufficient time for the 

protective devices at the load 

connection points to operate. 

Minimises system operating 

costs. 

Only considers a single source power 

supply.  

MG does not contain any DG sources. 

Fault Protection 

Method for DC 

MG [48] 

Improves system reliability and 

mean time between failure of 

protective switchgear.  

Fault location estimation affected by 

the accuracy of parameters and 

measurements. 

Multi-terminal 

Hybrid 

Protection 

Strategy of MGs 

[49] 

Robust against communication 

failures. 

Able to protect its expensive 

and sensitive equipment.  

Performance of this strategy is yet to 

be tested experimentally.  

Strategy has also not been 

implemented on a real-life 

communication system. 



67 
 

MG Protection 

Coordination 

Strategy [52] 

Covers both primary and 

backup protection strategies. 

Three-phase faults are not considered 

in the protection scheme.  

A systematic coordination technique 

was also missing from this scheme. 

Does not enable single phase tripping. 

LV DC MG 

Protection [53] 

Low impedance ground fault 

are easily detected and cleared. 

Combination of dc link voltage 

and converter current 

derivative protects the 

converter more effectively. 

Low ground currents make HIFs 

difficult to detect.  

No systematic coordination between 

the protection methods. 

Directional 

Overcurrent and 

Earth-Fault 

Protection for 

MG [54] 

Provides adequate protection 

for all the components in the 

MG.  

No systematic coordination between 

the protection relays.  

Does not cover other fault types. 

 

Table 2.4: Advantages and Disadvantages of Various Protection Schemes 

Protection 

Scheme 

Advantages Disadvantages 

Voltage-based 

[55-57] 

Able to protect against faults that 

are internal and external to any 

protection zone. 

Does not consider single phase 

tripping, and HIFs. 

Harmonics 

Content-based 

[58] 

Works for any fault impedance. 

Detects any fault condition.  

Does not accommodate dynamic 

changes of the DG and load. 

Islanded mode of the MG not 

considered. 

Admittance 

Relaying [4] 

Each upstream relay protects their 

downstream relay.  

Inverse time characteristic of relay 

does not use safety margins. 

Only considers a smaller MG 

system. 

Novel Adaptive 

Protection 

Scheme [5] 

Adapts to a variety of MG 

configurations.  

Off-line analysis data may 

consume large amounts of 

computational memory.  
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Communication improves the 

speed of operation. 

Does not consider HIFs. 

Connections of new loads and DGs 

are not considered. 

Adaptive 

Protection for 

Future MGs [59] 

High speed communication enables 

the scheme to have fast, selective, 

and reliable operation. 

Does not consider the possibility 

of communication network failure. 

Does not consider new 

deployments of plug-and-play 

DGs. 

Centralised 

Protection 

Scheme based 

on IEC 61850-7-

420 [50] 

Deals with plug-and-play DGs since 

it uses universal models based on 

IEC 61850 and IEC 61850-7-420. 

Does not include the calculation of 

the fault current coefficient. 

Does not work for complex 

systems with changing relay 

connections. Does not consider 

the dynamic behaviour of the 

communication network. 

Centralised 

Protection 

Scheme based 

on Assignment 

of Two 

Parameters [51] 

Adapts to dynamic changes within 

the MG and accommodate new 

deployments of loads and DGs.  

Does not consider larger and more 

complex MGs. 

Differential Zone 

[60] 

Effective and less expensive. No test results have been 

performed for the proposed 

scheme. 

Distributed 

Statistical 

Classifier 

Relaying Scheme 

[61] 

Protects against all fault conditions. 

More effective than traditional 

differential relays based on the 

magnitude of fault current.  

High classification accuracy.  

Expensive to implement due to 

presence of communication 

infrastructure throughout the MG. 

Not adaptable to the dynamic 

changes in load and generation in 

the MG.  

Only works for islanded MGs. 

Differential 

Energy 

Protection 

Scheme [62] 

Effectively detect faults within MG. 

Less sensitive to synchronisation 

error compared to conventional 

differential current scheme.  

Thresholds not adaptive to the MG 

topology. 
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Reliably protects against all the 

shunt faults and HIFs.  

Works for both grid-connected and 

islanded modes compared to 

conventional differential protection 

schemes. 

High-Speed 

Differential 

Protection 

Scheme for 

Smart DC MGs 

[63] 

Operates faster than traditional 

current differential protection 

schemes.  

Not implemented on a larger scale 

DC network.  

Stability and reliability of this 

scheme has not been tested 

rigorously.  

Scheme contains measurement 

synchronisation issues. 

WPT-based 

Digital 

Protection 

Scheme [64] 

Independent of type, rating, and 

parameters of the protected 

equipment as well as different fault 

current levels.  

Accurately detects, classifies, and 

isolates different transient 

disturbances.  

Accurate, fast, simple, and reliable 

scheme.  

Lacks systematic coordination 

between the relays. 

Signature-

Coordinated 

Digital 

Multirelay 

Protection 

Scheme [65] 

Improved coordination between 

the relays. 

Has not been tested for larger MG 

networks. 

Travelling Wave-

based 

Protection 

Scheme [66] 

Works effectively under noisy 

conditions.  

Achieves stability during non-fault 

disturbances such as the 

initialisation of the motor, dynamic 

changes between grid-connected 

Yet to be implemented on a 

hardware prototype.  

Does not consider switch-on fault 

conditions, multiple fault locations, 

and system earthing. 
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and islanded modes, as well as 

changes in MG topology.  

 

The protection coordination strategies include primary and backup protection. The 

optimisation techniques are suitable for grading directional overcurrent relays since it minimises 

the operating times of the relays and enables them to be backed up [39, 40]. However, they do 

not consider the different MG operating modes and the dynamic changes in generation and load. 

Most communication-based protection schemes use a central controller connected with 

individual relays in the MG. Communication links improve the speed of these coordination 

strategies. Communication failures have only been considered in some schemes [11, 13, 49]. 

Protection strategies using time-grading results in slower fault clearing times [3, 41]. The 

protection strategies that do not use either communication or time-grading lack systematic 

coordination of primary and backup protection [52, 53]. 

The protection schemes vary based on measurements used such as voltage, current, power, 

and frequency as well as operating characteristics set as thresholds. The voltage-based schemes 

in [55, 56] work for grounded faults within islanded radial MGs. The harmonic content-based 

protection scheme in [58] works for small MGs containing few DG sources. The admittance 

relaying scheme in [4] can be used to protect radial MGs containing different feeder segments. 

Adaptive protection schemes in [50, 51, 59, 67] are suitable for protecting different radial MG 

topologies. The differential protection scheme for smart DC MGs in [63] only works for a small 

scale hardware prototype. The differential zone protection scheme protects multiple zones in 

the MG [60]. The distributed statistical classifier relaying scheme in [61] only works for small 

islanded MGs containing fewer inverter-interfaced DGs. The differential energy protection 

scheme in [62] can be extended to larger MG topologies. The WPT-based schemes in [64, 65] 

effectively detects and isolates transient disturbances for a hardware prototype of a MG. The 

travelling wave-based protection scheme deals with both grid-connected and islanded MGs as 

well as different MG topologies [66]. 
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2.6. Phasor Measurement Algorithms 

Filtering algorithms are required to extract the fundamental component from the input fault 

current signal by eliminate the DC offset [14, 25, 68, 69]. The conventional DFT can remove the 

harmonics from the input fault current signal but the estimation of the fundamental component 

is distorted by the presence of the DC offset. Several phasor measurement algorithms that have 

been proposed in the literature will be reviewed in this section. 

2.6.1. DFT-based Algorithms 

In the conventional DFT algorithm described in [14], the fundamental component is estimated 

for the input current signal using the DFT method. The input fault current signal that consists of 

fundamental and harmonic components as well as decaying DC component is represented by 

the equation, 

  𝑖(𝑛) = ∑ 𝐴ℎ cos(2𝜋𝑓ℎ𝑛∆𝑡 + 𝜑ℎ) + 𝐴𝑑𝑐𝑒𝑥𝑝 (−
𝑛∆𝑡

𝜏
)𝐻

ℎ=1                     (2.3) 

where 𝐴ℎ, 𝑓ℎ, and 𝜑ℎ are the amplitude, frequency, and phase angle of the ℎth harmonic; 𝐴𝑑𝑐 

and 𝜏  are the amplitude and time constant of the DC component; 𝑛 and ∆𝑡  are the sample 

number and sampling period of the input fault current. The DFT for the AC fundamental and DC 

components are calculated by the following equations in [14]: 

 𝐴𝑒𝑠𝑡−𝑎𝑐(𝑛) =  𝐴1 [(1 +
1

𝑁
) cos (

2𝜋

𝑁
𝑛 + 𝜑1) + 𝑖 (1 −

1

𝑁
) sin (

2𝜋

𝑁
𝑛 + 𝜑1)]        (2.4) 

    𝐴𝑒𝑠𝑡−𝑑𝑐(𝑛) = 𝑀𝑑𝑐𝛼𝑛        (2.5) 

   𝑀𝑑𝑐 =
(𝛼 cos(

2𝜋

𝑁
)−1)+𝑖(𝛼 sin(

2𝜋

𝑁
))

𝑁(2𝛼 cos(
2𝜋

𝑁
)−𝛼2−1)

2𝐴𝑑𝑐𝛼−𝑁      (2.6) 

where 𝛼 = 𝑒𝑥𝑝 (−
∆𝑡

𝜏
) and 𝑁 is the number of samples per cycle. The estimated amplitude of 

the original signal is as follows: 

   |𝐴𝑒𝑠𝑡(𝑛)| = √𝐴𝑒𝑠𝑡−𝑟𝑒
2 (𝑛) + 𝐴𝑒𝑠𝑡−𝑖𝑚

2 (𝑛)       (2.7) 

  𝐴𝑒𝑠𝑡−𝑟𝑒(𝑛) = 𝐴1 (1 +
1

𝑁
) cos (

2𝜋

𝑁
𝑛 + 𝜑1) + 𝑅𝑒{𝑀𝑑𝑐}𝛼𝑛     (2.8) 

  𝐴𝑒𝑠𝑡−𝑖𝑚(𝑛) = 𝐴1 (1 −
1

𝑁
) sin (

2𝜋

𝑁
𝑛 + 𝜑1) + 𝐼𝑚{𝑀𝑑𝑐}𝛼𝑛     (2.9) 
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This algorithm is able to eliminate harmonics from the fault current signal. However, it 

experiences slower response times as it takes one cycle to estimate the fundamental component. 

The DC offset in the input fault current signal distorts the estimation of the fundamental 

component magnitude. 

A modified DFT filter algorithm to remove decaying DC components from current signals has 

been proposed by Yu and Gu [25]. A low-pass filter is used to remove the harmonics from the 

input current signal. This filter also produces a new decaying DC time constant which is obtained 

from the characteristic equation of a low-pass filter. The fundamental component is determined 

from the full-cycle DFT using either first or second order low-pass filters. The half-cycle DFT first 

order low-pass filter is also used to obtain the fundamental component. This algorithm can 

remove the decaying DC component accurately. However, the full-cycle DFT filter takes one 

cycle and three or four samples to estimate the fundamental component whereas the half-cycle 

DFT takes half a cycle and four samples. 

Sidhu et al. [70] proposed an improved DFT technique that estimates and eliminates the DC 

offset from the fault current signal. It is assumed that harmonics are removed from the input 

fault current signals by the anti-aliasing filters. The DC component of the mth harmonic of the 

DFT is then calculated and used to obtain the real and imaginary parts. These values are used to 

determine the decaying DC component parameters by the following equations: 

𝐸 =  
𝑅

𝑅 cos(𝜔1𝑚𝑇)+𝐼 sin(𝜔1𝑚𝑇)
     (2.10) 

2

𝑁
𝐼0(1 − 𝐸𝑁) =

𝑅(1+𝐸2−2𝐸 cos(𝜔1𝑚𝑇))

𝐸 sin(𝜔1𝑚𝑇)
     (2.11) 

where 𝑅 and 𝐼 are the real and imaginary parts of the DFT output for the DC component, 𝜔1 is 

the angular frequency of the fundamental component, 𝑚  is the harmonic number, 𝑇  is the 

fundamental period, 𝑁 is the number of samples in a cycle, 𝐼0 is the DC component magnitude, 

and 𝐸 = 𝑒𝑥𝑝 (−
𝑇

𝜏
). The decaying DC component parameters are subsequently used to calculate 

the fundamental frequency DFT of the DC component. The fundamental component is then 

calculated by subtracting the DFT of the DC component from the DFT of the overall input current 
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signal containing both the DC and fundamental components. This technique uses two filters 

tuned at different frequencies in parallel. It is also adaptive to different system and fault 

conditions. However, this technique uses a lot of computations in estimating the DC component. 

It is also sensitive to random noises. 

Kang et al. [16] proposed a modified DFT-based phasor estimation method that eliminates the 

DC components from the fault current signal. The odd DFT samples of the fault current are 

subtracted from the even DFT fault current samples. The difference between the even and odd 

samples of the DFT contains high frequency noises which need to be eliminated by a low-pass 

filter. The exponential term and DFT output of the decaying DC component are estimated before 

the fundamental component of the DFT output is calculated. This method accurately estimates 

and eliminates the DC component. However, it takes one cycle to perform the estimation and 

uses extensive computations. It is also sensitive to noise. 

Silva and Kusel [71] proposed a modified DFT-based phasor estimation algorithm to eliminate 

the effect of DC components on the fault current signal. The input currents are pre-processed 

by low-pass Butterworth filters to remove the aliasing effect before being processed by the 

algorithm. The even and odd samples of the real and imaginary components of the DFT are 

calculated for decimation factors of two and four. A parameter 𝜆 is determined by the equation 

below. 

𝜆 =
𝑋𝑟𝑒

𝑜𝑑𝑑,2(𝑘)−2𝑋𝑟𝑒
𝑜𝑑𝑑,4(𝑘)

(𝑋𝑟𝑒
𝑒𝑣𝑒𝑛,2(𝑘)−2𝑋𝑟𝑒

𝑒𝑣𝑒𝑛,4(𝑘)) cos 𝛿+(𝑋𝑖𝑚
𝑒𝑣𝑒𝑛,2(𝑘)−2𝑋𝑖𝑚

𝑒𝑣𝑒𝑛,4(𝑘)) sin 𝛿
   (2.12) 

where 𝑋𝑟𝑒
𝑜𝑑𝑑,2(𝑘) and 𝑋𝑟𝑒

𝑒𝑣𝑒𝑛,2(𝑘) are the odd and even samples of the real part of the DFT 

fundamental frequency phasor with decimation factor 2, 𝑋𝑟𝑒
𝑜𝑑𝑑,4(𝑘) and 𝑋𝑟𝑒

𝑒𝑣𝑒𝑛,4(𝑘) are the odd 

and even samples of the real part of the DFT fundamental frequency phasor with decimation 

factor 4, 𝑋𝑖𝑚
𝑒𝑣𝑒𝑛,2(𝑘) and 𝑋𝑖𝑚

𝑒𝑣𝑒𝑛,4(𝑘) are the even samples of the imaginary part of the DFT 

fundamental frequency phasor with decimation factor 4, and 𝛿 =
2𝜋

𝑁
. The parameters 𝑎, 𝑏, 𝑐, 𝑑, 

and 𝑒 are determined by the following equations: 

𝑎 = 𝜆 cos 𝛿      (2.13) 
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𝑏 = 𝜆 sin 𝛿      (2.14) 

𝑐 =
2

1−2𝑎+𝜆2      (2.15) 

𝑑 = 1 − 𝑎      (2.16) 

𝑒 = 𝜆2 − 𝑎      (2.17) 

The real and imaginary parts of the desired DFT fundamental frequency phasor are determined 

by the following equations: 

𝑋𝑟𝑒
∗ (𝑘) = 𝑐[𝑑𝑋𝑟𝑒

𝑜𝑑𝑑,2(𝑘) − 𝑏𝑋𝑖𝑚
𝑜𝑑𝑑,2(𝑘) + 𝑒𝑋𝑟𝑒

𝑒𝑣𝑒𝑛,2(𝑘) + 𝑏𝑋𝑖𝑚
𝑒𝑣𝑒𝑛,2(𝑘)]   (2.18) 

𝑋𝑖𝑚
∗ (𝑘) = 𝑐[𝑏𝑋𝑟𝑒

𝑜𝑑𝑑,2(𝑘) + 𝑑𝑋𝑖𝑚
𝑜𝑑𝑑,2(𝑘) − 𝑏𝑋𝑟𝑒

𝑒𝑣𝑒𝑛,2(𝑘) + 𝑒𝑋𝑖𝑚
𝑒𝑣𝑒𝑛,2(𝑘)]   (2.19) 

where 𝑋𝑖𝑚
𝑜𝑑𝑑,2(𝑘) is the odd sample of the imaginary part of the DFT fundamental frequency 

phasor with decimation 2. This algorithm experiences minimal overshoot and a smooth transient 

response. It is also robust against noise. However, it takes one cycle to perform the estimation. 

In [69], a new DFT-based phasor estimation method is applied to fault current signals 

containing harmonics, noise, and DC components. The DC component of the input current is 

estimated in the discrete time domain. The DFT is also used to estimate the real and imaginary 

parts of the current. The time constant of the DC component will be estimated by the following 

equation: 

𝜏 =
∆𝑡

ln
𝐼𝑑𝑐|

𝑡−∆𝑡
𝐼𝑑𝑐|

𝑡

      (2.20) 

where ∆𝑡 is the sampling period, 𝐼𝑑𝑐|𝑡 and 𝐼𝑑𝑐|𝑡−∆𝑡 are the estimated 𝐼𝑑𝑐 values at the present 

and previous time executions. The compensating imaginary and real parts of the decaying DC 

component currents are calculated by the following equations: 

𝐼𝑐𝑜𝑚𝑝𝐼 =  
2𝐼𝑑𝑐|𝑡

1+𝜏2𝜔1
2     (2.21) 

𝐼𝑐𝑜𝑚𝑝𝑅 = 𝜏𝜔1𝐼𝑐𝑜𝑚𝑝𝐼     (2.22) 

where 𝜔1 is the angular frequency of the fundamental component, 𝜏 is the time constant of the 

DC component, and 𝐼𝑑𝑐|𝑡  is the estimated 𝐼𝑑𝑐  value at the present time execution. The 

compensating real and imaginary parts of the decaying DC component currents are added to the 
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real and imaginary parts of the DFT output. The resulting real and imaginary parts are then 

summed to form the current phasor. This algorithm uses a few basic mathematical operations. 

It also shows low overshoot, rise time, and settling time. However, this algorithm takes one cycle 

to perform the estimation. 

In the improved DFT algorithm proposed in [14], the fundamental component is estimated by 

obtaining the even and odd samples of the DFT for the fault current signal. The even and odd 

samples are taken for both the AC and DC components of the fault current signal. The odd 

samples are subtracted from the even samples for the AC and DC components. The AC and DC 

terms are summed and then their amplitude is calculated before the AC component magnitude 

is determined in the following equation: 

     𝐴1 ≈
|𝐴𝑒𝑠𝑡

𝑒−𝑜(𝑛)|

2 sin(
𝜋

𝑁
)

      (2.23) 

The DC offset has a negligible effect on the estimation of the fundamental component for the 

improved DFT method. However, this algorithm also experiences slower response times. 

2.6.2. Taylor Series-based Algorithms 

Cho et al. [68] proposed an innovative algorithm for estimating and eliminating the DC 

component from a fault current signal. The time constant and amplitude of the DC component 

are first estimated for each sample as shown by the following equations: 

𝜏 =
∆𝑡

(1−
𝑍(𝑡+∆𝑡)

𝑍(𝑡)
)
      (2.24) 

     𝐼0 =
𝑍(𝑇)

−𝜏(𝑒𝑥𝑝(−
𝑇

𝜏
)−1)

     (2.25) 

where ∆𝑡 is the sampling period, 𝑇 is the period of the sinusoidal signal, and 𝑍(𝑡) is the integral 

of the DC component during one cycle at time 𝑡. The DC component for the next sampling instant 

is calculated by the equation below. 

𝐼0𝑒𝑥𝑝 (−
𝑡+∆𝑡

𝜏
) =

𝑍(𝑡)

𝜏(𝑒𝑥𝑝(−
𝑇

𝜏
)−1)

𝑒𝑥𝑝(−
∆𝑡

𝜏
)    (2.26) 

The calculated DC values are then subtracted from the sampled data of the input fault current 

signal. The result is then sent as input to the DFT algorithm to get the fundamental component. 
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This algorithm has faster convergence and better accuracy than the conventional DFT. However, 

it uses more computations to perform the estimation of the DC component by using the Taylor 

series approximation. 

A dynamic phasor estimation algorithm for fault currents from DGs has been proposed by Lee 

et al. [72]. The input fault current signal consists of the decaying DC and fundamental 

components along with harmonics. The Taylor series expansion is used to represent this input 

fault current signal and eliminate harmonics that are higher than fifth order. This signal is 

represented for each current sample in the following matrix form: 

[𝑖] = [𝐴][𝑋]      (2.27) 

where [𝑖] is a 𝑚 × 1 matrix of sampled current data; [𝐴] is a 𝑚 × 13 matrix of Taylor series 

coefficients that covers the DC, fundamental, and harmonic components; [𝑋] is a 13 × 1 matrix 

of expressions that contain unknown amplitudes, time constants, and phase angles of sinusoidal 

terms; and 𝑚 is the number of current samples. The Least Square (LS) technique is used to 

determine the unknown variables in the matrix [𝑋] as follows: 

[𝑋] = [[𝐴]𝑇[𝐴]]
−1

[𝐴]𝑇[𝑖]     (2.28) 

The dynamic phasor of the fundamental component can be determined from the following 

equation: 

𝑥4 + 𝑗𝑥7 = (𝐴1𝐶 + 𝐴1𝐷)(cos 𝜑1 +𝑗 sin 𝜑1)    (2.29) 

where 𝐴1𝐶  and 𝐴1𝐷 are the constant and decaying amplitudes of the fundamental component 

and 𝜑1 is the phase angle of the fundamental component. This algorithm accurately estimates 

the decaying amplitude and time constant of the fundamental component. It also distinguishes 

between the decaying DC and fundamental components. However, this algorithm takes one 

cycle to estimate the dynamic phasor. 

2.6.3. Other Algorithms 

In [73], a digital mimic filter is proposed by Benmouyal to eliminate the influence of the DC 

component on the current waveform for time constants varying from half to five cycles. The 
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filter consists of a series connection of a resistance and an inductance and is represented by the 

following equation: 

𝐾[(1 + 𝜏1) − 𝜏1𝑧−1]     (2.30) 

where 𝐾 is the filter gain and 𝜏1 is the time constant. This circuit is used to pre-process the input 

current signal before it is sent to the full- and half-cycle DFT filters. This filter improves the 

estimation accuracy of the fundamental component by the full- and half-cycle DFT filters. It 

completely removes the DC component provided that the time constant of the DC component 

matches that of the filter. However, the high frequency components are amplified by the filter. 

It also introduces an additional delay of one sample. 

For the iterative algorithm proposed in [15], four consecutive samples of a sinusoidal input 

current signal are used to determine the fundamental and DC components. It is assumed that 

the differences between the DC offsets of the four samples are negligible. The following 

equations represent the four consecutive samples: 

   𝐴 = 𝑉𝑚 cos(2𝜋𝑓𝑡) + 𝛼       (2.31) 

           𝐵 = 𝑉𝑚 cos(2𝜋𝑓(𝑡 + ∆𝑡)) + 𝛼       (2.32) 

   𝐶 = 𝑉𝑚 cos(2𝜋𝑓(𝑡 + 2∆𝑡)) + 𝛼            (2.33) 

      𝐷 = 𝑉𝑚 cos(2𝜋𝑓(𝑡 + 3∆𝑡)) + 𝛼                     (2.34) 

where 𝐴, 𝐵, 𝐶, 𝐷 are the measured samples and ∆𝑡 is the known sampling period. The unknown 

values are the fundamental component amplitude 𝑉𝑚, DC offset 𝛼, system frequency 𝑓, and 

continuous time 𝑡. Manipulating (2.31) - (2.34) using trigonometric functions to remove 𝑉𝑚 and 

𝛼 yields the following equations: 

    (𝐵 − 𝐴)𝛽 = sin(𝜋𝑓(2𝑡 + ∆𝑡))     (2.35) 

    (𝐶 − 𝐵)𝛽 = sin(𝜋𝑓(2𝑡 + 3∆𝑡))    (2.36) 

    (𝐷 − 𝐶)𝛽 = sin(𝜋𝑓(2𝑡 + 5∆𝑡))    (2.37) 

where 𝛽 represents a constant that will be determined iterative through an algorithm later on.  

Subtracting (2.36) from (2.37) and (2.35) from (2.36) result in the following equations: 

   sin−1((𝐶 − 𝐵)𝛽) − sin−1((𝐵 − 𝐴)𝛽) = 2𝜋𝑓∆𝑡    (2.38) 
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   sin−1((𝐷 − 𝐶)𝛽) − sin−1((𝐶 − 𝐵)𝛽) = 2𝜋𝑓∆𝑡     (2.39) 

Subtracting (2.38) from (2.39) gives the condition equation below. 

𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 = sin−1((𝐶 − 𝐵)𝛽) − sin−1((𝐵 − 𝐴)𝛽) − sin−1((𝐷 − 𝐶)𝛽) − sin−1((𝐶 − 𝐵)𝛽) 

            (2.40) 

Equation (2.40) is solved iteratively to obtain a 𝛽 value that ensures this condition equation is 

calculated as zero. The initial 𝛽 value is selected from (2.35) – (2.37) by equating the left hand 

side of these equations to -1 since it is the minimum value of the sine function. The following 

equation is used to obtain the initial 𝛽 value: 

   𝛽𝑖𝑛𝑖𝑡 = 𝑚𝑖𝑛 [−
1

𝐵−𝐴
, −

1

𝐶−𝐵
, −

1

𝐷−𝐶
]     (2.41) 

Binary search is used to iteratively update the upper and lower bounds of 𝛽 based on the sign 

of the condition value. This is done until the condition value falls below a convergence limit. 

Once 𝛽 has been calculated, the frequency can be determined from (2.38) and (2.39). The time 

can be calculated from (2.35) – (2.37) once the frequency and 𝛽 value are known. Due to the 

arcsine characteristic which limits the x-axis value to fall within the interval [−
𝜋

2
,

𝜋

2
] , the 

compensated time value falling above the arcsine characteristic needs to be calculated based 

on the relationship between the sampled values. The 𝑉𝑚 and 𝛼 values are computed from (2.31) 

– (2.34) using the calculated frequency and time values. This algorithm has fast response times 

despite extensive computations for estimating the fundamental component magnitude. 

However, this technique does not accommodate exponentially decaying DC offsets since the DC 

offset is assumed to be a constant value. 

2.6.4. Discussion of Phasor Measurement Algorithms 

Several phasor measurement algorithms have been proposed to estimate the fundamental 

component from the input fault current signal by eliminating the DC offset. The advantages and 

disadvantages of these algorithms are given in Table 2.5. 
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Table 2.5. Advantages and Disadvantages of Different Phasor Measurement Algorithms 

Phasor Measurement 

Algorithm 

Advantages Disadvantages 

Conventional DFT Method 

[14] 

Eliminates harmonics from 

the input fault current signal. 

Slow response times since 

the estimation of 

fundamental component 

takes one cycle.  

DC offset distorts the 

estimated fundamental 

component. 

Modified DFT Algorithm [25] Removes the decaying DC 

component accurately.  

Slow response times since 

full-cycle DFT filter takes one 

cycle and 3 - 4 samples. 

Half-cycle DFT takes half a 

cycle and 4 samples. 

Improved DFT Technique 

[70] 

Adaptive to different system 

and fault conditions.  

Uses a lot of computations to 

estimate the DC component.  

Sensitive to random noises. 

Modified DFT-based 

Estimation Method [16] 

Accurately eliminates the DC 

component.  

Takes one cycle to perform 

the estimation. 

Uses extensive 

computations.  

Sensitive to noise. 

Modified DFT-based Phasor 

Estimation Algorithm [71] 

Produces minimal overshoot 

and smooth transient 

response.  

Robust against noise.  

Takes one cycle to perform 

the estimation. 

New DFT-based Current 

Phasor Estimation Algorithm 

[69] 

Computationally simple. 

Output has low overshoot, 

rise time, and settling time.  

Takes one cycle to perform 

the estimation. 

Improved DFT Method [14] DC offset has negligible effect 

on estimated fundamental 

component.  

Slow response times. 
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Innovative Algorithm for 

Estimation and Elimination 

of DC Components [68] 

Has faster convergence and 

better accuracy than 

conventional DFT.  

Uses more computations to 

estimate the DC component. 

Dynamic Phasor Estimation 

Algorithm [72] 

Accurately estimates the 

decaying amplitude and time 

constant of fundamental 

component.  

Distinguishes between 

decaying DC and 

fundamental components.  

Takes one cycle to estimate 

the dynamic phasor.   

Digital Mimic Filter [73] Improves estimation 

accuracy of fundamental 

component by full- and half-

cycle DFT filters. 

High frequency components 

amplified by the filter.  

Introduces additional delay 

of one sample. 

Iterative Algorithm [15] Has fast response times since 

the estimation takes only 4 

samples. 

Does not deal with 

exponentially decaying DC 

offsets. 

Performs extensive 

computations for estimation. 

 

The improved DFT-based techniques accurately estimate the fundamental frequency 

component while at the same time eliminate the DC component. However, they take at least 

one cycle to perform the estimation since these techniques are based on the conventional DFT 

method. The techniques based on Taylor Series approximations [68, 72] have better accuracy 

than the conventional DFT but require more computations to perform the estimation. The mimic 

filter in [73] is most effective when it uses a time constant that is similar to that of the DC 

component. It also enables the half- and full-cycle DFT algorithms to accurately estimate the 

fundamental component. The iterative method in [15] is faster than the other methods covered 

so far since the estimation takes only four samples. 
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2.7. Summary 

The protection of MGs presents a number of challenges. If conventional overcurrent 

protection devices are used, the coordination will be affected by bidirectional power flows from 

DGs. The fault currents from inverter-interfaced microsources in islanded MGs are too low to be 

detected by overcurrent protection relays. Several coordination strategies and protection 

schemes to address these challenges were reviewed in this chapter. 

The estimation of the fundamental component of a fault current signal is needed so that 

digital relaying schemes can accurately detect and isolate fault conditions. This chapter has 

reviewed several phasor measurement algorithms that address this problem.  
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3. Modelling of Microgrids and Multi-Microgrids 

3.1. Introduction 

Power systems consist of many interconnected non-linear components. These components 

are represented by mathematical models so that the power system operation can be analysed. 

In this chapter, the models of microgrids (MGs), multi-microgrids (MMGs), and different fault 

conditions are described in detail. These models will be used in subsequent chapters to evaluate 

the effectiveness of the different protection strategies. 

The rest of this chapter is structured as follows: The modelling of different MG components 

is covered in Section 3.2. Section 3.3 describes the modelling of the MMG. The models for 

different fault conditions are discussed in Section 3.4. Section 3.5 summarises the chapter. 

3.2. Modelling of Microgrids 

Fig. 3.1 shows the single line diagram of the radial MG model used in this chapter which has 

been adapted from the North American distribution network in [12, 13]. This model has 19 buses 

and its voltage level is 25kV. The MG contains two photovoltaic (PV) sources, a wind generator, 

and a diesel generator. It is connected to the transmission grid via a 25MVA transformer at the 

point of common coupling (PCC) point. The modelling of the transmission grid, transformers, 

feeder sections, diesel generator, wind turbines, PV sources, loads, and different MG scenarios 

are discussed in more detail in the following subsections. 

3.2.1. Transmission Grid 

The transmission grid is represented as an infinite bus [74]. The voltage and frequency of 

the transmission grid are unaffected by the amount of active and reactive power being 

generated or consumed in a MG. 
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3.2.2. Transformers 

The transformer models in a MG have a grounded Y-connected medium voltage (MV) side 

and a ∆-connected low voltage (LV) side. The Y-∆ transformer is commonly used for stepping the 

voltage up or down [75]. The Y-connection provides more insulation and a neutral connection 

to the high voltage side compared to the delta-connection. The Y-∆ transformer is represented 

in each phase as a series leakage impedance between the high and low voltage sides as shown 

in Fig. 3.2. This impedance is the sum of the Y-side impedance and the Y-equivalent impedance 

of the ∆-side. The shunt impedance is neglected since the core losses and magnetisation 

currents are negligible. The phase voltages of the high and low voltage sides are related in the 

following way: 

     
𝑉𝐻𝑉

𝑉𝐿𝑉
=

𝑁𝐻𝑉

𝑁𝐿𝑉
      (3.1) 

where 𝑉𝐻𝑉 and 𝑉𝐿𝑉 are the phase voltages of the high and low voltage sides and 𝑁𝐻𝑉  and 𝑁𝐿𝑉 

are the number of turns on the high and low voltage sides. 

1 
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2 MW 
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575V/25kV 
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Transformer 
2.5 MVA 
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CB48 

CB49 CB50 
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Fig. 3.1. Single line diagram of MG containing wind, PV, and diesel microsources. 
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Each phase sequence will have the same value for the leakage impedance since the 

transformer is a static device [75]. The phase angle of the positive sequence line voltage for the 

high voltage side leads the low voltage side by 30°. On the other hand, the negative sequence 

line voltage for the high voltage side lags the low voltage side by 30°. The zero sequence 

equivalent circuit for the Y-∆ transformer with grounded neutrals is represented in Fig. 3.3. The 

Y-side impedance is connected to ground since it enables the primary current to flow to ground. 

On the other hand, the ∆-side is isolated from the Y-side due to the secondary current flows in 

the closed delta circuit. 

a 

b 

c 

a' 

b' 

c' 

a a’ 

g 

Fig. 3.3. Zero-sequence equivalent circuit for the Y-∆ transformer. 

Fig. 3.2. Per-phase model of transformer. 

𝑉𝐻𝑉 𝑉𝐿𝑉 

𝐼𝑙 
𝑍𝑙 = 𝑅𝑙 + 𝑗𝑋𝑙 
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3.2.3. Feeder Sections 

Each feeder is represented by a series connection of the resistance and inductance between 

the sending and receiving ends as shown in Fig. 3.4 since the line length is below 80km [75]. The 

impedance of the short line model is given by 

    𝑍 = (𝑟 + 𝑗𝜔𝐿)𝑙 = 𝑅 + 𝑗𝑋                    (3.2) 

where 𝑟 and 𝐿 are the resistance and inductance per unit length, 𝜔 is the angular frequency, 𝑙 

is the feeder length, and 𝑅 and 𝑋 are the resistance and reactance of the line. In Fig. 3.4, 𝑉𝑆 and 

𝐼𝑆  are the sending end voltage and current and the receiving end voltage and current are 

represented by 𝑉𝑅 and 𝐼𝑅. This model is applicable for both single- and three-phase circuits in 

balanced operating conditions. 

 

 

 

 

 

 

During fault conditions, feeder sections are represented as symmetrical components in the 

positive-, negative-, and zero-sequences [75]. The resistance and inductance for the positive and 

negative sequences are equal since the voltages and currents for these sequences experience 

the same feeder geometry. The zero sequence values of the feeders are significantly larger since 

the zero sequence currents flow in phase from the phase conductors to ground via the grounded 

neutral wires. 

The MG in Fig. 3.1 contains looped feeders with length 25km between pairs of buses (4, 9), 

(7, 13), and (13, 17). The circuit breakers (CBs) on these buses are all open during normal 

operating conditions and closed when faults occur within the MG. The looped feeders improve 

the reliability of the protection system by maintaining the generation-load balance within the 

MG after a faulted section has been isolated. 

𝑉𝑆 𝑉𝑅 

𝐼𝑆 𝐼𝑅 𝑍 = 𝑅 + 𝑗𝑋 

Fig. 3.4. Short line model of the feeder section. 
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3.2.4. Loads 

The static loads are modelled as three-phase balanced ∆-connected impedances with 

ungrounded neutrals. Table 3.1 shows the active and reactive powers of the static bus loads. 

The dynamic load connected on bus 5 has initial active and reactive powers of 2MW and 5kvar.  

Table 3.1. Balanced Bus Loads for the MG Model in Fig. 3.1. 

BUS P (MW) Q (Mvar) 

1 2.5 2 

3 2.5 2 

6 0.5 0.2 

7 2.5 2 

9 0.5 0.2 

10 0.5 0.2 

13 0.5 0.2 

14 2.5 2 

15 0.5 0.2 

17 2.5 2 

18 0.5 0.2 

19 2.5 2 

3.2.5. PV Sources 

Two PV sources (120V, 2MW) are connected to the MG via 2.5MVA transformers. Each PV 

cell is represented by an equivalent circuit containing a constant current source, diode, and 

series and shunt resistances as shown in Fig. 3.5 [76]. The equation representing the PV current 

is given as 

𝐼 = 𝐼𝑠𝑐 − 𝐼0(exp (
𝑞(𝑉+𝐼𝑅𝑠)

𝑘𝑇
)) −

(𝑉+𝐼𝑅𝑠)

𝑅𝑝
           (3.3) 

where 𝐼𝑠𝑐 is the light-generated short-circuit current (A), 𝐼0 is the dark saturation current (A), 𝑞 

is the electric charge constant (C), 𝑘 is the Boltzmann Constant (J/K), 𝑇 is the cell temperature 

(K), 𝑉 is the cell voltage (V), 𝑅𝑠 is the series resistance (Ω), 𝑅𝑝 is the shunt resistance (Ω), and 𝐼 

is the cell current (A). The parameter values of these components were determined from [76]. 
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A series combination of PV cells can be connected to form a PV module. These modules can be 

connected in series or parallel to form the PV array. 

A three-phase inverter is used for interfacing the PV sources to the MG. This inverter is a 

three-phase Integrated Gate Bipolar Transistor (IGBT)/Diode Bridge controlled by a voltage 

controller and pulse width modulation (PWM) generator [77]. The IGBT/Diode Bridge device has 

low conduction losses in the on state and can be switched on and off quickly. The voltage 

controller and PWM generator control the magnitude and frequency of the inverter output 

voltage waveform. A RLC low-pass filter is connected to the inverter to smoothen its output 

waveform by eliminating the harmonic components. 

3.2.6. Wind Turbines 

Fixed-speed squirrel-cage induction generators (575V, 3MW) have been used to model 

wind turbines as in [78]. They have a simpler construction, generate more efficient electric 

power, and does not generate any current harmonics compared to the variable speed induction 

generator. Each induction generator in the MG is represented by positive- and negative-

sequences as shown in Fig. 3.6 according to [79]. The positive-sequence representation consists 

of a voltage source in series with the stator impedance and the parallel combination of the 

magnetisation and rotor reactances. The negative-sequence representation is similar to that for 

the positive-sequence, except for a slip-dependent rotor resistance in series with the rotor 

Fig. 3.5. Model of Photovoltaic Module. 

𝐼 

𝑉 
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reactance and no voltage source. This representation accounts for the negative-sequence 

currents that cause the air gap flux and the rotor to rotate in opposite directions.  

 

The short-circuit current for the induction generator is made up of the forced short-circuit 

current and the current due to the natural stator and rotor fluxes [79]. This can be derived by 

first considering the equations for the stator and rotor fluxes: 

𝜑𝑠 = 𝐿𝑠𝑖𝑠 + 𝐿𝑚𝑖𝑟        (3.4) 

𝜑𝑟 = 𝐿𝑚𝑖𝑠 + 𝐿𝑟𝑖𝑟        (3.5) 

where 𝐿𝑠, 𝐿𝑚, and 𝐿𝑟 are the stator, mutual, and rotor fluxes respectively and 𝑖𝑠 and 𝑖𝑟 are the 

stator and rotor currents. Rearranging equations (3.4) and (3.5) and solving the resulting 

equations yields the following expression: 

𝑖𝑠 =
𝜑𝑠

𝐿𝑠
−

𝐿𝑚

𝐿𝑠

𝜑𝑟

𝐿𝑟
=

𝜑𝑠

𝐿𝑠
− 𝑘𝑟

𝜑𝑟

𝐿𝑠
       (3.6) 

where 𝑘𝑟 =
𝐿𝑚

𝐿𝑟
. The stator and rotor fluxes are defined by the following equations: 

  𝜑𝑠(𝑡) =
𝑉1

𝑗𝜔𝑠
𝑒𝑗𝜔𝑠𝑡 +

𝑉2

−𝑗𝜔𝑠
𝑒−𝑗𝜔𝑠𝑡 + (

𝑉𝑝𝑟𝑒

𝑗𝜔𝑠
− (

𝑉1

𝑗𝜔𝑠
+

𝑉2

−𝑗𝜔𝑠
)) 𝑒

𝑡

𝑇𝑠         (3.7) 

 𝜑𝑟(𝑡) = 𝑘𝑠
𝑉1

𝑗𝜔𝑠
𝑒𝑗𝜔𝑠𝑡 + 𝑘𝑠 (

𝑉𝑝𝑟𝑒

𝑗𝜔𝑠
−

𝑉1

𝑗𝜔𝑠
) 𝑒𝑗𝜔𝑟𝑡𝑒

−
𝑡

𝑇𝑟     (3.8) 

𝐼𝑠 𝑅𝑠 𝑗𝑋𝑠𝑙  𝐼𝑟 

𝑅𝑟

𝑠
 𝑉1 𝑗𝑋𝑚 

𝑗𝑋𝑟𝑙  

𝐼𝑠 𝑅𝑠 𝑗𝑋𝑠𝑙  𝐼𝑟 

𝑅𝑟

2 − 𝑠
 𝑉2 𝑗𝑋𝑚 

𝑗𝑋𝑟𝑙  

Fig. 3.6. Positive- and negative-sequence equivalent circuits for the fixed-speed induction 

generator. 



89 
 

where 𝑘𝑠 =
𝐿𝑚

𝐿𝑠
, 𝑉1  and 𝑉2  are positive- and negative-sequence voltages, 𝜔𝑠  and 𝜔𝑟  are the 

angular frequencies for stator and rotor, 𝑇𝑠 and 𝑇𝑟 are the stator and rotor time constants, and 

𝑉𝑝𝑟𝑒 is the pre-fault voltage. By substituting equations (3.7) and (3.8) into (3.6) and simplifying 

the resulting equation, the following equation is obtained for the short-circuit fault current 

flowing in the fixed-speed induction generator: 

𝑖𝑠 =
𝑉1

𝑗𝜔𝑠𝐿𝑠
(1 − 𝑘𝑠𝑘𝑟)𝑒𝑗𝜔𝑠𝑡 +

𝑉2

−𝑗𝜔𝑠𝐿𝑠
𝑒−𝑗𝜔𝑠𝑡 + (

𝑉𝑝𝑟𝑒−(𝑉1−𝑉2)

𝑗𝜔𝑠𝐿𝑠
) 𝑒

𝑡

𝑇𝑠 − 𝑘𝑟𝑘𝑠 (
𝑉𝑝𝑟𝑒−𝑉1

𝑗𝜔𝑠𝐿𝑠
) 𝑒𝑗𝜔𝑟𝑡𝑒

−
𝑡

𝑇𝑟 

                  (3.9) 

A reactive power compensation capacitor (-1.2Mvar) is connected in parallel to each 

induction generator. A 12MVA transformer connects a wind turbine to the MG. 

3.2.7. Diesel Generators 

The diesel generator (460V, 2.5MVA) is modelled as a diesel engine connected to a 

synchronous generator. The synchronous generator is represented as a voltage source 

connected in series with the generator impedance in the positive-sequence, and by series 

impedances for the negative- and zero-sequences as shown in Fig. 3.7 [79]. The positive 

sequence reactance for the diesel generator is equal to the transient reactance of the 

synchronous generator since the positive sequence currents flowing in the machine cause the 

armature reaction field to rotate at synchronous speed in the same direction as the rotor. Hence, 

the transient reactance contains the parallel connection of the armature and field reactances. 

The equation of the positive sequence reactance is given as 

𝑋1 = 𝑋𝑑
′ = 𝑋𝑙 + (

1

𝑋𝑎𝑑
+

1

𝑋𝑓
)

−1

                  (3.10) 

where 𝑋𝑑
′ , 𝑋𝑙 , 𝑋𝑎𝑑 , and 𝑋𝑓  are the transient, leakage, armature, and field reactances 

respectively. Similarly, the negative sequence reactance of the diesel generator is equal to the 

subtransient reactance of the synchronous generator since the negative sequence currents in 

the stator creates a field that rotates at double synchronous speed in the opposite direction to 

the rotor field. The resulting induced rotor currents flow through the damper windings in the 
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quadrature axis. Therefore the subtransient reactance consists of armature, field, and damper 

reactances. This is represented by the equation, 

 𝑋2 = 𝑋𝑑
′′ = 𝑋𝑙 + (

1

𝑋𝑎𝑑
+

1

𝑋𝑓
+

1

𝑋𝑘𝑑
)−1    (3.11) 

where 𝑋𝑑
′′ , 𝑋𝑙 , 𝑋𝑎𝑑 , 𝑋𝑓 , and 𝑋𝑘𝑑  are the subtransient, leakage, armature, field, and damper 

reactances respectively. The zero sequence reactance corresponds to the leakage reactance of 

the rotor windings from the leakage flux as a result of the zero sequence currents creating three 

mmfs in space phase by 120° and zero air-gap flux. A stabilising resistor (10kW) is connected in 

parallel with the synchronous generator. The 2.5MVA transformers connect the diesel 

generators to the MG. 

Fig. 3.7. Synchronous generator model in the positive-, negative-, and zero-phase sequences. 

𝑉1 

𝑋1 𝑅1 

𝑋2 𝑅2 

𝑋0 𝑅0 
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3.2.8. Different MG Scenarios 

The different MG configurations for the Net Load (NL-), Net Generator (NG-), and islanded 

MGs are represented as scenarios 1, 2, and 3 respectively. These scenarios represent the 

different operating states of the MG that occur due to cyclic variations in generation and load. 

Table 3.2 shows the load capacities of the different scenarios for the MG model used in this 

thesis. The active and reactive powers of the balanced load on bus 11 in Fig. 3.1 for the NL- (NG-) 

MG are set as 2.5kW (2MW) and 7kvar (2kvar) respectively.  

Table 3.2. Load Capacities for the Different Scenarios 

Scenario 1 (NL-MG) Scenario 2 (NG-MG) Scenario 3 (Islanded) 

23.972MVA 25.66MVA 23.966MVA 

3.3. Modelling of Multi-Microgrids 

The MMG configuration in Fig. 3.8 has been adapted from [17]. Since the transmission grid 

(138kV, 60Hz) is modelled as an infinite bus, no additional DGs outside the MGs are included in 

this MMG model. The NL- and NG-MG configurations are connected to the transmission grid via 

25MVA transformers. The power flows of these MG configurations are shown in Fig. 3.8. The 

transformers have a Y-connected HV side and a ∆-connected MV side. The scenarios used in 

Chapters 6 and 7 include MMGs with (i) two NL-MGs, (ii) two NG-MGs, and (iii) NL- and NG-MGs. 

In a MMG containing only NL- (NG-) MGs, MG1 is referred to as NL1 (NG1) and MG2 as NL2 

(NG2).  

 

 

 

 

 

 

 
Fig. 3.8. Single line diagram of the MMG configuration containing two MGs. 

  

MG 1 MG 2 

Bus 
1 

 Transmission System 

138kV/25kV 
Transformer 
25 MVA 

138kV/25kV 
Transformer 
25 MVA 

MG NL: 23.972 MVA MG NG: 25.66 MVA 
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3.4. Fault Conditions 

A number of fault operating conditions can occur in MGs and MMGs. These include 

balanced 3-ph and unbalanced faults [75]. The unbalanced fault conditions include 2-ph-G, 2-ph, 

and 1-ph-G faults. They can either be solidly grounded or high impedance faults (HIFs). The 

derivations for the fault currents for different fault conditions in each phase sequence given 

below are based on. 

3.4.1. 3-ph Faults 

For 3-ph faults in Fig. 3.9, the vector of the fault current constraint and nodal voltage in the 

presence of this constraint are given by the following equations [75]: 

 [𝑰𝑓]
𝑇

= [0, … ,0, 𝐼𝑓𝑘 , 0, … ,0]             (3.12) 

[𝑽𝑓]
𝑇

= [𝑉𝑓1, 𝑉𝑓2, ⋯ , 𝑉𝑓(𝑘−1), 0, 𝑉𝑓(𝑘+1), ⋯ , 𝑉𝑓𝑛]     (3.13) 

The starting equations in (3.12) and (3.13) are used to derive the equation of the fault path 

current based on. The formula for the fault-path current on node k is given as 

     𝐼𝑓𝑘 =
𝑉𝑘

1

𝑍𝑓+𝑍𝑘𝑘
1         (3.14) 

In equation (3.14), 𝑉𝑘
1 is the pre-fault nodal voltage and 𝑍𝑘𝑘

1  is the system impedance matrix 

element at node k in the positive-phase-sequence and 𝑍𝑓  is the fault impedance. 
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3.4.2. 2-ph-G Faults 

For the phase-B-and-C-to-earth fault in Fig. 3.10, the fault constraints are given as follows 

[75]: 

𝑉𝑓𝑘
𝑏 = 𝑉𝑓𝑘

𝑐 = 𝑍𝑓(𝐼𝑓𝑘
𝑏 + 𝐼𝑓𝑘

𝑐 )       (3.15) 

     𝐼𝑓𝑘
𝑎 = 0         (3.16) 

where 𝑍𝑓  is the fault impedance; 𝐼𝑓𝑘
𝑎 , 𝐼𝑓𝑘

𝑏 , 𝐼𝑓𝑘
𝑐  are the fault currents for phases A, B, and C 

respectively; and 𝑉𝑓𝑘
𝑏  and 𝑉𝑓𝑘

𝑐  are the fault voltages for phases B and C. The fault currents in each 

phase sequence from the fault constraints in (3.15) and (3.16) are given by the following 

equations for the positive-, zero-, and negative-sequences: 

 𝐼𝑓𝑘
1 =

𝑉𝑘
1(𝑍𝑘𝑘

0 +𝑍𝑘𝑘
2 +3𝑍𝑓)

(𝑍𝑘𝑘
2 𝑍𝑘𝑘

1 +(𝑍𝑘𝑘
0 +3𝑍𝑓)(𝑍𝑘𝑘

1 +𝑍𝑘𝑘
2 ))

     (3.17) 

𝐼𝑓𝑘
0 =

𝑉𝑘
1𝑍𝑘𝑘

0

(𝑍𝑘𝑘
2 𝑍𝑘𝑘

1 +(𝑍𝑘𝑘
0 +3𝑍𝑓)(𝑍𝑘𝑘

1 +𝑍𝑘𝑘
2 ))

     (3.18) 

𝐼𝑓𝑘
2 =

𝑉𝑘
1(𝑍𝑘𝑘

2 +3𝑍𝑓)

(𝑍𝑘𝑘
2 𝑍𝑘𝑘

1 +(𝑍𝑘𝑘
0 +3𝑍𝑓)(𝑍𝑘𝑘

1 +𝑍𝑘𝑘
2 ))

       (3.19) 

where 𝑍𝑘𝑘
0 , 𝑍𝑘𝑘

1 , and 𝑍𝑘𝑘
2  are the zero-, positive-, and negative-sequence impedances at node k; 

and 𝑉𝑘
1 is the positive-sequence fault voltage. 

 

Phase C 

Phase B 

Phase A 

Node k 

𝐼𝑓𝑘
𝑎  

𝐼𝑓𝑘
𝑐  

𝐼𝑓𝑘
𝑏  

Fig. 3.9. 3-ph fault on node k. 
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3.4.3. 2-ph Faults 

For the phase-B-to-C fault in Fig. 3.11, the fault constraints are given as follows [75]: 

𝑉𝑓𝑘
𝑏 − 𝑉𝑓𝑘

𝑐 = 𝑍𝑓𝐼𝑓𝑘
𝑏       (3.20) 

𝐼𝑓𝑘
𝑏 + 𝐼𝑓𝑘

𝑐 = 0        (3.21) 

 𝐼𝑓𝑘
𝑎 = 0        (3.22) 

where 𝑍𝑓  is the fault impedance; 𝐼𝑓𝑘
𝑎 , 𝐼𝑓𝑘

𝑏 , 𝐼𝑓𝑘
𝑐  are the fault currents for phases A, B, and C 

respectively; and 𝑉𝑓𝑘
𝑏  and 𝑉𝑓𝑘

𝑐  are the fault voltages for phases B and C. The equations for each 

phase sequence derived from (3.20), (3.21), and (3.22) are as follows: 

𝐼𝑓𝑘
0 = 0              (3.23)  

𝐼𝑓𝑘
1 =

𝑉𝑘
1

𝑍𝑘𝑘
1 +𝑍𝑘𝑘

2 +𝑍𝑓
      (3.24) 

𝐼𝑓𝑘
2 = −

𝑉𝑘
1

𝑍𝑘𝑘
1 +𝑍𝑘𝑘

2 +𝑍𝑓
      (3.25) 

where 𝑍𝑘𝑘
0 , 𝑍𝑘𝑘

1 , and 𝑍𝑘𝑘
2  are the zero-, positive-, and negative-sequence impedances at node k; 

and 𝑉𝑘
1 is the positive-sequence fault voltage. 

Phase C 

Phase B 

Phase A 

Node k 

𝐼𝑓𝑘
𝑐  

𝐼𝑓𝑘
𝑏  

Fig. 3.10. 2-ph-G fault on node k. 
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3.4.4. 1-ph-G Faults 

For the phase-A-to-earth fault in Fig. 3.12, the fault constraints are given as follows [75]: 

𝑉𝑓𝑘
𝑎 = 𝑍𝑓𝐼𝑓𝑘

𝑎       (3.26) 

𝐼𝑓𝑘
𝑏 = 𝐼𝑓𝑘

𝑐 = 0      (3.27) 

The fault currents in each phase sequence derived from the above fault constraints are as 

follows: 

𝐼𝑓𝑘
1 = 𝐼𝑓𝑘

0 = 𝐼𝑓𝑘
2 =

𝑉𝑘
1

𝑍𝑓𝑘
0 +𝑍𝑓𝑘

1 +𝑍𝑓𝑘
2 +3𝑍𝑓

   (3.28) 

where 𝑍𝑘𝑘
0 , 𝑍𝑘𝑘

1 , and 𝑍𝑘𝑘
2  are the zero-, positive-, and negative-sequence impedances at node k; 

and 𝑉𝑘
1 is the positive-sequence fault voltage. 

 

Phase C 

Phase B 

Phase A 

Node k 

𝐼𝑓𝑘
𝑏  

𝐼𝑓𝑘
𝑐  

Fig. 3.11. 2-ph fault on node k. 
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3.4.5. High Impedance Faults 

The HIF model to be used in the simulation to evaluate the effectiveness of the proposed 

protection strategies in Chapters 5 and 6 is shown in Fig. 3.13. It consists of two variable resistors, 

anti-parallel diodes, and DC voltage sources based on the HIF model described in [80]. The two 

variable resistors are connected in series with the diodes to represent the random variation of 

the arc resistance which is between 100Ω and 150Ω. The two DC voltage sources connected to 

the anti-parallel diodes have unequal values of 1.0kV and 0.5kV. They vary randomly by 

approximately 10% and are included to model the asymmetric fault current and the 

intermediate arc extinction. 

 

 

 

 

 

 

Phase C 

Phase B 

Phase A 

Node k 

𝐼𝑓𝑘
𝑎  

Fig. 3.12. 1-ph-G fault on bus k. 
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3.5. Summary 

This chapter discussed the modelling of different MG and MMG components which include 

feeders, buses, loads, wind and diesel generators, and PV sources. The mathematical 

representation of fault conditions that commonly occur in power systems were also described. 

These models are used to evaluate the effectiveness of the protection strategies proposed in 

the subsequent chapters. 

  

𝑅𝑝 𝑅𝑛 

𝐷𝑝 

𝑉𝑝 

𝐷𝑛 

𝑉𝑛 

Fig. 3.13. HIF model representation. 
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4. An Improved Phasor Measurement Algorithm to Remove DC 

Offsets from Fault Current Signals 

4.1. Introduction 

As discussed in Chapter 2, protection relays require the input voltage and current signals to 

be free from harmonics and DC components so that fault conditions can be more accurately 

detected. Filtering algorithms are necessary to extract the fundamental component from input 

signals that contain harmonics and DC components [14-16, 25]. The conventional Discrete 

Fourier Transform (DFT) is most commonly used to extract the fundamental components from 

the measured waveforms. The DFT can eliminate the harmonic components but not the DC 

component. The DC component is a non-periodic signal that has a large frequency spectrum. It 

contributes to the overshoot and oscillations that are present in the estimation of the 

fundamental component when using DFT giving rise to an error of around 15.1% [73].  

In Section 2.6, several existing digital filtering algorithms were reviewed that estimate the 

fundamental component by eliminating the DC offset present in the measured current signals. 

One of them is an improved DFT algorithm proposed in [14] which is more accurate than the 

conventional DFT as it also eliminates the DC offset. However, it has slow response time since it 

only carries out the estimation after one cycle and needs to perform extensive computations. 

Other modified DFT methods in [25, 81] also remove the exponentially varying DC offset but 

they take one cycle and two samples and require long computations. A DFT-based current 

phasor estimation method in [69] uses a few basic mathematical operations to accurately 

estimate the fundamental frequency component but takes one cycle. The iterative method 

proposed in [15] has a fast response time since it estimates the fundamental component by 

eliminates the DC offset using four samples. However, it assumes the DC offset to be constant 

and therefore does not consider the exponential decay of DC offset that commonly occurs in 

fault current signals. 
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This chapter proposes a digital filtering algorithm that extends the method in [15] by 

considering the exponential decay of the DC offset present in the input current signal. This 

algorithm takes only 4 samples to estimate and it is computationally simpler compared to [15]. 

The mathematical basis for the proposed algorithm is presented in this chapter. The 

effectiveness of this algorithm is evaluated by simulation and also compared with the 

conventional and improved DFT algorithms [14] as well as the iterative method [15]. 

The rest of this chapter is organised as follows: The proposed algorithm is described in Section 

4.2. Section 4.3 briefly describes a 2-machine model used to test the proposed algorithm. 

Simulation results that evaluate the effectiveness of the proposed algorithm and also compare 

it with existing algorithms are presented in Section 4.4. Section 4.5 summarises the chapter. 

4.2. Proposed Algorithm 

The proposed algorithm assumes that the DC offset decays exponentially unlike the 

iterative algorithm in [15] where the DC offset was assumed to be constant. The proposed 

algorithm is derived in this section for the case where the time constant is known as well as 

when it is unknown. The algorithm uses a known time constant to study the effect of the 

changing DC component parameters on the fundamental component. For processing an input 

fault current signal from the measurement device, it assumes an unknown time constant. 

Four samples are extracted from the fault current input signal which consists of both DC 

and fundamental components. They are represented by the following equations: 

   𝐴 = 𝑉𝑚 cos(2𝜋𝑓𝑡) + 𝐴𝑑𝑐𝑒𝑥𝑝 (−
𝑡

𝜏
)       (4.1) 

   𝐵 = 𝑉𝑚 cos(2𝜋𝑓(𝑡 + ∆𝑡)) + 𝐴𝑑𝑐𝑒𝑥𝑝 (−
(𝑡+∆𝑡)

𝜏
)         (4.2) 

   𝐶 = 𝑉𝑚 cos(2𝜋𝑓(𝑡 + 2∆𝑡)) + 𝐴𝑑𝑐𝑒𝑥𝑝 (−
(𝑡+2∆𝑡)

𝜏
)         (4.3)

      𝐷 = 𝑉𝑚 cos(2𝜋𝑓(𝑡 + 3∆𝑡)) + 𝐴𝑑𝑐𝑒𝑥𝑝 (−
(𝑡+3∆𝑡)

𝜏
)                 (4.4) 
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where 𝐴, 𝐵, 𝐶, 𝐷 are the measured samples, ∆𝑡 is the known sampling period, 𝑓 is the system 

frequency, and 𝜏  is the time constant of the DC component. The unknown values are the 

fundamental component amplitude 𝑉𝑚, DC component amplitude 𝐴𝑑𝑐, and continuous time 𝑡. 

To discretise equations (4.1) – (4.4), let 𝑡 = 𝑛∆𝑡 and ∆𝑡 =  
1

𝑁𝑓
 and thus 𝑡 =

𝑛

𝑁𝑓
 where 𝑛 is the 

sample number and 𝑁 is the number of samples in a cycle. To simplify the equations further, let 

𝛼 = 𝑒𝑥𝑝 (−
∆𝑡

𝜏
). The resulting equations are as follows: 

       𝐴 = 𝑉𝑚 cos (
2𝜋𝑛

𝑁
) + 𝐴𝑑𝑐𝛼𝑛        (4.5) 

   𝐵 = 𝑉𝑚 cos (
2𝜋

𝑁
(𝑛 + 1)) + 𝐴𝑑𝑐𝛼𝑛+1     (4.6) 

   𝐶 = 𝑉𝑚 cos (
2𝜋

𝑁
(𝑛 + 2)) + 𝐴𝑑𝑐𝛼𝑛+2     (4.7) 

   𝐷 = 𝑉𝑚 cos (
2𝜋

𝑁
(𝑛 + 3)) + 𝐴𝑑𝑐𝛼𝑛+3       (4.8) 

4.2.1. Algorithm with Known Time Constant 

In this derivation of the algorithm, the time constant is assumed to be known. By 

rearranging (4.5) – (4.8) and using trigonometric identities, the following equations are obtained:  

  𝐵 − 𝐴 = −2𝑉𝑚 sin (
𝜋

𝑁
(2𝑛 + 1)) sin (

𝜋

𝑁
) + 𝐴𝑑𝑐𝛼𝑛[𝛼 − 1]   (4.9) 

  𝐶 − 𝐵 = −2𝑉𝑚 sin (
𝜋

𝑁
(2𝑛 + 3)) sin (

𝜋

𝑁
) + 𝐴𝑑𝑐𝛼𝑛+1[𝛼 − 1]    (4.10) 

  𝐷 − 𝐶 = −2𝑉𝑚 sin (
𝜋

𝑁
(2𝑛 + 5)) sin (

𝜋

𝑁
) + 𝐴𝑑𝑐𝛼𝑛+2[𝛼 − 1]    (4.11) 

Eliminating 𝐴𝑑𝑐 from (4.9) – (4.11) obtains the following equations:   

(𝐷 − 𝐶) − 𝛼(𝐶 − 𝐵) = −2𝑉𝑚 sin (
𝜋

𝑁
) [sin (

𝜋

𝑁
(2𝑛 + 5)) − 𝛼 sin (

𝜋

𝑁
(2𝑛 + 3))]  (4.12) 

(𝐶 − 𝐵) − 𝛼(𝐵 − 𝐴) = −2𝑉𝑚 sin (
𝜋

𝑁
) [sin (

𝜋

𝑁
(2𝑛 + 3)) − 𝛼 sin (

𝜋

𝑁
(2𝑛 + 1))]   (4.13) 

Eliminating 𝑉𝑚 from (4.12) and (4.13) results in the equation, 

   
(𝐷−𝐶)−𝛼(𝐶−𝐵)

(𝐶−𝐵)−𝛼(𝐵−𝐴)
=

sin(
𝜋

𝑁
(2𝑛+5))−𝛼 sin(

𝜋

𝑁
(2𝑛+3))

sin(
𝜋

𝑁
(2𝑛+3))−𝛼 sin(

𝜋

𝑁
(2𝑛+1))

    (4.14) 

To simplify and rearrange (4.14), let 𝛾 =
(𝐷−𝐶)−𝛼(𝐶−𝐵)

(𝐶−𝐵)−𝛼(𝐵−𝐴)
. The resulting equation is 
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𝛾 sin (
𝜋

𝑁
(2𝑛 + 3)) − 𝛼𝛾 sin (

𝜋

𝑁
(2𝑛 + 1)) = sin (

𝜋

𝑁
(2𝑛 + 5)) − 𝛼 sin (

𝜋

𝑁
(2𝑛 + 3))  (4.15) 

By rearranging and using trigonometric identities on (4.15), the equation for 𝑛 is obtained 

as 

    𝑛 =

𝑁 tan−1[
sin(

4𝜋
𝑁 )−(𝛼+𝛾) sin(

2𝜋
𝑁 )

cos(
4𝜋
𝑁

)−(𝛼+𝛾) cos(
2𝜋
𝑁

)+𝛼𝛾
]− 𝜋

2𝜋
        (4.16)      

In this improved algorithm, 𝑛 is first determined from (4.16) before it is substituted into 

equations (4.5) – (4.8). These equations are then solved simultaneously to obtain the unknown 

values 𝑉𝑚 and 𝐴𝑑𝑐. 

4.2.2. Algorithm with Unknown Time Constant 

The derivation of the proposed algorithm is given below when the time constant 𝜏  is 

unknown. Rearranging (4.5) – (4.8) using trigonometric identities to eliminate 𝐴𝑑𝑐 results in the 

following equations: 

𝐷 − 𝛼𝐶 = 𝑉𝑚 (cos (
2𝜋𝑛

𝑁
) (cos (

6𝜋

𝑁
) − 𝛼 cos (

4𝜋

𝑁
)) − sin (

2𝜋𝑛

𝑁
) (sin (

6𝜋

𝑁
) − 𝛼 sin (

4𝜋

𝑁
)))  (4.17) 

𝐶 − 𝛼𝐵 = 𝑉𝑚 (cos (
2𝜋𝑛

𝑁
) (cos (

4𝜋

𝑁
) − 𝛼 cos (

2𝜋

𝑁
)) − sin (

2𝜋𝑛

𝑁
) (sin (

4𝜋

𝑁
) − 𝛼 sin (

2𝜋

𝑁
)))  (4.18) 

  𝐵 − 𝛼𝐴 = 𝑉𝑚 (cos (
2𝜋𝑛

𝑁
) (cos (

2𝜋

𝑁
) − 𝛼) − sin (

2𝜋𝑛

𝑁
) sin (

2𝜋

𝑁
))   (4.19) 

By dividing (4.17) with (4.18) and (4.18) with (4.19) to eliminate 𝑉𝑚, the following equations are 

obtained: 

  
𝐷−𝛼𝐶

𝐶−𝛼𝐵
=

cos(
2𝜋𝑛

𝑁
)(cos(

6𝜋

𝑁
)−𝛼 cos(

4𝜋

𝑁
))−sin(

2𝜋𝑛

𝑁
)(sin(

6𝜋

𝑁
)−𝛼 sin(

4𝜋

𝑁
))

cos(
2𝜋𝑛

𝑁
)(cos(

4𝜋

𝑁
)−𝛼 cos(

2𝜋

𝑁
))−sin(

2𝜋𝑛

𝑁
)(sin(

4𝜋

𝑁
)−𝛼 sin(

2𝜋

𝑁
))

   (4.20) 

  
𝐶−𝛼𝐵

𝐵−𝛼𝐴
=

cos(
2𝜋𝑛

𝑁
)(cos(

4𝜋

𝑁
)−𝛼 cos(

2𝜋

𝑁
))−sin(

2𝜋𝑛

𝑁
)(sin(

4𝜋

𝑁
)−𝛼 sin(

2𝜋

𝑁
))

cos(
2𝜋𝑛

𝑁
)(cos(

2𝜋

𝑁
)−𝛼)−sin(

2𝜋𝑛

𝑁
) sin(

2𝜋

𝑁
)

   (4.21) 

To eliminate 𝑛 , rearrange (4.20) and (4.21) and divide both sides by cos (
2𝜋𝑛

𝑁
)  to yield the 

following equations: 

  tan (
2𝜋𝑛

𝑁
) =

(𝐷−𝛼𝐶)(cos(
4𝜋

𝑁
)−𝛼 cos(

2𝜋

𝑁
))−(𝐶−𝛼𝐵)(cos(

6𝜋

𝑁
)−𝛼 cos(

4𝜋

𝑁
))

(𝐷−𝛼𝐶)(sin(
4𝜋

𝑁
)−𝛼 sin(

2𝜋

𝑁
))−(𝐶−𝛼𝐵)(sin(

6𝜋

𝑁
)−𝛼 sin(

4𝜋

𝑁
))

  (4.22) 

  tan (
2𝜋𝑛

𝑁
) =

(𝐶−𝛼𝐵)(cos(
2𝜋

𝑁
)−𝛼)−(𝐵−𝛼𝐴)(cos(

4𝜋

𝑁
)−𝛼 cos(

2𝜋

𝑁
))

(𝐶−𝛼𝐵) sin(
2𝜋

𝑁
)−(𝐵−𝛼𝐴)(sin(

4𝜋

𝑁
)−𝛼 sin(

2𝜋

𝑁
))

   (4.23) 
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By equating (4.22) and (4.23), rearranging and simplifying the resulting equation, the following 

expression for 𝛼 is obtained: 

     𝛼 =
𝐷+𝐵−2𝐶 cos(

2𝜋

𝑁
)

𝐴+𝐶−2𝐵 cos(
2𝜋

𝑁
)
    (4.24) 

In this algorithm, the 𝛼 and 𝑛 values are obtained from (4.24) and (4.23). These values are 

substituted into simultaneous (4.5) – (4.8) to solve for 𝑉𝑚 and 𝐴𝑑𝑐. 

4.3. 2-Machine System Model 

The model used to evaluate the effectiveness of the proposed phasor measurement 

algorithm is a 2-machine system shown in Fig. 4.1 and adapted from [15]. It consists of a 

synchronous generator connected to one end of the transmission line and an infinite bus at the 

other end. The synchronous generator is modelled as a diesel generator whereas the infinite bus 

is represented as a three-phase sinusoidal source. Static loads are connected to both ends of 

the transmission line. The parameters for the sources, transmission line, and loads are defined 

in Tables 4.1 and 4.2. 

Table 4.1: Parameters for the Sources in the 2-Machine System 

Source Rated RMS L-N 
Voltage (kV) 

Rated RMS Line 
Current (kA) 

Initial Phase (rad) 

Synchronous 
Generator (SG) 

7.967 5.02 3.14 

Infinite Source (IS) 7.9617  2.50 

 

Table 4.2: Parameters for the Impedances in the 2-Machine System 

Impedance Resistance (Ω) Reactance (H) Connection 

SG Impedance (𝑍𝑆𝐺) 1.02 0.105 R-L 

IS Impedance (𝑍𝐼𝑆) 1.0 0.1 R-L 

Transmission (𝑍𝑇𝐿) 0.91 0.0052 R-L 

Load 1 (𝑍𝐿1) 15   

Load 2 (𝑍𝐿2) 1.8   
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4.4. Simulation Results 

Simulations were performed in Matlab to evaluate the effectiveness of the proposed 

algorithm and compare it to the other existing algorithms. First the proposed algorithm was 

evaluated using the test signal, 

𝑖(𝑡) = 𝐴𝑑𝑐𝑒𝑥𝑝 (−
𝑡

𝜏
) + sin(100𝜋𝑡) 

where 𝜏 is the exponential time constant and 𝐴𝑑𝑐  the magnitude of the DC component. The 

proposed algorithm was compared with the conventional and improved DFT methods [14] as 

well as the iterative method [15]. The sampling frequency was set at 10kHz and system 

frequency as 50Hz.  

The proposed algorithm was also evaluated using Matlab Simulink on the 2-machine system 

model of Section 4.3 when a 2-ph-G fault occurs on bus 1. Measurements of the input current 

signal were made on the faulted bus so that the DC and fundamental components of the signal 

could be computed by the algorithm.  

4.4.1. Comparison with Existing Algorithms 

Fig. 4.2 shows the output of the fundamental component by the proposed algorithm along 

with those of the conventional DFT, improved DFT, and iterative algorithms. The proposed 

algorithm estimates the fundamental component as 1pu after the time required for four 

samples at the beginning of the first cycle. The estimation using the conventional DFT fluctuates 

between 0.998pu and 1.002pu after one cycle.  On the other hand, the improved DFT gives the 

estimate as 1pu after one cycle. The estimate by the iterative method is 0.9905pu after four 

samples. Compared to the conventional and improved DFT, the proposed algorithm is faster 

SG IS 𝑍𝐿1 𝑍𝐿2 

𝑍𝑇𝐿 

𝑍𝐼𝑆 𝑍𝑆𝐺 

Bus 1 Bus 2 

2-ph-G 
Fault 

Fig. 4.1. Diagram of 2-machine test system. 
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since it produces the output after four samples at the beginning of the first cycle. The iterative 

algorithm also requires only four samples but it is less accurate. The proposed algorithm is 

computationally simpler than both the iterative and improved DFT methods.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.2. Variation in Time Constant and DC Offset Magnitude 

The effect of the variation in the time constant 𝜏  and DC offset magnitude 𝐴𝑑𝑐  on the 

estimation of the fundamental component magnitude was evaluated by simulation. 𝐴𝑑𝑐 values 

of 1, 2, and 3 were chosen to evaluate the effect of small variations in 𝐴𝑑𝑐  values on the 

estimation of fundamental component magnitude. The values of 𝜏 were chosen as 0.5, 1.0, and 

1.5 so that the incremental effect of the DC decaying time on the fundamental component 

magnitude can be evaluated. 

Figs. 4.3 and 4.4 show the fundamental components from the different phasor 

measurement algorithms for 𝐴𝑑𝑐 = 2 and 𝐴𝑑𝑐 = 3 with 𝜏 = 0.5 (Fig. 4.2 showed the case of 

Fig. 4.2. Fundamental component measurement for the different phasor measurement 

algorithms for 𝜏 = 0.5 and 𝐴𝑑𝑐 = 1. 
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𝐴𝑑𝑐 = 1 and 𝜏 = 0.5). Figs. 4.5 and 4.6 show the results from various algorithms for 𝐴𝑑𝑐 =

1 with 𝜏 = 1.0 and 𝜏 = 1.5. For the proposed algorithm, the fundamental component output 

remains at 1pu for all the 𝜏  and 𝐴𝑑𝑐  values considered. The output values of the iterative 

algorithm are in the range of 0.9905pu, 0.9810pu, and 0.9715pu for 𝐴𝑑𝑐 values of 1, 2, and 3 

respectively and 𝜏 = 0.5. For 𝜏 values from 0.5 - 1.5 and 𝐴𝑑𝑐 = 1 its output values are in the 

range of 0.9905pu - 0.9968pu. For conventional DFT, the output fluctuates between 0.9979-

1.0020pu, 0.9959-1.0041pu, and 0.9938-1.0061pu for 𝐴𝑑𝑐 values of 1, 2, and 3 respectively and 

𝜏 = 0.5. For 𝜏 values of 0.5 - 1.5 and 𝐴𝑑𝑐 = 1, its output fluctuates between 0.9979-1.0020pu, 

0.9990-1.0010pu, and 0.9993-1.0007pu. In the improved DFT method, the fundamental 

component output is close to 1pu since the exponential term has a much lower value compared 

to the conventional DFT method. The proposed algorithm estimates the fundamental 

component magnitude more accurately compared to other methods for all values of 𝜏 and 𝐴𝑑𝑐 

considered in this evaluation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3. Fundamental component measurement for the different phasor measurement 

algorithms for 𝜏 = 0.5 and 𝐴𝑑𝑐 = 2. 
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Fig. 4.4. Fundamental component measurement for the different phasor measurement 

algorithms for 𝜏 = 0.5 and 𝐴𝑑𝑐 = 3. 

Fig. 4.5. Fundamental component measurement for the different phasor 

measurement algorithms for 𝜏 = 1 and 𝐴𝑑𝑐 = 1. 
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4.4.3. Simulation of Proposed Algorithm on 2-Machine System 

The proposed algorithm was simulated on bus 1 in the 2-machine system in order to 

evaluate its effectiveness in separating the fundamental and DC components of the fault current. 

Fig. 4.7 shows the input current signals where phases A and B increases during the fault. The 

fundamental and DC components are shown in Fig. 4.8 where the DC component for phase B 

increases at the beginning and decays steadily. On the other hand, the phase A DC component 

is shown as decreasing at the beginning and increasing steadily until it is zero since phase A lags 

phase B by 120°. The fundamental component for phases A and B have smoothly increasing 

magnitudes at the beginning of the fault, stays constant during the fault, and decreases at the 

end of the fault. Hence the proposed algorithm can effectively separate out the fundamental 

and DC components from the input current signals. 

 

 

 

Fig. 4.6. Fundamental component measurement for the different phasor 

measurement algorithms for 𝜏 = 1.5 and 𝐴𝑑𝑐 = 1. 
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Fig. 4.8. Fundamental and DC components for the current signal on Bus 1 in 2-machine system 

for the improved method. 

Fig. 4.7. Input current signal on bus 1 in 2-machine system. 
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4.4.4. Discussion 

The proposed algorithm is more accurate compared to the other methods in estimating the 

fundamental component amplitude. The estimate by the proposed algorithm remains constant 

irrespective of the changes in time constant and DC offset magnitude. The iterative algorithm is 

less accurate since it does not deal with the exponentially varying DC offset correctly. The 

estimation by the conventional DFT is the least accurate because the DC offset causes the 

estimated value of fundamental component to fluctuate. The improved DFT estimates the 

fundamental component magnitude to be close to 1pu as it reduces the effect of the DC offset 

on the estimated value.  

The iterative and proposed algorithms have faster response times compared to the 

conventional and improved DFT methods. The proposed algorithm is computationally simpler 

than the improved DFT and iterative methods. The proposed algorithm also accurately estimates 

the DC offset and fundamental components of the input fault current in the 2-machine system. 

4.5. Summary 

This chapter proposed a new algorithm that more accurately estimates the fundamental 

component by taking only four samples at the beginning of the first cycle. Unlike the iterative 

algorithm, it correctly deals with the exponentially varying DC component in the input current 

signal and is also computationally simpler. The algorithm was evaluated against the conventional 

and improved DFT methods as well as the iterative algorithm by simulation. It showed that the 

proposed algorithm is more accurate than the conventional DFT and iterative methods. The 

improved DFT method is almost as accurate but it requires a cycle to produce the output. The 

proposed algorithm can also accurately estimate the fundamental component amplitude when 

there are variations in the time constant and the DC offset amplitude. The algorithm proposed 

in this chapter will be useful in digital relaying schemes since it can accurately and quickly 

estimate the fundamental component for detecting and clearing fault conditions that occur in 

power systems. 
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5. A More Robust Protection Strategy for Microgrids 

5.1. Introduction 

The protection of microgrids (MGs) poses several challenges in both grid-connected and 

islanded modes as explained in Chapter 2. Bi-directional power flows from the distributed 

generators (DGs) in the MG can cause relay and fuse misoperation if conventional overcurrent 

protection is adopted [20-22, 24]. Inverter-based DG units provide limited contributions to the 

fault currents within the islanded MG which is insufficient to trip the conventional overcurrent 

relays. Several protection schemes have been proposed in the literature to address these issues.  

The communication-based coordination strategies described in Section 2.5.1.3 provide 

systematic coordination between the different protection modules and faster operation 

compared to time-grading strategies [11-13, 49]. The strategy proposed in [11] improves 

reliability by using looped feeders and also deals with communication failures. However, it only 

protects feeder sections. Microprocessor-based strategies in [12, 13] can deal with different 

fault current levels in the MG. A multi-terminal hybrid protection strategy in [49] is robust 

against communication failures and can protect expensive and sensitive equipment. However, 

as the protection strategies in [12, 13, 49] use zones, some healthy sections within the faulted 

zone are also isolated during a fault. 

This chapter proposes a protection strategy for both feeders and photovoltaic (PV) sources to 

make the entire MG more robust against different fault conditions. It allows smaller grid sections 

to be isolated from the remaining MG compared to zone-based schemes. Individual DG sources 

are protected using under-voltage relays and feeder sections with differential relays in this 

strategy. When primary protection fails, backup protection is provided for feeder sections. The 

effectiveness of the proposed strategy is evaluated by simulations for the most severe fault 

conditions on different MG scenarios 1 (Net Load (NL-) MG), 2 (Net Generator (NG-) MG), and 3 

(islanded MG) which were described in Section 3.2.8. 

The rest of this chapter is organised as follows: Section 5.2 explains the proposed protection 

strategy.  The effectiveness of the protection strategy is evaluated via simulation in Section 5.3. 
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Section 5.4 compares the features of the protection strategy with existing communication-based 

schemes. Section 5.5 summarises the chapter. 

5.2. Proposed Protection Strategy 

The proposed primary protection strategy for the MG is aimed at protecting feeder sections 

and PV sources against different fault conditions. Differential protection is implemented for the 

feeder sections to protect against the 3-ph bolted fault and the high impedance fault (HIF). It is 

effective for feeder sections since measurements at each end can be continuously monitored 

and it provides fast tripping times. Under-voltage protection is used for PV sources as their 

voltages fall below the acceptable operating voltage ranges. Since the wind and diesel 

generators are modelled as induction and synchronous generators respectively, they are 

assumed to ride through the fault current according to the Grid Code [82]. Therefore, additional 

protection of the wind and diesel generators has not been considered for this strategy. When 

the primary protection fails, backup protection is provided for the feeder sections in the MG as 

the next line of defence. 

5.2.1. Protection System Configuration 

The components used in the proposed strategy include digital relays, communication links, 

circuit breakers (CBs), and measurement devices such as current (CTs) and voltage transformers 

(VTs). As seen in the single line diagram in Section 3.3, the CBs are placed at each end of every 

feeder and transformer. It enables the protection scheme to isolate the faulted feeder sections, 

transformers, and PV sources. Each bus has measuring devices and relays so that the measured 

voltages and currents processed by the relays. The microprocessor-based relays can be 

programmed to create protection applications with multiple functions as required [76]. 

Communication links connect the relays, measurement devices, and CBs at each local bus as 

well as on neighbouring buses. They enable the measured values and trip signals at one end of 

a feeder to be transmitted across to the relay at the other end. Fibre optic cables are used for 

the communication links since they provide unlimited channel capacity allowing multiple signals 
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to be transmitted across them at any time [9]. They are not affected by electromagnetic 

interference and have excellent transmission quality which enables the signals to be more 

accurately received at the other end of the feeder section. As the links are of length 30km, the 

time delay is around 0.1ms as the signal is transmitted at the speed of light through the fibre 

optic links [12]. A delay of up to 0.1ms is common for distribution system applications. 

As shown in Fig. 5.1, each bus has a relay, a measurement device, and two CBs. CB1 is for 

primary protection whereas CB2 is for backup protection. The placement of switchgear at each 

bus in the proposed strategy is intended to achieve high reliability. Where reliability 

requirements are not high, using alternative schemes with minimal switchgear and 

measurement devices to reduce the costs may be more appropriate. 

 

 

 

 

 

 

 

 

5.2.2. Protection System Operation 

The percentage differential scheme is used for the primary protection for each feeder section. 

It is more effective than current differential protection in dealing with CT errors and the 

mismatch of CT ratios on both sides of the feeder section. In this scheme, trip signals are 

generated when the difference between the measured currents at each end of a feeder section 

exceeds a known percentage of the restraint coil current [9]. This percentage is determined from 

the CT errors and CT ratio mismatch on both sides of the feeder section. The restraint coil current 

is the average of the feeder currents. The equation for the tripping condition is given by 

     |𝑖1 − 𝑖2| ≥ 𝐾 |
𝑖1+𝑖2

2
|       (5.1) 

Measurement device 

Communication link to Relay 

CB 1 CB 2 

Bus 

Relay 

Fig. 5.1. Switchgear at each bus within the MG containing two CBs CB1 (primary protection) 

and CB2 (backup protection), measurement device, and communication link to the relay. 
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where |𝑖1 − 𝑖2|  is the operating coil current (or differential current), 𝐾  is a constant 

representing the ratio of the operating coil current over the restraint coil current (or the slope 

of the percentage differential characteristic), and |
𝑖1+𝑖2

2
| is the average of the feeder currents (or 

the restraint coil current). 

Under-voltage protection is used for PV sources because fault conditions can cause the 

voltage at the PV sources to collapse and fall below the lower limit of the stability margins [83]. 

The stability margins define the acceptable voltage range that the generators have to operate 

within. The under-voltage module compares the measured phase voltages at the PV sources 

against their thresholds. These thresholds are set from the measured voltage levels of the PV 

source in normal operating conditions. If the thresholds are below the lower limit, trip signals 

are sent to the CBs near the PV source. 

The backup protection module at the feeder section ensures that the faulted feeder is isolated 

from the MG if the primary protection fails. This module checks the status of the CBs near the 

faulted feeder section after trip signals are sent to them. If these CBs fail to open, the backup 

protection module sends trip signals to the CBs located closest to the failed CBs. This ensures 

that the smallest portion of the MG near the faulted feeder section is isolated. 

The coordination between the primary and backup protection modules for this strategy is 

described by the flowchart in Fig. 5.2. The measured currents at the feeder sections and voltages 

at the PV source are continuously monitored by the differential and under-voltage modules 

respectively. If a fault is detected by either module, trip signals are sent to open the CBs on the 

faulted buses. The trip signals from the differential module also close the CBs near the looped 

feeders in order to maintain the generation-load balance and continuity of supply throughout 

the entire MG. The CB at each PV source immediately recloses to enable the MG to maintain its 

generation-load balance. PV sources can be synchronised to the MG using their built-in 

synchronisation schemes after the fault has cleared. The backup protection module 

continuously checks the status of the CBs after trip signals are sent by the primary protection 
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module. If the backup protection module at the feeder section detects the failure of primary 

protection, it sends trip signals to the CBs located closest to the failed CBs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3. Simulation of the Proposed Strategy 

Simulations were carried out to evaluate the effectiveness of the proposed strategy for the 

primary and backup protection of a feeder section as well as the protection of PV sources. For 

Fig. 5.2. Flowchart for the proposed protection scheme. 
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Start 

Measure currents and voltages 

Primary Protection Scheme operates for: 
Feeders (Differential) 

PV Sources (Under-voltage) 

Fault Detected on Feeder? 

Trip CB of faulted bus 

Primary Protection on Feeder Failed? 

Trip backup CB 
Yes 

Trip Signals 

No 

No 

Yes 

Close CB on looped feeder 

Fault Detected on PV Source? 

Trip CB of faulted bus 
Yes 

Reclose CB at PV Source 

Synchronise PV Source with MG 

No 
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each of these cases, MG scenarios 1 (NL-MG), 2 (NG-MG), and 3 (islanded MG) described in 

Section 3.2.8 are simulated. These scenarios represent the different operating states of the MG 

that could occur due to variations in generation and load. The most severe fault conditions were 

considered in order to evaluate the robustness of the proposed strategy. 

The simulations were performed using the Matlab Simulink SimPowerSystems toolbox. The 

solver ode1 with a fixed time step of 1 microsecond was used. 3-ph faults were simulated since 

they are the most severe fault conditions even though they occur infrequently. The faults were 

simulated after 0.1s since the voltage and current waveforms reach steady state by that stage. 

The impact of the bolted faults and HIFs on the voltages and currents was measured. 

Fig. 5.3 shows the faults on the feeder section between buses 5 and 12 as well as on buses 10 

and 14 which are next to the PV sources. The feeder section between buses 5 and 12 was chosen 

for simulating faults because these buses are not unduly influenced by the variations in 

generation and load. CBs 12 and 30 would be tripped to isolate the feeder section between 

buses 5 and 12 if the protection is effective. Faults were also simulated on buses 10 and 14 to 

study the effectiveness of under-voltage protection for the PV sources. These faults would be 

isolated and cleared by CBs 25 and 35 if the protection is effective. The primary protection trip 

signals were sent to the CBs in scenarios 1, 2, and 3 after 1.75, 0.05, and 1 cycles respectively. 

These time delays are intended to prevent the oscillation of voltage and current signals after the 

fault is cleared. Backup protection of the feeder section between buses 5 and 12 was simulated 

to verify its operation following primary protection failure. CBs 10, 11, 29, 31, and 32 would be 

tripped after 0.1s if the backup protection operates correctly. The backup trip signals were sent 

after 5 cycles of 60 Hz. The CBs that would open for primary, backup, and PV source protection 

are indicated in red. 

In the following subsections, simulation results are presented for the primary, backup, and PV 

source protection. In each case, the results are discussed for scenarios 1, 2, and 3. 
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5.3.1. Primary Protection of Feeder Sections  

5.3.1.1. Scenario 1 (NL-MG) 

This simulation is to evaluate the effectiveness of the primary protection module for Scenario 

1. The 3-ph bolted fault and HIF were introduced separately on the faulted feeder section 

between buses 5 and 12 as mentioned above. Voltage and current measurements are obtained 

on buses 5 and 12 as shown in Figs. 5.4 and 5.5. The voltages and currents on bus 5 for the 3-ph 

bolted fault and the HIF remain close to zero after 0.1292s due to the CB clearing the fault at 

that bus. After the fault is cleared on bus 12, the voltages return to their steady state values 

whereas the currents go to zero. The steady state values of the voltage are due to the 

interconnection of the looped feeders maintaining the generation-load balance in the MG. 

These results indicate that the primary protection module is able to effectively detect the fault 

within the feeder section at 0.1s and isolate it after 0.1292s from the remaining MG. 

 

 

Fig. 5.3. Single line diagram of MG which shows the faults and CBs to clear the faults. 
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Fig. 5.4. Voltage and current waveforms at bus 5 in NL-MG when a 3-ph fault occurs at the 

same location to illustrate primary protection operation. 

Fig. 5.5. Voltage and current waveforms on bus 12 in NL-MG when a 3-ph fault occurs at the 

same location to illustrate primary protection operation. 
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5.3.1.2. Scenario 2 (NG-MG) 

Simulations were performed similar to Scenario 1 to evaluate the effectiveness of the primary 

protection for Scenario 2. The 3-ph bolted fault and HIF were introduced separately on the 

feeder section between buses 5 and 12 in the MG. The voltage and current measurements are 

obtained for buses 5 and 12 as shown in Figs. 5.6 and 5.7. The voltages and currents for the 3-

ph bolted fault and HIF at bus 5 remain at zero after 0.1008s as a result of the CB clearing the 

fault on bus 5. After the fault is cleared on bus 12, the currents go to zero which indicates that 

the CB has opened to clear the fault at the same location. The steady state voltages on bus 12 

are lower compared to the corresponding bus in NL1 due to the excess generation being 

consumed by the nearby loads. This implies that the primary protection module effectively 

isolates the faulted feeder from the remaining healthy sections of the NG-MG. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.6. Voltage and current waveforms on bus 5 in NG-MG when a 3-ph fault occurs at the 

same location to illustrate primary protection operation. 
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5.3.1.3. Scenario 3 (Islanded MG) 

Simulations were carried out to evaluate its effectiveness of primary protection in Scenario 3. 

The 3-ph bolted fault and HIF were introduced separately on the feeder section between buses 

5 and 12. The voltage and current measurements on buses 5 and 12 are shown in Figs. 5.8 and 

5.9. The voltages for the 3-ph HIF on bus 5 in Scenario 3 after the fault is cleared is higher than 

in Scenarios 1 and 2 due to the significant effect of the random variations of the HIF when not 

connected to a transmission grid. However, on bus 5, the currents for the HIF and the voltages 

and currents for the bolted fault are zero which indicates that the CB has opened to isolate the 

fault. The voltages on bus 12 after the fault is cleared at 0.1167s are lower compared to 

Scenarios 1 and 2 due to the absence of input from the transmission grid. The currents on bus 

12 for both the 3-ph bolted fault and HIF are zero after the fault is cleared which implies that 

the CB at that bus has opened. Therefore, the primary protection for the feeder section has 

effectively detected the faults at 0.1s and cleared it at 0.1167s for Scenario 3. 

Fig. 5.7. Voltage and current waveforms on bus 12 in NG-MG when a 3-ph fault occurs at the 

same location to illustrate primary protection operation. 
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Fig. 5.8. Voltage and current waveforms at bus 5 in Islanded MG for 3-ph fault at the same 

location to illustrate primary protection operation. 
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Fig. 5.9. Voltage and current waveforms at bus 12 in Islanded MG for 3-ph fault at the same 

location to illustrate primary protection operation. 
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5.3.2. Backup Protection of Feeder Sections 

5.3.2.1. Scenario 1 (NL-MG) 

The effectiveness of the backup protection is evaluated for Scenario 1. The 3-ph bolted fault 

and HIF were simulated separately on the feeder section between buses 5 and 12 in the MG. 

The voltage and current waveforms are shown in Figs. 5.10 and 5.11 for buses 5 and 12. After 

the fault occurs at 0.1s, the primary protection for the feeder section fails at 0.1292s. After 0.2s, 

the steady state voltages on buses 5 and 12 decrease to zero for the 3-ph bolted fault since the 

CBs at those buses open to clear the fault. However, for the HIF on buses 5 and 12, the voltages 

and currents experience limited random variations due to the randomly varying higher fault 

impedance. The backup protection operates effectively at 0.2s to isolate both the bolted fault 

and HIF following the primary protection failure. 

 

Fig. 5.10. Voltage and current waveforms at bus 5 in NL-MG to illustrate backup protection 

when a 3-ph fault occurs at the same location. 
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5.3.2.2. Scenario 2 (NG-MG) 

The simulation is to evaluate the efficacy of the backup protection for Scenario 2 after the 

primary protection has failed. The 3-ph bolted fault and HIF were simulated separately on the 

faulted feeder section between buses 5 and 12. Figs. 5.12 and 5.13 show the voltages and 

currents on buses 5 and 12. The primary protection module for the feeder section fails at 0.1008s. 

The voltages and currents on buses 5 and 12 for both the bolted fault and HIF eventually reach 

zero after the fault is cleared by the CB at 0.2s. The backup protection effectively isolates the 

faulted feeder section after the primary protection fails. 

 

 

 

 

 

Fig. 5.11. Voltage and current waveforms at bus 12 in NL-MG to illustrate backup protection 

when a 3-ph fault occurs at the same location. 
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Fig. 5.12. Voltage and current waveforms on bus 5 in NG-MG when a 3-ph fault occurs at the 

same location to illustrate backup protection operation. 

Fig. 5.13. Voltage and current waveforms on bus 12 in NG-MG when a 3-ph fault occurs at the 

same location to illustrate backup protection operation. 
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5.3.2.3. Scenario 3 (Islanded MG) 

Simulations were performed to evaluate the effectiveness of the backup protection in 

Scenario 3. The 3-ph bolted fault and HIF were simulated separately on the feeder section 

between buses 5 and 12. Figs. 5.14 and 5.15 show the voltage and current measurements on 

buses 5 and 12. At 0.1167s, the primary protection fails for the feeder section. The voltages and 

currents after 0.2s on buses 5 and 12 in the islanded MG for both the 3-ph HIF and bolted fault 

are zero due to the CB opening at these locations to clear the fault. Therefore, the backup 

protection is able to separate the faulted feeder section at 0.2s in the islanded MG after the 

primary protection fails. 
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Fig. 5.14. Voltage and current waveforms at bus 5 in Islanded MG for a 3-ph fault at the same 

location to illustrate backup protection operation. 
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5.3.3. PV Source Protection 

5.3.3.1. Scenario 1 (NL-MG) 

This simulation is to evaluate the effectiveness of the under-voltage protection for the PV 

source in Scenario 1. The 3-ph bolted fault and HIF were introduced separately near the PV 

sources located at buses 10 and 14 in the MG. Figs. 5.16 and 5.17 show the voltages and currents 

on buses 10 and 14. The voltage and current values on buses 10 and 14 return to their original 

values after the fault is cleared at 0.1292s restoring the generation-load balance within the MG. 

The under-voltage protection module for the PV source effectively detects the fault at 0.1s and 

the CB opens and recloses at 0.1292s to isolate the fault as indicated by the voltages and 

currents returning to steady state. 
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Fig. 5.15. Voltage and current waveforms at bus 12 in Islanded MG for a 3-ph fault at the same 

location to illustrate backup protection operation. 
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Fig. 5.16. Voltage and current waveforms at bus 10 in NL-MG for a 3-ph fault at the same 

location. 
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Fig. 5.17. Voltage and current waveforms at bus 14 in NL-MG for a 3-ph fault at the same 

location. 
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5.3.3.2. Scenario 2 (NG-MG) 

The effectiveness of the PV source protection was evaluated for Scenario 2 by simulation. 

Both the 3-ph bolted fault and HIF were simulated separately near the PV sources located on 

buses 10 and 14 in the MG. The voltage and current waveforms are shown for buses 10 and 14 

in Figs. 5.18 and 5.19. The voltages on buses 10 and 14 after 0.1008s for the 3-ph bolted fault 

and HIF in Scenario 2 are similar to those in Scenario 1 due to the fault being located near the 

PV sources within the MGs. However, the currents are lower in Scenario 2 than in Scenario 1 

since the loads consume the excess generation within the NG-MG. The CB is able to reclose and 

isolate the faults at 0.1008s after the under-voltage module has effectively detected the faults 

at 0.1s. 

 

 

Fig. 5.18. Voltage and current waveforms at bus 10 in NG-MG for a 3-ph fault at the same 

location.  
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5.3.3.3. Scenario 3 (Islanded MG) 

The simulation is to study the efficacy of the PV source protection in Scenario 3. The 3-ph 

bolted fault and HIF were introduced separately on both buses 10 and 14. The voltages and 

currents are obtained from buses 10 and 14 as shown in Figs. 5.20 and 5.21. The voltages and 

currents at bus 10 after 0.1167s for both the 3-ph bolted fault and HIF are similar to that for the 

NL-MG due to the contribution from the PV source to the currents. The currents on bus 14 for 

both the 3-ph faults after the fault is cleared are lower than in Scenario 1 and higher than in 

Scenario 2 since the PV generation has been modified to balance the generation and load in 

Scenario 3. The successful operation of the under-voltage module in detecting and clearing the 

fault and the reclosing operation of the CB in Scenario 3 is shown by the steady state values of 

the voltages and currents after the fault is cleared. 

Fig. 5.19. Voltage and current waveforms at bus 14 in NG-MG for a 3-ph fault at the same 

location. 
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Fig. 5.20. Voltage and current waveforms at bus 10 in Islanded MG for a 3-ph fault at the same 

location.  
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Fig. 5.21. Voltage and current waveforms at bus 14 in Islanded MG for a 3-ph fault at the same 

location. 
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5.3.4. Discussion 

For each MG scenario covered in this chapter, the primary and backup protections for the 

feeder section are able to detect and isolate both the 3-ph bolted faults and HIFs using 

differential protection. Under-voltage protection can effectively detect and isolate the 3-ph 

faults as well as reclose the CB near the PV sources. Hence this strategy protects the feeders and 

PV sources within each of the different MG scenarios during fault conditions while maintaining 

the generation-load balance of the MG. Therefore the proposed strategy is more robust than 

other existing communication-based protection strategies as they isolate smaller grid sections 

than the zone-based schemes which tend to also contain healthy sections. The proposed 

strategy can be extended to protect multi-microgrids (MMGs) since they consist of a number of 

MGs that need both feeder and PV source protection. 

5.4. Comparison with Existing Communication-based Schemes 

Sortomme et al. [11] uses a configuration of CBs, measurement devices, and relays similar to 

the proposed protection strategy. However, percentage differential schemes are used in the 

proposed strategy as they are more robust against CT errors and ratio mismatches than the 

instantaneous differential scheme in [11]. CT errors and ratio mismatches in the instantaneous 

differential scheme may cause differential current flows during normal operating conditions 

resulting in relay misoperation. On the other hand, the percentage differential scheme 

addresses the CT errors and ratio mismatches by using a restraint current which is a function of 

the currents at each end of the line. The proposed strategy also provides primary protection to 

PV sources along with feeder sections to make it more robust whereas the scheme in [11] does 

not include PV sources in its primary protection. The backup delay in the proposed strategy is 

shorter than [11] by about 3-6 times which improves the speed of operation. The scheme in [11] 

detects HIFs using the high sensitivity of the CTs whereas the primary protection in the proposed 

strategy detects both HIFs and grounded faults. 
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The MG protection strategy by Zamani et al. [12, 13] uses less relays and switchgear compared 

to the proposed strategy. Implementation costs are lower in [12, 13] but the proposed strategy 

isolates smaller sections of the MG during a fault compared to [12, 13] because an entire zone 

containing both faulted and healthy sections are isolated in [12, 13]. Among all the zones in [12, 

13], the largest portion of healthy section in a faulted zone is around 80%. In the proposed 

strategy, the isolated MG section does not contain any healthy section. Looped feeders are 

present in the proposed strategy to maintain generation-load balance after a small faulted 

section is isolated from the MG, whereas in [12, 13] it is maintained within each zone. The 

scheme in [12, 13] uses wireless communications since it has low installation costs and high 

mobility. On the other hand, the proposed strategy uses fibre optics as communication links 

since they enable the transmission of multiple signals. 

The scheme proposed by Ustun and Khan [46] provides protection to different zones in a small 

MG, whereas the strategy proposed in this chapter isolates smaller sections of a larger MG 

during fault conditions. The isolated zones in [46] contain both healthy and faulted sections. 

Ustun and Khan combine adaptive and differential protection whereas the proposed strategy 

uses differential and under-voltage protection. The proposed scheme provides more 

comprehensive protection for feeder sections and PV sources by isolating smaller sections. 

5.5. Summary 

The strategy proposed in this chapter protects feeder sections and PV sources throughout the 

MG against different fault conditions. It also enables smaller sections to be isolated compared 

to zone-based schemes so that healthy sections can continue to operate. The feeders are 

protected using differential modules and PV sources by under-voltage modules. Backup 

protection is provided for feeder sections by adjacent CBs when CBs at the faulted feeder 

sections fail. Simulations were performed to evaluate the effectiveness of primary, backup, and 

PV source protection for the different MG scenarios. The 3-ph bolted fault and HIF were 

simulated since they are the most severe fault conditions that could occur within the system. 
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Simulations showed that the strategy effectively protects feeder sections and PV sources. The 

proposed protection strategy in this chapter will be extended to MMGs containing different 

combinations of NL- and NG-MGs in Chapter 6.   
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6. A Flexible Protection Strategy for Multi-Microgrids 

6.1. Introduction 

The existing protection system for multi-microgrids (MMGs) disconnects all the distributed 

generators (DGs) both inside and outside the microgrids (MGs) during fault conditions which 

makes it impossible for the MMG to continue operation [1]. So there is a need to design flexible 

protection schemes that allow the MMGs to continue operation when fault conditions occur in 

some sections. Compared to single grid-connected MGs, the fault current levels in MMGs vary 

due to power flows from several MGs and DGs [17]. 

Several protection schemes have been proposed for MGs to address the challenges of bi-

directional power flows from DGs and lower fault current levels within islanded MGs [84]. 

Among these, communication-based strategies described in Section 2.5.1.3 provide faster 

operation than other approaches and also systematic coordination between different protection 

modules. In Chapter 5, an improved communication-based strategy was proposed for protecting 

feeder sections and PV sources in MGs.  

A new protection strategy is proposed for MMGs in this chapter that builds on the MG 

protection strategy proposed in Chapter 5. It is intended to isolate the faulted sections from the 

MMG while allowing continued operation of the remaining healthy sections. The effectiveness 

of this protection strategy against the most severe fault conditions is evaluated by simulation 

for the different MMG scenarios that include combinations of net load (NL-) and net generator 

(NG-) MGs. The simulation results for MMG protection are also compared with those for the 

single grid connected MG.  

The rest of this chapter is organised as follows: Section 6.2 describes the proposed 

protection strategy for MMGs. The effectiveness of the protection strategy is evaluated in 

Section 6.3 and also compared with the protection of single grid-connected MGs. Section 6.4 

summarises the chapter. 



134 
 

6.2. Proposed Protection Strategy 

The protection strategy proposed in Chapter 5 is extended to each of the MGs in the MMG. 

This approach enables the faulted sections of the MMG to be isolated while the remaining 

healthy sections continue operation. The proposed strategy provides protection for feeder 

sections and PV sources to make the MMG robust against different fault conditions. As in the 

strategy in Chapter 5, differential protection modules are used for feeder sections and under-

voltage protection modules for PV sources. MMGs in different scenarios that have varying fault 

current levels compared to single grid-connected MGs are protected by the proposed strategy. 

6.3. Simulation Results 

Simulations were performed to evaluate the efficacy of the proposed strategy in protecting 

both feeder sections and PV sources as well as enabling continued operation of the MMG 

following fault clearance. Therefore the primary and backup protection of a feeder section, PV 

source protection, and continued operation of the healthy sections were evaluated. The 

different MMG scenarios which include combinations of NL- and NG-MGs were considered in 

each case. The most severe fault conditions were simulated to evaluate the robustness of the 

proposed strategy. 

For the simulations, the Matlab Simulink SimPowerSystems toolbox with solver ode1 and a 

fixed time step of 1 microsecond was used. Even though they are infrequent, 3-ph faults were 

considered in the simulations because they are the most severe fault conditions that could occur 

within MMGs. The faults were induced after 0.1s so that the voltage and current waveforms 

have sufficient time to reach steady state. The effect of the bolted fault and high impedance 

fault (HIF) on the measured currents and voltages were evaluated. 

Suitable buses in the MGs were identified for fault locations and for healthy sections to study 

the performance of the protection strategy. The feeder section between buses 5 and 12 in each 

MG is used in the simulations as these buses are not unduly influenced by variations in 

generation or load. The PV source protection was evaluated on buses 10 and 14 in each MG. The 
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section covered by bus 18 in each MG being the furthest from the faults occurring on buses 5, 

12, 10, and 14 is considered as the healthy section in the simulations. The circuit breakers (CBs) 

that are expected to clear the faults and the fault locations are shown in Fig. 5.3. 

Simulation results were obtained for the following MMG scenarios: 1) only NL-MGs; 2) only 

NG-MGs; and 3) NL- and NG-MGs. These scenarios represent the different operating states of 

the MMG based on fluctuations of generation and load. Simulation results were only provided 

for one NL- (NG-) MG in the MMG containing two NL- (NG-) MGs since they have identical 

configurations. As mentioned in Section 3.2.8, NL1 (NG1) refers to MG1 in the MMG containing 

two NL- (NG-) MGs. 

The simulation results for different MMG scenarios are compared with single grid-

connected MGs to study the difference in the protection system operation between them. A 

MMG with two NL- (NG-) MGs is compared with a single grid-connected NL- (NG-) MG. The MMG 

with NL- and NG-MGs are compared with single grid-connected NL- and NG-MGs. 

6.3.1. Primary Protection of Feeder Sections 

6.3.1.1. MMG with two NL-MGs 

Simulations were carried out to study the effectiveness of primary protection of a feeder 

section in a MMG containing only two NL-MGs. The 3-ph bolted fault and HIF were introduced 

separately between buses 5 and 12 in NL1. Voltage and current are measured on buses 5 and 

12 as shown in Figs. 6.1 and 6.2. After the fault is cleared at 0.1167s, the voltages and currents 

on bus 5 for both the bolted fault and HIF are close to zero due to the CB opening at the same 

bus. The voltages on bus 12 returns to their steady state values and the currents go to zero after 

0.1167s which indicates that the CB clears the fault on bus 12. The steady state voltages on bus 

12 after the fault is cleared are due to the looped feeders providing generation-load balance in 

the MMG. This implies that the primary protection module is able to effectively detect and 

isolate the faults in the NL-MG. 
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Fig. 6.1. Voltage and current waveforms on bus 5 in NL-MG when a 3-ph fault occurs at the 

same location to illustrate primary protection operation. 

Fig. 6.2. Voltage and current waveforms on bus 12 in NL-MG when a 3-ph fault occurs at the 

same location to illustrate primary protection operation. 
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6.3.1.2. MMG with two NG-MGs 

The simulation studies the effectiveness of the primary protection in a MMG containing only 

two NG-MGs. As in the previous scenario in Section 6.3.1.1, the 3-ph bolted fault and HIF were 

introduced separately on the feeder section between buses 5 and 12 in NG1. The voltages and 

currents measured on buses 5 and 12 are shown in Figs. 6.3 and 6.4. After the fault is cleared, 

the voltages and currents on bus 5 for both the 3-ph bolted fault and HIF go to zero which 

indicates that the CBs have now opened. The currents on bus 12 go to zero after 0.1167s since 

the CBs have cleared the fault. Therefore, the primary protection module effectively detects and 

isolates the fault in this scenario. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.3. Voltage and current waveforms on bus 5 in NG-MG when a 3-ph fault occurs at the 

same location to illustrate primary protection operation. 
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6.3.1.3. MMG with NL- and NG-MGs 

The effectiveness of the primary protection in a MMG containing both NL- and NG-MGs was 

evaluated by simulation. The 3-ph bolted faults and HIFs were introduced separately on the 

faulted feeder sections between buses 5 and 12 in both MGs. Measurements of voltages and 

currents are shown in Figs. 6.5 (6.6) and 6.7 (6.8) for buses 5 and 12 respectively of the NL- (NG-) 

MG. The voltages and currents for bus 5 in NL- (NG-) MG go to zero due to the CB clearing the 

fault at that bus. The voltages on bus 12 in NL- (NG-) MG after the fault is cleared at 0.1167s are 

lower (higher) for both the bolted fault and HIF compared to NL1 (NG1) due to the excess 

generation from the NG-MG being higher than the excess load in the NL-MG. However, the 

current on bus 12 is zero after the fault is cleared due to the CB opening at that bus. Therefore 

the primary protection module effectively isolates the faulted feeder sections from both the NL- 

and NG-MGs when there are variations in the generation and load. 

 

 

 

Fig. 6.4. Voltage and current waveforms on bus 12 in NG-MG when a 3-ph fault occurs at the 

same location to illustrate primary protection operation. 
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Fig. 6.6. Voltage and current waveforms on bus 5 in NG-MG when a 3-ph fault occurs at the 

same location to illustrate primary protection operation. 

Fig. 6.5. Voltage and current waveforms on bus 5 in NL-MG when a 3-ph fault occurs at the 

same location to illustrate primary protection operation. 
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Fig. 6.7. Voltage and current waveforms on bus 12 in NL-MG when a 3-ph fault occurs at the 

same location to illustrate primary protection operation. 

Fig. 6.8. Voltage and current waveforms on bus 12 in NG-MG when a 3-ph fault occurs at the 

same location to illustrate primary protection operation. 
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6.3.2. Backup Protection of Feeder Sections 

6.3.2.1. MMG with two NL-MGs 

The effectiveness of the backup protection in a MMG containing only NL-MGs was evaluated 

by simulation. As before, the 3-ph bolted fault and HIF were introduced separately on the faulted 

feeder section between buses 5 and 12 in NL1. Figs. 6.9 and 6.10 show the voltages and currents 

on buses 5 and 12. The primary protection fails on buses 5 and 12 at 0.1167s. After 0.2s, the 

voltages and currents on buses 5 and 12 go to zero due to the opening of neighbouring CBs. 

Therefore, the backup protection is effective in isolating the faulted feeder section after the 

primary protection module fails. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.9. Voltage and current waveforms at bus 5 in NL-MG to illustrate backup protection 

when a 3-ph fault occurs at the same location. 
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6.3.2.2. MMG with two NG-MGs 

Simulations were carried out to study the effectiveness of the backup protection on a MMG 

containing only NG-MGs. The 3-ph bolted fault and HIF were introduced separately on the 

feeder section between buses 5 and 12 in NG1. Voltage and current measurements are shown 

in Figs. 6.11 and 6.12 for buses 5 and 12. The primary protection on buses 5 and 12 fails at 

0.1167s. The voltages and currents go to zero after the fault is cleared at 0.2s when the CBs at 

buses 5 and 12 are opened. Hence, the backup protection can effectively isolate the faulted 

feeder section from the remaining MMG containing two NG-MGs after the primary protection 

fails. 

 

 

 

 

Fig. 6.10. Voltage and current waveforms at bus 12 in NL-MG to illustrate backup protection 

when a 3-ph fault occurs at the same location. 
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Fig. 6.11. Voltage and current waveforms on bus 5 in NG-MG when a 3-ph fault occurs at the 

same location to illustrate backup protection operation. 

Fig. 6.12. Voltage and current waveforms on bus 12 in NG-MG when a 3-ph fault occurs at the 

same location to illustrate backup protection operation. 
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6.3.2.3. MMG with NL- and NG-MGs 

Simulations were performed to evaluate the efficacy of backup protection in a MMG 

containing both NL- and NG-MGs. The 3-ph bolted faults and HIFs were simulated separately on 

buses 5 and 12 of each MG. The voltage and current measurements for these buses in the NL- 

(NG-) MG are shown in Figs. 6.13 (6.14) and 6.15 (6.16). The primary protection fails at 0.1167s 

for buses 5 and 12. The waveforms all go to zero after the fault is cleared at 0.2s due to the CB 

opening on buses 5 and 12 in the MGs. Therefore, the backup protection effectively separates 

the faulted section from the MGs when the MMG contains both NL- and NG-MGs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.13. Voltage and current waveforms at bus 5 in NL-MG to illustrate backup protection 

when a 3-ph fault occurs at the same location. 
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Fig. 6.14. Voltage and current waveforms at bus 5 in NG-MG to illustrate backup protection 

when a 3-ph fault occurs at the same location. 

Fig. 6.15. Voltage and current waveforms at bus 12 in NL-MG to illustrate backup protection 

when a 3-ph fault occurs at the same location. 



146 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.3.3. PV Source Protection 

This simulation is to study the efficacy of the under-voltage protection for PV sources in the 

MMG containing only NL-MGs. During the simulation, the 3-ph bolted fault and HIF were 

introduced separately at the PV sources on buses 10 and 14 in NL1. The voltages and currents 

are measured at buses 10 and 14 as shown in Figs. 6.17 and 6.18. The waveforms on Figs. 6.17 

and 6.18 return to their steady state values after the fault is cleared and the CBs are reclosed at 

0.1167s in order to maintain the generation-load balance within the MG. Therefore, the under-

voltage module effectively protects the PV sources by detecting and isolating the fault followed 

by reclosing the CBs.  

 

 

 

 

Fig. 6.16. Voltage and current waveforms at bus 12 in NG-MG to illustrate backup protection 

when a 3-ph fault occurs at the same location. 
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Fig. 6.17. Voltage and current waveforms at bus 10 in NL-MG for a 3-ph fault at the same 

location. 

Fig. 6.18. Voltage and current waveforms at bus 14 in NL-MG for a 3-ph fault at the same 

location. 
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The voltages and currents for buses 10 and 14 in NG1 in the MMG with two NG-MGs and for 

NL- and NG-MGs in the MMG containing both NL- and NG-MGs were similar to those for NL1 

due to the fault being located near the PV sources. The contribution of the PV sources to the 

fault is greater than from other sources whose contributions are reduced due to power losses 

and voltage drops along feeder sections. The PCC points for the MGs are located further away 

from buses 10 and 14 and therefore do not affect the measurements on these buses. 

6.3.4. Healthy Sections of MMG during Fault Conditions 

6.3.4.1. MMG with two NL-MGs 

The effectiveness of the protection strategy in enabling a healthy section to continue 

operation during and after faults in the MMG containing only NL-MGs was evaluated by 

simulation. 3-ph bolted faults were simulated on buses 5, 12, 10, and 14 in NL1. The simulations 

were performed again with 3-ph HIF instead of 3-ph bolted faults. The voltage and current 

waveforms from both simulations are shown for bus 18 of NL1 in Fig. 6.19 during fault conditions 

on the feeder section between buses 5 and 12 as well as on buses 10 and 14 that connect the 

PV sources. When the faults occur between 0.1s and 0.1167s, the voltages and currents on bus 

18 experience dips as the faults are located further away from it. After the faults are cleared 

from the feeder section and PV sources, the voltages and currents return to their steady state 

values due to the looped feeders restoring the generation-load balance in the MG. Therefore 

the healthy section on bus 18 of NL1 is able to continue operation during and after faults. 
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6.3.4.2. MMG with two NG-MGs 

Simulations were carried out on a MMG containing only NG-MGs to study the operation of 

healthy sections when there are faults on a feeder section and PV sources in a part of the MMG. 

The 3-ph bolted fault and HIF were simulated separately on buses 5, 12, 10, and 14 in NG1. Fig. 

6.20 shows the voltages and currents from both simulations on bus 18 in NG1 during fault 

conditions on the faulted feeder section between buses 5 and 12 as well as at the PV sources on 

buses 10 and 14. The current and voltage values on bus 18 are decreased during the faults that 

are located away from it. After the fault is cleared, the waveforms return to their steady state 

values since the CBs near the looped feeders are closed. Hence, the healthy section in the MMG 

continues operation after fault clearance. 

 

 

 

Fig. 6.19. Voltage and current waveforms at bus 18 in NL-MG for 3-ph faults on buses 5, 12, 10, 

and 14 in the same MG. 
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6.3.4.3. MMG with NL- and NG-MGs 

Simulations were carried out on the MMG containing both NL- and NG-MGs to evaluate 

whether the healthy sections can continue operation during and after fault conditions. The 3-ph 

bolted fault and HIF were simulated separately on the feeder section between buses 5 and 12 

as well as on buses 10 and 14 which are near the PV sources in both the NL- and NG-MGs. Voltage 

and current waveforms for bus 18 are shown in Figs. 6.21 and 6.22 in the NL- and NG-MGs. The 

voltage and current values decrease during fault conditions and returns to steady state after the 

faults are cleared. This indicates that the healthy section is able to continue operation following 

fault clearance in the NL- and NG-MGs. 

Fig. 6.20. Voltage and current waveforms at bus 18 in NG-MG for 3-ph faults on buses 5, 12, 

10, and 14 in the same MG. 
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Fig. 6.22. Voltage and current waveforms at bus 18 in NG-MG for 3-ph faults on buses 5, 12, 10, 

and 14 in the same MG. 

Fig. 6.21. Voltage and current waveforms at bus 18 in NL-MG for 3-ph faults on buses 5, 12, 10, 

and 14 in the same MG. 
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6.3.5. Comparison with Single Grid-Connected MGs 

The primary, backup, and PV source protection of the MMG are compared with that of single 

grid-connected MG described in Section 5.3 to discover the differences between them. The NL- 

and NG- scenarios in both the MMG and single grid-connected MGs are considered in the 

comparison. The similarities and differences in the current levels between single grid-connected 

MGs and MMGs are reflected in the threshold settings used on various relays in their protection 

systems. 

6.3.5.1. Primary Protection of Feeder Sections 

The simulation results obtained for the operation of primary protection on one of the feeder 

sections (between buses 5 and 12) in the MMG and single grid-connected MGs are compared to 

note the similarities and differences between them. The comparisons consider the different 

scenarios of MGs and MMGs. 

The current values of NL1 (on bus 5) in the MMG with two NL-MGs in Fig. 6.1 are similar to 

those on bus 5 in the single grid-connected NL-MG in Fig. 5.4 for both the bolted fault and HIF.  

However, the current values of NG1 (on bus 5) in the MMG with two NG-MGs in Fig. 6.3 and that 

of the single grid-connected NG-MG (on bus 5) in Fig. 5.6 are similar only for the bolted fault. 

For HIF, the currents in NG1 are 1.25 times that of the single grid-connected NG-MG. The HIF 

current is higher for NG1 since the HIF on bus 5 consumes the current available from the excess 

generation of 0.752MVA present in the MMG. In Fig. 6.2 (Fig. 6.4), the currents on bus 12 of NL1 

(NG1) are twice that of the corresponding bus of the single grid-connected NL- (NG-) MG in Fig. 

5.5 (Fig. 5.7) for bolted fault and HIF. The currents are higher on bus 12 in NL1 (NG1) than the 

single grid-connected NL- (NG-) MG due to the excess load (generation) in the NL- (NG-) MGs 

consuming (supplying) around 13.094MVA (8.787MVA) more power from (to) the main grid than 

the single grid-connected NL- (NG-) MG.  

In the MMG consisting of both NL-and NG-MGs, the current on bus 5 of the NL-MG in Fig. 6.5 

is similar to that on the corresponding bus in the single grid-connected NL-MG in Fig. 5.4 for the 
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bolted fault and HIF. But the current in the NG-MG in Fig. 6.6 is only 91% of the current in the 

single grid-connected NG-MG in Fig. 5.6. This difference is due to the excess generation in the 

NG-MG being 2.041MVA higher than the excess load in the NL-MG. The currents on bus 12 in 

the NL-MG in Fig. 6.7 are 1.2 times those on bus 12 in the single grid-connected NL-MG in Fig. 

5.5. The higher values for bus 12 in the NL-MG in the MMG containing NL- and NG-MGs are due 

to bus 12 being located closest to the PCC points at the MGs and the main grid. However, the 

currents in the NG-MG in Fig. 6.8 and in the single grid-connected NG-MG of Fig. 5.7 are similar. 

6.3.5.2. Backup Protection of Feeder Sections 

The simulation results obtained for the backup protection of MGs and MMGs are used in the 

discussion below. The measured currents for the MMG and the single grid-connected MGs are 

compared for a feeder section between buses 5 and 12.  

The current values on bus 5 of NL1 (NG1) in the MMG with two NL- (NG-) MGs shown in Fig. 

6.9 (Fig. 6.11) are 89% (91%) of the currents on the corresponding bus in the single grid-

connected NL- (NG-) MG in Fig. 5.10 (Fig. 5.12). The differences in current levels between these 

scenarios occur because bus 5 in NL1 (NG1) is away from the main grid located at the PCC points. 

The current levels for bus 12 of NL1 (NG1) in the MMG as shown in Fig. 6.10 (Fig. 6.12) are twice 

that of bus 12 in the single grid-connected NL- (NG-) MG in Fig. 5.11 (Fig. 5.13). The higher 

currents on bus 12 in NL1 (NG1) are due to its location close to the PCC point. All the current 

measurements for buses 5 and 12 in the MMG containing both NL- and NG-MGs are lower than 

the single grid-connected NL- and NG-MGs. It is because in the MMG, the excess load in the NL-

MG is larger than the excess generation in the NG-MG. 

6.3.5.3. PV Source Protection 

The comparison of PV source protection for the MMG and single grid-connected MGs reveal 

that the current levels and transient voltages are more or less similar. For the MMG containing 

two NL-MGs, the current levels for bus 10 of NL1 in Fig. 6.17 are similar to the current levels on 

the corresponding bus in the single grid-connected NL-MG in Fig. 5.16. The voltage transient for 
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the HIF on bus 10 of NL1 is around 88% of the corresponding bus in the single grid-connected 

NL-MG. The current levels in Fig. 6.18 for bus 14 of NL1 are similar to bus 14 in the single grid-

connected NL-MG in Fig. 5.17. For bus 14 of NL1, the voltage transient is 1.1 times of the 

corresponding bus in the single grid-connected NL-MG. The current values are similar since PV 

sources are located near the faults. 

6.3.6. Discussion 

The differential protection module provides effective primary protection for the feeder 

section in each of the different MMG scenarios in this chapter against the 3-ph bolted fault and 

HIF. Backup protection isolates and detects the fault for the feeder section after the primary 

protection fails. The PV sources are effectively protected by the under-voltage module against 

the 3-ph bolted fault and HIF. These faults were cleared and the CBs near the PV source were 

reclosed to restore the generation-load balance of the MMG. This strategy protects the feeder 

sections and PV sources in each MG within the MMG against faults. It also enables the healthy 

sections of the different MMG scenarios to continue operation after the faulted sections have 

been separated. 

6.4. Summary 

The existing MMG protection scheme disconnects all the DG sources both within and outside 

MGs whenever fault conditions occur which prevents continued operation of the remaining 

healthy sections. MMGs also experience varying fault current levels due to power flows from 

MGs and DGs. This chapter proposed a strategy for MMGs that enables the faulted section to 

be isolated while allowing the remaining healthy sections to continue operation. This strategy 

provides protection for PV sources and feeder sections against different fault conditions within 

the entire MMG. The differential protection module was used to protect the feeder sections and 

the PV sources were protected by the under-voltage protection modules. Simulations were 

performed to evaluate the effectiveness of the strategy against the most severe fault conditions 

for different MMG scenarios containing NL- and NG-MGs. The simulations showed that this 



155 
 

strategy effectively protects the feeder sections and PV sources in each of the different MMG 

scenarios. It was also shown that this strategy effectively separates the faulted section from the 

remaining MMG and allow the continued operation of the healthy sections. 
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7. An Adaptive Overcurrent Protection Scheme for Multi-

Microgrids 

7.1. Introduction 

A new protection strategy for MMGs was proposed in Chapter 6 where the faulted section 

can be isolated and the healthy sections allowed to continue operation. However, there are 

some further challenges that need to be addressed due to the presence of DGs in MGs and 

MMGs. These include blinding of protection, false tripping, and failed reclosing. The variations 

of generation and load also require more precise settings of relay characteristics to improve the 

protection system response and performance. This chapter proposes a new adaptive 

overcurrent protection scheme for MMGs to address these challenges.  

As discussed in Section 2.5.2.4, several protection schemes have been proposed for single 

grid-connected MGs to deal with different fault current levels when there are dynamic changes 

in the MG topology, generation, and load. The protection scheme for MMGs proposed in this 

chapter builds on these MG protection schemes. 

Compared to the strategy in Chapter 6, the proposed adaptive scheme in this chapter 

automates the setting of relay characteristics and varies the time delays of trip signals based on 

the different fault current levels. The proposed scheme has a central controller (CC) that 

performs more advanced functionality than in [50, 51] as it monitors the changes in generation 

and load in the MGs. It also computes the operating parameters from the inverse-time 

overcurrent characteristic curves for each relay. This will ensure faster tripping times for the 

most severe fault conditions compared to existing MG adaptive protection schemes in [5, 50, 

51] and the MMG protection strategy proposed in Chapter 6. The effectiveness of the proposed 

scheme in addressing the above protection challenges is evaluated for typical MMG scenarios 

containing different combinations of net load (NL-) and net generator (NG-) MGs by simulation. 

The rest of this chapter is organised as follows: Section 7.2 introduces the proposed adaptive 

overcurrent protection scheme for the MMG. In Section 7.3, the effectiveness of the proposed 
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scheme is evaluated by simulation for the different MMG scenarios. Section 7.4 compares the 

proposed adaptive overcurrent protection scheme with the existing adaptive schemes for MGs 

as well as the MMG protection strategy in Chapter 6. Section 7.5 summarises the chapter. 

7.2. Proposed Adaptive Overcurrent Protection Scheme 

This scheme modifies the relay characteristics in the MMG based on variations in generation 

and load. Each bus is protected by an inverse definite minimum time (IDMT) overcurrent relay. 

The structure and operation of the proposed scheme is described below.  

The proposed protection scheme consists of a CC, MG controllers (MGCCs), measurement 

devices, relays, circuit breakers (CBs), and communication links. The hierarchical control 

structure that indicates the communication links between the different controllers in the MMG 

is shown in Fig. 7.1. The CC is located near the HV/MV transformer and is connected to the 

MGCCs. Each MGCC is also in turn connected to the relays. This structure enables the continuous 

coordination of the controllers and relays to monitor the variations in generation and load and 

to update the relay operating characteristics. The location of relays, CBs, and measurement 

devices in each MG are similar to the MG protection strategy in Chapter 5. 

 

The CC monitors any changes in the generation and load and updates the operating 

characteristics of all the relays. The MGCCs continually measure the current levels at the point 

of common coupling (PCC) points of the MGs and transmit this information to the central 

controllers. If the CC detects any gradual variations to the current level, it calculates the 

CC 

MGCC MGCC 

Relays Relays 

Fig. 7.1. Hierarchical Control Structure for the MMG as part of the Adaptive Overcurrent 

Protection Scheme. 
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operating parameters of the inverse overcurrent characteristic curves for each relay and send 

them to the respective MGCC. The equation for the IEEE standard inverse overcurrent 

characteristic curve is given as 

    𝑡𝑝 = (
𝐴

𝑀𝐼
𝑝

−1
+ 𝐵) × 𝑇𝑀𝑆       (7.1) 

where 𝐴, 𝐵 , and 𝑝 are the constants of the characteristic curve, TMS is the time multiplier 

setting, 𝑀𝐼 is the ratio between the measured fault current and the relay threshold current, and 

𝑡𝑝 is the calculated time delay [85]. The equation for 𝑀𝐼 is given as 

     𝑀𝐼 =
𝐼𝑥

𝐼𝑝
                 (7.2) 

where 𝐼𝑥 is the measured fault current and 𝐼𝑝 is the relay threshold current. The relay threshold 

current has to be greater than 1.25 times the measured maximum load current and less than 

the minimum fault current for both the primary and backup feeders. The TMS is determined by 

the equation,  

     𝑇𝑀𝑆 =  
𝑇

𝑇𝑇𝑀𝑆=1
        (7.3) 

where 𝑇 is the desired time delay of the relay and 𝑇𝑇𝑀𝑆=1 is the largest time delay obtained 

from the characteristic curve for a TMS value of 1. These characteristic operating curves are 

updated in each relay by the MGCC.  

The design of the adaptive overcurrent protection scheme needs to address the various DG 

protection problems mentioned in Section 2.4. As discussed in Section 2.4.1, the blinding of 

protection is avoided by setting the appropriate thresholds to take into account the reduced 

utility grid contribution to the fault current due to the contribution of DGs. The measured 

currents at each DG source are sent to the CC via the MGCCs and are used to calculate the 

thresholds for each relay. The relays will then correctly detect and isolate the faults that occur 

near DG sources. 

In order to deal with the false tripping problem, the current thresholds are set at a high 

enough value to prevent tripping of the healthy feeder sections. As mentioned before, the 

current thresholds are set by the CC to lie between the minimum fault current levels and the 
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maximum load current. It will also allow the DGs near the healthy feeder sections to ride through 

the fault located on the adjacent feeder section. This approach is similar to the adaptive 

overcurrent relays discussed in Section 2.4.2. 

The bi-directional power flows from DGs are addressed by varying the thresholds based on 

the DG contributions to the fault current at any given time. The CC sets the thresholds for each 

relay by adding the individual contributions from each DG source. The power flow directions 

from different DGs are used by the CC to determine which DGs are contributing to the total fault 

current on each feeder section. The methods described in Section 2.4.3 either disconnect or 

limit the infeed of DGs during fault conditions so that the fuses and reclosers operate in the 

conventional radial distribution system. The solution proposed in this thesis improves on these 

methods by enabling the DGs in the healthy sections to remain connected to the MMG and 

maintain their infeed undiminished during fault conditions.  

To prevent failed reclosing, the DGs connected to the isolated faulted sections are rapidly 

separated in a similar way to the solution discussed in Section 2.4.4. This prevents the DGs from 

feeding the isolated faulted sections and turning the temporary fault condition into a permanent 

one. 

The flowchart in Fig. 7.2 describes the online operation of the proposed adaptive overcurrent 

protection scheme. The current measurements at each bus are continuously monitored and 

compared against their thresholds. If the thresholds are exceeded, the current measurements 

corresponding to the time delay are calculated from the characteristic curve defined in (7.1). 

The relay sends trip signals to the CB at the same bus after the time delay and closing trip signals 

to CBs near the looped feeders. The looped feeders ensure generation-load balance throughout 

the entire MMG following the fault clearance.  
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7.3. Simulation Results 

The effectiveness of the proposed adaptive overcurrent protection scheme in addressing the 

different protection challenges of MMGs and DGs is evaluated by simulation. The MMG 

scenarios considered in the simulations include different combinations of NL- and NG-MGs. The 

most severe fault conditions are simulated to study the robustness of the proposed scheme. 

The proposed protection scheme is simulated using Matlab Simulink’s SimPowerSystem 

toolbox with solver ode1 and a fixed time step of 1 microsecond. The 3-ph fault with impedance 

1mΩ was studied since it is the most severe fault condition that could occur in the network. The 

fault is introduced at 0.1s after the voltages and currents reach steady state. 

Fig. 7.3 shows a single line diagram of a MG where the fault locations used in the simulations 

are indicated. They are on the feeder sections between buses 5 and 6, 5 and 12, and 2 and 3. It 

also shows in red the CBs that are likely to be activated on these feeder sections. 

Fig. 7.2. Flowchart for the online operation of the adaptive overcurrent protection scheme. 
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Simulations were carried out for the following cases: i) MMG operation after isolating the 

faulted section, ii) Faulted feeder section close to one DG, and iii) Faulted feeder section close 

to two DGs. Case i) studies the continued operation of the healthy section in the MMG following 

fault clearance of a feeder section. In case ii), the effectiveness of the proposed scheme in 

addressing the false tripping problem is evaluated. Case iii) is to study the efficacy of the 

proposed scheme in addressing the problems of blinding of protection, failed reclosing, and bi-

directional power flows.  

The following MMG scenarios were considered for each of the above cases: a) two identical 

NL-MGs, b) two identical NG-MGs, and c) a combination of both the NL- and NG-MGs. These 

scenarios correspond to the different operating states that could occur due to the variations of 

generation and load. Identical MGs are used in cases a) and b) to simplify MMG models 

consisting of two NL- and NG-MGs. For these two cases, simulation results are given only for one 

of the two identical MGs. NL1 (NG1) refers to MG1 in the MMG containing two identical NL- 

(NG-) MGs. 
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Fig. 7.3. Single line diagram of MG showing the faults and CBs to open the faults. 
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7.3.1. MMG Operation after Isolating the Faulted Section 

7.3.1.1. MMG with only NL-MGs 

This simulation is to evaluate the effectiveness of the proposed protection scheme when a 

fault occurs on a MMG containing only two NL-MGs. A 3-ph fault was introduced on the feeder 

section between buses 5 and 12 in NL1. Voltages and currents on these buses are measured for 

the faulted feeder section and also on bus 18 for a healthy section. These measurements are 

shown in Figs. 7.4, 7.5, and 7.6 for buses 5, 12, and 18 respectively. The adaptive current 

thresholds for bus 5 in NL1 are shown in Fig. 7.7. The CB on bus 12 was opened 2.4661µs after 

the fault was detected as indicated by the large ratio of the measured fault current to the current 

threshold. The fault has been cleared by the CBs on buses 5 and 12 after it was detected at 0.1s 

as shown by the voltages and currents on these buses going to zero. The voltage and current 

waveforms on bus 18 return to steady state after the faulted feeder between buses 5 and 12 

has been isolated. The steady state voltage and current waveforms are obtained after fault 

clearance because the looped feeders maintain the generation-load balance within NL1. 

Therefore the remaining healthy sections such as bus 18 can continue operation after the 

faulted feeder section has been isolated. 
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Fig. 7.4. Voltages and currents waveforms on bus 5 in NL-MG when a 3-ph fault occurs on bus 5 

in the same MG. 
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Fig. 7.5. Voltages and currents waveforms on bus 12 in NL-MG when a 3-ph fault occurs on bus 

5 in the same MG. 
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Fig. 7.6. Voltages and currents waveforms on bus 18 in NL-MG when a 3-ph fault occurs on bus 

5 in the same MG. 

Fig. 7.7. Adaptive current thresholds on bus 5 in NL-MG. 
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7.3.1.2. MMG with only NG-MGs 

Simulations for the MMG containing only NG-MGs were performed similar to those described 

in Section 7.3.1.1 for NL-MGs. A 3-ph fault was simulated on the feeder section between buses 

5 and 12 in NG1. Voltages and currents on buses 5, 12, and 18 in NG1 are shown in Figs. 7.8, 7.9, 

and 7.10 respectively. Fig. 7.11 shows the adaptive current thresholds for bus 5 in NG1. The fault 

occurs at 0.1s and is cleared after 2.2046µs. This fault clearing time is smaller than for NL1 in 

Section 7.3.1.1 as the ratio of the fault current to the threshold is larger due to the excess 

generation in NG1 compared to NL1. The currents on buses 5 and 12 going to zero after the fault 

is cleared implies that the faulted feeder section is effectively separated from the remaining 

MMG. The proposed scheme is able to set the adaptive relay characteristics when there is a 

change of generation or load in the MG. This is indicated by the current thresholds for bus 5 in 

NG1 being higher than the corresponding location in NL1 because of the excess generation in 

NG1. It enables the relays at each end of the feeder section to correctly detect and isolate the 

fault as shown by the currents on buses 5 and 12 going to zero. After the 3-ph fault is cleared, 

the voltage and current waveforms on bus 18 reach steady state indicating that the healthy 

MMG sections can continue operation following the isolation of the faulted feeder section. 
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Fig. 7.8. Voltages and currents waveforms on bus 5 in NG-MG when a 3-ph fault occurs on bus 

5 in the same MG. 
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Fig. 7.9. Voltages and currents waveforms on bus 12 in NG-MG when a 3-ph fault occurs on 

bus 5 in the same MG. 
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7.3.1.3. MMG with NL- and NG-MGs 

Simulations were performed to evaluate the efficacy of the protection scheme in isolating a 

faulted section while allowing the remaining MMG containing both NL- and NG-MGs to continue 
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Fig. 7.10. Voltages and currents waveforms on bus 18 in NG-MG when a 3-ph fault occurs on 

bus 5 in the same MG. 

Fig. 7.11. Adaptive current thresholds on bus 5 in NG-MG. 
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operation. 3-ph faults were simulated on the faulted feeder section between buses 5 and 12 in 

both the MGs. Voltages and currents are measured for both the faulted buses 5 and 12 and the 

healthy section on bus 18 in the NL- and NG-MGs. Figs. 7.12 (7.13), 7.14 (7.15), and 7.16 (7.17) 

show the voltage and current waveforms for buses 5, 12, and 18 respectively in the NL- (NG-) 

MG. The adaptive current thresholds are shown in Fig. 7.18 (Fig. 7.19) for bus 5 in the NL- (NG-) 

MG.  

The voltage and current values on bus 5 for the NL-MG (NG-MG) go to zero after the fault is 

cleared due to the opening of the CB on bus 5. The fault is cleared on bus 12 in NL-MG (NG-MG) 

after a delay of 2.9794µs (3.3029µs). As a result of the smaller fault currents, this delay is longer 

than for the case in NL1 (NG1). The current values on bus 12 in the NL- (NG-) MG also go to zero 

since the CB opens on the same bus to clear the fault. The steady state voltages are lower (higher) 

and the currents are higher (lower) on bus 12 compared to the corresponding bus in NG1 (NL1) 

after the fault is cleared. This is due to the excess load in the NL-MG being larger than the excess 

generation from the NG-MG. It is also reflected in the adaptive thresholds for bus 5 in Fig. 7.18 

(Fig. 7.19) being lower (higher) than for the corresponding bus in NL1 (NG1). The variations in 

thresholds enables the relays on buses 5 and 12 to effectively isolate the feeder section. The 

voltage and current waveforms on bus 18 in NL- (NG-) MG returns to steady state which 

indicates that the healthy section can continue operation during fault conditions. Compared to 

NL1 (NG1), the voltages and currents on bus 18 in NL- (NG-) MG are lower due to the excess load 

from the NL-MG being greater than the excess generation from the NG-MG. The faulted feeders 

between buses 5 and 12 in NL- and NG-MGs are separated while allowing the healthy section 

covered by bus 18 in both the MGs to continue operation. 
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Fig. 7.12. Voltages and currents waveforms on bus 5 in NL-MG when a 3-ph fault occurs on bus 

5 in the same MG. 
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Fig. 7.13. Voltages and currents waveforms on bus 5 in NG-MG when a 3-ph fault occurs on 

bus 5 in the same MG. 
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Fig. 7.14. Voltages and currents waveforms on bus 12 in NL-MG when a 3-ph fault occurs on 

bus 5 in the same MG. 

Fig. 7.15. Voltages and currents waveforms on bus 12 in NG-MG when a 3-ph fault occurs on 

bus 5 in the same MG. 
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Fig. 7.16. Voltages and currents waveforms on bus 18 in NL-MG when a 3-ph fault occurs on 

bus 5 in the same MG. 
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Fig. 7.17. Voltages and currents waveforms on bus 18 in NG-MG when a 3-ph fault occurs on 

bus 5 in the same MG. 
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Fig. 7.18. Adaptive current thresholds on bus 5 in the NL-MG. 

Fig. 7.19. Adaptive current thresholds on bus 5 in the NG-MG. 
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7.3.2. Feeder Section Connected to One DG Source 

7.3.2.1. MMG with Only NL-MGs 

This simulation is to study the effectiveness of the protection scheme in addressing the false 

tripping problem that occurs on a healthy section of the MMG containing only two NL-MGs in 

the presence of a fault on a feeder section near one DG source. A 3-ph fault was simulated on 

the feeder section between buses 2 and 3 in NL1 since a wind generator is located near bus 2. 

Bus 5 was chosen to check if false tripping has occurred in a nearby feeder section. Voltages and 

currents are measured on the faulted feeder section between buses 2 and 3 and also on bus 5. 

Measurements on these buses are shown in Figs. 7.20, 7.21, and 7.22. The voltages and currents 

at buses 2 and 3 are zero after the fault is cleared by tripping of the CBs at these buses. The 

relays at buses 2 and 3 correctly detect and isolate the faulted feeder section. At that time, the 

voltage and current waveforms on bus 5 return to steady state which indicates that the CB at 

that bus remains closed and therefore there is no false tripping on bus 5. 
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Fig. 7.20. Voltages and currents waveforms on bus 2 in NL-MG when a 3-ph fault occurs on bus 

2 in the same MG. 
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Fig. 7.21. Voltages and currents waveforms on bus 3 in NL-MG when a 3-ph fault occurs on bus 

2 in the same MG. 

Fig. 7.22. Voltages and currents waveforms on bus 5 in NL-MG when a 3-ph fault occurs on bus 

2 in the same MG. 
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7.3.2.2. MMG with Only NG-MGs 

This simulation is to evaluate the effectiveness of the proposed scheme in addressing the 

problem of false tripping of a downstream healthy feeder section in the MMG containing only 

two NG-MGs when a fault occurs on another feeder section near a DG source. A 3-ph fault was 

simulated on the feeder section between buses 2 and 3 in NG1. Voltages and currents are 

measured for buses 2 and 3 near the faulted feeder section and the healthy section on bus 5 in 

NG1. These measurements are shown in Figs. 7.23, 7.24, and 7.25 for buses 2, 3, and 5 

respectively. The faulted section between buses 2 and 3 is effectively isolated from the 

remaining MMG by the CBs as indicated by the currents on buses 2 and 3 going to zero. The 

voltages and currents on bus 5 returning to steady state values after the fault is cleared implies 

that the healthy feeder still remains connected to the MMG. False tripping did not occur on bus 

5 since the CB on this bus was not tripped when the nearby feeder section between buses 2 and 

3 had a fault. 
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Fig. 7.23. Voltages and currents waveforms on bus 2 in NG-MG when a 3-ph fault occurs on 

bus 2 in the same MG. 
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Fig. 7.24. Voltages and currents waveforms on bus 3 in NG-MG when a 3-ph fault occurs on bus 

2 in the same MG. 
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Fig. 7.25. Voltages and currents waveforms on bus 5 in NG-MG when a 3-ph fault occurs on bus 

2 in the same MG. 
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7.3.2.3. MMG with NL- and NG-MGs 

The simulation covers the case of a faulted feeder section near a DG source in a MMG 

containing both NL- and NG-MGs to study the problem of false tripping of a downstream healthy 

feeder. A 3-ph fault was simulated on the feeder section between buses 2 and 3 in both the NL- 

and NG-MGs. Voltages and currents are measured on buses 2 and 3 as well as the healthy section 

covered by bus 5 in both MGs. The voltage and current waveforms are measured for buses 2, 3, 

and 5 in the NL- (NG-) MG as shown in Figs. 7.26 (7.27), 7.28 (7.29), and 7.30 (7.31) respectively. 

The voltages and currents on buses 2 and 3 for the NL- (NG-) MG are zero since the CBs at these 

buses are opened to clear the fault. After the fault is cleared, the smaller (larger) voltage and 

larger (smaller) current values on bus 5 compared to the corresponding bus in NL1 (NG1) are 

due to the excess load in the NL-MG being greater than the excess generation in the NG-MG. 

This indicates that the relays on buses 2, 3, and 5 can correctly operate because of adaptive relay 

characteristics. The faulted section near one DG source is effectively separated while allowing 

the nearby healthy section to continue operation. Therefore, the false tripping problem has not 

occurred for the nearby healthy section. 
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Fig. 7.26. Voltages and currents waveforms on bus 2 in NL-MG when a 3-ph fault occurs on bus 

2 in the same MG. 
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Fig. 7.27. Voltages and currents waveforms on bus 2 in NG-MG when a 3-ph fault occurs on 

bus 2 in the same MG. 
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Fig. 7.28. Voltages and currents waveforms on bus 3 in NL-MG when a 3-ph fault occurs on bus 

2 in the same MG. 
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Fig. 7.29. Voltages and currents waveforms on bus 3 in NG-MG when a 3-ph fault occurs on bus 

2 in the same MG. 
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Fig. 7.30. Voltages and currents waveforms on bus 5 in NL-MG when a 3-ph fault occurs on bus 

2 in the same MG. 

Fig. 7.31. Voltages and currents waveforms on bus 5 in NG-MG when a 3-ph fault occurs on 

bus 2 in the same MG. 
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7.3.3. Feeder Section Connected to Two DG Sources 

7.3.3.1. MMG with NL-MGs Only 

Simulations were carried out to study the efficacy of the protection scheme in addressing the 

problems of blinding of protection, bi-directional power flows, and failed reclosing in a MMG 

containing only two NL-MGs. A 3-ph fault was simulated on a feeder section between buses 5 

and 6 in NL1 near two DG sources which include a diesel generator and a PV source. The voltage 

and current waveforms on buses 5 and 6 are shown in Figs. 7.32 and 7.33. The voltages and 

currents on bus 5 and the currents on bus 6 go to zero after the fault is cleared by opening the 

CBs near the faulted feeder. The voltages on bus 6 return to steady state after the fault is cleared 

due to the connection of the looped feeders.  

 

 

 

 

Fig. 7.32. Voltages and currents waveforms on bus 5 in NL-MG when a 3-ph fault occurs on bus 

5 in the same MG. 
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The blinding of protection is eliminated by ensuring that the CBs on buses 5 and 6 trip when 

the utility grid contribution to the fault current at those locations is reduced by the diesel 

generator and PV source contributions. The relays at these buses correctly detect the fault since 

the thresholds were set taking into account the bi-directional power flows into these locations. 

The failed reclosing problem has been addressed by ensuring that there are no DG sources 

feeding into the faulted section after it has been separated. Figs. 7.34 and 7.35 show the voltages 

and currents on buses 5 and 6 when the breaker on bus 5 in NL1 recloses. The relays achieve 

this by tripping both sides of the faulted feeder section and the DG sources that are connected 

to it as indicated by the voltages and currents on bus 5 between 0.1s and 0.1167s and currents 

on bus 6 going to zero. Therefore, the CB on bus 5 would be able to reclose one end of the 

faulted feeder section without the DG sources feeding into it. This is shown by the currents on 

bus 5 returning to steady state after the reclosing action. 

 

Fig. 7.33. Voltages and currents waveforms on bus 6 in NL-MG when a 3-ph fault occurs on bus 

5 in the same MG. 
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Fig. 7.34. Voltages and currents waveforms on bus 5 in NL-MG when a 3-ph fault occurs 

on bus 5 in the same MG. 

Fig. 7.35. Voltages and currents waveforms on bus 6 in NL-MG when a 3-ph fault occurs 

on bus 5 in the same MG. 
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7.3.3.2. MMG with Only NG-MGs 

The simulations were carried out for the MMG containing only NG-MGs to evaluate the 

effectiveness of the protection scheme in addressing the challenges of blinding of protection, 

failed reclosing, and bi-directional power flows from DGs. A 3-ph fault was introduced on the 

feeder section between buses 5 and 6 near two DG sources in NG1. Voltage and current 

measurements are obtained on buses 5 and 6 as shown in Figs. 7.36 and 7.37. The faulted section 

between buses 5 and 6 is effectively isolated from the MMG as indicated by their currents going 

to zero. The voltages on bus 6 have slightly higher steady state values after the fault is cleared 

compared to bus 6 on NL1 due to the excess generation in the MG. This indicates that the relays 

on buses 5 and 6 were able to detect and isolate the feeder section because of the adaptive 

relay thresholds being set automatically. The blinding of protection has been addressed since 

the feeder section can be isolated when the utility grid contribution to the fault current is 

reduced by the two DG sources. To show that reclosing takes place on bus 5 in NG1, the voltages 

and currents for buses 5 and 6 are shown in Figs. 7.38 and 7.39. The currents on buses 5 and 6 

going to zero indicates that the faulted feeder section and nearby DG sources are isolated from 

the MG. After the reclosing action takes place at 0.1167s, the currents on bus 6 return to their 

steady state values. Therefore, the failed reclosing problem did not occur for the MMG 

containing only NG-MGs. The feeder section has also been isolated when there are bi-directional 

power flows present on buses 5 and 6. 
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Fig. 7.36. Voltages and currents waveforms on bus 5 in NG-MG when a 3-ph fault occurs on bus 

5 in the same MG. 

Fig. 7.37. Voltages and currents waveforms on bus 6 in NG-MG when a 3-ph fault occurs on bus 

5 in the same MG. 
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Fig. 7.38. Voltages and currents waveforms on bus 5 in NG-MG when a 3-ph fault occurs 

on bus 5 in the same MG. 

Fig. 7.39. Voltages and currents waveforms on bus 6 in NG-MG when a 3-ph fault occurs 

on bus 5 in the same MG. 
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7.3.3.3. MMG with NL- and NG-MGs 

Simulations were carried out for the case where a faulted feeder section is located closer to 

two DG sources in a MMG containing both NL- and NG-MGs to study the effectiveness in 

addressing the problems of blinding of protection, failed reclosing, and bi-directional power 

flows. 3-ph faults were simulated on feeder sections between buses 5 and 6 in both NL- and NG-

MGs. Voltages and currents are measured for buses 5 and 6 in the NL- (NG-) MG as shown in 

Figs. 7.40 (7.41) and 7.44 (7.45) respectively. The voltages and currents on bus 5 in the NL- (NG-) 

MG go to zero since the CB opens at the same bus to clear the fault. The currents on bus 6 in the 

NL- (NG-) MG are also zero indicating that the CB at the same bus clears the fault. Compared to 

bus 6 in NL1 (NG1), the steady state voltages on bus 6 in the NL- (NG-) MG are larger (smaller) 

since bus 6 is closer to the diesel generator on bus 9 and the PV source on bus 10. This implies 

that the relays on buses 5 and 6 can correctly detect and isolate the faulted feeder section due 

to the adaptive relay settings. The feeder section between buses 5 and 6 has been effectively 

separated as shown by the currents on these buses going to zero. The voltages and currents for 

buses 5 and 6 in the NL- (NG-) MG are shown in Figs. 7.42 (7.43) and 7.46 (7.47) respectively 

when reclosing occurs on bus 5. The bus 5 currents returning to their steady state values after 

0.1167s indicates that reclosing occurs without the DG sources feeding into the bus. Therefore, 

the problems of blinding of protection and failed reclosing has not occurred for the MMG 

containing both NL- and NG-MGs. 
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Fig. 7.41. Voltages and currents waveforms on bus 5 in NG-MG when a 3-ph fault occurs on 

bus 5 in the same MG. 

Fig. 7.40. Voltages and currents waveforms on bus 5 in NL-MG when a 3-ph fault occurs on bus 

5 in the same MG. 

0 0.1 0.2 0.3 0.4 0.5
-4

-2

0

2

4
x 10

4 Voltages on Bus 5 in NL MG

Time (s)

V
 (V

)

0 0.1 0.2 0.3 0.4 0.5
-9000

-4500

0

4500

9000
Currents on Bus 5 in NL MG

Time (s)

I (
A)



189 
 

 

Fig. 7.42. Voltages and currents waveforms on bus 5 in NL-MG when a 3-ph fault occurs 

on bus 5 in the same MG. 

Fig. 7.43. Voltages and currents waveforms on bus 5 in NG-MG when a 3-ph fault occurs 

on bus 5 in the same MG. 
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Fig. 7.45. Voltages and currents waveforms on bus 6 in NG-MG when a 3-ph fault occurs on 

bus 5 in the same MG. 

Fig. 7.44. Voltages and currents waveforms on bus 6 in NL-MG when a 3-ph fault occurs on bus 

5 in the same MG. 

0 0.1 0.2 0.3 0.4 0.5
-4

-2

0

2

4
x 10

4 Voltages on Bus 6 in NL MG

Time (s)

V 
(V

)

0 0.1 0.2 0.3 0.4 0.5
-400

-200

0

200

400
Currents on Bus 6 in NL MG

Time (s)

I (
A)



191 
 

 

Fig. 7.46. Voltages and currents waveforms on bus 6 in NL-MG when a 3-ph fault occurs 

on bus 5 in the same MG. 

Fig. 7.47. Voltages and currents waveforms on bus 6 in NG-MG when a 3-ph fault occurs 

on bus 5 in the same MG. 
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7.3.4. Discussion of the simulation results 

The proposed protection scheme effectively detects and clears bolted 3-ph faults occurring 

on a feeder section in each of the MGs within the different MMG scenarios. After the faulted 

feeder section is isolated, the remaining healthy sections are able to continue operation in the 

different MMG scenarios. This is facilitated by the looped feeders restoring the generation-load 

balance in each MG. 

The proposed scheme prevents false tripping of the nearby healthy section in each MG when 

a 3-ph fault occurs on the feeder section located closer to a DG source. The faulted feeder 

section is isolated from the remaining MG while allowing the downstream healthy feeder section 

to remain connected.  

It has been shown that the proposed scheme can also protect the different MMG scenarios 

against the problems of bi-directional power flows from DG sources, blinding of protection, and 

failed reclosing. The relays were able to detect and isolate the feeder section because their 

thresholds are modified by the bi-directional power flows from the two DG sources. The blinding 

of protection does not occur since the faulted feeder section is isolated even though the utility 

grid contribution to the fault current is reduced by the contributions from the two DG sources. 

The failed reclosing problem has been addressed by ensuring that there is no DG feeding into 

the faulted section after it has been isolated. Therefore, the faulted section can be reclosed at 

one end. 

7.4. Comparison with Existing Protection Schemes 

This section compares the proposed adaptive overcurrent protection scheme for MMGs is 

compared with existing adaptive schemes for MGs as well as with the MMG protection strategy 

proposed in Chapter 6. 

7.4.1. Adaptive Schemes for MGs 

The adaptive protection scheme in Oudalov and Fidigatti [5] uses event and action tables to 

store the CB statuses and relay settings respectively for all possible scenarios of the MG. The 
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proposed scheme on the other hand calculates the relay settings on the fly instead of using 

lookup tables. The scheme in [5] incurs high computational overhead by having to frequently 

poll the individual relays to monitor the changes in generation and load and using the lookup 

tables to obtain the correct relay settings. Inverse-time overcurrent relays used in the proposed 

scheme enable faster tripping times than directional overcurrent relays used in [5] for the most 

severe fault conditions. 

In the centralised MG protection scheme of Ustun et al. [50, 51], a MG central protection unit 

(MCPU) records the status of the MG operating condition and of DGs as well as calculate the 

operating currents for all the relays. The central controller proposed in this chapter has more 

advanced functionality compared to [50, 51] since it continually monitors the variations in the 

generation and load by detecting changes in the PCC currents for each MG. The inverse-time 

characteristic in the overcurrent relays used in the proposed scheme enable faster tripping times 

compared to [50, 51] for the most severe fault conditions. 

7.4.2. MMG Protection Strategy of Chapter 6 

The proposed scheme automates the setting of relay characteristics whereas the strategy in 

Chapter 6 relies on pre-set relay thresholds. The settings of relay characteristics in this chapter 

are more precise as they follow the variations in generation and load. The strategy in Chapter 6 

uses differential and under-voltage modules in its primary protection whereas the scheme in 

this chapter uses adaptive overcurrent relays on all the buses in the MMG. The proposed scheme 

is simpler since overcurrent relays will protect all the buses that have feeder sections, generation 

sources, or loads connected to it. The time delays in the proposed scheme depend on the fault 

current levels as it uses inverse-time overcurrent relays. The protection strategy in Chapter 6 

uses differential and under-voltage modules that have fixed time delays. The time delays of the 

overcurrent relays in this chapter are shorter in comparison for the most severe fault conditions. 
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7.5. Summary 

This chapter proposed an adaptive overcurrent protection scheme that adjusts the relay 

characteristics with variations in generation and load in the MMG. It addresses problems such 

as blinding of protection, false tripping, and failed reclosing. This scheme improves the strategy 

proposed in Chapter 6 by providing a more precise setting of relay characteristics to follow the 

variations of generation and load in each MG as well as adjust the tripping time delays based on 

the fault current levels. Inverse-time characteristics of overcurrent relays were used in this 

scheme to ensure faster tripping times when severe fault conditions occur unlike other existing 

MG adaptive protection schemes and the strategy proposed in Chapter 6. To evaluate the 

effectiveness of the proposed scheme, simulations were performed on different MMG scenarios 

consisting of NL- and NG-MGs. The simulation results showed that the protection scheme 

effectively isolates the faulted sections and enables continued operation of the healthy sections 

for the different MMG scenarios. The proposed scheme is also able to effectively protect the 

different MMG scenarios against blinding of protection, failed reclosing, and false tripping. 

  



195 
 

8. Conclusions and Future Work 

8.1. Conclusions 

This thesis has made the following contributions towards the design of robust protection 

schemes for microgrids (MGs) and multi-microgrids (MMGs): 

(1) An improved algorithm for a more accurate estimation of the fundamental 

component of an input current signal that contains exponentially decaying DC offset, 

(2) A more robust protection strategy for MGs that protects feeder sections and 

photovoltaic (PV) sources isolating smaller grid sections than zone-based schemes, 

(3) A new communication-based protection strategy for MMGs that allows continued 

operation during fault conditions, and 

(4) A new adaptive protection scheme for MMGs that automatically sets relay 

characteristics based on variations in generation and load. 

These contributions are described in detail below. 

An improved phasor measurement algorithm was proposed in Chapter 4 to accurately 

estimate the fundamental component of the input current signal assuming an exponentially 

decaying DC offset. It was derived mathematically and used 4 samples of the input fault current 

waveform to perform the estimation. The proposed method estimates the fundamental 

component more accurately than the conventional Discrete Fourier Transform (DFT), improved 

DFT, and iterative methods. It is also more accurate than the other methods when there are 

variations in the time constant and amplitude of the DC offset. The proposed method achieves 

the estimation with a faster response time since it uses only 4 samples compared to the 

conventional and improved DFT methods which require one cycle. The method has lower 

computational burden than other methods including the iterative method. Simulations of the 

algorithm on the 2-machine system showed that it accurately estimates the fundamental 

component of fault currents. 

An improved strategy to protect feeder sections and PV sources in MGs was proposed in 

Chapter 5 that can also be extended to MMGs. It enables smaller grid sections to be isolated 
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from the remaining MG than the existing zone-based schemes. In the proposed strategy the 

feeder sections and PV sources are protected by differential and under-voltage relays in a 

primary protection module. When primary protection fails, these feeder sections are also 

protected by a backup protection module that trips CBs in adjacent feeder sections. The 

effectiveness of this protection strategy was evaluated for 3-ph bolted faults and high 

impedance faults (HIFs) since they are the most severe of the fault conditions. Simulations 

showed that the proposed strategy protects feeders and PV sources in the NL-, NG-, and islanded 

MGs against these fault conditions. It also isolates smaller faulted grid sections than the zone-

based schemes which normally include healthy sections in the isolated grid. The strategy is more 

robust in providing primary protection to both feeder sections and PV sources than the existing 

schemes that include only feeder sections for primary protection. 

A new flexible communication-based strategy for the MMG was proposed in Chapter 6 that 

isolates faulted sections while allowing the remaining healthy sections to continue operation. It 

extends the strategy in Chapter 5 which uses differential protection modules for feeder sections 

and under-voltage modules for PV sources. The proposed strategy also deals with variations in 

fault current levels in the MMG due to contributions from MGs and distributed generators (DGs). 

The effectiveness of this strategy was evaluated for different MMG scenarios that include 

combinations of net load (NL-) and net generator (NG-) MGs representing different variations in 

generation and load. Simulations showed that this strategy effectively protects feeder sections 

and PV sources in different MMG scenarios against the 3-ph bolted fault and HIF. It was also 

shown that this strategy can effectively separate the faulted section while allowing the 

remaining healthy sections to continue operation. 

A new adaptive protection scheme proposed in Chapter 7 uses a central controller (CC) to 

monitor the changes in generation and load in each MG and to set the adaptive relay 

characteristics accordingly. It also addresses problems related to DGs such as blinding of 

protection, failed reclosing, and false tripping. This scheme improves the protection strategy in 

Chapter 6 by providing more precise settings of relay characteristics to follow changes in 
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generation and load in each MG. Compared to the protection coordination strategy in Chapter 

6 and other MG adaptive protection schemes, the overcurrent relays in this scheme use inverse-

time characteristics to minimise the tripping times for the most severe fault conditions. The CC 

in this scheme has more advanced functionality than those in existing adaptive protection 

schemes for MGs since it continually monitors the variations in the generation and load by 

detecting changes in the point of common coupling (PCC) currents for each MG. The 

effectiveness of this scheme was evaluated by simulation for different MMG scenarios 

containing combinations of NL- and NG-MGs representing variations in generation and load. 

Simulations showed that this scheme effectively isolates the faulted section from the MMG 

while allowing the remaining healthy sections to continue operation. It also showed that this 

scheme adapts relay settings to changes in generation or load in each MG as well as it overcomes 

blinding of protection, failed reclosing, and false tripping.  

8.2. Future work 

The MG scenarios covered in this thesis contain only balanced static loads and DG sources 

with fixed power outputs. However, balanced static loads do not commonly occur in practice 

and DG sources do not provide fixed power outputs due to the intermittency of the renewable 

energy resource. To partly address this issue, NL- and NG-MGs have been used in this thesis to 

represent varying loads at the PCC point of MGs. For future work, the dynamic variations in the 

generation and load may be better represented using dynamic models of PV sources and wind 

turbines as well as synchronous and induction motor loads. Unbalanced static loads could also 

be included in the different MG configurations to represent domestic loads that are usually 

unbalanced. Improvements in the modelling of MG configurations to include unbalanced static 

loads and dynamic models of generators and loads can lead to improved protection system 

design that would more effectively protect MGs and MMGs. 

The effectiveness of the different protection schemes proposed in this thesis was evaluated 

using simulation tools. It would be interesting to test the proposed schemes using either a 

hardware prototype or a real MMG network configuration. The actual voltage and currents from 
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the hardware prototype or a real MMG network could be used to validate the safe operation of 

the proposed protection schemes. 

This thesis focused only on the protection of MGs and MMGs. Since protection systems are 

more commonly implemented using microprocessors and digital controllers, they can be 

integrated with control schemes. As part of future work, the controllers in MGs and MMGs could 

be designed with improved functionality by combining control and protection strategies. An 

innovative high-performance, MIMO (multiple input multiple output), robust, decentralized 

control strategy can be proposed for this controller. This strategy will be suitable for controlling 

a multi-DER (Distributed Energy Resources) islanded MG. The features of this strategy include 

the following: voltage control method to maintain the stable operation of an islanded MG 

consisting of electronically-interfaced DER units; power management system to specify set 

points for DER local controllers; overcurrent/overload protection scheme as part of the 

proposed controller to prevent damage and trip-out of DER units due to overcurrent/overload 

that occur subsequently to disturbances such as faults and overloading conditions; backup 

control in case of communication failure and provides a smooth transition from the main to the 

backup controllers; smooth control transition scheme in case the MG moves from grid-

connected to islanded mode of operation. In addition to this strategy, the power management 

system can be elaborated to include grid resynchronization, state estimation, optimal power 

flow, unit commitment, contingency analysis, and data mining functions. Since the DC side of 

the voltage source converter (VSC) interface has a secondary effect on the AC side, it should also 

be considered for future research. To balance the PCC voltage, robust decentralized controllers 

should be developed in the abc frame of reference to track the sinusoidal reference signals and 

eliminate the imbalance caused by unbalanced and nonlinear loads. The proposed control 

strategy should also deal with intermittency of wind and PV sources by integrating energy 

storage units such as battery banks. The MG protection scheme should be coordinated with the 

proposed control and overcurrent/overload protection schemes to minimize the degradation of 

the MG performance caused by the interaction between the control and protection systems. 
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The integration of protection and control functions could improve the response of MGs and 

MMGs to different grid disturbances and changes in the grid configurations. 

The communication links between the different relays and controllers are represented as time 

delays in the different protection coordination strategies proposed for MGs and MMGs in this 

thesis. However, these strategies have not considered the possibility of communication link 

failures. Alternative coordination strategies can be developed to detect and isolate the fault 

when the communication links fail. This would make the protection coordination strategies 

more robust. 
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