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Summary 
Due to the energy transition more energy will come from distributed energy resources (DERs) which 

are used to connect renewables such as solar PV and wind energy to the distribution grid. Microgrids 

are a possibility to integrate DERs efficiently in the already existing distribution grids. In addition, 

microgrids can be operated in grid-connected and islanded mode. 

Within islanded microgrids three challenges are present regarding protection coordination due to 

DERs. Firstly, short-circuit currents will be lower in microgrids operating in islanded mode. Secondly, it 

is still unclear whether inverters can deliver zero-sequence currents which can be detected by a 

protection system and act upon. At last, there are very few validated models for inverter based DERs 

to perform fault simulations. This study will focus on these three challenges. 

These three challenges lead to two research topics. The first goal is to analyse the fault protection 

issues in islanded microgrids and determine whether overcurrent relays are able to protect an islanded 

microgrid. Therefore, models are necessary which are validated with lab tests. The second goal is to 

develop a protection coordination strategy for microgrids in islanded mode which optimizes the fault 

clearing time for symmetrical and asymmetrical faults.  

The protection coordination strategy consists of a centralized optimization method. The microgrid is 

analysed in a case study and each area between overcurrent protection relays is given a value 

according to the most valuable component present in an area. The overcurrent relay between the most 

valuable areas is assigned with the highest time delay. This ensures that the vital part of the network 

remains connected for the longest time.   

Results show that the inverter model is predicting three phase fault currents with an error between 

7% and 28%. In case of single phase faults the waveforms are predicted with an error between 6% and 

23%, however considering the zero-sequence currents a bigger difference has been observed. The 

model predicts a higher zero-sequence current varying between 3.7 and 4.5 times the measurement 

data. The full explanation for this difference has not been discovered yet, although the difference is 

fairly constant while observing short-circuits versus variable voltage dips between 0.1 p.u. and 0.5 p.u. 

Inverter-based DERs operated in grid-supporting control supply a higher zero-sequence and RMS 

current than in grid-feeding control. 

The protection coordination strategy has been tested on an example microgrid and turned out to be 

able to handle four out of five fault locations while maintaining part of the load connected. 
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Nomenclature  
Symbol Description Units 

𝐴 Initial value of the dc component 𝐴 
𝐶𝑀𝐿 Customer minute lost 𝑚 
𝐷𝑇𝐷 Definite time delay 𝑠 

𝜀𝑖  Value of individual prosumers € 
𝐺 Generation − 
𝐼𝑘 Steady-state short-circuit current 𝐴 

𝐼"𝑘 Initial symmetrical short-circuit current 𝐴 
𝐼𝑝 Pick up current 𝐴 

𝐼𝑝𝑒𝑎𝑘 Peak short-circuit current 𝐴 

𝐼𝑠𝑐
𝐵  Actual fault current through circuit breaker 𝐴 

𝐼𝑠𝑐,𝑛𝑜𝑚
𝐵  Nominal fault current through circuit breaker 𝐴 

𝐼𝑇
𝐵 Failure threshold current 𝐴 

𝐿𝑆 Total number of communication links − 
𝐿𝑜𝑎𝑑𝑙𝑜𝑠𝑠 Minimum number of outages − 

𝜆 Failure rate − 
𝑃 Active power 𝑊 
𝑃𝐿 Number of points related to probability correct operation − 
𝑃𝑆 Probability of correct operation − 
𝑟 Average repair time 𝑠 
𝑆 Strategy − 
𝑡 Inverse time characteristic function 𝑠 
𝑡𝑆 Total time to share information between agents and 

operating the superior strategy 
𝑠 

𝑇𝑛 Time setting 𝑠 
𝑇𝐷𝑆 Time dial settings 𝑠 
𝑉𝐴 Total value of area € 

 𝐵 Circuit breaker − 
 𝐶𝐵 Circuit breakers  − 

e Earth point − 

GF Grid feeding − 

GS Grid supporting − 

L Load − 

 𝐿𝑖𝑛𝑘 Communication links − 

p Parallel − 

s Series − 
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1. Introduction 
Sustainable energy production is the key to a secure future, to meet the growing electricity demand 

and to fight the climate change [1], [2]. Most of the sustainable energy in the future will come from 

distributed energy resources (DERs) due to renewables such as solar PV and wind turbines. The fault 

current characteristics of DERs differ from synchronous machines. Microgrids are being researched to 

integrate more DERs, for example to improve the demand-supply balancing. In addition, microgrids 

have the opportunity to switch to islanded mode instead of grid-connected mode.  

1.1 Problem definition 
When a microgrid is operating in islanded mode, the fault current is significantly lower than in grid-

connected mode since the fault current is limited by the DER controllers [3], [4], [5], [6]. This leads to 

the situation that overcurrent protection relays are unable to detect a short-circuit. Due to the lower 

fault current in islanded operation, it is necessary to critically evaluate whether islanded microgrids 

can be protected with overcurrent protection relays with high accuracy and selectivity. When a fault 

occurs the zero-sequence current might be higher than in unbalanced situation [7]. Furthermore, there 

are very few validated DERs models [8]. Validated DERs models are necessary to improve the 

simulation results and to enable more detailed outcomes in research studies. 

The problem definition can be divided in three parts: 

- Short-circuit currents will be lower in islanded mode [3] 

- It is unclear whether inverters can deliver zero-sequence currents which a protection system 

is able to detect and trip upon [7] 

- There are very few validated models for grid-feeding and grid-supporting DERs to make fault 

simulations [8]  

1.2 Objective and research questions 
The goal is to analyse the fault protection issues in islanded microgrids and develop a protection 

coordination strategy for microgrids which optimizes the fault clearing time for symmetrical and 

asymmetrical faults. In order to accomplish this, the following sub research questions have been 

formulated: 

1. Which possibilities in types of protection systems are available including advantages and 

drawbacks? 

2. How can DERs be accurately modelled for fault simulations? 

3. Which protection issues occur in microgrids when switching from grid-connected to islanded 

operation and what is the difference between symmetrical and asymmetrical faults? 

4. What is the difference in RMS and zero-sequence fault current magnitude between grid-

feeding and grid-supporting control? 

5. Can a protection relay distinguish between the current supplied by grid-feeding and grid-

supporting inverters in nominal loading and fault situations?  

6. How can protection devices be optimally coordinated after islanding? 

1.3 Boundaries 
Since microgrids can switch between grid-connected and islanded mode, it is necessary to prevent 

unintentional switching to islanded mode. Currently when unintentional islanding happens due to a 

fault outside the microgrid, anti-islanding protection curtails decentralized generation in order to 

prevent feeding into faults [9]. Depending on the situation decentralized generation can be shut down 



2 
 

completely instead of curtailment, leading to instability in the microgrid. The main power source is 

disconnected and part of the load is still connected. This type of protection for microgrids is out of 

scope in this study. The protection strategy being developed in this study is meant for islanded 

microgrids. When a fault occurs in the HV or MV network, the microgrid should switch to islanded 

mode. In other words islanding takes place after the first contingency. This means that in a 

conventional network the whole microgrid would have been blacked out, but with the possibility to 

switch in such a case to islanded mode which leads to a higher reliability. Moreover, a lower selectivity 

may be justifiable for a second contingency. 

The impact of control strategy on protection coordination will be taken into account in this study. All 

other control challenges will be neglected in this case since the focus is on developing a protection 

strategy for an islanded microgrid.  

Since the majority of distributed generators (DG’s) are inverter based and lead to extra protection 

challenges as mentioned in the problem definition, these type of DG’s will be considered in a microgrid 

and synchronous machines are out of scope in this study. 

Within this study two types of fault currents are considered, symmetrical and asymmetrical faults. 

Symmetrical faults are characterized with three phase to earth faults, where asymmetrical faults 

consist of one phase to earth faults. Furthermore, simultaneous faults will be neglected since they are 

very rare within distribution grids. 

Within this study several assumptions will be made. Microgrids are considered to be LV. Fuses will be 

taken into account, because those are mainly rolled out currently in LV networks.  

With this study the goal is to realize independent fundamental research aiming to be generally 

applicable in distribution grids transforming into microgrids in the near future. 

This thesis is outlined in the following way. The next chapter explains the microgrid basic 

characteristics with the control layers present in the network in more detail. In chapter three an 

overview of protection systems is given, starting with the current applied protection relays and 

followed by research done into protection coordination strategies for islanded microgrids. Chapter 

four introduces the methodology to analyse inverter based fault currents. Chapter five explains the 

proposed protection coordination strategy for islanded microgrids. Followed by the case study 

description and results of the study in chapter six and seven respectively. At last, a discussion and 

conclusion finalizes the study.   
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2.  Microgrids 
Before zooming further into the problem definition, microgrids will be introduced with general 

characteristics. Furthermore, the control layers present in a microgrid will be explained. 

2.1 Characteristics 
Around 2004 the first concept of smart grids was introduced [10]. There is no general accepted 

definition of smart grids. It is adding various technologies to the already existing grid. It covers 

technologies from the generation side all the way to prosumers. Smart grids are basically the evolving 

concept of making the increasingly complex power grid smarter. This involves more communication 

and measurements to obtain a better overview and control over the power grid. The consumer is 

central in smart grids and it should be affordable, reliable and sustainable. 

The first introduction of the concept microgrids dates from the early 2000’s with the intention of 

finding the best way to integrate DERs in the existing distribution grid [11]. There are several definitions 

for a microgrid,  in [12] the definition given is “an integration platform for supply-side (micro-

generators) and demand-side resources storage units and controllable loads as a subsystem”. It can be 

explained as a platform for micro DERs together with controllable loads. The islanding capability 

reduces outages and increases reliability. Furthermore it can be seen as a building block of future self-

healing smart grids [12]. The functionality determines whether a grid is a microgrid, there is no 

restriction in size. Microgrids which can be operated in grid-connected and islanded mode are able to 

improve the reliability, resilience, safety and sustainable ambitions in the distribution network [13], 

[14]. Thereby, it is possible to direct power flow to the parent network. Furthermore, microgrids can 

increase power quality, decrease transmission losses and transmission costs [15], [16]. The main 

difference between microgrids and conventional grids can be explained as the self-sufficiency with 

DERs in microgrids, where conventional grids do not need to be fully renewable. Moreover, a microgrid 

can be operated in islanded mode. 

Microgrids are being researched and tested by many institutes, which makes it an active research area. 

In Table 1 an overview is given of existing microgrids in Europe [17]. These sites are being used to 

perform research to optimize microgrids. Bornholm and CESI RICERCA DER are able to switch between 

grid-connected and islanded mode to perform research in control and protection systems [18].  

Table 1 Existing examples of microgrids in Europe 

Location Power 
supply 

DG 
source 

Energy 
storage 

𝜇G controller PQ 
control 

Communication 

Bronsberg, The 
Netherlands 

AC PV Battery Central None GSM 
communication 

Am Steinweg, 
Germany 

AC CHP, PV Battery Agent based *PoMS TCP/IP 

CESI RICERCA 
DER, Italy 

DC PV, wind, 
diesel, 

CHP 

Battery Central Flywheel Combination of 
LAN, Ethernet, 
wireless and 
power line 

Bornholm, 
Denmark 

AC Diesel, 
wind 

None Autonomous None Optical fiber 
network 

Kynthnos, Greece AC PV, diesel Battery Central None Power line 
CAT, Wales, UK AC Hydro, 

wind, PV 
Battery Central None Not discussed 

PoMS: power flow and power quality management system. 
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The basic principle of a low voltage microgrid can be visualized as shown in Figure 1. Microgrids have 

different characteristics than interconnected networks with conventional power plants. A microgrid 

contains multiple DERs which supply the load, and provide voltage and frequency control. These DERs 

commonly have intermittent primary sources such as wind or solar energy and are connected to the 

grid via inverters, which causes the microgrid to have relatively low fault current capacity. Microgrids 

also have a switch at the point of common coupling (PCC). With the PCC the microgrid is able to change 

between grid-connected and islanded mode of operation. Each line is protected with a circuit breaker 

(CB). 

 
Figure 1 Microgrid visualisation 

Switching from grid-connected into islanded mode causes high imbalance between load and 

generation, leading to frequency deviations [19]. The following challenges arise in microgrid protection 

coordination [4], [5], [20], [21]: 

- Bidirectional flow  

o False tripping of protection 

o Protection blinding 

Due to decentralized generation, bidirectional flow will occur, which can lead to fault detection 

challenges such as: false tripping of protection or protection blinding. This in turn leads to a lower 

reliability and safety level when ignored. Figure 2 displays an example of false tripping of protection. 

Hence in a situation where the DG is generating a lot of power, it is possible to exceed the pick-up limit 

of relay 1 which is the healthy feeder in this case and it gets tripped before the necessary relay 2 to 

secure the fault location. 

 
Figure 2 False tripping of protection [20] 
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Figure 3 shows an example of protection blinding, here the DG will keep on feeding the faulted location 

while the protection relay is unaware. The fault current will come from the main grid and the DG, 

represented by Ik,grid and Ik,gen respectively. The relay present in the network will trip due to Ik,grid, but 

the Ik,gen remains feeding the fault location. 

 
Figure 3 Blinding of protection [20] 

In the future, microgrids can be formed in multiple ways and sizes which makes it even more diverse 

in topology. Since a microgrid can switch in structure it will be necessary to design a protection scheme 

which can adapt to the structure in an optimized way. Several studies have been conducted about the 

possibilities. A distinction was made between only grid-connected mode, only islanded mode and a 

combination of both [22]. The focus will be on islanded mode.  

2.2 Control layers 
The main advantage of a microgrid is the number of different control layers which are present to 

balance and control DERs and local loads. This contributes to the voltage and frequency control in the 

“bigger network” in normal situations as well as during contingencies. When a contingency occurs, 

depending on control settings, the microgrid can either [23]: 

1) Give priority to keep the “bigger network” operating and possibly disconnect some load within 

the microgrid. 

2) Switch from grid-connected to islanded mode, to keep as much load fed by local DERs. 

To control DERs in microgrids, generally four different control layers are present, each operating on 

different timescales: inner loop control (fastest), primary control, secondary control and tertiary 

control (slowest) [24]. The inner loop control controls the output current according to the active and 

reactive output power references. Primary control enables power sharing between DERs. Secondary 

control restores the voltage and frequency deviations caused by the primary control. Tertiary control 

is the highest level of control and sets long-term and optimal set points.  

Inner loop control is the first control layer present at the output of a DER. It consists of an inner current  

and voltage-control loop [24]. Depending on the inverter controller reference values are used to inject 

the current into the grid. 

Droop control is a popular technique for primary control of a microgrid, described in several studies 

[25], [26], [27]. The main goal is to stabilize and provide load sharing over distributed generation 

according to droop characteristics as displayed for inductive networks in Figure 4. Primary control is in 

the timescale of simulations and therefore it will be further researched. 
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Figure 4 Drooping feature for active power frequency and reactive power voltage [20] 

According to the conventional droop control in Figure 4, when the frequency drops in the network, the 

active power needs to be increased. The same principle holds for the voltage, the reactive power needs 

to increase when the voltage drops. In case of the latter, this may cause problems since voltage is a 

local variable and changes throughout the grid. This may lead to contrary control, whereas with 

frequency this cannot happen since it is a global variable.  

The function of secondary control is to restore the frequency and voltage level, firstly the primary 

control starts increasing or decreasing the level and when the standard value is surpassed the 

secondary control changes the set point of the primary control to direct back to the standard value 

with either real or reactive power injections. 

Tertiary control is used in grid-connected mode to set long-term goals and optimal set points to ensure 

an economical viable operation [24]. Furthermore, it seeks a balance in demand and supply using the 

costs of production units [28].  

Another way to restore the frequency is to curtail some generation resources when the load is 

relatively low. When two DG’s are present feeding a combined load of y kW, it can be regulated that 

both DG’s feed half of y, this is called power sharing. Another way to manage fluctuations in power 

balance is load shedding and energy storage. Load shedding means that a certain part of the load can 

be shut down for a while with an incentive based mechanism. The owner of the load receives a certain 

amount of money for shutting down and thereby helps to maintain the power balance. 
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3. Development in protection systems 
This chapter will start with an overview of the currently applied protection systems in distribution 

networks. Attention will be given to fault currents and the difference of them in traditional distribution 

grids versus islanded microgrids, followed by the development in protection coordination for islanded 

microgrids.   

3.1 Protection systems 
Before one can innovate and design a new protection coordination strategy for islanding microgrids 

the current situation needs to be understood. The current applied protection relays present in the 

distribution network will be explained, conventional protection coordination and an introduction in 

fault currents will be given. 

3.1.1 Currently applied types of protection relays 
Existing protection systems in distribution networks generally consist of two main devices: protection 

relays and circuit breakers. Traditionally, in the distribution network fuses or overcurrent relays are 

applied for protection originating from a cost perspective and decent functioning in unidirectional and 

radial distribution networks. Fuses are less and less applied in distribution grids and replaced by 

overcurrent relays.  

A circuit breaker disconnects parts of the network when a trip signal is received from the protection 

relay to limit the consequences of short circuit currents. The following protection relays are available 

and widely implemented in distribution networks, where overcurrent relays are dominating the field: 

- Overcurrent relay 

- Directional overcurrent relay 

- Differential relay 

- Distance relay 

These types of protection relays can be classified in two groups, open protection and closed protection. 

Open protection means that the protection is able to protect regardless the size of the network. Closed 

protection is meant for a certain area or segment in the network and cannot protect further in the 

network. Both overcurrent protection relays are an open protection. Distance and differential relays 

are bound to a specific area or segment and therefore a closed protection. 

Overcurrent relays measure the current and determine whether a circuit breaker needs to be tripped. 

When the current flowing through the overcurrent relay is higher than the setting value it will give a 

signal to the circuit breaker [29]. It is possible to trigger on RMS current as well as zero-sequence 

current. There are two variants namely definite time and inverse time overcurrent relays displayed in 

Figure 5 [30]. Definite time is the most basic variant where time and current limits are fixed. Higher 

currents are linked with a shorter time compared to a lower overcurrent. Inverse time is characterized 

by an operating time inversely proportional to a fault current. This leads to a short tripping time for 

high currents without losing selectivity. Moreover, it is possible to create different characteristics. The 

overcurrent relays are the easiest and cheapest way of protection and therefore most widely applied.  
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Figure 5 Types of overcurrent relay characteristics [30] 

Directional overcurrent relays have the extra property of measuring the current in both directions. 

Faults can therefore be divided in ‘forward’ and ‘reverse’ cases [31]. The settings can differ for both 

directions. However, directional overcurrent relays are more expensive than non-directional 

overcurrent relays.  

Differential relays compare the current at both sides of the object to be protected [3]. A fault is 

detected in case a difference in current is measured. The main advantage is a fast and accurate 

operation. However, the costs are very high, because of the communication network needed 

specifically for differential relays. 

Distance relays measure the impedance of the object to be protected. When this is lower than the 

impedance setting for a set amount of time, it means that there is a fault in the object [32]. In standard 

operation three protection zones are present to provide back-up protection, however more protection 

zones can be used if required. In standard situation there are three time settings each for a different 

zone, the time increases each zone going further from the relay. Distance relays have fast, reliable and 

economic communication links. However, they do not protect 100% of a line in the first protection 

zone so another type of protection relay is necessary for the end of the line. A safety margin of 15% to 

20% is built in to mitigate for errors in measurement transformers and impedance calculations.   

3.1.2 Working principle overcurrent relays 
Overcurrent relays use as input the current from a current transformer and compare its value with a 

pre-set value. When the RMS current is higher than the pre-set value, the relay gives a tripping signal 

to the circuit breaker. This can be done instantly or after a time delay when needed. This delay is called 

operation time of the relay. There are three types of overcurrent relays based on their operation time.  

- Instantaneous overcurrent relay 

- Definite time overcurrent relay 

- Inverse definite minimum time (IDMT) overcurrent relay 

The instantaneous overcurrent relay reacts as fast as possible when a fault occurs and there is no 

possibility to delay the tripping reaction. Definite time overcurrent relays have the same time delay 

independent on the fault current amplitude. The IDMT has the extra ability to trip faster when the fault 

current is higher according to the following function (1).  

 



9 
 

The inverse time characteristic function, 𝑡, for overcurrent relays can be defined as: 

 
𝑡 = 𝑇𝐷𝑆

𝐴

(
𝐼𝑠𝑐
𝐼𝑝

)
𝐵

−1

, where 𝐴 > 𝐵 
(1) 

𝑇𝐷𝑆 Time dial settings between 0.1 and 1.0 

𝐼𝑠𝑐 Short circuit current 

𝐼𝑝 Pick-up current 

The standard values gathered from literature are given in Table 2. 

Table 2 Overcurrent relay characteristics [29], [33], [34] 

Relay characteristic type A B 

Standard inverse 0.02 0.14 
Very inverse 1 13.5 
Extremely inverse 2 80 
Long inverse 1 120 

 

3.1.3 Currently applied protection coordination 
After discussing the different types of protection relays, one needs to understand how to combine 

them in an efficient way in a distribution network. Therefore the term selectivity will be introduced. 

Selectivity means that when a fault occurs the right relays get triggered and command the closest 

circuit breakers to isolate the fault. This leads to the smallest area affected by the fault. In order to do 

so, the time settings need to be on point in every protection relay and the optimal combination in 

relays for protection needs to be determined when designing a network.  

The technical challenges to protect a microgrid can be categorized as follows: microgrid operation 

modes, decentralized energy resources impacts on protection devices and microgrid topology effects 

on protection devices coordination [35]. Microgrid operation modes affect the fault current properties 

and the change in topology affects the protection devices coordination. 

In order to create a reliable protection system different protection relays need to be combined as 

mentioned before. For improving the reliability back-up needs to be taken care of. One way of 

organizing back-up is a combination of open and closed protection relays, where open protection can 

serve as back-up for a closed protection device. 

Another distinction can be made between primary protection and back-up protection. In potential 

microgrids the back-up protection is taken care of with different layers each having a bigger network 

to protect. These protection layers need to be optimally set in order to operate selectively. When the 

back-up is triggered, a bigger part of the network will be shut down than in case of the primary 

protection as well as slightly later due to selectivity. 

As mentioned before, the goal of a protection strategy is to isolate a fault as fast and accurate as 

possible. Since overcurrent relays are the most common protection relays the focus will be on the 

strategy on those relays. With the use of time dial settings it is possible to create a certain characteristic 

for tripping an overcurrent relay. Normally two steps are built in to create different barriers to trip 

depending on the length and height of the fault current. Higher fault currents will trip the relay sooner 

than a lower fault current. In Figure 6 an example is shown of current time characteristics for an 

overcurrent relay. When the current is between IP and IS and the time is higher than the curve between 

A and B the relay will trip. Additionally, when the current is higher than IS and the time is higher than 

TS the relay will trip a circuit breaker as well. 
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Figure 6 Current time characteristic of an overcurrent relay [36] 

Next to overcurrent relays, differential and distance protection have their own trip characteristics. The 

differential relay compares the current at both sides of the protection zone by calculating the average 

and difference of both currents. A threshold current is determined when the relay will trip a circuit 

breaker. With distance protection the impedance will be calculated by measuring the voltage and 

current. The relay should trip when the impedance setting in the relay is higher than the impedance 

calculated from the network.  

3.1.4 Fault currents 
In the Netherlands the average power outage time in electricity over the last five years (2013-2017) 

was 24 minutes [37]. One of the main causes of power outages is short circuits. Causes for short circuits 

in distribution systems are for example: digging activities, aging and internal defects. Short circuits 

result in extremely high currents which can cause serious damage to other network components and 

large scale blackouts. In order to protect (distribution) network components against these fault 

currents, protection systems are in place which isolate (part of) the network in case of a fault. 

Household consumers will be compensated when the power outage is longer than four hours [38]. 

Fault current calculations are necessary to determine the settings of these protection systems. These 

settings should protect all valuable equipment from damage due to the high currents in such fault 

situations. Due to the energy transition the number of DERs is increasing in distribution systems and 

in addition microgrids will be formed [23]. The fault current is mainly dependent on the generator 

characteristics which are different in synchronous generators and inverter-based DERs [39]. Therefore, 

the protection strategies in (distribution) networks should be re-evaluated with the integration of 

inverter-based DERs. Additionally, the protection systems should be able to handle bidirectional fault 

currents caused by DERs. In this chapter, the distribution network protection issues caused by inverter-

based DERs are treated with special attention to microgrids. Calculations on fault currents require a 

set of definitions: 

𝐼"𝑘  Initial symmetrical short-circuit current 
𝐼𝑝𝑒𝑎𝑘  Peak short-circuit current 

𝐼𝑘  Steady-state short-circuit current 
𝐴 Initial value of the dc component 

𝑈𝑙  Line voltage 

𝑍𝑘  Total impedance short-circuit route 

𝑈𝑘  Relative short-circuit voltage 
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𝑆 Apparent power 

𝑅 Resistance 

𝑋 Reactance  

In Figure 7 the fundamental principle for fault currents is shown for conventional power systems with 

synchronous generators [40]. As can be seen the current will fluctuate between boundaries which are 

called bottom and top envelope. The peak short-circuit current can be calculated with (2). 

 𝐼𝑝𝑒𝑎𝑘 = max(𝐼"𝑘) = 2√2𝐼𝑘 (2) 

The steady-state short-circuit current can be determined from expression (3). 

 𝐼𝑘 =
𝑈𝑙

𝑍𝑘√3
 (3) 

In case of a transformer the impedance can be derived with (4): 

 𝑍𝑡𝑟 =
𝑈𝑘 ∙ 𝑈𝑙

2

100 ∙ 𝑆
 

 
(4) 

The total impedance of the faulted network can be calculated using (5). 

 𝑍𝑘 = √𝑅2 + 𝑋2 (5) 

 

The DC current (𝐴 = 𝐼𝐷𝐶) follows the center of the envelope which goes to zero with time passing. The 

maximum peak short-circuit current can be calculated as: 

 𝐼𝑝𝑒𝑎𝑘 = 𝐼𝐴𝐶 + 𝐼𝐷𝐶 (6) 
 

 
Figure 7 Conventional fault current with synchronous generator [40] 

In case of inverter-based DERs, the ratio between the nominal current and the fault current is lower 

compared to the case of synchronous machines as shown in Figure 8 [39]. The single phase fault (in 

red) occurs at 0.6 seconds and is switched off 0.6 seconds later. As can be seen the main difference 
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with the synchronous generator fault current is the amplitude during fault conditions. Within networks 

where inverter based generators dominate the power supply, the fault current limit is depending 

mainly on the current limit setting in the DERs controllers. The fault current limit in a synchronous 

machine is depending on the sub transient and transient impedance. 

 
Figure 8 Current through inverter with FRT implemented, one phase fault in red [39] 

 A voltage dip is formulated as shown in Figure 9, under 1% of the nominal voltage it is called an 

interruption. The duration of a dip is defined by the time that the voltage is below 90%, in case of a 

multi-phase dip it is the time that the first phase is going below 90% until the last phase is again above 

90%. A voltage dip may occur due to a short circuit in a parallel feeder and depending on the protection 

relay settings the voltage dip is tolerated for a certain time interval. 

 
Figure 9 Voltage dip 

3.2 Current based protection 
Besides the current applied protection relays, research is carried out to develop new protection relays. 

The directional overcurrent relays form the basis, because they are most suited in microgrids. An 

extension could be a third dimension in a time-current-voltage characteristic as explained in [31]. The 

goal is to provide protection against interphase faults and single-line-to-ground faults. In [41] 

researchers show an extension of the directional current relay, where each phase has its own 

directional current relay. It is able to protect in both grid-connected and islanded mode in a selective 

and reliable way. Another study proposed to add a fault current limiter to a directional overcurrent 

relay by the use of a optimization algorithm called Cuckoo-Linear [42]. This method turns out to be 

faster than current methods to determine the fault current limit [43], [44]. Overcurrent relays suffer 

from small fault currents due to decentralized generation. A new directional element should be able 
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to handle these faults better with the use of magnitude and angle of the superimposed positive and 

negative sequence impedance [45]. 

3.3 Frequency based protection 
Another method could be to inject an off-nominal frequency during faults, this compares the frequency 

at two ends of the protected zone and is capable to protect against different faults [46]. 

3.4 Voltage based protection 
Voltage based protection has the advantage of protecting against faults within and outside a specified 

protection zone [21]. The general working principle is measuring the voltage output of decentralized 

generation, when the voltage exceeds a predefined limit a fault can be detected [4]. 

3.5 Wavelet package transform protection 
Wavelet package transform is able to extract, parameterize and localize all frequency contents in the 

processed signal [20], [47]. It analyses frequency and time and thereby determines whether there is a 

fault occurring. The main advantage over other frequency based methods is the ability to analyse 

signals with non-periodic and non-stationary forms [48]. 

3.6 Travelling waves protection 
In the protection segment two front waves are captured with the stored time polarity, one in the first 

half and one in the second half of the segment. When the product of the two time polarities is positive 

it means that the faults location is in the first half and when the product is negative it is in the second 

half [20], [49]. 

3.7 Protection coordination 
In order to tackle the problem definition and realize the objective of developing a protection strategy 

for islanded microgrids different options are available which are displayed in Figure 10. The methods 

can be divided in centralized and decentralized solutions. Within each structure the methods can be 

divided in different clusters of measurements needed as input to determine the protection settings. 

The most common input variables are current and time settings (in blue). Optimization methods are 

more present in decentral manner and defined tripping values are favoured in central protection 

coordination. 

 
Figure 10 Overview microgrid protection coordination strategies 

The difference between centralized and decentralized architectures can be visualized as shown in 

Figure 11. Every dot is a node in the network and the main difference between centralized and 
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decentralized is the central node in the centralized architecture, where in the decentralized 

architecture all nodes are interconnected. This leads to different bottlenecks in both architectures. In 

the centralized architecture the central unit is the most critical component due to all connections and 

the communication which comes with it. In the decentralized manner all nodes are equally balanced 

in connections and communication tasks.  

 
Figure 11 Types of protection strategy architectures 

3.7.1 Minimal coordination time 
The protection coordination problem is formulated as a nonlinear programming problem and solved 

in order to minimize the sum of all fault clearing times of all relays in the microgrid [29], [33].  

3.7.2 Adaptive overcurrent protection 
The central protection unit communicates with all feeder relays and DERs [50]. While monitoring the 

status of DERs and their potential fault current contributions, the central unit calculates and updates 

the settings for all connect feeder relays and DERs in an optimal fashion [51]. Figure 12 shows the 

concept of a microgrid central protection unit. As input the adaptive protection needs current 

complemented with operational and topological changes to the microgrid. The controller performs 

load flow calculations complemented with fault, contingency and sensitivity analysis. With those 

algorithms it determines the coordination scheme for protection relays and updates them with the 

optimal values [52]. 

 
Figure 12 Concept of a microgrid central protection unit [50] 

3.7.3 Hybrid microgrid protection 
Hybrid microgrid protection (HMP) is a combination of a differential (DMP) and an adaptive protection 

scheme (AMP), AMP functions as default and DMP with high priority or high risk zones [53]. Those high 

risk zones can be determined by sensitivity analysis of the particular network components such as 

transformers or high value loads. Future research should be able to use fault current predictions to 

automate the detection of high risk zones. HMP increases accuracy and precision while reducing 

communication costs. AMP calculates the fault current contribution of all components in the grid on a 
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relay. The microgrid central protection unit (MCPU) uses this input to calculate the tripping current of 

all relays. Input from DG’s with status whether they are ON/OFF leads to respectively fault contributing 

yes/no. Communication is only needed when changes in microgrid occur in topology or size. DMP is 

widely used and based on the sum of all currents in the protected zone add up to zero except for 

internal faults. The advantages of DMP are: relying on current from power system, voltage 

measurements are not needed, less sensitive to power swings, sudden load changes and voltage 

variations [53]. The advantages of AMP are rapid handling and reliability. The disadvantage of DMP is 

the need for a continuous communication link. AMP has shortcomings of being not very sensitive and 

it requires fault current estimation. Combining into HMP the benefits are combined while the 

drawbacks are minimized. 

3.7.4 Multi agent system 
Within a multi agent system every agent has a certain capability to collect data, make decisions and 

execute orders. A central controller coordinates and is able to give commands to every other agent to 

expand their capabilities and execute functions together [54]. The main motivation for such a system 

is the ability to prevent unforeseen relay operations due to network reconfigurations and DER 

integration. 

3.7.5 Adaptive protection 
Adaptive protection is defined as “an online activity that modifies the preferred protective response 

to a change in system conditions or requirements” [55]. The protection system continuously monitors 

the system and changes the protection strategy in case of changes in grid topology [5]. This can be 

managed both centrally and decentrally. It requires directional overcurrent relays with the option to 

change tripping settings and high speed communication infrastructure. Furthermore, decentralized 

adaptive protection has the advantages of having a shorter fault clearing time, higher reliability and 

expansibility compared to centralized protection [5], [56]. Decentralized protection is characterised as 

a set of multi-agents spread out over the microgrid with their own communication infrastructure. This 

is the main difference with the centralized method where the central controller is in charge instead of 

agents spread out over the microgrid in the decentral manner. The microgrid communication medium 

(IEC61850) can update the protection equipment with a different protection strategy when the 

topology is changed, for instance switching between grid-connected and islanded mode or connecting 

two microgrids into one bigger microgrid [57]. The relay settings can be updated either online or 

offline. The online variant is based on agents which analyse the network continuously and adjust the 

settings when changes occur in the network status. The offline variant has the possibility to store all 

different settings in memory of agents for various network topologies. 

3.7.6 Minimal outages 
In the proposed protection strategy the optimization searches for a “superiority index” which 

represents the least outages and the highest probability of correct operation [58]. The lowest index is 

the optimal point of protection operation. 

3.7.7 Tripping priorities 
This protection method is based on time delay characteristics. There are three time delay levels 

defined: simple load feeder, bus routing feeder and DER feeder [59]. Each with an increase in time 

delay before an overcurrent protection gets tripped. These settings are determined with an offline 

protection analysis. 

3.7.8 Decentralized coordination strategy 
In Figure 13 the architecture for a multi agent system (MAS) is given. It consists of three layers: 

proactive, reactive and social layers [56]. Furthermore it has two types of agents: bus agents (BA) and 
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coordination agents (CA). The BA are active in the proactive and reactive layer and the CA is responsible 

in the social layer. The proactive layer is continuously monitoring inputs received from the interface 

and when a fault is detected the reactive layer is appointed to restore the fault. If the fault cannot be 

restored with the countermeasure plan, the social layer will be activated and form a group of agents 

to coordinate the best countermeasure plan and restore the fault correctly. 

 
Figure 13 Multi agent system architecture [56] 

To summarize all methods with the necessary input variables an overview is given in Table 3.  

Table 3 Overview input variables for methods 

Protection method Input variables 

Minimal coordination time [29], [33] Currents, time settings 
Centralized adaptive overcurrent protection [50] Currents, topology, time settings 
Hybrid microgrid protection [53] DER status, currents 
Centralized multi agent system [54] Grid topology, currents, voltage, time settings 
Decentralized adaptive protection [5] Grid topology, currents, time settings 
Minimal outages [58] Currents, time settings 
Tripping priorities [59] Currents, time settings 
Decentralized coordination strategy [56] Voltage, reactive power 

 

3.8 Central versus decentral optimization protection coordination 
The main advantage of a decentralized  protection systems is that the size of the systems is not fixed. 

Since in microgrids the structure will change a decentralized protection scheme is therefore favoured. 

This requires a protection strategy which is flexible in size and number of agents, an excelling 

characteristic of decentralized adaptive protection. 

Several previous studies show the possibility to protect an islanded microgrid with a combination of 

(directional) overcurrent relays albeit with an adaptive protection scheme [5], [29], [33], [52], [54], 

[57], [58], [59]. Furthermore, multiple studies have shown that protecting microgrids with a decentral 

protection coordination strategy are performing better than central protection coordination strategies 

[5], [56], [58], [59], [60]. Other studies show cases where overcurrent protection is not viable in 

islanded microgrids [7], [61].  

Overcurrent relays are not sufficient in islanded microgrids due to low fault current levels injected from 

inverter based decentralized generation [46]. In grid connected operation this would not be the case.  

Since both central and decentral optimization show drawbacks in operation, especially in islanded 

mode, the method proposed in this thesis is different with a central optimization basis and does not 
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require communication links to operate. Furthermore, the context of this study is different compared 

to the studies mentioned above, where islanded mode is considered in a healthy grid situation. In this 

study it is meant to switch to islanded mode in a fault situation in the HV or MV network. With this 

chapter the answer is given for the first sub research question, which was stated: “Which possibilities 

in types of protection systems are available including advantages and drawbacks?”. The method 

proposed is described in chapter 4. 
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4. Models for analysing behaviour of inverters during faults 
The goal is to analyse whether overcurrent relays are able to protect an islanded microgrid. Therefore, 

models are necessary which are validated with lab tests performed in the Smart Grid lab of the TU/e. 

Firstly, the difference between grid-feeding and grid-supporting inverters is explained, followed by the 

lab tests and models to analyse the behaviour of inverters during faults. 

4.1 Grid-feeding and grid-supporting inverters 
An inverter is used to connect DC sources to AC networks such as PV, battery energy storage systems 

(BESS) and type 4 wind turbines. An extensive model is necessary to perform short circuit simulations 

and determine settings for the protection devices and test the protection coordination [62]. Figure 14 

shows a model of the electrical part of DERs consisting of a battery energy storage system, DC-link, 

inverter and LCL filter which is controlled by the inverter controller shown in Figure 15. 

 
Figure 14 Model DERs including a battery energy storage system, DC-link and inverter [62] 

 
Figure 15 Overview of the inverter controller [62] 

The inverter can be controlled in either grid-feeding or grid-supporting mode. Grid-supporting control 

utilizes primary (droop) control to control the voltage and frequency where grid-feeding control only 

injects active power and no reactive power. The voltage regulation is done in central power plants so 

there is no need to inject reactive power. Grid-supporting control is able to control the grid frequency 

in islanded operation, where grid-feeding requires a frequency reference which is tracked with a 

phase-locked loop (PLL).  

It is expected that more (especially larger) DERs will operate in grid-supporting mode to control the 

voltage and frequency when the number of conventional power plants is reduced. Currently installed 

DERs operate in grid-feeding operation, however in the near future grid codes will be describing 

curtailment and power reserve capacity for larger DERs.  

It is still unclear how the operation modes grid-feeding and grid-supporting influence the protection 

strategy. Firstly, an accurate DER model for fault simulations is developed and experimentally validated 

with a physical three phase inverter. During the experiments the ability of inverter-based DERs to 
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supply zero-sequence current is also analysed to be able to answer sub research question four. Several 

simulations are performed to compare the fault current supplied by inverters with grid-feeding and 

grid-supporting control. Finally, conclusions can be drawn from the simulation results about whether 

it is possible to protect a microgrid with overcurrent relays, and if so, under which circumstances. 

4.2 Lab configuration 
In the Smart Grid lab of the TU/e the following set up has been used to perform measurements, 

displayed in Figure 16. As source a programmable voltage source (PVS) has been used, which has been 

varied between 0 p.u. – 0.5 p.u. with a step size of 0.1 p.u. While doing so, the voltage and current 

waveforms are measured and logged in a dataset. The sequence components are calculated out of the 

waveforms in Simulink. Two types of faults are considered: three phase to earth faults and single phase 

to earth faults. The faults were created by switching the voltage level from 1 p.u. towards between 0 

p.u. – 0.5 p.u. with step sizes of 0.1 p.u. The moment of creating the fault has been done for the peak 

moment in phase A and the moment phase A goes through zero while rising. Table 4 presents an 

overview of the system parameters. An important property of the cable impedance in the lab is the 

equal value for the three phases and ground/zero in a four feeder cable.   

 
Figure 16 Lab configuration 

Table 4 Parameters lab configuration 

Parameter Value 

Fundamental frequency 50 Hz 
VPVS 400V 
Power input SMA inverter  3kW 
PV 3kW 
Zline resistance 0.087Ω 
Zline inductance 6.8181e-5H 

 

4.3 Validation of grid-feeding model 
The measurements as described in the last paragraph will be used to validate the model described in 

chapter 4.1. In Figure 17 the block “SMA Tripower (8kW)” is the DER model including inverter controller 

shown in Figure 14 and Figure 15 respectively. The model has an inverter controller which is in grid-

feeding mode operated. The results of the validation will be shown in chapter 7. The currents and 

voltages from measurements are labelled tsM_I and tsM_U respectively. By validating the SMA 

inverter in grid-feeding mode it is assumed that the same inverter with grid-supporting control has 

been validated as well. The inverter controller determines the behaviour and abilities whether it is 

grid-feeding or grid-supporting. Note that the measurements are done with an active power of 3kW. 

This is chosen to be representative for a household with PV panels.  
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Figure 17 Model validation grid-feeding 

4.4 Model fault simulations 
Figure 18 shows the schematic overview of the network to perform analysis of the behaviour of fault 

currents in RMS values (𝐼𝑅𝑀𝑆) as well as zero-sequence currents (𝐼0). The goal is to observe whether 

the relay will trip due to fault currents generated by the inverter in different situations. The relay will 

not interrupt the fault current with a circuit breaker. Therefore, an overview will be shown of the fault 

currents and the relay response. On the left it is possible to switch between islanded mode or grid-

connected mode. The fault can be adjusted between single phase, three phase or no fault while 

simulating. The load has been switched between balanced three phase 8000 VA and unbalanced load, 

with load A rated at 6000 VA and load B and C rated at 1000 VA each. Rated at a cos 𝜑 = 0.95. 𝑍𝑙𝑖𝑛𝑒 

represents a cable length of 1 km. 

 
Figure 18 Simulation network for analysing fault current behaviour 

4.5 Model protection relay 
The overcurrent relay is further displayed in detail in Figure 19. It shows the model for an overcurrent 

relay with the ability to trip on zero-sequence current limits without a time delay in addition to tripping 

on RMS current limits in combination with time settings. All parameters are given in Table 5. 
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Figure 19 Model overcurrent relay modified to include zero-sequence current 

Table 5 Overcurrent relay parameters 

Parameter Value 

Fundamental frequency 50 Hz 
Sequence analyser harmonic n 1 
Sequence analyser, sequence  zero 
Sequence analyser, initial input [0,0] 
Sequence analyser, sample time 0 
Initial RMS value 0 
RMS, sample time 0 
Switch, threshold 0 
Switch, criteria for passing first input U2>Threshold 
Memory, initial condition 1 
Plug Setting 100% 
Time Multiplier Setting 0.05 
Trip Characteristic IEC Standard Inverse 
Current Transformer Primary 10 A 
Current Transformer Secondary 10 A 
Three phase RL branch R 0.15 Ω 
Three phase RL branch L 2.26e-4 H 

 

The overcurrent relay is equipped with a standard IEC inverse curve for tripping the 𝐼𝑅𝑀𝑆 in the block 

“Time Relay Function” in Figure 19. The curve is shown in Figure 20 with logarithmic axis. Important to 

mention is the current plug setting on the x-axis, this is shown as multiples of the plug setting and 

starts tripping with a current ≥ 2 times the plug setting. The delay that is built in decreases when the 

current increases in value.  
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Figure 20 Overcurrent relay IEC standard inverse curve 
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5. Protection coordination methodology 
In addition to the models described in the previous chapter a protection strategy is being developed. 

Taking the developments in protection coordination into consideration a methodology will be 

proposed to coordinate the protection strategy of an islanded microgrid in this chapter.  

5.1 Overview coordination methodology 
The methodology proposed in this thesis can be visualized as shown in Figure 21. The first step is to 

assign areas between protection relays and analyse what type of components are present in the 

network. Each area will be represented by a certain value and the values of different areas around a 

circuit breaker and relay are compared to determine the time settings in the protection relays. The last 

step is to rank the time settings accordingly.  

 
Figure 21 Overview methodology protection coordination strategy 

5.2 Agents determine value of all areas 
Every customer or producer of electricity has a value of money the distribution network operator 

needs to pay when they are not able to consume or produce to the grid. This amount can be calculated 

for an area between two protection relays in the following way: 

 
𝑉𝐴 = ∑ 𝜀𝑖

𝐼

𝑖=1

[€] 

 

(7) 

Where: 

𝑉𝐴 Total value of area 
𝜀𝑖  Value of individual prosumers 
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The value is proportional to the customer minutes lost (𝐶𝑀𝐿), with a distinction between load 𝜀𝐿, grid-

feeding 𝜀𝐺𝐹, grid-supporting generators 𝜀𝐺𝑆 and earth point 𝜀𝑒: 

 𝑉𝐴 ∝ 𝐶𝑀𝐿 (8) 
When the earth point is shut down by a fault all generators and loads need to be disconnected. This 

leads to the highest value for the earth point in the network. 

 𝜀𝑒 > 𝜀𝐺𝑆 > 𝜀𝐺𝐹 > 𝜀𝐿 (9) 
Safety of the distribution grid is most important, whereby the earth point in the LV grid is most 

valuable. Production of electricity is the vital part to maintain any kind of power grid so therefore it is 

worth second most. In addition a bigger generation (𝐺) unit will be valued higher than a smaller 

generation unit since it is more important to sustain a microgrid. At last load is least important, since 

without generation there is no network to sustain.  

 𝐺: 𝜀 ∝ 𝑃 (10) 

5.3 Rank times of overcurrent relays 
The last step is to assign time settings to the overcurrent relays. The time settings will be ranked from 

long to short tripping times. The time step will be 0.3 seconds, since this is the standard step already 

applied in practice. In order to rank the time settings, two areas on both sides of the relay need to be 

compared. For comparison the most valuable component in an area determines the value of the area. 

There are nine possible combinations each with a different value ranked from most valuable (case 1) 

to least valuable (case 9) in Table 6. Area 1 is the most valuable area adjacent to the relay. 

Table 6 Ranking times of overcurrent relays 

Case Area 1 Area 2 

1 Earth GS 
2 Earth GF 
3 Earth Load 
4 GS GS 
5 GS GF 
6 GS L 
7 GF GF 
8 GF L 
9 L L 

 
The ranking implicates that the maximum delay to trip an overcurrent relay is 2.4 seconds. 
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6. Case studies 
The ultimate goal is to investigate and create a general strategy to protect islanded microgrids. Part of 

this general strategy is accurately modelling inverter-based fault currents which can be tested in the 

lab to proof the working concept. The general steps are firstly, fault current analysis followed by 

simulating a general network to test the protection coordination strategy. 

6.1 Fault current analysis 
Figure 22 gives an overview of the case studies for fault current analysis, starting with the validation 

of the grid-feeding model which is compared with measurements taken in the Smart Grid lab of TU/e. 

Within grid-feeding one phase faults and three phase faults have been validated with the current 

waveforms and zero-sequence current. Firstly, the model is tested for the behaviour when a fault 

occurs and this is compared with nominal load situations, both balanced and unbalanced in 

combination with an overcurrent relay adapted to include zero-sequence current analysis. This will 

give insight in the overcurrent relay settings and answer whether it is possible to protect microgrids 

with overcurrent relays. All faults are performed as short circuits (𝑈 = 0 𝑝. 𝑢. ). The unbalance created 

in simulations has a load distribution ratio of 3/4-1/8-1/8 in grid-connected mode and 3/5-1/5-1/5 in 

islanded mode, nominal load in this case is three phase 8 kVA with cos 𝜑 = 0.95. 

 
Figure 22 Overview case study analysis in combination with overcurrent relay 

The goal is to validate the Simulink model and accurately analyse fault currents in microgrids. 

Therefore, several remarks have to be made. The fault current will be lower in microgrids so the 

damage done is limited, this will allow a longer time to protect. Damage from fault currents originates 

mostly from heat development. Components are developed to withstand a certain current and when 

that current is higher it becomes too warm. The heat development is proportional to I2, which means 

in case of a lower current, the time to interrupt the fault current with the same damage is 

approximately quadratically higher. Different types of inverter controllers are analysed to determine 

if the type of controller has an impact on the fault current which should become visible in this analysis. 

For the pick-up current the RMS values are used [34], the zero-sequence is a mathematical vector 

which value is used.  
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With the asymmetrical faults it is necessary to look into the effect on the other phases where no fault 

occurs. In the Simulink model it was already visible that the voltage level will rise in the healthy phases 

next to the phase where the fault occurs. 

6.2 Example protection network 
An example network will be simulated with symmetrical and asymmetrical faults in order to gain 

insights in the actual protection challenges in islanded microgrids and to test the coordination 

protection strategy. All circuit breakers in combination with each an overcurrent relay are numbered 

in Figure 23. The PCC is open so that the microgrid is operated in islanded mode. The network has been 

split in different parts with letters. Each letter is a zone between circuit breakers present in the 

network. In each zone faults will be simulated both symmetrical and asymmetrical.  

 
Figure 23 Low voltage microgrid example grid 

The results of this model will be described in chapter 7.3. These results include whether the microgrid 
is able to withstand the faults or a certain amount of load will be affected. In addition, the selectivity 
will be tested in this network. 
According to the protection coordination strategy explained in chapter 4, the circuit breakers present 

in the network in Figure 23 will receive the following time settings (11).  

 (𝑇1 > 𝑇2 > 𝑇7 > 𝑇6 > 𝑇3, 𝑇5 > 𝑇4) (11) 
This implicates that circuit breaker four with 𝑇4 will give the quickest response without an extra time 

delay. In Table 7 an overview is given of the time settings for all overcurrent relays present in the 

example network shown in Figure 23. 
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Table 7 Time settings overcurrent relays 

Relay Area 1 Area 2 Time 

1 Earth GS 1.5 
2 Earth GF 1.2 
7 Earth L 0.9 
6 GS GF 0.6 
3 GS L 0.3 
5 GS L 0.3 
4 GF L 0 
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7. Results 
In this chapter the results will be given, starting with the validation of the grid-feeding model and fault 

current analysis, followed by the insights in the protection coordination strategy. 

7.1 Validation lab test 
In Figure 24 the validation of the model (Figure 17) versus the measurements is displayed with a three 

phase fault. At 0.4 seconds the fault occurs, as can be observed the model (in green) is reaching a 

slightly higher fault current than measured. During a balanced situation the model follows the 

measurements more precise (between 0.3 and 0.4 seconds). Moreover, the moment when the fault 

current is interrupted at 0.43 seconds the model follows the measurements accurately. Since the 

controller determines the behaviour of the inverter as mentioned in chapter 3.3, the validation is valid 

for both grid-feeding as grid-supporting mode.  The validation has been done with the inverter in grid-

feeding mode. Hereafter, the simulations are done in both grid-feeding and grid-supporting mode. 

 
Figure 24 Validation model versus measurements with three phase fault 

Zooming into the fault the difference between model and measurements becomes more clear, shown 

in Figure 25. The spike of the fault at 0.4 seconds is followed at the same time by the model, however 

the peak is slightly higher in the model compared to the measurements. This can be explained by 

measurement errors and the line impedance in the lab which has not been modelled. 
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Figure 25 Close-up of validation with three phase fault 

The same has been done for a single phase fault in Figure 26. The fault occurs at 0.4 seconds and is 

interrupted at 0.43 seconds.  

 
Figure 26 Validation model versus measurements with single phase fault 

In Figure 27 the close-up is shown for the validation with a single phase fault. The model with a single 

phase fault simulated has a relatively higher peak current than with the three phase fault case. 

However, this is not the most important part, because the overcurrent relay trips on RMS value. The 

absolute difference is smaller which makes the model more accurate in single phase faults compared 

to three phase faults. The difference could be explained by measurement errors. The moment of the 
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fault current and interruption again are the same for single and three phase faults. Therefore, it can 

be concluded that the model is accurate enough in predicting RMS fault currents. 

 
Figure 27 Close-up of validation with single phase fault 

For the zero-sequence current the validation is shown in Figure 28. A single phase fault occurs at 0.4 

seconds, where the zero-sequence current starts flowing. In a three phase fault scenario there will be 

no zero-sequence current so that is not shown in the thesis. The timing of the model at the moment 

of the fault is accurate, however the model predicts a higher current around a factor four difference 

with the measurements. To get a better insight more simulations with the zero-sequence current 

validation are shown in the appendix A, where dips are simulated instead of a short circuit to get more 

insights in the behaviour of the model. 

 
Figure 28 Validation model versus measurements with single phase fault in zero-sequence current 



31 
 

With this validation the second research sub question is answered how DERs can be accurately 

modelled for fault simulations. However, it must be noted that the zero-sequence current has not been 

validated/modelled accurately. Future simulations should point out what causes the difference 

between model and validation measurements. 

7.2 Model analysis overcurrent relay settings 
All results shown in this paragraph are made with the model shown in Figure 18. The goal is to observe 

whether the relay will trip due to fault currents generated by the inverter in different situations. 

Therefore, no circuit breaker is involved to interrupt the fault current. Since there is a difference 

observed between the model versus the measurements in zero-sequence currents, the results shown 

in this paragraph related to the zero-sequence current are only conceptual explaining the possibilities 

of tripping a circuit breaker in such manner. The difference between the model and measurements 

regarding the zero-sequence current will be further discussed in the end of this paragraph and in the 

discussion. 

Figure 29 shows a single phase fault simulated in a microgrid operated in islanded mode with the 

inverter controller in grid-supporting mode. It can be observed that the protection relay trips when 

the zero-sequence current surpasses the setting of 0.6A. In the upper plot it is clearly visible that the 

fault current is situated in phase A, where phase B and C just slightly increase due to the fault.  

 
Figure 29 Islanded mode in grid-supporting mode with a single phase fault 
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In Figure 30 a three phase fault is simulated in a microgrid operated in islanded mode with the inverter 

controller in grid-supporting mode. Due to the three phase fault there is no zero-sequence current 

present. The overcurrent relay trips from the RMS current limit with a time delay due to the amplitude 

of the fault current.  

 
Figure 30 Islanded mode in grid-supporting mode with a three phase fault 
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Figure 31 displays a single phase fault occurring in grid-connected mode with the inverter controller in 

grid-feeding mode. The overcurrent relay trips on the zero-sequence current as soon as it reaches it 

limit. The three phase currents are switched off by the anti-islanding protection which is built in the 

inverter controller. 

 
Figure 31 Grid-connected mode in grid-feeding mode with a single phase fault 
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Now the single phase fault is replaced by a three phase fault and the result is shown in Figure 32. Here 

the anti-islanding protection is quicker than the overcurrent RMS settings, causing no interruption by 

the overcurrent relay. This means that the fault will still be interrupted by the anti-islanding protection 

instead of the overcurrent relay, however the whole microgrid would be shut down in that case. 

 
Figure 32 Grid-connected mode in grid-feeding mode with a three phase fault 
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When the microgrid is operating in islanded mode with the inverter in grid-supporting mode and the 

load is equally balanced over the three phases, the overcurrent relay will not trip as can be seen in 

Figure 33. 

 
Figure 33 Islanded mode in grid-supporting mode with balanced load 
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The same holds for the grid-connected mode in grid-feeding controller mode which is displayed in 

Figure 34. 

 
Figure 34 Grid-connected mode in grid-feeding mode with balanced load 
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Next, introducing unbalance in an islanded mode microgrid with grid-supporting inverter controllers 

the result is shown in Figure 35. Phase A has 3/5 of the load, where phase B and C each have 1/5, the 

total load is 8kW. This is still an acceptable level so the overcurrent relay will not trip. 

 
Figure 35 Islanded mode in grid-supporting mode with unbalanced load 3/5 in phase A and 1/5 in phase B and C 
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In grid-connected mode with grid-feeding control an unbalance can be accepted of 3/4 in phase A 

and 1/8 in phase B and C, as can be seen in Figure 36. 

 
Figure 36 Grid-connected mode in grid-feeding mode with unbalance 3/4 in phase A and 1/8 in phase B and C 

In Table 8 an overview is given for current values in: balanced, unbalanced and fault situations 

regarding to the model predictions. Firstly observing single phase faults. Regarding the zero-sequence 

current limit to detect single phase faults a distinction has to be made between grid-connected and 

islanded mode. In grid-connected mode the limit is proposed to be 0.25 and in islanded mode 0.6. This 

translates in both grid-connected and islanded mode to a limit which is about 50% higher than 

unbalance. Since the validation for zero-sequence current did not match the measurements, the zero-

sequence limits will be different in reality. In simulations it was observed that the model predicts a 

zero-sequence current between 3.7 and 4.5 times the measurements. 

Moving on with the three phase fault analysis. Regarding the RMS current limit for protection in grid-

connected mode the limit can be set on 10A primary and secondary, the highest RMS current in 

balanced situation without a fault is around 13.5A in grid-connected mode, where the fault current is 

reaching around 29A. In islanded mode, the highest RMS current in balanced situation without a fault 

is around 17A. In a fault scenario the RMS value reaches 32.5A. The plot curve of the relay will start to 

trip at an RMS current of 20A and higher in grid-connected mode and 22A in islanded mode, depending 
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on the current value it will trip faster or slower. The trip curve of the relay can be observed in Figure 

20. 

Table 8 Overview results ranges of zero-sequence current and RMS currents 

Parameter Value 

Zero-sequence current single phase fault in islanded mode with GS mode 0.8A 
Zero-sequence current single phase unbalance in islanded mode with GS mode 0.4A 
Zero-sequence current single phase fault in grid-connected mode with GF mode 0.4A 
Zero-sequence current single phase unbalance in grid-connected mode with GF mode 0.16A 
Highest RMS current in balanced situation in grid-connected mode with GF mode 13.5A 
Lowest RMS current with three phase faults in grid-connected mode with GF mode 29A 
Highest RMS current in balanced situation in islanded mode with GS mode 17A 
Lowest RMS current with three phase faults in islanded mode with GS mode 32.5A 

 

Simulations show that a the amplitude of a single phase fault current is roughly 80% of the amplitude 

of a three phase fault current in an islanded microgrid. This will be roughly the same in reality since 

the current waveforms are validated. In grid-connected mode the difference increases to about 50% 

in case of a single phase fault compared to a three phase fault. With the combination of all simulations 

done as shown above, the settings for an overcurrent relay can be concluded to be the following 

presented in Table 9. The nominal and fault currents are mentioned next to the limits to show 

perspective. It shows that it should be possible to protect a microgrid with overcurrent relays against 

three phase faults. More research is necessary to analyse the zero-sequence behaviour in single phase 

faults.   

Table 9 Overview conclusion on overcurrent relay settings 

Parameter Limits Nominal Fault 

Zero-sequence current limit in islanded mode with GS mode 0.6A 0.4A 0.8A 
Zero-sequence current limit in grid-connected mode with GF mode 0.25A 0.16A 0.4A 
RMS current limit in grid-connected mode 20A 13.5A 29A 
RMS current limit in islanded mode 22A 17A 32.5A 

 

With these results research question 3, 4 and 5 are answered. The overview of zero-sequence currents 

is shown in Table 8, according to the model inverter-based DERs operated in grid-supporting control 

supply a higher zero-sequence and RMS current than in grid-feeding control. The overcurrent relay can 

detect whether the current is normal loading or in a fault situation for both grid-feeding and grid-

supporting mode. Important to note is the zero-sequence modelling error which makes it unable to 

conclude exact settings for that part of the protection settings. Regarding the validation it shows 

potential to detect a fault situation in single phase fault cases with zero-sequence analysis, however 

this model is not sufficient enough to simulate the exact behaviour. The model predicts a higher zero-

sequence current in single phase fault situations than an unbalanced situation with a load distribution 

ratio of 3/4-1/8-1/8 in grid-connected mode and 3/5-1/5-1/5 in islanded mode.   

7.3 Results protection coordination 
Table 10 shows the result for the protection coordination case study explained in chapter 6.2. Each 

fault trips a different combination of overcurrent relays. The overcurrent relays are ranked from fastest 

to slowest tripping.  
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Table 10 Overview results protection coordination strategy applied on example network 

Fault Area Number of loads 
connected 

Number of DERs 
connected 

Circuit 
breakers 

% Load 
connected 

1 A 0 0 4, 3, 5, 6, 2, 1 0% 
2 B 2 1 4, 3, 5, 6, 2 50% 
3 C 2 2 4, 3, 5, 6, 7 50% 
4 D 1 1 4, 3, 5, 2 25% 
5 E 3 2 4, 3, 5, 6  75% 

 

In four out of five fault locations the protection strategy is able to sustain part of the microgrid. 

Considering the selectivity, the following can be concluded: fault 1 is fatal for the microgrid, because 

it is located near the earth point of the network. Circuit breaker 7, 2 and 1 should have tripped in this 

order. Fault 2 would have been selective if circuit breaker 4, 6 and 2 responded. Fault 3 should have 

tripped 4, 3, 5 and 7 in order to be selective. Circuit breaker 3 and 1 had to respond in case of fault 4. 

At last, in case of fault 5 circuit breakers 5 and 6 should have tripped in order to be selective. This 

concludes answering sub research question 6 which goal was to determine how protection devices 

could be coordinated in an islanded microgrid. 
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8. Discussion 
This study has shown results of overcurrent relay settings for RMS and zero-sequence current. The 

model presented has been validated with measurements in the lab. The protection coordination 

strategy has been tested in an islanded microgrid. Important to note are a number of limitations to 

this result.  

The most important limitation is the insufficiency of the model to predict the zero-sequence current 

behaviour. The validation in the lab showed potential for detecting zero-sequence currents, however 

the model predicts a 3.7 and 4.5 higher zero-sequence current than actually measured. This leads to 

the necessity of future research in optimizing the model in such a way that it can predict the fault 

current more accurately. Increasing the impedance in the return path did not influence enough to fully 

explain the difference.  

The inverter current limit has been set on 2 p.u. which is also applied in literature, however another 

current limit could be considered of 1.2 p.u. The problem could be that due to the lower current limit, 

protection relays are not able to detect fault currents since the RMS current will be lower in that case. 

No overloading has been considered, only unbalance has been researched and limits are described for 

grid-connected and islanded mode. There is only one model for control of the inverter used where in 

practice different controllers could be present. The model of the overcurrent relay has not been 

validated, however it is documented on the Matlab File Exchange folder. 

In terms of faults, there are two variants considered, one phase earth faults and three phase earth 

faults. In practice, most of the faults are covered with these two types of faults, however in theory 

phase-phase faults can happen as well.  

The inverter available for this study is a three phase inverter, households will be equipped with either 

a single phase inverter or three phase inverters. That would be a different case study to observe 

possible differences with single phase inverters. Finally, the overcurrent protection relay has not been 

simulated with a realistic network to prove the conceptual working principle. 

With the protection coordination strategy it would be interesting to compare the results with 

traditional time settings in grid-connected mode. This will show whether the coordination strategy 

improves the traditional method. Thereby, different network configurations are useful to analyse in 

order to determine an optimal microgrid configuration for the protection coordination strategy.  
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9. Conclusion 
In this study the goal was to develop a protection coordination strategy for islanded microgrids. Hereby 

the challenge was three folded, firstly short-circuit currents which will be lower in islanded mode. 

Secondly, it was unclear whether inverters can deliver zero-sequence currents which a protection 

system is able to detect and act accordingly. At last, there were just a few validated models for grid-

feeding and grid-supporting DERs to make fault simulations.  

The DER model in this study was used to analyse the fault current of an inverter in both grid-feeding 

and grid-supporting control mode and to test whether an overcurrent relay can be used in both control 

modes. 

The DER model was successfully validated with lab experiments for three phase faults. The 

experimental results showed that inverter-based DERs supply zero-sequence current, however the 

model is not predicting the same zero-sequence current in case of single phase faults. The simulation 

results indicate that there are differences in the fault current contribution of grid-feeding and grid-

supporting control. The grid-feeding mode supplies a lower RMS current. The grid-supporting mode 

supplies a higher RMS current. An overcurrent relay was able to successfully distinguish cases between 

heavy loading and three phase fault situations, even with very unbalanced load conditions. 

The protection coordination is able to sustain part of the microgrid in four out of five faults. However, 

the strategy is not selective in the network analysed.   

Future work should look into validating the model for zero-sequence current analysis with single phase 

earth faults. Secondly, an overloading case to check whether the limits hold for 𝐼𝑅𝑀𝑆 settings in three 

phase fault cases. Another interesting case would be to switch the current limit to 1.2 instead of 2.0 in 

the inverter controller, since the fault current will be lower in that case. Regarding the protection 

strategy it is recommended to analyse different topologies and compare the selectivity with the 

traditional protection coordination when the microgrid is operated in grid-connected mode.  
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Appendix A: Validation model zero-sequence current  
In this appendix the extended validation results will be discussed for the zero-sequence current. In 

chapter 7.1 it was clear that the model is not sufficiently following the measurements. This led to a 

further analysis. Instead of comparing the measurements and model with a complete short circuit, 

voltage dips are compared in addition. This is done by switching the voltage level from 1 p.u. to 

between 0.1 p.u. and 0.5 p.u. with a step size of 0.1 p.u.  

In Figure 37 the result is displayed for a dip towards 0.1 p.u., secondly in Figure 38 the dip is made to 

0.2 p.u., followed by a dip to 0.3 p.u. in Figure 39, a dip to 0.4 p.u. in Figure 40 and lastly a dip to 0.5 

p.u. in Figure 41. 

 
Figure 37 Validation model versus measurements with single phase fault 0.1 p.u. in zero-sequence current 
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Figure 38 Validation model versus measurements with single phase fault 0.2 p.u. in zero-sequence current 

 
Figure 39 Validation model versus measurements with single phase fault 0.3 p.u. in zero-sequence current 
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Figure 40 Validation model versus measurements with single phase fault 0.4 p.u. in zero-sequence current 

 
Figure 41 Validation model versus measurements with single phase fault 0.5 p.u. in zero-sequence current 

With these simulations it can be observed that the pattern of the measurements remains the same 

with the different voltage dips. The peak zero-sequence current drops slightly while moving from 0.1 

p.u. towards 0.5 p.u. The model shows a lower peak zero-sequence current as well, however this is a 

factor between 3.7-4.5 difference. 

 


