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Abstract 

The main goal of this thesis is to develop efficient methods for monitoring the fault level in 

the power system with increased penetration of non-synchronous generations (NSGs). This 

includes analyzing the dynamics of the fault current, evaluating the steady-state fault 

calculation methods and proposing new fault level calculation (FLC) methods to accurately 

quantify the variable fault level in future power systems. 

In classical power systems, where a large number of synchronous generators (SGs) are 

connected, the entire power system has a high fault level (i.e. high short circuit current). This 

high fault level contributes to a secure and reliable operation of the power system. 

Particularly, a secure power system protection as protective devices can easily distinguish 

between a normal (small currents) and faulty (high currents) system state. This is usually 

aided by the steady-state fault level calculation (FLC) approaches and standards which can 

accurately provide an estimation of fault currents. This accuracy is a result of the well-

understood fault current response of SG, which is traditionally modelled as a voltage behind a 

reactance in steady-state fault calculations. 

However, power systems start changing their dynamic properties due to the increased 

penetration of renewable energy sources, e.g. wind-farms, photovoltaic (PV), or battery 

storage systems, as well as decommissioning large SGs to reduce CO2 emission. These types 

of sources are also referred to as NSGs. They use the Power Electronics based interface, i.e. 

inverters, to be connected to the existing synchronously operated ac network. Therefore, they 

have low and a very different fault current contribution, compared to those fed from SGs. 

Consequently, the dynamic of the short circuit current will potentially change and the 

accuracy of the fault calculation methods will be under question as this new technology 
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requires different modelling. Furthermore, the fault level becomes significantly low, directly 

affecting power system protection and the system strength. As a result of the changes above, 

a need to monitor both the system fault level and the fault calculation methods becomes 

critical, especially in future scenarios with high penetration of NSGs.  

This thesis proposes a modification of the up-to-date IEC60909 fault calculation standards to 

include the fault contribution of NSGs more accurately, in addition to a novel FLC method 

which formulates for the changing fault level as a function of the penetration level of NSGs 

in the system. This enables the assessment of the system fault level for large numbers of the 

future grid (FG) scenarios more accurately without a need for a detailed system modelling 

and/or time-domain simulations. The thesis also proposes innovative solutions to substitute 

the low fault level as well as to mitigate the negative implications of the low fault level due to 

the increased penetration of NSGs. The thesis also proposes representative solutions to 

substitute the low fault level as well as to mitigate the negative implications of the low fault 

level due to the increased penetration of NSGs. 
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1 Introduction 

1.1 Overview and Motivation 

Sustainability and low carbon emissions are the main driving reasons behind the revolution 

towards renewable energy sources (RESs). In recent years, RESs have been introduced to the 

electrical network heavily, as they have started to replace the traditional fossil fuel power 

generation units. It is not unknown that most RESs utilise power electronics (PEs) 

technologies to be interfaced with the power grid such as wind and photovoltaic (PV). Thus, 

they are considered non-synchronous generation (NSG) sources. This gives them different 

characteristics and brings some operational challenges. As a result, there has been worldwide 

recognition of the problems associated with the high penetration of NSGs. More specifically, 

those are entirely connected through PE converters. Such sources do not contribute to the 

system inertia and fault level as much as the synchronous generators (SGs) do. Consequently, 

some research projects have been already launched to investigate the challenges associated 

with increased penetration of NSGs. For example, MIGRATE project which aims to help the 

pan-European transmission system to handle massive integration of renewable energy. It tries 

to provide a better understanding of the modified dynamic behaviour of the power system and 

tackling the negative impacts resulting from the proliferation of PEs [1].   

Fault level is one of the key aspects of any power system that should be always known for 

design and operational purposes. It is expected that the changing characteristics of the RESs 

will alter the dynamic of the short circuit (SC) currents. In addition, there is a strong potential 

to operate power systems with reduced fault level, more specifically, after the proliferation of 

large-scale RES into the transmission system instead of using the traditional SG units.  
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National Grid, in the United Kingdom, starts to pay attention to the challenge of reduced fault 

level and the negative implications on the different aspects of the power system due to the 

increased penetration of NSGs [2, 3]. In [2], it has been reported that the fault level will 

witness a steady decline in future Scenario with the increased penetration of NSGs and 

decommissioning of SGs., Fig.1 shows the average decline in the national fault level during 

the period from 2019 and 2030. This decline is region-dependent as can be shown in Fig.2, 

which shows the largest decline in the fault level that is expected to occur in the North- East 

and East midlands. 

 

Fig.1: National change in Fault Level 2019-2030 [2] 

 

Fig.2: Regional change rates in fault level across UK [2] 
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In fact, this changing trend in the fault level (i.e. fault level decline) will affect several 

aspects of the power system including, but not restricted to, protection settings and 

coordination, system strength and power system stability [1-5]. Therefore, there is a need for 

monitoring the variable fault level and quantifying the fault level decline on the transmission 

system at different penetration of NSGs.  

Traditionally, such a task could have been easily accomplished by using the steady-state 

calculation methods and standards (e.g. IEC60909 and IEEE standards) which can provide 

decent approximations for the fault level [6, 7]. This is due to the full understanding of the 

fault current contribution from SG and the way of their modelling as they form the main 

source feeding the faults in classical power systems. 

However, in the future scenario where the most of demand is expected to be met by the NSGs 

(i.e. RESs), the fault calculation methods might be either misleading or they might provide 

poor estimation for fault currents. This because of the very different characteristics of the 

fault currents fed from NSGs compared to SGs. The fault contribution of the NSGs  depend 

on several factors (e.g. control, grid code) and cannot be simply modelled as SG in the fault 

calculation methods [8-10]. This brings a new challenge to the surface and raises a concern 

about the ways and methods of calculating the fault currents in future power systems with 

high penetration of NSGs. 

Therefore, this thesis aims to propose new tools for fault level calculations in power systems 

with high penetration of NSGs. This enables tracking the variable fault level in different 

scenario more accurately in future scenario. To do so, the work focuses on understanding the 

fault currents fed from NSGs and the correlation between the changing trend of fault level 

and the penetration level of NSGs. Then, the thesis has discussed the challenges in modelling 
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of  NSGs focusing on the IEC60909 standards and has proposed a modification to include the 

fault current contribution from NSGs more accurately.  

A formulation for the correlation between the changing fault level and the penetration level of 

NSGs has been proposed and validated against the dynamic simulations and the steady-state 

calculation methods available in literature. Such formulation has provided an effective way to 

quantify the expected reduction fault level as a function of the penetration level of NSGs. 

Finally, some possible solutions have been also proposed in order to tackle the problem of 

low fault level in future scenario. These cover the enhanced fault ride through (FRT) 

capability of the converter, oversizing the converter interfacing the NSGs and installation of 

synchronous condensers to substitute the low fault levels. 

 

 

 

 

 

  



Page | 25 

 

1.2 Project Objectives 

The thesis undertakes a comprehensive review on the related literature that covers several 

aspects: Fault current contribution from NSGs, the impact of the increased penetration of 

NSGs on the system fault level, the steady-state methods and standards for fault calculation 

with the presence of NSGs. On the basis of the review, the thesis identifies some primary 

objectives as follows: 

 To investigate the fault current contribution fed from the NSGs considering most of 

the factors might influence this fault contribution with a focus on control of NSGs and 

the grid code requirements.  

 To analyse the impact of the increased penetration of NSGs on the short circuit 

response and the fault level. 

 To assess the ways of modelling of the NSGs and the accuracy of existing steady-state 

calculation methods with high penetration of NSGs scenario.  

 To modify the up-to-date IEC60909 standards in order to consider the fault 

contribution from the NSGs more accurately. 

 To propose a novel formulation for fault level calculation (FLC) method to quantify 

the variable fault levels as a function of the penetration level of NSGs in the system.  

 To address the negative impact of the fault level reduction, due to the increased 

penetration of NSGs, and to propose some solutions to improve the fault level profile 

in future power systems. 
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1.3 Thesis Outline 

The rest of the thesis is divided into eight chapters that are structured as follows:  

Chapter 2- Background and Literature Review 

This chapter presents a comprehensive background as well as an up-to-date literature review 

about the theme of fault level in power systems. This covers several aspects and challenges 

related to the fault level in future power systems with high penetration of RESs. At first, it 

presents a background and literature on the definition of the fault level showing its 

importance for different applications. Then, it discusses the requirements for fault level in 

line with the negative implications which might be manifested in future systems due to the 

increased penetration of RESs. After that, it provides an overview of the fault current 

contribution fed from SGs and their modelling for fault calculation purposes. In addition, it 

presents the concept of NSGs by providing deep-look literature on the fault contribution from 

these sources considering various factors. Finally, the existing steady-state fault calculation 

methods and the commercial standards (e.g. IEC60909) are introduced and the ways of 

modelling and calculating the fault level with a high share of NSGs are also reviewed. 

 

Chapter 3- Analyzing the impact of increased penetration of NSGs on the Fault Level 

This chapter analyses the impact of the increased penetration of NSGs on the fault level. It 

discusses the control of NSGs considering the FRT and grid code requirement. Then, the SC 

current characteristics of NSGs are investigated under different FRT control strategies. This 

includes a comprehensive study of the factors, which might affect the fault contribution of 

NSGs such as the FRT control parameters, the operation conditions and the overrating 

capability of the generator. Finally, a sensitivity analysis of the SC current characteristics to 

the penetration level of NSGs is conducted using different test systems. 
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Chapter 4- Evaluating the accuracy of Steady-state Fault calculation methods with high 

penetration of NSGs 

This chapter studies the performance of steady-state fault calculation (SSFC) methods in 

power systems with a high penetration of NSGs, i.e. generation connected to the grid over 

fully rated converter (FRC) technologies. At first, the ways of modelling and representing 

NSGs in SSFC methods are presented and studied. Then, the accuracy of the existing SSFC 

methods is evaluated with the increased penetration of NSGs. The results are compared and 

validated against dynamic simulation results. Finally, it identifies issues and challenges of 

these SSFC methods when applied for networks with a high penetration of NSGs. 

Chapter 5- Proposed Modification of the latest version of IEC60909 standards to consider 

the fault contribution of NSGs 

Chapter 5 presents a proposed modification for the fault calculation method according to the 

latest version of IEC60909 standard to consider the fault contribution from the NSGs more 

accurately. At first, the way of calculating the fault currents including NSGs according to the 

latest version of IEC60909 standards will be presented. Then, the proposed modification 

considering the reactive current injection according to the FRT and grid code will be 

explained. Finally, the results of both the current IEC60909 as well as the proposed methods 

will be validated against the actual fault currents obtained from the RMS simulations. 

Chapter 6- Novel MVA-based Fault Level Calculation Method in Future Grid Scenario 

with High Penetration of NSGs 

This chapter proposes a novel fault level calculation (FLC) method to quantify the fault level 

in future grid (FG) scenario including various penetrations of NSGs, i.e. renewable 
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energy sources (RESs). The MVA representation of the fault level in classical power system 

is presented. Then, the proposed methodology for augmenting the FLC method to consider 

the fault level fed from NSGs is explained and discussed in more detail. Finally, it presents a 

mathematical formulation of  the proposed FLC method including the impact of NSGs on the 

basis of their penetration level. Finally, the efficacy of the proposed FLC method is 

demonstrated for large numbers of NSGs’ penetration after compared with time-domain 

simulations and the IEC60909 standards performed in several test systems. 

Chapter 7- Possible Solutions to improve the fault level profile in Future Power Systems 

This proposes some solutions to substitute the low fault level resulted from the increased 

penetration level of NSGs. This includes the enhanced FRT capability of the NSGs and 

installation of Synchronous condensers (Synchronous condensers) in low fault level systems. 

In addition, it discusses the negative implications of the low fault level on the system strength 

showing the efficiency of the suggested solutions in mitigating this negative impact due to the 

increased penetration of NSGs. 

Chapter 8- Conclusion and Future Work 

This chapter concludes the thesis. It presents the key points and the outcomes drawn from the 

overall research. It also summarizes the main findings and the contributions of the thesis. In 

addition, it provides an overview of the potential research and ideas resulted from this thesis 

for future work. 
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2 Background and Literature Review 

This chapter presents a comprehensive background as well as an up-to-date literature review 

about the theme of fault level in future power systems. This covers several aspects related to 

the fault level in the classical power systems. At first, it presents a background and literature 

on the definition and the importance of the fault level. Then, it discusses the requirements for 

fault level in line with the negative implications that might be manifested in future systems 

due to the decline in the fault level. Then, it provides an overview of the fault current 

contribution fed from SGs and their modelling for fault calculation purposes. In addition, it 

presents the concept of NSGs and provides deep-look literature related to the fault 

contribution from these sources considering various factors might affect such fault 

contribution. Then, the existing steady-state fault calculation methods and the commercial 

standards (e.g. IEC60909 standard) are introduced and the ways of modelling and calculating 

the fault level with a high share of NSGs are reviewed. 

2.1 Fault Level (Definition) 

The fault level is a term used to describe either the short-circuit current or the short-circuit 

power MVA. In this thesis, this term will be used to refer to the short circuit power MVA 

associated with the maximum current that could flow at a certain point when a fault (i.e. short 

circuit) occurs at that point in a power system. It provides a measure of the strength or 

weakness of a system describing the ability to provide both current and voltage at the faulty 

point. System strength is referred to as the system impedance seen at that point [11]. Thus, a 

higher fault level (the lower impedance) implies that the power system is stronger at that 

point and vice versa [11, 12]. In a three-phase transmission system, this is given as follows: 
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SC N SC3    MVA V I  (1.1) 

Where SCI , is the maximum symmetrical short circuit current in kA. 

The above equation defines the fault level value for the symmetrical condition (symmetrical 

three-phase bolted fault) based on the maximum SC currents associated with such faults. 

Note that fault level values depend on several factors mainly on the point at which the fault 

occurs considering various system voltage levels. In conventional power systems, SGs are 

considered as the main source providing the SC currents. In such systems, the highest value 

of the fault current is observed immediately at the instant of the fault initiation, and then the 

SC current shows a decaying characteristic before reaching its steady-state value [6]. The 

fault level MVA  usually defines the value for the symmetrical condition. It has different 

values depending on the point at which the fault occurs considering the various system 

voltages. Table 1, shows some typical values of the fault level according to [13]. It is an 

important design parameter for the protection coordination and the interrupting capability of 

the circuit breakers. Using the MVA representation instead of the fault current (kA) might 

have its advantages. The fault level (MVA) is a better indicator of the stress on circuit 

breakers (CBs) than the SC current; as the CBs have to withstand the recovery voltage across 

breaker following the arc interruption [13].  

Table 1: Typical values of the fault level for different system voltages 

Nominal Voltage (KV) Fault Level (MVA) 

132 5000-25000 

33 500-2500 

11 10-250 
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2.2 Importance of the Fault Level 

2.2.1 Power System Protection 

The fault level is an important component in power system protection. It plays a key role in 

the design and operation of protective devices. While a higher fault level requires electrical 

components with the higher capability to withstand the fault currents (i.e. higher cost) [14, 

15], high fault level contributes to secure and reliable operation of power system protection. 

Table 2: The impact of low fault level on different protective device 

Protection 

Scheme 
Operating Principle Impact of Low Fault Level 

Differential 

Protection 

Compares the current infeed and 

output from the equipment; if the 

difference between the two is 

greater than bias current; the 

relay is set to trip. 

If the difference between the currents is very 

small, it may not be detected by the relay. 

The bias may need to be set comparatively 

high at times of low short circuit level to 

avoid mal-operation. 

Distance 

Protection 

Calculates the impedance at the 

relay point and compares it with 

the reach impedance; if the 

measured impedance is lower 

than the reach impedance, the 

relay is set to trip. 

Not affected if the ratio of voltage to current 

decreases following the short circuit. This 

ratio however will be affected by the 

significantly different volumes of 

synchronous generation at peak and 

minimum demand and may drive additional 

settings. 

Over 

Current 

Protection 

The operating time of the relay is 

inversely proportional to the 

magnitude of the short circuit 

current. 

 

This type of protection is the most likely to 

be affected by low short circuit levels, 

however these schemes are mainly used for 

back-up protection and therefore the 

consequences may not be severe, provided 

that main protection schemes are not 

compromised. 

In other words, an adequate fault level is required to detect the faults and to allow protective 

devices distinguishing between normal and faulty conditions. According to recent literature, 
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it is potentially expected that the decline in fault level would negatively affect the operation 

of protective devices (e.g. Overcurrent, distance and differential relays) [3, 16-18]. According 

to national grid in UK [16], it has been reported that the expected decline in the minimum 

required fault level might lead to maloperation of transmission system protection in Great 

Britain as shown in Table 2. 

2.2.2 Voltage Support 

Fault level is required to support the grid voltage in normal and abnormal conditions. A low 

fault level represents (“weak area”) with high sensitivity of voltage to changes in power 

change (both active and reactive). On the other hand, High fault levels represents (“stiff 

area”) with a low sensitivity of a voltage to  changes in power change[19]. In other words, 

low fault level conditions might lead to a significant voltage change in response to change in 

the power, which might lead to a voltage collapse. 

2.2.2.1 Voltage Step Limit (During Switching Events) 

Capacitor banks are used for voltage support purposes on large load at both transmission and 

distribution levels (usually near to large load center) as shown in Fig.3. The voltage step 

change depends on the strength of the system at the connection point characterised by the 

fault level. The higher the fault level, the less the voltage changes due to capacitor banks 

switching. Therefore, a minimum fault level is required to ensure that the voltage step after a 

switching event is still within the voltage limits (e.g. +/- 5% of the nominal voltage). 
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Fig.3: The single line diagram of a capacitor bank switching event 

There is a strong correlation between the fault level and the voltage deviation result from 

such events. The higher the fault levels the smaller the voltage step.  The relation between the 

fault level and the voltage change due to capacitor bank switching is expressed in (1.2).  

C

SC

% 100 
MVA

V
MVA

    (1.2) 

Where, SC C,  MVA MVA  are the fault level and the rating of the capacitor bank respectively. It 

can be shown from (1.2) that the voltage step is inversely proportional to the fault level 

(MVA). Hence, the higher the fault level, the lower the change in the voltage. In other words, 

a minimum fault level should be available to guarantee the voltage limit when switching a 

capacitor bank. For example, if a voltage limit is chosen to be 0.1 p.u. (i.e.+/- 10% of the 

nominal voltage), a minimum fault level that equals to 10 times of the switched capacitor 

bank rating (i.e. SC CMVA MVA ) is required to avoid violating the voltage limits. 

2.2.2.2 Dynamic Voltage Support 

During the faults, it is required from the NSGs to dynamically support the terminal and non-

terminal voltages in the system by injecting reactive current. This dynamic voltage support 

helps to limit the voltage dip propagation, achieving a smooth voltage recovery after clearing 

the faults, and avoiding voltage collapse [20-22].  
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The level of dynamic voltage support depends on the fault level itself. The voltage dip 

propagation during the faults depends also on the amount on the strength of the system (i.e. 

fault level). This requires a certain fault level should be fed during the faults in order to limit 

the severity of the voltage dip and the affected area as well. Therefore, a shortfall in the fault 

levels will potentially form a serious challenge for the dynamic voltage support during the 

fault. Furthermore, the voltage recovery after the fault might potentially be affected.  

According to [23, 24], the voltage at Bus-i due to a fault at Bus-j ( ,i jV ), and the voltage at 

Bus-j due to a fault at Bus-i ( ,j iV ), are correlated to the fault level by the following relations 

in (1.3).  

, ( , ) ( )1i j i j SC jI  V Z  

, ( , ) ( )1j i j i SC iI  V Z  

(1.3) 

Where, ( , )i jZ , and ( , )j jZ  are the (ij) and (jj) elements of the Z-Bus matrix respectively.  

Knowing that [ ]Z  is a symmetrical matrix, then the elements ( , )i jZ and ( , )j iZ are equal. This 

means that the voltage at a certain Bus during the fault on another Bus depends on the  fault 

level at the faulty Bus itself. In other words, the stronger Bus (e.g. Bus-i) which has the has 

higher fault level (i.e. SC( ) SC( )i jI I ) will have a higher voltage during the fault (i.e. 

, ,i j j iV V ) and vice versa.  

Hence, the voltage dip propagation from the faulty point to the other Buses in the system not 

only depends on the transfer impedance between the two Buses (i.e. ( , )i jZ ), but also on the 

fault level at each Bus. The higher the fault level the less severe voltage dip will be observed 

due to a fault on another Bus in the system.  
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2.2.3 Stability of Power Electronics-Based Sources 

Most of RESs utilise converters to be interfaced with the grid. This includes those are directly 

connected sources as well as those connected through HVDC links (e.g. offshore wind). Such 

sources require a minimum level of system strength to operate properly. It is common to use 

the short circuit ratio (SCR) to characterize the system strength at the point of connecting the 

converter to the grid. The SCR is defined in (1.4) as follows: 

SC

C 

MVA
SCR

P


 

(1.4) 

Where, 

SCMVA : The fault level (MVA) at the point of common coupling without the contribution 

from the converter-connected source. 

CP : The rated power of the converter-connected source (MW). 

According to [25], the system strength of the ac/dc connection is categorized on the basis of 

the values of the SCR as shown in Table 3. Operating these sources in low SCR conditions 

(SCR<3) might lead to failure or instability. 

Table 3: Strength of the ac/dc connection 

SCR value Strength 

SCR >3 HIGH 

3>SCR>2 LOW 

SCR<2 VERY LOW 
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2.2.3.1 LCC HVDC Links 

Fault level is an important design parameter for HVDC links, more specifically, those which 

utilise line-commutated converter (LCC). In this technology, the commutation between the 

switches depends on the line voltage. In weak connection, conditions (i.e. low SCR), the line 

voltage will be more vulnerable to disturbances. Consequently, operating the HVDC in weak 

grids (i.e. low SCR)  might potentially lead to several issues such as the commutation failure 

of the valves, overvoltage from load rejections, frequency resonances and voltage instability 

[26, 27]. These can be avoided by having a sufficient fault level (SCR).  

2.2.3.2 Non-Synchronous Generation 

NSGs utilise phase-locked loop (PLL) controllers to be synchronized with the grid. PLL 

tracks the phase and frequency of the grid voltage which is a crucial task for controlling the 

power transfer between the converter and the grid. However, PLL might not be able to 

operate properly during the low fault level conditions (weak ac/dc connection) [2, 3, 28, 29]. 

This is mainly due to the distortion might occur to the voltage in case of disturbances. 

According to [28], it is difficult to operate the PLL at low SCR and a high gain is required in 

such conditions for dynamic coefficient adequacy.  

Furthermore, these NSGs might not be able to ride through the faults in the case of weak 

connections. Low SCR means that a severe voltage dip might be observed at the point of 

common coupling (PCC) in case of severe faults as discussed earlier. Accordingly, converter 

blocking or instability issues might be faced. As a result, a minimum fault level should be 

available to guarantee a stable operation of NSGs and the FRT during the fault [29]. 
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2.3 Characteristics of Fault Current in Classical Power Systems 

2.3.1 Fault Current Contribution from Synchronous Generator 

Traditionally, SG is considered the main source of feeding the SC currents. The characteristic 

of maintaining the field excitation of the SG allows producing a voltage which gives the 

generator the capability to keep providing SC current to the faulty point. The SC current 

produced by the SGs has time-dependent characteristics as shown in Fig.4. It can be observed 

that the highest value immediately at the instant of the fault initiation, with decaying 

characteristics before reaching the steady-state value.  As can be shown in Fig.4, the SC 

current shows its maximum contribution initially at the first few cycles (i.e. it might reach up 

to 10 times the rated current). This can be a result of the air gap flux of the synchronous 

generator that has its highest value at the instant at which the SC occurs. Thus, the 

availability of this high flux leads to producing the highest SC current. Note that the initial 

instantaneous peak current usually includes a dc component. 

 

t

isc(t) Sub-transient

Period

Transient

Period
Steady-state
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Fig.4: Waveforms of the SC currents of the synchronous generator 



Page | 39 

 

This dc has a maximum value if the SC occurs when the voltage at zero. However, the air gap 

flux starts decreasing with the time, followed by a reduction in the stator current. 

Accordingly, the generated internal voltage by the air gap flux will be also reduced. As a 

result, the SC current will show a more gradual reduction by the time. It is worth mentioning 

that the decaying rate of the SC current and the value of the steady-state current depend on 

the machine time constants, as well as the regulation of the field current [11, 13, 30]. 

The fault current from SG behaviour can be divided into three current contributions (i.e. Sub-

transient, transient and steady-state component) as previously shown in Fig.4. Therefore, it is 

a common practice to represent the decaying nature of the SC current by using a varying 

reactance of three different values to account for these three current contributions. Each 

period has its importance and used for different purposes. For instance, the sub-transient 

current is crucial for fault detection while the transient current determines the breaking 

capability of the circuit breakers. The following section presents more detail concerning 

modelling the SG for fault calculation purposes. 

2.3.2 Modelling of SG in Fault Calculations 

In order to model the fault response of the SG, a voltage behind impedance (reactance) is 

usually used. Such a way of modelling has been proven in the literature for its accuracy as it 

can provide decent approximations for the fault current in steady-state calculation methods 

with almost negligible errors [11, 13, 30]. As stated earlier, the fault current from SG shows a 

time-decaying behaviour which is divided into three current contributions (i.e. Sub-transient, 

transient and steady-state component). To account for these three periods, a varying reactance 

of three different values is used. In other words, three different circuits are used to model the 

SC current of SG [30]. 
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 Sub-Transient Period 

In the sub-transient period, see Fig.5, the Sub-transient reactance,   , includes a leakage 

reactance of the machine ,   , in searies with a parallel combination of three reactances: 

armature reaction reactance,    ,the field windings reactance    and damper windings 

reactance   . The damper windings are used to provide additional paths for circulating 

damping currents in a form of solid copper bars run through the rotor [31]. Note that the 

reactances (   and   ) appear in the sub-transient equivalent circuit as a result of the induced 

current at the initial stage of the fault. The equivalent reactance of the sub-transient circuit is 

expressed in (1.5). 

l

a d f

" 1
  

1 1 1

(  ) (  ) (  )

X X

X X X

 

 

 
(1.5) 
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Fig.5: The circuit model of sub-transient fault period 
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 Transient Period 

As the damper winding currents die after few cycles, the damper winding reactance is 

eliminated and replaced by an open circuit as shown in Fig.6. Therefore, the equivalent 

circuit of the SG during the transient period is limited to the leakage reactance (  ) in sereas 

with a parallel combination of two reactances (   and   ) as expressed in (1.6). 

a

'

l

f

1
  

1 1

(  ) (  )

X X

X X

 



 
(1.6) 
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Fig.6: The circuit model of transient fault current 

 Steady-state period 

In this period, the current will show its final value and stop decaying. Hence, the equivalent 

circuit will be limited to include the leakage reactance (  ) in series with the armature 

reaction reactance (  ) only as shown in Fig.7. The equivalent reactance of the circuit is 

formulated in (1.7). This means that the currents in the field windings also have already died. 
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Fig.7: The circuit model of steady-state fault current 

 

Note that this steady-state reactance is also called synchronous reactance or direct axes 

synchronous reactance in case of salient pole SG.  

l a   X X X   (1.7) 

Each reactance has a certain value to represent the corresponding period. The typical values 

of these reactances can be approximated as shown in Table 4 [32, 33].  

Table 4: Reactance values during the SC event 

Reactance Symbol Range per-unit Period 

Sub-transient X˝ 0.09 – 0.17 0 – 6 cycles 

Transient X΄ 0.13 – 0.20 6 cycles to 5 sec. 

Synchronous X 1.7 – 3.3 after 5 sec. 
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2.4 Steady-State Fault Calculation Methods 

Fault current calculations are required for planning and operation studies in power systems. 

Simplicity, a need for less detailed network modelling, and speed are the main reasons behind 

using the SSFC methods for fault current estimations instead of the detailed and time-

consuming dynamic simulations [34]. There are two main SSFC methods for fault current 

estimation including: 1) the equivalent voltage source method, and 2) the complete 

(superposition) [11, 34, 35]. 

2.4.1 The Equivalent Voltage Source Method 

This method applies a voltage source at the faulty point after neglecting other voltage sources 

in the system. It represents the system during the fault condition by the equivalent impedance 

seen by the faulty point connected to a voltage source. The equivalent impedance includes 

other system elements, which are represented by their corresponding impedances in the 

equivalent circuit for fault currents estimation.  In the equivalent voltage source method, pre-

fault conditions and load currents are ignored, but correction factors are used instead to 

represent their impacts in the fault estimation. Most of fault calculation standards such as the 

IEEE [7] and the IEC60909 [35] standards are on the basis of this methodology. In the 

IEC60909 standard, the nominal values of the system parameters are considered with 

correction factors for the pre-fault voltages and impedances. These methods, however, may 

provide conservative estimations for fault currents. In IEC60909 standards, where the 

equivalent voltage source method is considered, the nominal values of the system parameters 

with correction factors for the voltages and impedances. Although this might give an extreme 

estimation for SC currents, IEC60909 standards have been accepted in many countries. These 

standards are mainly used for planning purposes when the operational conditions are not 
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known. They are applicable in both low voltage, and high voltage three-phase AC systems 

operating at 50 Hz or 60 Hz. The main assumptions that used to calculate the SC currents on 

the basis of IEC60909 standards are: 

 The three-phase SC occurs on all phases at the same time. 

 The number of the faulted phases is maintained constant during the whole fault 

period. 

 The pre-fault conditions and the load currents are not considered. 

 The considered voltages are the nominal values.  

 Correction factors are applied to the nominal voltages to guarantee the conservative 

results for both minimum and maximum SC currents. 

In fact, any calculation method aims to represent the current as a function of time at the faulty 

point during the SC event, from the initiation to the end as shown in Fig.8. However, 

IEC60909 standards for SC calculation [6, 35], define some parameters to characterize the 

SC current waveform, as shown in Fig.8. These parameters can be concluded in the following 

points:  

 Initial symmetrical short-circuit current
"

k( )I : The RMS value of the AC symmetrical 

component of a prospective (available) SC current, which is applicable at the instant 

of a SC if the impedance remains at zero-time value. 

 Peak instantaneous SC current p( )I : The Maximum possible instantaneous value of 

the prospective (available) SC current. 

 Steady-state SC current k( )I : The RMS value of the SC current that remains after the 

decay of the transient phenomena. 
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Fig.8: SC current according to IEC60909 (far-from-generator fault) 

 DC component of SC current DC
( )i  

 The Initial value of the dc component ( )A  

In such a method, the initial symmetrical fault current is calculated firstly, and then the other 

fault components are calculated on the basis of this value. The calculation procedure for the 

initial symmetrical fault current will be discussed in chapter 5. 

2.4.2 The Superposition (Complete) Method 

This method is known for its improved accuracy compared to the equivalent voltage source 

method. It considers the pre-fault load flow information to determine the accurate voltage at 

the faulty point without using correction factors. In the complete method, the calculated pre-

fault negative operating voltage is applied at the faulty point, while the other voltage sources 

are neglected. Further, it considers the effects of the excitation for all generators, tap 

positions of transformers, and the status of circuit breakers. By adding both pre-fault and fault 
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results from their corresponding circuits, this method determines the system conditions after 

the fault assuming that the system impedances are linear. 

So far, the above methods have provided reasonable estimations of system fault currents in 

the conventional power systems. However, their performance and accuracy in power systems 

including high penetration of NSG may not be satisfactory. This will be investigated and 

discussed in more detail in the following chapters. 
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2.5 Background and Review about Non-Synchronous Generation 

2.5.1 Fully-Rated Converters Technology 

FRC technology is becoming popular in modern power systems [31, 36]. This new 

technology is currently used in connecting different RESs (such as type-4 wind, PV, and fuel 

cell), as well as to transmit the electrical power through HVDC links. Moreover, FRC-based 

wind turbines (i.e. type-4 wind turbines) are expected to be dominating the future market due 

to their advantageous properties such as full power and speed controllability, decoupled 

control of active power and voltage regulation and a better grid support capability [36-38]. 

Regardless of the type of the electrical generator (conventional SG, a permanent magnet or as 

an asynchronous generator) the entire power is transferred to the grid side through AC-DC-

AC converter in case of wind. Fig.9 and Fig.10 show a typical configuration of the FRC 

technology in Type-4 wind and PV system respectively. 

C

AC bus

Grid

DC/AC

DC bus  

Fig.9: A Fully-rated converter technology in PV system 

C

AC bus

Grid

DC/AC

AC bus

AC/DC

 

Fig.10: A Fully-rated converter technology in Type-4 wind 



Page | 48 

 

However, a DC-AC converter is used in the case of PV systems. Due to the fact that all the 

power at the generator side is transferred through the power converter, the generator 

characteristics and dynamics are completely isolated from the grid. Consequently, the grid 

side converter and its controller play a key role in determining these dynamics including the 

response during the faulty conditions.  

2.5.2 Control of Non-synchronous Generation  

The control of the NSG is usually simplified to consider only the grid side converter. This is 

because the dynamic of the generator side is isolated from the grid. It is used to control the 

active power (by controlling the DC voltage) and the reactive power (or the ac voltage) 

delivered to the grid. The structure of the classical controller consists of cascaded controllers: 

outer P-Q controller and an inner current controller [39-47]. The P-Q controller compares the 

measured active and reactive power values with the corresponding set points before it applies 

a control action by employing PI controllers.  

The output of the P-Q controller form references of the active and reactive currents, which 

will be fed to the inner current controller. Then, these reference currents will be compared 

with the measured values and then controlled using faster controllers. Those regulated 

currents determine the commanded output voltages, which are fed to the converter through 

the pulse width modulator. It is worth pointing out that this is usually done in the 

synchronous d-q frame with the assistance of a PLL which provides the reference angle. 

Fig.11, shows the structure of the grid side converter [47]. 
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Fig.11: Control of NSG during normal conditions (grid side converter) 

2.5.3 Fault Ride Trough and Grid Code Requirement 

Grid codes are specifications and rules, which define the technical requirements for 

connecting generation units to the grid. These requirements are defined by the Transmission 

System Operators (TSOs) to ensure reliable and stable grid performance [48, 49]. FRT 

capability, also referred to as Low Voltage Ride Through (LVRT), is one of the key aspects 

of grid codes defining the rules for connecting RESs to the grid  [48, 50-54]. It defines the 

required performance of the connected RESs during the faulty conditions. FRT requirements 

are mainly used to maintain the continuity of the supply and to avoid any potential generation 

loss during and after severe faults [55, 56]. Traditionally, the contribution of RESs to systems 

fault currents was negligible. However, with the increased penetration of such resources, 

most power system operators and grid codes require RESs to ride through the fault. Hence, 

RESs are required to remain connected during system faults. The FRT requirements of  RESs 

vary among the countries depending on several factors such as the penetration level of RESs, 

the size of the generation unit and the robustness of the grid [48, 55]. In Europe, the European 

network of transmission system operators for electricity (ENTSO-E) requires from each TSO 

to provide a voltage-against- time profile defining the FRT requirement of the generators 

connected at the transmission level. 
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Table 5: The parameters for the FRT profile as defined by ENTSO-E  

Voltage Parameters (p.u.) Time Parameters (s) 

Uret 0.05-0.15 tclear 0.14-0.25 

Uclear Uret-0.15 trec1 tclear 

Uret1 Uclear trec2 trec1 

Uret2 0.85 trec3 1.5-3.0 

While Fig.12 shows this FRT profile, Table 5 provides a guidance for the values of these 

parameters as defined by ENTSO-E [57]. Fig.13 also shows the FRT profiles defined by  

t/sec

U/p.u.

1.0 

Urec2

Urec1

Uclear

Uret

0 trec2tclear trec1 trec3

 
Fig.12: The FRT profile of a Power Generating Module according to ENTSO-E 
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Fig.13: The FRT requirements for Denmark, Germany and Great Britain 
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different national grid codes such as Denmark, Germany and Great Britain[58]. In most of the 

grid codes, RESs are not only required to remain connected to the grid during system faults, 

but also to provide dynamic voltage support. In other words, they should be able to inject 

reactive current during the voltage dip period [48-53, 55, 57-61]. This additional reactive 

current injection helps to support the voltage dip during the fault, recovering the voltage after 

the fault and providing enough fault current required for protection systems [59]. Note that 

grid codes define a positive sequence current injection (i.e. balanced currents) even in the 

case of unbalanced faults [62]. However, some recent work starts to consider the negative 

sequence control and the injection of unbalanced currents during unbalanced faults [63-66]. 

The value of the injected reactive current depends on the FRT control that varies according to 

the used grid code. While some grid codes entail the NSGs to inject the maximum reactive 

current during the fault like Great Britain [67] and Denmark [68, 69], others define a 

proportional gain (e.g. German grid code) [60, 62]. Fig.14 shows the requirement for reactive 

current injection during the voltage dip according to the German grid code [62]. 
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Dead Band
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∆ 𝑟 (%) 

𝐾 =
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Fig.14: The requirement for reactive current injection from RES during 

 the low voltage conditions according to German grid code 
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This gain is referred to as k-factor and it can have any value between 2 to 10 (i.e. 2<K<10) 

with k=2 as a default value. In the present, the control of the converter and the reactive 

current injection strategy will be only restricted to the positive sequence control. However, 

the control of the converter will be adjusted to allow for applying different grid code 

requirements if needed.  

2.5.4 Short Circuit Current Behaviour of FRC-based NSG 

As discussed above, most grid codes require RESs to remain connected during the faults and 

to dynamically support the voltage by injecting reactive current. Consequently, the fault 

current contribution from the RESs cannot be ignored anymore, especially in power systems 

with high penetration of RESs. Generally speaking, NSGs may provide low fault currents 

(e.g. small values above the rating of the generator) compared to SG, which might provide 

high fault currents as shown in Fig.15. Observe the difference between the fault currents in 

both the value and the dynamic characteristics with time.  

 

Fig.15: The SC current from a 50 MVA generation unit in response to a three-phase bolted fault at the 

generator terminal:a) SG, and b) FRC-based NSG (type-4 wind)  
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In general, the fault current of NSG is limited to protect power electronic switches that have 

limited overrating capability. Beside the reactive current injection during the voltage dips, 

several factors affect the fault contribution from the NSGs (e.g. FRC rating, control and the 

pre-fault operation conditions).  

Note that this will be studied in more detail later, considering most of these factors might 

influence the fault response of the NSG during the faults. Recently, a considerable amount of 

literature has been published on the fault contribution of NSGs. These studies can be 

categorized into two main classes: Those focused on investigating different characteristics of 

SC currents supplied from NSGs considering different FRT control strategies [8-10, 59, 70-

85]. Those studied modelling and representation of the NSGs in steady-state fault 

calculations [9, 35, 86-90].  

Generally, the fault contribution includes a very fast transient followed by a steady-state 

current.  In recent literature, there is no clear insight regarding neither the lasting time nor the 

value of this immediate fault contribution from NSG utilising FRC. However, some research 

has pointed to this transient fault current which might usually be observed immediately at the 

instant of the fault. As far as the steady-state fault contribution is concerned, the FRT control 

and the overrating capability of the converter define the upper limit of the steady-state fault 

current supplied from the NSGs. It is also limited to around the rating of the Power Electronic 

converter connecting the NSG to the AC grid. For instance, according to [11], the RMS 

transient fault contribution of NSG is limited to 0.28 p.u. of the rated current in response to a 

bolted fault at the PCC. For this approximation, it has been assumed that, prior to the fault, 

the converter is operated at the rated values with no additional reactive current injection 

during the FRT control.  
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In [72], FRC-based NSG might contribute to a transient current of value between 1.1 p.u. and 

1.5 p.u. depending on the pre-fault operating condition and the retained voltage during the 

fault. It also claimed that the initial transient fault current might be observed within 1 to 2 

cycles from the fault inception. However, the steady-state fault contribution depends on the 

FRT control and the injected reactive current, which also will be limited according to the 

overrating capability of the converter.  

Another study in [73] states that the maximum RMS value of the transient fault current might 

range between 2 to 3 p.u. in the first 2 cycles. While the steady-state fault current ranges 

between the pre-fault load current magnitude as a lower limit, and an upper limit of (1.5 p.u.). 

Researchers in [78], investigated the fault current contribution of a 3 MW photovoltaic 

system connected to a medium voltage power system. The results have illustrated that the 

inverter has a small peak current during the transient period. In addition, this transient current 

contribution has only a duration of some milliseconds (ms). In terms of the steady-state fault 

current, it is mentioned that PV inverters could be able to supply a positive sequence current 

even for unsymmetrical faults. This current might exceed 1.0 p.u. depending on the overload 

current limitation of the generation system. 

In [74], the converter of the NSG contributes to a limited steady-state fault current according 

to the converter current limiting module which switches to a pre-defined fault current 

reference of (2 p.u.).  

A 1 MW inverter has been tested in an experimental study in [70], the inverter had the 

capability to remain connected during the fault (i.e. FRT capability), and it contributed to a 

steady-state fault current of approximately 1.2 times the rating of the converter. This current 

could last until 7 cycles from the time of the fault initiation.  
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According to some technical information about the PV inverters provided in [82], the SC 

current can be characterised by three components: first, a very fast transient (e.g. lasts for less 

than 40 μs) which might have a high instantaneous peak value, e.g. might reach up to (5 p.u.). 

Second, an initial symmetrical RMS current which might reach up to (1.4 p.u.) and lasts for 

less than (30 ms) Third, a steady-state symmetrical RMS current of 1.0 p.u. and lasts till 

clearing the fault. 

Researchers in [76], stated that the fault current contribution is limited to small values due to 

the fast control action used to protect the power electronics. They have studied the fault 

response of type-4 wind generator when a three-phase fault has been initiated at the point of 

connecting the wind power plant to the transmission system. The results of the study showed 

a momentary peak transient, which equals to (2.4 p.u.), has been observed initially in the first 

half cycle. After that, a steady-state current has followed the initial transient and lasts to till 

clearing the fault. It is reported that the steady-state current has a slightly higher value than 

the pre-fault loading current. However, it has been mentioned that this current will not exceed 

110% of the generator rating as a maximum. 

2.5.5 Modelling of FRC-based NSG in Steady-State Fault Calculations 

Much of the current literature on the fault currents of NSGs pays particular attention to the 

way of modelling and representation of the NSGs in steady-state fault calculations. This has 

taken exceptional importance in power systems with high penetration of NSGs. Particularly, 

some literature has pointed to the necessity need to look for alternative modellings for NSGs 

as the traditional model (i.e. a voltage behind an impedance) will not be valid anymore for 

NSGs [9, 35, 76, 86-91]. Overall, most of the studies have suggested modelling the NSG as a 



Page | 56 

 

current source due to the limited fault current contribution. This current usually represents the 

injected reactive current according to the FRT control.  

In [11], a positive sequence current source is proposed for modelling the fault current 

supplied from NSG (i.e. type-4 wind generator) to the grid. This current, which does not have 

any dc component, might reach up to (3.0 p.u.) according to the FRT control. 

Another study in[90], has also used a current source model to represent the response of the 

PV generation under fault conditions. It has stated that the value of the current source is 

controlled by the amplitude of the positive sequence voltage at the PCC. 

One more study has suggested a constant 3-phase balanced current source to model the NSG 

[91]. This current might be pure reactive or has both active and reactive components 

depending on the prior setting of the controller.  

On the other hand, some literature has proposed a model for SG representation (i.e. voltage 

behind impedance). However, the variable impedance will be assumed to limit the fault 

contribution of the NSG. The impedance will be adjusted iteratively to obtain the appropriate 

pre-defined fault contribution [76].  

Although such studies provided valuable insight into the fault current contribution of NSGs, 

they were mostly restricted to analyzing the faults at the PCC using time-domain simulations. 

Moreover, the impact of the penetration level of NSGs on the fault level has not been 

considered into account especially at the transmission system fault level.   
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2.6 Calculation of Fault level in systems with high penetration of NSGs (review) 

Recently, few methods have been proposed for FLC with NSGs [92-100]. The application of 

IEC60909 standard for fault calculation considering the NSGs, was first investigated by 

researchers in [92]. The work has proposed extending the provisions of the IEC60909 by a 

current source representation of the NSGs with a pre-defined fixed fault current contribution. 

The fault contribution of NSGs sources (type-4 DGs) is algebraically added to the fault 

current contribution from the other sources. However, the adopted method has been tested 

using a distribution feeder only. In addition, the authors have highlighted the need to revise 

both IEC60909 and IEEE standards for short-circuit current calculations to consider the 

NSGs more accurately. 

In the updated version of IEC60909 [35] has also utilised the current source representation 

for NSGs which was proposed in [92]. After that, some researchers have adopted the 

recommendation of the new version of IEC60909 standard in modelling and calculating the 

fault current of NSGs. For example, recent studies in [93, 94] have assumed a fixed 

contribution from the NSGs according to the overrating capability of the converter. The 

current, purely inductive, has been modelled as a current source and added to the fault current 

from the SGs using the principle of superposition. 

Conversely, other studies have argued that an iterative-based method to manipulate the 

impedance in the classical SG model (i.e. a voltage behind an impedance) to account for the 

fault contribution from NSGs. In [95], IEC60909-based iterative method is proposed to 

consider the dynamic voltage support and the fault current from RESs. 
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 According to [96], an adaptive fault calculation algorithm has been suggested to consider the 

fault contribution of the NSGs. The algorithm is on the basis of power flow as it uses iterative 

technique such as the Newton–Raphson method. It deals with the Bus connecting the NSG as 

a PQ Bus during fault in case the fault current contribution is less than the maximum 

threshold current the inverter can carry. On the other hand, it assumes a constant current 

source mode in case of the inverter current exceeds the maximum threshold current. Although 

researchers have claimed that the proposed algorithm was convenient for fault calculation with 

NSG for all fault types, their validation has been restricted to a simple system. 

The study in [98] has suggested an equivalent circuit to represent the transient and the steady-

state fault contribution of VSC-based RESs. However, the suggested method requires 

measured short-circuit current waveforms to extract a full current expression and equivalent 

circuit. Moreover, a relative error of (10%) might be expected when using that method on a 

system scale studies.  

An algorithm has been proposed to calculate the fault current on distribution feeders with 

high penetration of PV systems in [99].  At first, the algorithm calculates the nodal voltages 

and the branch current during the fault. Then, the injected current from the PVs has been 

calculated on the basis of the terminal voltage using an iterative method. However, a value of 

(2 p.u.) has been assumed as an upper limit for the injected current from the inverter. 

Although the researchers have provided an accurate estimate, they have only presented 

results from a distribution feeder. In addition, neither detailed equations nor mathematical 

explanations for the proposed fault level calculation method have been presented in the work.  

In [100], a universal fault current calculation model has proposed to allow better considering 

of the fault contribution from the NSGs. The work has theoretically analysed the fault current 
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characteristics of NSG considering the (FRT) ability. Although researchers have shown the 

validity of the proposed analytical model in fault calculation through simulation and 

experimental test, the results have only been validated using a simple test system for a fault at 

the PCC of the NSG. 

Overall, these studies have provided valuable insight into the theme of fault calculation with 

NSGs. However, they were either restricted to analyzing the faults at the point of common 

coupling (PCC) using time-domain simulations, or they only considered the distribution 

system without providing adequate validation for the proposed methods on a system scale 

studies with high penetration of NSGs. These necessitate a need to augment the existing 

modelling methodologies of NSGs and the steady-state fault calculation methods to better 

represent the dynamic behaviour of NSG utilising FRC for such analysis.  

To best of author’s knowledge, no studies have so far attempted to formulate the correlation 

between the fault levels in power systems and the penetration level of NSGs. Hence, this 

thesis intends to calculate the fault level in transmission systems with high penetration of 

large scale NSGs resulting in decommissioning of SGs. While these calculations can be 

directly done using the dynamic simulations (RMS, EMT), it would be inconvenient to use 

such simulations in large networks with high penetration of NSGs. This is due to the high 

computational effort and detailed modeling requirement in dynamic simulations which use 

differential equations and small simulation steps to capture the dynamics of the fault currents. 

This necessitates a need for developing alternative methods to consider the fault contribution 

from NSGs in large networks in simple and reliable way. Hence, this thesis proposes a novel  

FLC  method, which is based on generic modeling, to provide an efficient and quick fault 

calculations in power systems with high penetration of NSGs with less computational efforts. 
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Such FLC formulation might also provide efficient guidance regarding margins for the 

maximum allowable penetration level of PE-based generation for system operators. In 

addition, this thesis will propose a modification for the way of considering the fault 

contribution of NSGs in the up-to-date IEC 60909 standard.  
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3 Analyzing the Impact of Increased Penetration of NSGs on the Fault 

Level 

This chapter analyses the impact of the increased penetration of NSGs on the fault level. It 

discusses the control of NSGs considering the FRT and grid code requirement. Then, the SC 

current characteristics of NSGs are investigated under different FRT control strategies. This 

includes a comprehensive study of the factors might affect the fault contribution of NSGs 

such as the FRT control parameters, the operation conditions and the overrating capability of 

the generator. Finally, a sensitivity analysis of the SC current characteristics to the 

penetration level of NSGs is conducted using different test systems. 

3.1 Control of the NSGs Considering the Fault Ride Through  

In order to meet the grid code requirement, the control of the grid side converter will switch 

to FRT control during the faults. To do so, the voltage at the entry point with the grid is 

continuously measured and then fed to an additional block (i.e. FRT block) which determine 

the reactive power requirement and switch from the normal condition to the faulty condition 

on the basis of the voltage level. Fig.16 shows the control structure of the grid side converter 

during the FRT.  Once a voltage dip is lower than a threshold value (i.e. dead-band), the FRT 

control re-calculate the new reference currents on the basis of the additional reactive current 

injection requirement considering the maximum overrating capability of the converter. These 

currents feed new values to the inner current controller to adjust the PWM commands 

accordingly. It is worth mentioning that the new reference currents are calculated in such a 

way to prioritize the reactive current injection for voltage support purposes. Commonly, the 

active current component will be limited to allow for more injection of reactive current. 
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Fig.16: Control of NSG during the faulty conditions (grid side converter) 

To do so, the controller of the grid side converter is adjusted in such a way to consider the 

above-mentioned proportional gain (i.e. k-factor) to correlate the reactive current injection 

according to the voltage dip level seen by the converter interface during the fault, as 

expressed in (3.1). A k-factor of 2 implies that the injected reactive current is twice 

proportional to the voltage dip seen by the converter. Then, the active current, IActive , is 

determined on the basis of the injected reactive current, IReactive, in such a way to allow for 

more reactive current injection without exceeding the maximum combined current, IMax, as 

expressed in (3.2). It is worth pointing out that this maximum combined current depends on 

the overrating capability of the converter interface. It has typical value around the rating of 

the NSG which might range between (1.1 -1.4 p.u.). 

ThresholdRecative  - MeasuredI k V V 
 

(3.1) 

2 2

Acative Max Reactive  I I I 
 

(3.2) 

Where, VThreshold, VMeasured are the voltage at which the FRT control will be activated and the 

measured voltage during the fault in p.u., respectively. Note that if the total reactive current 
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exceeds the maximum limit (i.e. the maximum overrating capability of the FRC), then (3.1) 

and (3.2) become as follows: 

Recative MaxI I  
(3.3) 

Acative 0I   
(3.4) 

Note that a threshold voltage of (0.9 p.u.) is usually defined to activate the reactive current 

injection under the FRT control mode.  

3.2 Fault Response of NSGs Considering Different FRT Control Strategies 

We firstly investigate the SC current characteristics of NSGs under different FRT controls. 

For this purpose, a 50 MW wind farm on the basis of FRC technology (i.e. type-4) including 

10 wind turbines (i.e.5 MW per each turbine) is modelled for this assessment here and 

connected to the grid, as shown in Fig.17. It is worth mentioning that the dynamic of the FRC 

is determined on the basis of positive sequence control with the FRT capability and injecting 

reactive current requirement according to various grid codes. The control structure of the grid 

side converter is already explained in more detail in the previous section. The fault response 

of the wind farm to different faults is monitored assuming different FRT control strategies as 

follows: 

 line  
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Fig.17: The single machine-infinite Bus test system 
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 FRTNQ: FRT capability without reactive current injection during the fault. 

 FRTIQ: FRT capability with an immediate reactive current injection during the 

fault (0 ms delay). 

 FRTDQ: FRT capability with a delayed reactive current injection during the 

fault (20 ms and 50 ms delay). 

For the last control strategy, FRTDQ, where the reactive current injection is delayed, the 

controller of the converter is designed to inject the reactive current after a specific time of 

detecting the fault. These values are 20 ms and 50 ms, which represent delays of 1 and 2.5 

cycles respectively. 

3.2.1 Fault Response without Reactive Current Injection during the Fault (FRTNQ) 

The SC current contribution from the NSG is monitored in response to different faulty 

conditions under the FRTNQ Control.  This assumes that the NSG has the capability to ride 

through the fault and to stay connected but without additional reactive current injection. It is 

worth mentioning that the faults have been initiated at the voltage zero-crossing to observe 

the value of the maximum instantaneous peak in all cases. Further, the impact of the different 

output power from the wind farm as well as the different voltage dip levels seen at the PCC 

(i.e. due to different fault impedances) have been investigated in this section. The results 

imply that the NSG’s fault contribution is decomposed into two components: 1) an initial 

transient component (observed in the first cycle after the fault inception), and 2) a steady-

state component which last to the end of the fault period. The following discussion illustrates 

the impact of the output power as well as the impact of the voltage dip level considering the  

FRTNQ  control as shown in Fig.18 and Fig.19. 
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3.2.1.1 Impact of the Output Power 

 
Fig.18: The SC current from the NSG during (FRTNQ control) at different output power 

Fig.18 shows that the initial transient has a significant relationship with the output power 

from the wind farm. It can be seen that the maximum instantaneous value, which occurs 

output power. Specifically, it ranges between (0.5 p.u. to 1.4 p.u.) corresponding to the 

minimum and maximum output power of the wind farm, respectively. However, the steady-

state fault contribution is almost negligible after this first peak as shown in Fig.18. 

3.2.1.2 Impact of the Voltage Dip Level (Fault Location) 

On the other hand, Fig.19 also shows the NSG’s fault contribution considering the impact of 

the voltage dip observed at the PCC (VPCC). A wide range of values have been assigned to the 

fault impedance in order to produce different voltage dip levels (i.e. from 0.0 p.u. to 0.8 p.u.) 

to account for different fault locations. To observe the maximum fault contribution, it is 

assumed that the wind farm is operated at its maximum output power (i.e. 50 MW). The 

results show that voltage dip level has a remarkable influence on both the initial transient and 

steady-state fault components. Observe that the maximum instantaneous value of the fault 

contribution happens initially after the fault inception when (VPCC=0.0 p.u.) of around 1.4 p.u. 

approximately. 
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Fig.19: The SC current from the NSG during (FRTNQ control) at different PCC voltage levels 

However, this decreases with the increased fault impedance representing lower voltage dip at 

the wind farm PPC. For example, a minimum value of the instantaneous peak SC current of 

0.9 p.u. is observed when a 0.8 p.u. voltage is seen at the PCC due to high fault impedance 

which represents a fault far from the generator. It is worth mentioning that the steady-state 

fault component is almost negligible (less than 0.15 p.u.) for cases where (VPCC<0.4 p.u.), 

whereas, higher values can be observed in case of (VPCC> 0.4 p.u.). For instance, steady-state 

fault currents of 0.28 p.u. and 0.37 p.u. have been measured for the cases VPCC of (0.6 p.u. 

and 0.8 p.u.), respectively. 

3.2.2 Fault Response with an Immediate Reactive Current Injection (FRTIQ) 

Unlike the previous case, the FRT control of the NSG is adjusted to support the grid (i.e. to 

provide dynamic voltage support) by injecting reactive current. It is known than the injected 

reactive current mainly depends on the voltage dip level seen by the NSG. However, it might 

be affected by some other factors such as the operation condition, the overrating capabilities 

of the converter and the k-factor (i.e. proportional factor of the injected current). Therefore, 

the control of the NSG is amended to consider the immediate reactive current injection during 

the voltage dip. This aims to examine the SC current contribution of the NSG. Note that the 
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worst faulty condition (i.e. symmetrical three-phase bolted fault at the PCC) is considered 

again to observe the factors might affect this fault contribution rather than the impact of the 

voltage dip level. In contrast to the previous case (FRTNQ), the results show that the fault 

contribution is only restricted to the steady-state contribution as no transient component is 

observed (almost negligible). 

3.2.2.1 Impact of the Output Power under FRTIQ Control 

Observe Fig.20, where the impact of the NSG’s output power is also investigated. It shows 

that the steady-state fault contribution is always fixed and limited to the maximum overrating 

capability of the converter (i.e. 1.2 p.u. in this study) regardless of the pre-fault operating 

point (i.e. output power of the wind farm).  In other words, the steady-state fault contribution 

is independent of the output power of the converter during the normal condition before the 

fault. This might be denoted to the fact that this FRT control would prioritize the reactive 

current injection in response to the low voltage condition by only accounting for the voltage 

dip level without considering other factors.   

 
Fig.20: The SC current from the NSG during (FRTIQ control) at different output power, 
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3.2.2.2 Impact of the k-Factor under FRTIQ Control 

It is already mentioned that the k-factor has a direct impact on the injected reactive current. 

The level of the injected current is also defined by this k-factor and the voltage dip level seen 

at the terminal of the NSG. However, in the case of severe faulty conditions, where a bolted 

fault occurs at the terminal of the PCC (see Fig.17), the voltage dip level will be severe and 

the fault current of the NSG might reach to its maximum for most of the values of the k-factor 

except the case where the k-factor equals 1,as shown in Fig.21. Observe that the fault current 

has a value of 0.9 approximately, in case of (k=1), while this has a fixed fault contribution 

equals its maximum overrating capability (i.e. 1.2 p.u.) in case of (k>1). 

 
Fig.21: The SC current from the NSG during (FRTIQ control) at different values of k-factor 

3.2.2.3 Impact of the Maximum Overrating Capability under FRTIQ Control 

As it is expected, the maximum overrating capability of the converter, which is represented 

by the maximum combined current (i.e. IMax), has a remarkable impact on the fault current 

contribution from the NSGs. To show this impact, the value of the maximum overrating 

capability of the converter is adjusted by multiplying the converter’s rating current with a 

factor α, referred as an overrating factor, which ranges between (1.0 -1.4 p.u.). This means 

that the current IMax , is also changing according to this factor as expressed in (3.5). 
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Max RatingI I  
(3.5) 

Fig.22 shows the results obtained after initiating a bolted symmetrical three-phase fault at the 

PCC under the FRTIQ control. It can be seen that the injected fault current from the NSG 

reaches its upper limit immediately according to the overrating factor α. This means that the 

NSG has injected its maximum reactive current in response to the severe fault which leads to 

reaching the maximum combined current (i.e. IMax). In other words, the overrating factor α, 

has a great impact on the fault contribution of the NSG, especially in case of deep voltage dip 

levels resulted from severe faults near to the terminal of the NSG. It can be concluded that 

this factor is a very critical parameter for the design and operation of NSGs. Therefore, it 

should be carefully considered when studying the fault contribution of the NSG. 

 

Fig.22: The SC current from the NSG during (FRTIQ control) at different values of transient 

overrating factor α 

3.2.3 Fault response with a delayed reactive current injection (FRTDQ) 

On the basis of the aforementioned results, one can conclude that the transient behaviour of 

the SC current contribution is mainly determined by the pre-fault operating conditions as well 

as the level of the voltage dip seen during the fault as shown in Fig.18 and Fig.19. However, 

once in the immediate reactive current injection mode (i.e. FRTIQ), the SC current is 
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determined by the injected reactive current which also depends on the maximum overrating 

capability and the k-factor. In addition, It can be observed from the previously shown results 

that the immediate transition to the FRTIQ leads to override the transient fault current 

contribution. On the basis of that, the FRC can be simply modelled as a current source during 

the fault. Practically, this might not be accurate due to the delays in reactive current injection. 

In other words, not only the value of the injected reactive current by NSG has an impact on 

the fault current, but also to the speed of current injection after detecting the fault (i.e. 

reactive current injection time delay) [67, 101]. Furthermore, when such a delay appears, the 

steady-state SC current contribution can be delayed as well. Consequently, both transient and 

steady-state SC current contributions might be observed in the FRC SC current. Thus, 

investigating the influence of such a delayed reactive current injection on the SC current 

contribution of the NSG will be the focus of this section.  

Many factors might govern the speed of the reactive current injection including: fault 

detection time, measurement and communication time, phase-locked loop (PLL) response 

time, and the injected current rise time. In grid codes defining the requirement for connecting 

NSGs, such delays are not explicitly determined [49]. These, however, might have significant 

impacts on the fault contribution of this generation to the grid, especially on the initial 

transient fault contribution. Table 6 shows the diversity of this requirement for the speed of 

reactive current injection in different grid codes. These requirements vary significantly in 

different countries. For instance, Great Britain grid code has mentioned an immediate SC 

current injection without a specific time delay [49, 59, 67]. In contrasts, the European 

Network of Transmission System Operators for Electricity (ENTSO-E) stated that the 

reactive SC current should be injected in between (10 ms to 60 ms) [57]. Specifically, in 

Germany, it is required that the SC current injection to take  
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Table 6: The requirement for the speed of reactive current injection according 

 to different grid codes 

Grid Code Time Comments 

   

UK Not specified Immediate current injection (pure reactive). 

Ireland 100 ms Defined as a rise time. 

German 20 ms 

This doesn’t include the time for fault 

detection according to: Transmission Code 

2007. 

 30 / 60 ms 
Defined as Rise time/ transient time 

according to: VDE AR-N-4120. 

ENTSO-E 60 ms 
Current injection should not start before 10 

ms 

place within 20 ms after the fault detection, while 30 ms and 60 ms have been specified as SC 

current rise time and transient time, respectively. To clarify such an effect, a delay block is 

added to controller and the results have been re-generated considering two different values 

for the delayed reactive current injection:  

 FRTDQ20 to represent a 20 ms delayed reactive current injection 

 FRTDQ50 to represent a 50 ms delayed reactive current injection.  

In both situations, it is assumed that the generator operates at its maxim power (i.e. 50 MW). 

Moreover, to only observe the impact of the reactive current injection time delay, the FRC 

overrating capability and the k-factor are also fixed to (1.2 and 2.0 p.u.), respectively. Then, 

the SC current fed from the NSG (phase A) is monitored and compared to the case where the 

reactive current is immediately injected without any delay (i.e. FRTIQ). Note that a three-

phase bolted fault has been initiated at the PCC where the voltage waveform crosses the zero 

axes to observe the maximum fault contribution. The resulted fault contributions for these 

three cases are shown in Fig.23. In the case of FRTIQ, it can be seen that the SC current has 
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immediately reached the steady-state value with a maximum of (1.2 p.u.) of without transient 

component as shown in Fig.23a. However, the transient component is obvious in Fig.23b and 

Fig.23c due to the time delay of the reactive current injection. Observe that this transient 

shows a maximum peak of (1.4 p.u.) exceeding the maximum overrating capability of (1.2 

p.u.). Then, it decays to a negligible level (e.g. around zero). 

After a certain time delay, the SC current shows a steady-state contribution that reaches the 

maximum overrating capability of the converter (e.g. 1.2 p.u.). In fact, such new fault 

characteristics might be significantly altering the SC current waveforms, especially in future 

power systems. More specifically, in scenario with high penetration of NSGs, where the SC 

currents will be mainly fed by such sources. 

 
Fig.23: The SC current from the NSG in case of a) FRTIQ   b) FRTDQ20  c) FRTDQ50 
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3.3 Characteristics of SC Current under Different Penetration Levels of NSGs 

This section analyses the impact of the different penetration levels of NSGs on the SC current 

(characterised by   
 ,    and   ) considering the delayed reactive current injection during the 

FRT (i.e. FRTDQ) as a main factor. The single machine system (see Fig.17) is adjusted and 

used again. The SG is gradually replaced by a NSG (represented by a type-4 wind) to 

investigate the sensitivity of the SC current to the penetration level of NSGs as shown in 

Fig.24. The penetration level is defined in (3.6). 

     𝑟  𝑖            
   

      
      

(3.6) 

3.3.1 The Adjusted Single Machine System 

Firstly, a conventional SG is only used to supply the total output power (i.e. 50 MW) without 

any NSG. Then, a NSG source (type-4 wind farm) is introduced partially to replace the de-

tared portion of the SG starting from 20% up to 100% penetration scenario by a step of 20%. 

At the final step, the whole power supplied from the generation unit will be only generated 

from the wind farm. At all these steps, the fault contribution fed to the PCC from the resulted 

mixed generation unit (i.e. SG and the wind farm) is monitored. 

 line  

20 kV

Grid

0.4/20 kV

PCC

SG

NSG 𝑖f  

B3

B2

B1

 
Fig.24: The adjusted single machine-infinite Bus test system 
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The maximum initial symmetrical SC current    
 , the peak instantaneous current, Ip, 

instantaneous  SC current and the breaking current,    , are obtained at each penetration level 

considering the FRT control mode with the immediate and the delayed reactive current 

injection (i.e. FRTIQ ,FRTDQ20 and FRTDQ50). The resulted waveforms are presented in Fig.25, 

Fig.26and Fig.27 respectively. In addition, Table 7 presents the numerical results (value and 

time) for all fault currents (     
 ,    and   ). 

3.3.1.1 Peak Instantaneous Current (  ) 

The results show the declined fault contribution with the increased penetration of NSG 

regardless of the speed of the reactive current injection during the FRT control. However, 

some differences can be observed as follows: 

A) During the FRTIQ 

In the case of immediate reactive current injection, the maximum instantaneous current 

declines significantly from its highest value of (6.4 p.u.) at 0% NSGs’ penetration scenario 

down to (1.2 p.u.) at 100% NSGs’ penetration. This highlights the fact that the time decaying 

characteristics of the SC current can be still seen regardless of the penetration level of NSG. 

Moreover, the peak instantaneous current    gets to its maximum values at the initial 

contribution (i.e. first half cycle). However, this is not applied in the 100% scenario, where 

the fault contribution is only fed by the NSG. Note that the corresponding numerical results 

are also presented in Table 7, which shows both the value of    and the time at which has 

been observed in all the penetration levels of NSG. 
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Fig.25: The SC current at different penetration levels (FRTIQ control) 

 (a) Instantaneous, (b) RMS  

Fig.26: The SC current at different penetration levels (FRTDQ20 control 

(a) Instantaneous, (b) RMS 

Fig.27: The SC current at different penetration levels (FRTDQ50 control) 

(a) Instantaneous, (b) RMS 
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B) During the FRTDQ: 

In both FRTDQ20 and FRTDQ50, it can be noted that the peak instantaneous current, Ip, has not 

only experienced a reduction with the increased penetration of NSGs, but also significant 

changes have been observed when the penetration of NSG has exceeded a specific level (e.g. 

40% in this scenario) as shown in Fig.26 and Fig.27 respectively. This instantaneous SC 

current reaches its maximum in the first half cycle. However, it has not shown the same 

traditional decaying characteristics. More specifically, this peak value decays only for the 

first two cycles before it raises again to another local maximum value, which might show the 

same levels as the first peak (e.g. at 80% penetration: the initial peak of 1.77 p.u. and 5
th

 peak 

of 1.75 p.u.) as shown in Fig.27.  

Then, the current starts to decline again with another decaying level (i.e. different time 

constant) till the end of the fault period (i.e.100 ms). It is worth mentioning that peak 

instantaneous current Ip, has registered higher values during the FRTIQ control mode 

compared to the FRTDQ20 and FRTDQ50, for all penetration levels except at 100% scenario. 

3.3.1.2 Initial Symmetrical SC Current    
 ) 

The SC current waveform is monitored and the initial symmetrical current,   
 , is obtained for 

all the penetration levels similar to the previous case. 

A) During the FRTIQ 

The initial symmetrical SC current,   
 , has reached its highest values immediately after the 

fault (4.3 and 1.2 p.u. at 0% and 100% respectively). This current also reaches its maximum 

value at the initial contribution (i.e. first cycle). This is due to the immediately injected  
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Table 7: Currents with different penetration levels at FRTIQ 

Penetration 

Level 
FRTIQ 

(%) 
       

(p.u.) 

Time 

(s) 

   
  

(p.u.) 

Time 

(s) 

   

(p.u.) 

Time 

(s) 

0 6.42 0.115 4.27 0.110 3.02 0.208 

20 5.7 0.115 3.77 0.113 2.72 0.208 

40 4.74 0.115 3.28 0.113 2.40 0.208 

60 3.71 0.115 2.69 0.113 2.03 0.208 

80 2.51 0.115 2 0.113 1.63 0.208 

100 1.20 0.115 1.2 0.121 1.20 0.208 

 

reactive current in response to the voltage dip seen as a result of the fault. However, at 100% 

NSG penetration where the SC current is only fed by the NSG, it can be noted from the that 

the fault response shows a fixed limited contribution during the whole fault period Fig.25.b. 

The time instant at which    
  occurs, also shows delays around 15 ms, as presented in Table 7. 

B) During the FRTDQ 

In contrast to the previous FRT control (i.e. FRTIQ), the maximum symmetrical RMS SC 

current    
  has observed after a certain time delay. Fig.26.b and Fig.27.b show the RMS SC 

current during the FRTDQ control mode. It can be seen that this maximum has been shifted in 

some scenario for almost one cycle (i.e. 20 ms) and three cycles (i.e. 60 ms) in the cases of 

FRTDQ20 and FRTDQ50 control modes, respectively. For example, at 60% penetration scenario 

and FRTDQ20,    
  has shown a maximum of 2.34 p.u. at 0.135 ms for a fault occurs at 0.108 s. 

This implies a 27 ms delay has been observed due to the 20 ms delayed reactive current  
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Table 8: Fault currents at the PCC with different penetration levels at FRTDQ20 

Penetration 

Level 
FRTDQ20 

(%) 
       

(p.u.) 

Time 

(s) 

   
  

(p.u.) 

Time 

(s) 

   

(p.u.) 

Time 

(s) 

0 6.42 0.110 4.27 0.110 3.02 0.208 

20 5.5 0.113 3.67 0.112 2.72 0.208 

40 4.41 0.113 3.01 0.112 2.39 0.208 

60 3.19 0.113 2.34 0.135 2.03 0.208 

80 1.77 0.113 1.79 0.135 1.63 0.208 

100 1.41 0.121 1.2 0.136 1.20 0.208 

 

Table 9: Fault currents at the PCC with different penetration levels at FRTDQ50 

Penetration 

Level 
FRTIQ 

(%) 
       

(p.u.) 

Time 

(s) 

   
  

(p.u.) 

Time 

(s) 

   

(p.u.) 

Time 

(s) 

0 6.42 0.115 4.27 0.110 3.02 0.208 

20 5.50 0.115 3.67 0.112 2.72 0.208 

40 4.42 0.115 3.04 0.112 2.39 0.208 

60 3.21 0.115 2.31 0.112 2.02 0.208 

80 1.80 0.112 1.68 0.174 1.62 0.208 

100 1.41 0.110 1.20 0.174 1.20 0.208 

 

injection as shown in  

Table 8. On the other hand, at 80% penetration scenario and FRTDQ50,    
   has illustrated the 

lower maximum of 1.68 p.u. at 0.174 ms for a fault occurs at the same inception time (i.e. 

0.108 s). In other words, a 66 ms delay has been observed as shown in Table 9. 
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3.3.1.3 Symmetrical Breaking SC Current (  ) 

In all scenario, it is assumed that the breaking current is measured 100 ms after the fault 

inception time. It can be noticed that the results for the breaking current   , are almost 

coincided. They have shown the same decline level with the increased penetration of NSGs, 

as demonstrated in Fig.25.b, Fig.26.b and Fig.27.b regardless of the FRT control mode. In 

other words, the different time delays during the reactive current injection have not 

influenced the level of the SC current at the breaking time. This might be due to the fact that 

at the breaking time (i.e. after 100 ms), the FRCs will be already injecting its maximum 

capability of reactive current regardless the starting time of this current injection.  

3.3.2 Case Study Using IEEE 9-Bus Test System 

To confirm the results on a bigger test system, IEEE 9-Bus test system [102] is used 

considering different penetration scenario and the previously discussed FRT controls as well. 

As can be shown in Fig.28, three NSG’s penetration scenario where type-4 wind farms  
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Fig.28: The adjusted IEEE 9-Bus test system 
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equipped with FRCs have replaced the traditional synchronous generators. These scenario are 

assumed as follows: Zero NSG’s penetration (i.e. base case scenario with synchronous 

generation units only), 23%NSG’s penetration scenario (i.e. G3 is replaced with type4-based 

wind farm), and 56% NSG’s penetration scenario (i.e. both G2 and G3 are replaced). A 

symmetrical three-phase bolted fault has been initiated at Bus 6 which lasts for 100 ms. The 

obtained results from the IEEE 9-Bus test system are considered for FRTDQ20 and FRTDQ50 

controls as shown in Fig.29 and Fig.30, respectively.  

Fig.29: The SC current of Bus-6 at different penetration levels (FRTDQ20 control) 

(a) Instantaneous, (b) RMS 

 

 

 

 

 

Fig.30: The SC current of Bus-6 at different penetration levels (FRTDQ50 control) 

(a) Instantaneous, (b) RMS 
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Note that this fault has been created at the voltage zero-crossing to observe the maximum 

instantaneous fault current component. It can be seen that the obtained results confirmed the 

previously concluded results in the single-machine infinite Bus system. Also, all fault 

currents (     
 ,    and   ) are monitored and listed in Table 10 and Table 11 for FRTDQ20 and 

FRTDQ50 controls respectively. Note  these  Tables which show the value and the time of each 

current component. These results illustrate the impact of the delayed reactive current 

injection as well. These results are discussed in details below. 

 

Table 10: Fault currents at Bus 6 with different penetration levels for FRTDQ20 

Penetration 

Level 
FRTDQ20 

(%) 
       

(p.u.) 

Time 

(s) 

   
  

(p.u.) 

Time 

(s) 

   

(p.u.) 

Time 

(s) 

0 5.43 1.004 2.27 0.997 2.04 1.100 

23 4.65 1.004 2.03 1.017 1.94 1.100 

56 3.03 1.004 1.861 1.020 1.82 1.100 

 

Table 11: Fault currents at Bus 6 with different penetration levels for FRTDQ50 

Penetration 

Level 
FRTDQ50 

(%) 
       

(p.u.) 

Time 

(s) 

   
  

(p.u.) 

Time 

(s) 

   

(p.u.) 

Time 

(s) 

0 5.43 1.004 2.27 0.997 2.04 1.100 

23 4.63 1.004 1.98 1.048 1.93 1.100 

56 3.02 1.054 1.83 1.051 1.81 1.100 
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3.3.2.1 Peak Instantaneous Current (Ip) 

The instantaneous fault current has shown a declined behaviour with the increased 

penetration level of NSG regardless of the FRT control. It is worth pointing out that this peak 

current has been observed in the first half cycle for all cases under the FRTDQ20 as shown in 

Fig.29.a. However, a noticeable delay can be observed in the case of 56% of NSG’s 

penetration under the FRTDQ50. Notice the shifted instantaneous peak current   , from the first 

cycle to the fourth cycle at the 56% scenario as shown in Fig.30.a. This implies that the time-

decaying characteristic of the instantaneous fault current is sensitive not only to the FRT 

control but also to the penetration level of NSGs. In other words, the traditional SC response 

is not observed anymore in high NSG’s penetration scenario. 

3.3.2.2 Initial Symmetrical SC Current    
 ) 

This fault current component has also shown a declined behaviour with the increased 

penetration of NSG. However, this contribution is no longer the maximum as shown in 

Fig.29.b and Fig.30.b. In other words, the maximum symmetrical SC current is shifted in 

cases other than zero NSG’s penetration scenario. Notice that a decaying RMS SC current 

can be observed immediately after the initial component. Nevertheless, the RMS SC current 

witnesses a jump due to the injected reactive current where the maximum symmetrical 

current might be observed. For example, Tables 10 and 11, illustrate that the maximum 

symmetrical SC current has been shifted at 23% penetration scenario from (0.997 ms at zero 

penetration) to 1.017 ms and 1.02 ms under the FRTDQ20 and FRTDQ50, respectively. 

3.3.2.3 Symmetrical Breaking SC Current (  ) 

The results for the breaking current   , have shown declined values proportionally to the 

penetration level of NSG. However, the delayed injection of reactive current (i.e. different 

FRTDQ) has not influenced this current in a similar pattern as those observed in the single-
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machine test system. Fig.29.b and Fig.30.b demonstrate that the values of the symmetrical 

breaking current at the same penetration scenario have shown the same declined levels under 

both cases FRTDQ20 and the FRTDQ50. 
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3.4 Conclusion 

In this chapter, the new dynamic response of Short Circuit (SC) currents in power systems 

including high penetration of NSGs is analysed. While the SC current from the conventional 

Synchronous Generators (SGs) is determined by the inherited physical characteristics of the 

generator as well as the grid nature, the results show a controlled response with a limited SC 

current contribution from the NSGs. This depends on the size of the power electronic 

interface utilised for NSG. In this chapter, a wide range of factors that might influence the SC 

current contribution of NSG utilising Fully Rated Converter (FRC) was studied in details. 

The results have shown that transient SC contribution from the NSGs, connected through 

FRCs, is mainly determined by the pre-fault operation conditions, the voltage dip seen during 

the fault and the speed of reactive current injection. On the other hand, the steady-state 

contribution is only affected by the inverter’s overrating capability as well as the proportional 

gain for the reactive current injection (i.e. k-factor). Then, the sensitivity of the SC current 

characteristics to the resulted generation mix (SGs and NSGs) has been presented considering 

different NSG penetration levels. The simulation results demonstrated that the SC currents in 

high NSGs’ penetration scenario may witness some significant changes compared to the one 

observed in conventional power systems on the basis of SGs. 

Also, the SC current response may show a delayed maximum contribution (i.e. very low 

initial contribution), multiple peak values and different levels of current decaying after 

exceeding some levels of NSGs penetration in the grid (i.e. 40% in this study). However, in 

cases where the NSGs can ride though the fault immediately without any delays, the 

traditional time-decaying response might be observed as far as the penetration level is less 

than 100%. 
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Finally, One of the major findings which can be observed from these results, is that the 

breaking current converges to the same level of the initial symmetrical SC current    
   with 

the increased penetration of NSGs until they coincide at 100% scenario. 
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4 Evaluating the Accuracy of Steady-State Fault Calculation Methods 

with High Penetration of NSGs 

4.1 Introduction 

This chapter investigates the performance of steady-state fault calculation (SSFC) methods in 

power systems with a high penetration of non-synchronous generation (NSG), i.e. generation 

connected to the grid over fully rated converter (FRC) technologies. The chosen SSFC 

methods include those previously described methods: i) equivalent voltage source, and ii) 

complete (superposition). In particular, the performance of the up-to-date IEC60909 standard, 

which belongs to the former SSFC method, and the complete method are studied here using 

modified single machine-infinite Bus test system including NSG utilising FRC in 

DIgSILENT PowerFactory. The estimated fault currents from these methods are compared 

with those calculated using dynamic simulations in response to different voltage dip levels 

resulting from faults at different locations. This allowed us to identify issues and challenges 

of the existing SSFC methods planned to be applied for future networks with a high 

penetration of NSG utilising FRC. These findings are confirmed using the IEEE 9-Bus test 

system. 

4.2 Modelling of NSG Utilising FRC in Steady-State Fault Calculations 

4.2.1 According to IEC60909 Standards 

Traditionally, the IEC60909 standard has not provided explicit modelling for NSG utilising 

FRC. Hence, their fault currents have been usually either ignored similarly to other passive 

elements or considered as static converter-fed drives. Recently, due to the increased 

penetration of NSGs (i.e. mainly RESs), some augmentation was made into the IEC60909 to 

enable better estimation of the fault currents from such resources. The latest version of the 
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IEC60909:2016 standard has suggested a current source model for NSG, assuming a 

predefined limited fault current contribution from FRC according to its maximum overrating 

capability [35]. In DIgSILENT PowerFactory, static generator model is used for representing 

most NSG utilising FRC [103]. That model assumes that rotating machines are entirely 

decoupled from the system for such calculations (i.e. non-synchronously connected to the 

grid). The modelling details for FRC available in the IEC60909:2016 standards are discussed 

and investigated below. 

1) Static Converter-Fed Drive: 

 NSG utilising FRC is considered as a static converter-fed drive that only contributes to three-

phase SC faults in here. The SC current is calculated using the voltage behind an impedance 

model, as shown in Fig.31. The impedance of the converter, ZC, is assumed to be one-third of 

the nominal impedance which is calculated using the rated values of the converter as given in 

(4.1). 

2

N

N3
C

V
Z

S


 

(4.1) 

Where VN,SN are nominal values of the voltage and apparent power of the NSG, respectively. 

R1 X1

VN

 

Fig.31: Voltage behind impedance used for FRC modelling in the static converter-fed drive method 
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The impedance in (4.1) is decomposed to an inductance, XC, in series with a resistance, RC, as 

shown in Fig.31. These two components are calculated by assuming C C 0.1R X   and 

C C0.995X Z  . 

2) Equivalent Synchronous Generator Model:  

NSG utilising FRC is modelled as a SG (voltage source behind impedance) for both the sub-

transient and transient fault contributions. The impedance of NSG in the equivalent circuit is 

calculated on the basis of predefined maximum fault contribution. This assumes a bolted 

symmetrical fault at the low voltage side of the step-up transformer connecting the grid-side 

converter of NSG to the PCC. The equivalent circuit of this methodology is the same as 

Fig.31, but with different values for the resistance, R1, and reactance, X1, as given below: 

max
1

" " 21 ( / )K

c
X

S R X



 

"

1 1( / )R R X X 
 

(4.2) 

(4.3) 

Where , , and  are the voltage factor c, the maximum initial sub-transient SC 

power in MVA as given from the manufacturer, and the ratio of resistance to the sub-transient 

reactance. Note that for calculating both transient and breaking b( )I  currents, the same 

model is used with the sub-transient impedances assuming they are equal to the initial sub-

transient current
"

k( )I . 

3) Full-Size Converter (Current Source Model) 

In this modelling methodology, a NSG utilising FRC is modelled as a current source (with 

infinite parallel impedance) that contributes to an inductive fault current according to a  

maxc
"

KS "R X

'

k( )I
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Fig.32: The current source model with infinite impedance 

pre-defined limited value, as shown in Fig.32. This model considers a maximum fixed 

contribution from FRC in the fault current regardless of the fault location. This maximum 

fault contribution is limited by its overrating capability at the grid-side, as previously shown 

in chapter 3. Moreover, this approach only considers the positive sequence current even in the 

case of unbalanced faults such as single- or double-line faults. In the IEC 60909 standard, the 

same fault contribution is assumed for sub-transient, transient and steady-state fault currents 

of this approach. More detail on the way of calculating the fault current according to the 

latest IEC 60909 standards using a current source method will be furnished in chapter 5.  

4.2.2 According to the Complete Method 

This method can represent the fault current supplied from NSG using two different 

approaches including: 1) equivalent synchronous generator, and 2) dynamic voltage support. 

They represent NSG on the basis of the SG model or current source for fault current 

calculation as well as considering the load flow initializations, respectively. In the dynamic 

voltage support approach, where the NSG is modelled as a current source, it is assumed that 

NSG has the capability to inject a reactive current during the fault (i.e. FRT capability) to 

comply with the grid code requirement. Note that these methods distinguish between two 

different contributions in system fault currents (i.e. sub-transient and transient). Therefore, 

they assume two different models accordingly. 
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4.2.2.1 Equivalent Synchronous Generator 

 Sub-transient model: The voltage source behind a series impedance is used again for 

this model. The values of the resistance, R1, and reactance, X1, are calculated as 

previously described in (4.2) and (4.3). However, this method considers the impact of 

load flow currents in the fault calculation by using the actual values of the pre-fault 

load flow voltages instead of the correction factors. 

 Transient model: The sub-transient model is employed here assuming a new value 

for the transient fault level,
'

KS . 

4.2.2.2 Dynamic Voltage Support 

 Sub-transient model: The sub-transient circuit is similar to the one used in the 

equivalent synchronous generator model.  

 Transient model: To consider the fault contribution of FRC in the transient interval, 

the static converter is replaced by its equivalent current source in this model. An 

iterative method is used for this purpose to define the injected fault current. This 

method is already incorporated in the complete method to consider the dynamic 

voltage support according to several grid codes. Note that the additional reactive 

current value, which has a priority over the active current, in this transient model is 

also dependent on the grid code defining the dynamic voltage support and the 

relationship between the reactive current and the voltage drop (as explained earlier in 

chapter 2). In other words, the iterative algorithm tries to priorities the reactive current 

injection during the voltage dip considering the k-factor and the maximum overrating 

capability of the converter. More details on the way of implementation in DIgSILENT 

PowerFactory can be found in [104]. 
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4.3 Results and Discussion  

In order to simplify the comparison process and presenting the results, the different modelling 

approaches adopted by the IEC60909 standards and the complete methods, which are 

explained above, are abbreviated and listed in Table 12. 

4.3.1 Assessment of SSFC Methods Performance Using the Single Machine-Infinite 

Bus Test System 

At first, the single-machine infinite Bus system (previously shown in Fig.17) is used as a test 

system to evaluate the performance of various SSFC methods explained in (section 4.2) for 

fault current estimation in response to different levels of voltage dip seen from the NSG 

utilising FRC due to different fault locations.  

The results from the SSFC methods (also listed in Table 12) are then compared with those 

obtained from dynamic simulations, i.e. for the initial sub-transient current    
  , breaking 

current (  ), and the peak instantaneous current (  ). 

Table 12: Different SSFC Methods 

Abbreviation Method 

IEC1 No contribution 

IEC2 Static Converter-Fed Drive 

IEC3 Equivalent Synchronous Generator 

IEC4 
Full Size Converter  

(Current Source Model) 

Complete1 Equivalent Synchronous Generator 

Complete2 Dynamic Voltage Support 
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4.3.1.1 Initial Sub-Transient Contribution    
    

As it can be shown in Fig.33, the initial sub-transient fault current from the NSG utilising 

FRC is dependent on the voltage dip level (assuming the same pre-fault operating condition). 

Observe that the initial sub-transient current declines (see Fig.33) with the increased voltage 

seen at the PCC. As can be seen, the IEC1 does not consider    
  , current from FRC (i.e. zero 

fault current). On the other hand, the IEC2, which employs the static fed-drive model, shows 

the maximum fault current in response to a bolted three-phase fault (Vpcc =0 V), and this 

declines proportionally with the increased voltage dip. It can be seen that the IEC2 method 

overestimates the fault current, while the opposite trend can be seen for other values of PCC 

voltage (i.e. Vpcc >0.25 p.u.). Further, see that the IEC2 method provides a reasonable 

estimation of the    
  , when (zero<Vpcc<0.5) compared to the dynamic simulation results. In 

contrast, there is a significant difference in the estimated values when (Vpcc >0.5 p.u.).In the 

IEC3 method, where the equivalent SG model is used, the fault current    
  , is under-

estimated in all voltage dip cases. Note that the fault current calculated from the IEC3 is less  

Fig.33: Results for    
   at different voltage dip levels seen by the NSG 
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than the one calculated using the IEC2. In addition, a higher error between results obtained 

from the IEC3 and the one obtained from dynamic simulations can be seen for faults far away 

from the generator. Using the current source model (i.e. IEC4), resulted in overestimated 

fixed fault current regardless of the level of a voltage dip, as can be seen in Fig.6. However, 

the fault currents estimated from the IEC4 appear to be one of the best approximates of the 

initial sub-transient fault current when the voltage (Vpcc >0.5 p.u.). Moreover, where the 

complete method (superposition with load flow initialization) is considered, both Complete1 

and Complete2 approaches have coincided with each other for all cases. This is expected as 

they both use the same sub-transient equivalent circuit, as previously explained in (section 

4.2) in more detail. These methods underestimate the fault current, for cases where (Vpcc<0.5 

p.u.). However, for other cases, they provide the best fault current estimation compared to 

other SSFC methods, as shown in Fig. 33.  

4.3.1.2 Breaking Current (Ib) 

Similar to initial sub-transient fault current, SSFC methods provide different estimation for 

the breaking current of NSG utilising FRC as shown in Fig.34. This occurs at the instant 

where the fault has been cleared (i.e. after 100 ms in our example). As illustrated in Fig.34, 

for instance, the IEC1 method has completely neglected the fault current, as expected. On the 

other hand, the estimated FRC breaking current by the IEC2 is similar to the    
  , estimated 

with it. These results in a significant error between the results obtained from the IEC2 method 

and the one obtained from dynamic simulations for power systems including NSG utilising 

FRC, as shown in Fig.34. 
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Fig.34: Results for (    at different voltage dip levels seen by the NSG 

Further, it can be seen that similar to initial sub-transient fault current, SSFC methods provide 

different estimation for the breaking current of NSG utilising FRC at the instant where the 

fault has been cleared (i.e. after 100 ms in our example), as illustrated in Fig.34. The IEC1 

has completely ignored the fault current, as expected. On the other hand, the estimated FRC 

breaking current by the estimated breaking current with the IEC3 changes with different 

levels of voltage dip at the Vpcc. It is noted that the fault current is overestimated in the case of 

strong voltage dip (Vpcc<0.25 p.u.), otherwise it is underestimated. However, this method 

provides the best estimation of breaking current for cases where (Vpcc>0.5 p.u.). The IEC4 is 

approximated an overestimated fixed fault current regardless of the voltage dip level. This 

leads to the worst approximations of the breaking current, specifically for cases where 

(Vpcc>0.5 p.u.).  

4.3.1.3 The Maximum Peak Fault Current (Ip) 

As for the maximum instantaneous peak fault current from NSG utilising FRC, a reduction is 

observed with the increased voltage level at the PCC, as shown in Fig.35. However, it is 

noted that the declined trend is almost negligible for cases where (Vpcc>0.5 p.u.). This implies  
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Fig.35: Results for Ip at different voltage dip levels seen by the converter 

that the FRC may provide a fixed instantaneous peak fault current for Vpcc>0.5 p.u. Similar 

to other fault current components, the IEC1 method ignores the fault current, so it is the worst 

SSFC method for fault current estimation of NSG utilising FRC. In contrast, both IEC2 and 

IEC3 have overestimated the maximum instantaneous fault current where (Vpcc<0.7 p.u.), 

followed by the IEC3 which has less error compared to dynamic simulation. In terms of the 

current source model (IEC4), it can observe a fixed maximum instantaneous peak fault 

regardless of the level of voltage dip. This method has overestimated maximum instantaneous 

peak fault component in all cases. Also, observe in Fig.35 that complete methods have 

overestimated the maximum instantaneous peak fault current for most voltage dip cases. It is 

worth mentioning that the results obtained from these are almost the same as the one obtained 

from the IEC4 method. However, the IEC4 method has less error compared to other methods 

in some cases (e.g. Vpcc= 0.1 and 0.5 p.u.). 

Table 13, summarizes the above results and provides a guideline for the most accurate SSFC 

methods that can be used for power systems including high penetration of NSG utilising 

FRC. As illustrated in Table 13, the recommendations are on the basis of two different  
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Table 13: The recommended SSFC methods besed on the location of the fault 

Fault Current Near to the NSG 

(Vpcc < 0.5 p.u.) 

Far from the NSG 

Vpcc > 0.5 p.u. 

Sub-transient Current IEC4 Complete1 & Complete2 

Breaking Current Complete1 

Complete2 

IEC3 

Peak instantaneous 

Current 

IEC3 &IEC4 

Complete1 & Complete2 

None 

voltage dip levels: i) for cases where (Vpcc<0.5 p.u.) to represent faults near to NSG; and ii) 

for cases where (Vpcc>0.5 p.u.) to represent faults far away from the NSG. 

4.3.2 Assessment of SSFC Methods Performance Using the IEEE 9-Bus Test System 

In order to examine the accuracy of the above SSFC methods in a larger power system with 

high penetration of NSG utilising FRC, the IEEE 9-Bus test system is used in this section. 

Firstly, the SSFC methods are used to identify the fault current level on Bus 8 at 23% and 

56% penetration of NSG utilising FRC as shown in the previous chapter in Fig.28. Secondly, 

the obtained results are compared with the ones obtained from dynamic simulations. Note 

that these penetration levels are associated with the replacement of the SG-G2 and SG-G3 

with NSG utilising FRC, respectively.  

The penetration of NSG is defined as a percentage of their capacity to the total installed 

capacity in the system, as given in (3.6). Both Fig.36 and Fig.37 compare the three fault 

current components calculated using the SSFC methods with those obtained from the 

dynamic simulation on Bus 8 at different penetration of NSG. Note that these present the 

23% and 56% NSG’s penetration scenario, respectively. 
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Fig.36: Fault currents on Bus 8 with 22% penetration of NSG in the grid 

 
Fig.37: Fault currents on Bus 8 with 55% penetration of NSG in the grid 

Similar to the results in the single-machine infinite Bus test system, the results obtained from 

the SSFC methods lead to different estimations for fault currents. Observe an error gap 

between the dynamic simulation results (i.e. the actual fault current) and the estimated ones 

using various SSFC methods. Further, note that this error gap becomes more tangible with the 

increased penetration of NSG, as shown in Fig.36. It is worth mentioning that at the 56% 
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penetration scenario for NSG (i.e. Fig.37), the change in the system fault currents due to 

NSGs is significant, and hence the impact of those generations cannot be neglected. Besides, 

as can be shown in Fig.37, all SSFC methods overestimated the sub-transient fault current 

except for the IEC1. This is expected as IEC1 does not account for the fault contribution of 

NSGs. Note that this might be accepted in cases where the penetration level of NSGs  is small 

as seen in the 23% scenario. However, using this method leads to a high error when 

compared to dynamic simulation results as shown in the second scenario (i.e. 56%), as 

depicted in Fig.37.  

As for the breaking current (  ), the simulation results show that in high penetration scenario, 

all SSFC methods estimate the same contribution for both breaking and sub-transient fault 

current, as shown in Fig.37. However, on the basis of dynamic simulation results, the 

breaking current can be higher than the sub-transient current. This might happen due to FRT 

controller initiation that injects the maximum fault current leading to higher fault current 

contribution for NSG compared to sub-transient period. This also implies that the initial sub-

transient current depends on the pre-fault currents more than the converter capability. Finally, 

it can be shown from Fig.36and Fig.37 that the contribution from the NSGs to the peak fault 

current is almost negligible in both penetration scenario compared to other components 

(i.e.   
  and   ). 
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4.4 Conclusion 

This chapter has investigated the performance of steady-state fault calculation (SSFC) 

methods in power systems including high penetration of non-synchronous generation (NSG) 

on the basis of fully rated converter (FRC) technologies. In particular, we investigated the 

performance of updated versions of the IEC60909 as well as complete methods. The 

estimated fault currents from these SSFC methods are compared with the dynamic simulation 

results considering a wide range of voltage dip levels accounting for faults near and far from 

NSGs (i.e. different fault locations).  

The simulations are conducted using single machine-infinite Bus and the IEEE 9-Bus test 

systems. It was shown that complete methods can provide the best estimation for breaking 

current (  ). However, most SSFC methods showed poor performance in estimating of sub-

transient (  
 ) and maximum peak (  ) currents in power systems with high penetration of 

NSG utilising FRC. Further, it was observed that all SSFC methods have tangible error gaps 

for estimating fault currents compared to actual fault levels calculated using dynamic 

simulations in power systems with high penetration of NSG utilising FRC. These necessitate 

a need to augment the existing modelling methodologies used in the SSFC methods to better 

represent the dynamic behaviour of NSG utilising FRC for such an analysis, which is the 

focus of the two following chapters.   
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5 Proposed Modification of the Latest Version of IEC60909 Standards 

to Consider the Fault Contribution of NSGs 

5.1 Introduction 

As mentioned above, the latest version of the IEC60909 standards has suggested a current 

source model for the representation of the FRC-based NSGs in steady-state fault calculation 

in the positive-sequence system. This assumes an ideal current source without any impedance 

(i.e. infinite impedance), as previously shown in Fig.32. Such a modelling method might be 

appropriate considering the fast response of the inner controller of the converter. However, 

this assumes a fixed maximum fault current contribution, which should be provided by the 

manufacturer, regardless of the voltage dip level resulted during the fault. In other words, this 

model does not consider the impedance of the fault path (i.e. fault impedance). As discussed 

earlier in chapter 4, the results obtained from this method (i.e. IEC4) have demonstrated an 

effective way for calculating the fault currents in some scenarios. However, it overestimates 

the fault currents for most scenarios, especially those scenarios with high penetration of 

NSGs. More specifically, for cases where the fault occurs far away from the RES (i.e. 

shallow voltage dip levels are seen at the generation terminal). This over-estimation might be 

denoted to the previous assumption and considering the maximum fault contribution 

regardless of the severity of the fault. Therefore, this chapter will present a proposed 

modification for this method to consider the fault contribution from the NSGS more 

accurately. Such an improvement will be on the basis of the FRT principle accounting for the 

various levels of reactive current injection proportionally to the voltage level seen during the 

fault. At first, the way of calculating the fault currents including NSGs according to the latest 

version of IEC60909 standards will be presented. Then, the proposed modification 

considering the reactive current injection according to the FRT and grid code will be 
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explained. Finally, the results of the current IEC60909 standards, as well as the proposed 

methods, will be validated against the actual fault currents obtained from the RMS 

simulations. For this purpose, the adjusted 14-Bus test system is modelled with high 

penetration of NSGs (e.g. PV systems) in DIgSILENT PowerFactory.   

5.2 Fault Calculation According to IEC60909 Standards 

The IEC60909 standard calculates the fault current in power systems on the basis of the 

Thevenin equivalent method. It represents the system during the fault condition by the 

equivalent impedance seen by the faulty point connected to a voltage source. Note that this 

does not consider the impact of RESs in such calculations. However, in the presence of FRC-

based RESs, their fault contribution will be calculated using the current source model and 

then the sum of both contributions from SGs and RESs will represent the total fault current. It 

is worth pointing out that the IEC60909 standards only calculate the initial symmetrical fault 

current, then the other fault currents (such as    and   ) are calculated by applying special 

multiplying factors to the initial symmetrical current (   
 ). Therefore, the following 

calculations will be only restricted to the initial symmetrical current in this chapter. The 

IEC60909 standard has adopted the superposition principle to consider the fault contribution 

from NSGs. Therefore, the fault currents are calculated firstly assuming that the SGs are the 

only sources contributing to the fault. In other words, the NSGs are neglected (open-

circuited). Then, these NSGs are considered only in the circuit while the SGs are neglected at 

this stage (short-circuited). Then, the superposition is used to calculate the total fault current 

from both types of generators. The calculation procedure for the initial symmetrical fault 

current according to the IEC60909 standards can be summarised as follows: 
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5.2.1 Calculating the Fault Current without Considering the NSGs 

1) Calculate the equivalent impedance at the faulty point Zk. 

This will be accomplished either by using the Z-Bus matrix or by using network reduction. 

Consider the Z-Bus matrix of an n-Bus system as expressed in (5.1), with a case where the 

fault occurs at Bus i, the value of the equivalent impedance (Zk =Zii). 

 
 
 
  
 
 
 
 

11 1i 1n

-1

i1 ii in

n1 ni nn

Z . Z . Z

. . . . .

Z Y Z . Z . Z

. . . . .

Z . Z . Z
 

(5.1) 

2) Apply a voltage at the faulty point. 

According to the IEC60909 standards, this voltage equals the nominal pre-fault value (phase 

voltage) multiplied by a correction factor c, as expressed in (5.2). Such correction factor is 

considered to account for pre-fault operating conditions and the loaded network.  

L-L
n

3

c V
V




 

(5.2) 

3) Calculate the initial symmetrical current of the grid to the faulty point by applying 

the following formula (5.3). 

_
2 2K  

K Grid

K K

Vn Vn
I

Z R X
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
 

(5.3) 
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5.2.2 Calculating the Fault Current of the NSGs 

1) Obtaining the maximum value of the j-th current source, IMaxj representing the NSG 

from the manufacturer. Where j, represents the Bus connecting the NSG to the grid. 

2) Calculating the transfer impedance between the faulty Buses i, and j, where the NSG 

is connected, Zij. 

3) Applying the following equation shown in (5.4). 

MaxK_RESs

1

1
=     ij j

jK

j N

I Z I
Z





   
(5.4) 

Where,  

 N: Number of the connected NSGs. 

 IMaxj :  The maximum fault current contribution of the NSG connected to the j-th Bus. 

        
   : The total fault current contribution of all connected NSGs. 

  Zij: The transfer impedance between the j-th Bus and the faulty Bus-i. 

 Zk: The equivalent impedance at the faulty point. 

5.2.3 Calculating the Total Fault Current _K TotalI   

K_Total K_Grid K_RESsI I I     
(5.5) 

This total current represents the total fault current considering both SGs and NSGs 

contributing to the fault current. Note that this calculated current represents the initial 

symmetrical fault current during the sub-transient period as mentioned earlier, while the other 

currents such as the breaking current and the peak instantaneous currents will be calculated 

by applying some multiplication factors according to the IEC60909 standards. 
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5.3 The Proposed Modification Method  

As illustrated earlier, this method might be considered a straightforward and simplified 

method to account for the fault contribution from the NSGs connected to the grid. However, 

the results for several scenario, where this method has been used for fault calculation, show 

that this method over-estimates the fault currents due to neglecting the impact of the voltage 

level during the fault and the reactive current injection during the FRT control which varies 

according to the grid code. Therefore, this part proposes an adjustment for the fault 

calculation procedure shown in the previous section. More specifically, a different way of 

calculating the value of the current source representing the fault current contribution from the 

NSG-based RESs in the IEC60909 standards, IRESj. Instead of assuming a pre-defined fixed 

fault contribution (i.e. the value of the current source), a variable value will be assigned to 

each NSG on the basis of the voltage dip level and the grid code requirement. In other words, 

the aim is to consider the reactive current injection and the dynamic voltage support more 

precisely.  This modified method can be summarised in the following sections. 

5.3.1 Calculating the Fault Current without Considering the NSGs 

As per the original IEC 90606 standards-based method, the initial symmetrical fault current 

(  
 ), is calculated using the Z-Bus matrix, using the steps mentioned in section (5.2.1) by 

applying  equations (5.1), (5.2) and (5.3).  

5.3.2 Calculating the Fault Current of the NSGs 

The current source model will be used but the fault current contribution of RESs will not 

equal the maximum overrating capability of the NSG, IMaxj, anymore. This will have different 

values according to the voltage dip level seen during the fault and the FRT parameters. The 
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new value of the fault contribution (i.e. the value of the current source representing the NSG), 

IRESj, will be calculated as follows: 

1) Use the Bus matrix to calculate the voltages distribution at each Bus during the fault 

as follows (5.6). 

       
       
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        
       
       
       

      
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. . . . . . . .
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. . . . . . . .
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(5.6) 

Where, Vi and vi are the i-th Bus voltages before and after the fault respectively. 

2) Obtain the values of the proportional gain (k-factor) and threshold voltage (VThreshold ) 

from the grid code defining the FRT requirements for reactive current injection, in 

addition to the maximum combined current of the converter interface, IMax, from the 

manufacturer. 

3) Calculate the value of each connected current source, IRESj, by applying (5.7). Note 

that Vj in (5.7) represents the calculated voltage at the j-th Bus, which is replacing the 

corresponding measured value at the Bus connecting the NSG in case of dynamic 

simulation, as explained previously in (i). Note that the calculated value of the 

calculated current ( RESjI ) should not exceed the maximum combined current ( MaxI ).  

RES Threshold j  -  jI k V V   for RES  MaxjI I  (5.7) 

Otherwise, the maximum current ( MaxI ) will be considered, which means that the 

NSG is injecting its maximum overrating capability. Note that in such case, the results 

of the proposed modification method are expected to match with the IEC60909-based 
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method which always assumes a fixed maximum contribution. In other words, the 

IEC 6099-based method can be considered as a special case of this proposed method. 

4) Use the transfer impedance between the faulty Buses i, and j, where the NSG is 

connected, Zij. Then re-call the (5.4) considering the calculated values of each 

connected current source, IRESj, in the previous step. By doing so, the new value of the 

total fault contribution from the RESs considering the new values IRESj Instead of IMaxj 

will be given as shown in (5.8). 

RESK_RESs_

1

New

1
=    i

j N

j

j j

K

I Z I
Z





    
(5.8) 

5.3.3  Calculating the New Total Fault Current K_Total_NewI   

Now, as we have the new fault current fed from those NSG-based RESs, the same procedure 

previously explained in section (5.2.3) will be followed again to calculate the total fault 

current. This is simply the summation of (5.3) and (5.8) as previously expressed in (5.5). 

5.4 Results and Discussions 

In this section, the performance of our proposed method in section IV for steady-state fault 

calculation in a power system including FRC-based RESs is evaluated. First, the response of 

a Photovoltaic (PV) system to different levels of voltage dip (i.e. different fault impedances) 

considering the impact of the k-factor on the injected fault current is investigated. Second, the 

IEEE 14-Bus test system is used to examine the accuracy of the proposed method. In the test 

system, PV units are used to replace some SGs to represent a high RESs penetration scenario. 

The fault currents are calculated at specific Buses using the proposed method. Finally, the 
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results are compared with those obtained from both IEC60909 standard and the dynamic 

simulations (i.e. RMS) in DIgSILENT PowerFactory. 

5.4.1 Single-Machine Infinite Bus Test System 

A single machine infinite Bus test system shown in Fig.38 is modelled in DIgSILENT 

PowerFactory. It represents a PV system (10 MW) connected to a grid (132 kV). A three-

phase fault is created at the point of common coupling with the grid considering different 

values of the fault impedance to represent various levels of voltage dip. This test system is 

used to show the sensitivity of the fault current to the voltage dip level and the k-factor 

during the fault. The reactive current injection has been considered using two different values 

for the proportional gain (i.e. k-factor). The maximum combined current is limited to 

(IMax=1.3 p.u.) in both cases. Fig.39 and Fig.40 show the results for the injected reactive 

current during the fault for the cases (k=2) and (k=10), respectively. Observe the difference 

between the two responses in spite of the same fault conditions (i.e. same fault impedances, 

voltage dip levels and the fault type). 

Vgrid

Grid

20 kV20 kV 20 kV

VtVc

PV system

10 MW

 

Fig.38: A 10 MW PV system connected to a 132 kV external grid 
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Fig.39. Injected currents in response to a different voltage dip levels for the case (k=2) 

 

Fig.40. Injected currents in response to a different voltage dip levels for the case (k=10)  

The results show that the injected reactive current in the case of (k=2) only reaches the 

maximum combined current, IMax, when the voltage at the converter terminal voltage is less 

than 0.5 p.u. (i.e. VC <0.5 p.u.), as shown in Fig.39. This implies that the PV system only 

injects a maximum current for deep voltage dip levels resulted from faults close to the PV 

system. On the other hand, where k-factor is equal to 10, the injected reactive current reaches 

its maximum (i.e. IReactive= IMax) even when a shallow voltage dip is observed. 
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Table 14: The injected Current from PV System at Different Voltage Dip Levels 

Injected Current Converter Voltage VC (p.u.) 

(p.u.) 0.20 0.43 0.55 0.60 0.65 0.70 0.75 0.80 0.85 

Case 1 (k=2) 1.30 1.30 1.12 1.00 0.91 0.83 0.72 0.61 0.53 

Case 1 (k=10) 1.30 1.30 1.30 1.30 1.30 1.30 1.20 0.95 0.76 

 

Observe in Fig.40 that the injected reactive current reaches the maximum combined current 

(e.g. 1.3 p.u.) for all cases where (VC <0.7 p.u.). These results are also listed in Table 14. 

Those results demonstrate the impact of the proportional gain (i.e. k-factor) on the value of 

the injected reactive current during the fault. Consequently, considering the influence of the 

k-factor in the steady-state fault calculation would potentially enhance the accuracy of the 

calculated fault currents fed from the NSG-based RESs. This will be also examined in the 

following section using a larger system.  
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5.4.2 IEEE 14-Bus Test System 

In this part, the accuracy of the proposed method for considering the NSG-based RESs in the 

steady-state fault calculations is evaluated using the adjusted IEEE 14-Bus test system. The 

system originally includes five SGs but three of them are used as synchronous condensers 

(synchronous condensers). It is worth mentioning that the Synchronous condensers show 

response to the fault the same as SGs, therefore synchronous condensers are treated/modelled 

as SGs according to IEC60909 standard for fault calculations. Fig.41 shows the modified 

IEEE 14-Bus test system with the PV systems. Observe that three PV systems (100 MVA 

each) have displaced the original units (SG at Bus 2, Synchronous condensers at Buses 3 and 

6). Note that the installed capacity of the PV systems is equal to 300 MVA, which represents 

a total penetration level of (37.5%). This is calculated using the previously explained 

capacity-based penetration level metric as expressed in (3.6).   

PV System

PV System

PV System

 

Fig.41: The modified IEEE 14-Bus test system  
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The initial symmetrical fault currents have been calculated at three different locations in the 

system (i.e. at Buses 5, 9 and 13) assuming a bolted three-phase fault. The calculation process 

has been conducted using both the IEC60909 standard and the proposed modification method 

in section 5.3. Then, the obtained results have been compared with those obtained from RMS 

simulations for validation purposes. This has been done considering two values of the 

proportional gain (k-factor) to validate the accuracy of the proposed method at different 

levels of reactive current injection.  

At first, a value of (k=2) is used which represents the requirement from various grid codes 

such as German grid code. Second, a value of (k=10), is used which represents some grid 

codes which require a maximum reactive current injection during the fault such as UK grid 

code. It is worth pointing out that a maximum overrating capability of the converter interface 

of (1.3 p.u.) is used for both cases.   

5.4.2.1 Case 1 (k=2) 

Fig.42 compares the values of the initial symmetrical fault current calculated on Buses 5, 9 

and 13 for the case where (k=2). Observe the superior performance of the proposed method 

when compared to the IEC60909 standard. It can be noted that the IEC60909 standard tends 

to overestimate the fault currents regardless of the location of the faulty point. The difference 

between the estimated values and the actual ones (i.e. RMS simulations) should not be 

neglected anymore, as it exceeds 20% in some cases. For instance, the absolute error on Bus 

13, is equal to 22.20% as shown in Table 13. On the other hand, a noticeable enhancement of 

the fault currents calculation procedure is observed using the proposed method.  
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Fig.42: The resulted values of the fault currents from different methods for the case (k=2) 

Opposing the IEC60909 standard, the results obtained from the proposed method has a 

negligible error, as it is less than 5%. It is worth mentioning that the maximum absolute error 

has been registered on Bus 9. This equals to 23.31% and 4.75%, for the IEC60909 standard 

and the proposed method respectively. The results are also listed in Table 15, which 

compares between the calculated fault currents (i.e. initial symmetrical fault currents (   
  ).  

obtained from both the IEC60909 method and the proposed one in section 5.2 and 5.3 

respectively. The absolute errors, compared to the RMS simulation results, are also calculated 

and listed in Table 15. 

Table 15: Fault currents on the adjusted IEEE 14-Bus test system (k=2) 

Bus 
RMS 

Simulation 
IEC60909 Proposed Method 

Num. (kA)  

(kA) 

Error 

(%) 

 

(kA) 

Error 

(%) 

Bus 5 4.75 5.27 10.93 4.88 2.69 

Bus 9 10.15 12.51 23.31 10.63 4.75 

Bus 13 6.93 8.47 22.20 7.05 1.67 

 

KI 
KI  KI 
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5.4.2.2 Case 2 (k=10) 

Fig.43, shows the fault currents at the same locations (i.e. Buses 5, 9 and 13) which have 

been re-calculated using both the IEC60909 and the proposed method, considering a different 

value for the injected reactive current proportional gain (k-factor =10). As it can be shown in 

Fig.43, the results show that the calculated currents using the IEC60909 standard 

overestimate the actual values shown by the RMS simulation results, but with  less absolute 

error compared to the Case 1 (k=2). For example, the absolute error on Bus 5, has decreased 

from 10.93% with k=2 down to 6.60% with k=10.  

Moreover, the proposed method has shown a higher error margin for the calculated fault 

currents compared to those calculated when in Case 1 (k=2).  For instance, the absolute error 

of 1.67%, which has been noted in Case 1 (k=2), is increased up to 4.12% in Case 2 (k=10). 

Note that both the IEC60909 standard and the proposed method show the same estimated 

fault currents on Bus 5 in Case 1 (k=2). This demonstrates that calculated fault currents from 

both methods converge to the same values for faults near the RESs and high k-factor.  

 
Fig.43: The resulted values of the fault currents from different methods for the case (k=10) 

 



Page | 114 

 

Table 16: Fault currents on the adjusted IEEE 14-Bus test system (k=10) 

Bus 
RMS 

Simulation 
IEC60909 Proposed Method 

Num. (kA)  

(kA) 

Error 

(%) 

 

(kA) 

Error 

(%) 

Bus 5 4.95 5.27 6.60 5.277 6.60 

Bus 9 10.4 12.51 20.29 11.7 12.50 

Bus 13 7.28 8.47 16.35 7.58 4.12 

In other words, the performance of the IEC60909 standard-based fault currents calculation 

method can be acceptable depending on the location of the fault and on the proportional gain 

for reactive current injection (k-factor). For example, the results of the calculated fault current 

at Bus 5 for case 2 (k=10) has the same accuracy with the proposed method as illustrated in 

Table 16. Note that both have calculated the fault current with a 6.6% error, which might be 

accepted. 

5.5 Conclusion 

An enhancement on the steady-state fault calculations according to the IEC60909 method is 

proposed and evaluated in this chapter. While the up-to-date IEC60909 standard has proven 

its accuracy for conventional power systems dominated by synchronous generators (SGs), the 

results have shown poor accuracy in estimating the fault currents in systems with high 

penetration of NSG-bases RESs. The latest version of the IEC60909 standard has modelled 

the fully rated converter (FRC)-based NSG as a current source with a maximum fixed pre-

defined fault current contribution. This neglects many factors such as the variety of grid code 

requirement, FRT control and the voltage dip level during the fault. This proposed method 

has augmented the methodology in the latest version of the IEC60909 standard by improving 

the reactive current injection modelling for NSG-based RES during the fault. The simulation 

KI 
KI  KI 
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results show that the proposed method can provide better estimates for the fault currents with 

smaller error margins compared to the IEC60909. In particular, the proposed method has 

shown a maximum absolute error of 4.75% and 12.5% using the modified IEEE 14-Bus 

system for the cases when (k=2) and (k=10) respectively. On the other hand, the IEC60909 

standard illustrated a maximum absolute error of 23.31% and 20.9% for the same cases. 

Hence, it can be concluded that the error margin in steady-state fault calculation of power 

systems with high penetration of NSG-based RES can be reduced at least by 50% using the 

proposed method. 

  



Page | 116 

 

6 Novel MVA-based Fault Level Calculation Method in Future Grid 

Scenario with High Penetration of NSGs 

6.1 Introduction  

This chapter proposes a novel method for quantifying fault level in FG scenarios with various 

penetrations of NSG-based RESs. In this chapter, these sources will be also referred to as PE-

based sources. As it is known, the information about the fault level is critically important for 

designing protection schemes, different control loops, understanding voltage profile in the 

grid. This new method is focused on the steady-state fault level calculation (FLC) and it can 

be used to analyse a wide range of different FG scenario including uniform and non-uniform 

penetration of PE-based generation displacing all, or just specific conventional synchronous 

generation in the grid. Due to different possibilities for type, size and location of PE-based 

RES generation in FGs, it is required to analyse an unprecedented scale of PE-based 

penetration scenarios.  

This method considers the MVA representation of the fault level, which is widely used in 

power systems calculations [105-107]. The MVA method, which is considered a modification 

of the ohmic and per-unit methods, is applied for symmetrical faults calculations where the 

circuit components can be separated and represented by their corresponding SC power in 

(MVA) [105]. Also, this method has been used to calculate the SC capacity at different faulty 

points for various feeders in distribution system for its simplicity [106]. The authors have 

applied this MVA method to develop curves representing the SC capacity along feeders to 

evaluate the increments of SC capacity resulted from upgrading the distribution network. In 

[107], the MVA representation of the fault level has been used for another application. It has 
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been considered to propose a screening tool for predicting fault-induced low voltages 

problems on bulk transmission systems. 

 In this thesis, the novel proposed method for FLC employs the MVA representation to 

consider the fault contribution from NSGs in large networks benefiting from the ability to 

decompose the fault level into different MVA values according to the circuit components too. 

This MVA representation is augmented in such a way to represent the fault level at the faulty 

point by an arrangement of two MVA components, a variable component related to the fault 

level MVA at the generation Bus, besides a fixed component representing the rest of the 

network. This allows dealing with the generation Buses in a separated way from the network 

and enables to reflect the impact of integrating PE-based generation and quantify the fault 

level as a function of the penetration level of these sources at both the generation Buses and 

the faulty points.  

Such augmentation of the MVA method provides a quick and efficient tool to assess the 

system fault level for a large number of FG scenarios without a need for a detailed system 

modelling or dynamic simulations. Moreover, the simple generic modelling of the NSGs 

would be adequate in our FLC method, as it only requires the maximum contribution from 

these NSGs in response to a severe fault at their terminal. This information is usually 

available or easy to obtain by knowing the maximum overrating capability of the converter 

utilised in these NSGs. Details and steps of the proposed FLC method will explain and show 

the novelty more clearly. 

The obtained results demonstrated the suitability of the proposed FLC method for various 

penetration levels of PE-based RESs in three different test systems which include the 2‐area, 

the IEEE 9-Bus and the IEEE 39-Bus test systems. These results are compared with the actual 
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fault level calculated based on the time-domain simulations as well as those results obtained 

from the IEC60909 standards performed in DIgSILENT PowerFactory, where the efficacy of 

the proposed methodology is demonstrated. 

6.2 Fault Level Contribution from SG and its MVA Representation 

As stated earlier in chapter 2, the MVA representation of the fault level can be expressed by 

multiplying the SC current flowing at the faulty Bus, by the corresponding nominal voltage at 

that Bus as expressed previously in (1.1). However, in order to do so, the SC current should 

be calculated first. The fault contribution from any connected SG in the grid can be 

determined using an equivalent circuit shown in Fig.44.a and Fig.44.b. 

SG

Terminal Faulty Point

 𝑔
′′  

Terminal Faulty Point

Terminal Faulty Point

   𝑔
SC  

 𝑔  

   𝑔,t
SC     𝑔, s

SC  

   𝑔
SC  

   𝑔
SC  

(a)

(b)

(c)

 s  

 s  

 

Fig.44. SG fault contribution (a) single line diagram, (b) equivalent circuit, and  

(c) its MVA representation. 

Using the SG voltage source,  , behind the equivalent impedance observed from the faulty 

point   
  

, the SC current can be calculated as follows: 

SC

eq

/ 3
 

g

g

g

V
I

Z
  

(6.1) 
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The equivalent impedance,  
  

, includes the internal sub-transient reactance of the SG,   
    in 

series with the total equivalent series impedance of the elements connecting the generator 

terminal to the faulty point   
 , as shown in Fig.44.b. The fault level associated with the SG 

can be calculated by substituting (6.1) in (1.1), as given in (6.2):   

2 2

SC

eq eq "

/ 3
3  

g g g

g g

g g g s

V V V
MVA V

Z Z X Z
  


 

(6.2) 

By re-arranging (6.2), the fault level contribution of SG can be represented as follows: 

SC

2 " 2

1

1 1

(  / ) ( / )

g

g g g s

MVA

V X V Z




 (6.3) 

Two MVA components associated with the fault level contribution of a SG can be derived 

from (6.3), as follows: 

-     
   

   : Fault contribution associated with the SG sub-transient reactance that 

represents its maximum fault capability in response to symmetrical three-phase SC fault 

at its terminal, referred as       
  . 

-    
     : Fault contribution associated with the impedance of the connecting elements 

between the SG terminal to the faulty point including the impedance of the step-up 

transformer and connecting lines, referred to as        

  . 

The equation (6.3) can be also re-written using       
   and        

  terms as:  

SC SC

, t ,SC

SC SC

, t ,
SC SC

, t ,

1

1 1
s

s

s

g g Z

g

g g Z

g g Z

MVA MVA
MVA

MVA MVA

MVA MVA


 




 (6.4) 
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On the basis of (6.4), the fault level contribution associated with SG,     
  , can be defined 

using combinations of        
   and        

  , as shown in Fig. 45c. 

6.3 Augmenting FLC Method Including the Impact of PE-Based Generation    

6.3.1 Penetration Level Metric 

The penetration level, P, is defined to represent the portion of supplied power from a PE-

based generation,       , out of the total generation capacity of the generation unit,     , 

as shown in Fig.45. The penetration of PE generation can be given as follows: 

PE PE

T g PE

MVA MVA
P

MVA MVA MVA
 


 

(6.5) 

 

 

 

Fig.45. Fault level contribution from the compound generation unit  

(a) single line diagram, and (b) its MVA representation. 
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6.4 Main Steps of the Proposed Methodology 

This proposed methodology integrates the impact of PE-based generation in (6.4) by 

augmenting       
   term as a function of penetration level of this PE-based generation at the 

SG terminal, i.e.       
       . Note that the star notation (*) is used for the compound 

generation unit including SG and PE-based generation. The representation of the fault level in 

(6.5) the impact of newly added PE-based generation alongside de-rated SG unit, as shown in 

Fig.45. This new FLC method allows to study the impact of any FG scenario with various 

penetration of PE-based generation at all/specific SG locations, as explained below in more 

details. It is worth mentioning that the scope of previous related studies was limited to 

particular networks and/or scenarios due to the use of time-consuming methodologies such as 

time-domain simulations. On the other hand, our FLC method can be used as a fast scanning 

tool for analyzing large numbers of FG scenario. Note that we augmented (6.4) benefiting 

from unchanged        

   (i.e. the fault level contribution associated with the connecting 

elements up to the faulty point does not change), as given in (6.6).  

 
 

 

SC,* SC

, t ,SC,*

SC,* SC

, t ,

 
 

+ 

s

s

g g Z

g

g g Z

MVA P MVA
MVA P

MVA P MVA


  

(6.6) 

Note that this is the initial step made towards the formulation of the effect of displacement of 

the SG by PE-based generation on the system fault level. This methodology for FLC 

including the impacts of PE-based generation is summarised in the following steps: 
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 Step1-Calculating         

   for each displaced SG from the base case
1
:  

As mentioned earlier, this methodology assumes that both the fault level contribution from 

the i-th generator to the faulty point,      
  , and to its terminal,        

  , are initially known 

either by using simulations or the steady-state fault calculation programs. In this paper, the 

results for the initial bases scenario, which are used as inputs for our methodology, are 

obtained from the steady-state fault calculation using the complete method in DIgSILENT 

PowerFactory. Using these values, the term,        

  , can be calculated by rearranging (6.4) 

as follows: 

SC SC

, tSC

, SC SC

, t
s

gi gi

gi Z

gi gi

MVA MVA
MVA

MVA MVA





 

(6.7) 

In the proposed FLC method, once calculated,         

   is assumed to be fixed regardless of 

changes that might occur at the generation side, as explained above. 

 Step 2-Calculating of the updated terminal fault level        
         as a function of the  

PE-based generation penetration:  

The maximum available fault level, at the terminal of the generation unit at any 

penetration level of PE-based generation, is equal to sum of the fault level supplied from 

both de-rated SG,       
     , and PE-based generation,        

     , as given in (6.8). 

     SC,* SC SC

, t , t , t gi i gi i PEi iMVA P MVA P MVA P   
(6.8) 

                                                 

1Note that the base case is referred to the existing power systems before analysing FG 

scenario including further uptake of PE-based generation. 



Page | 123 

 

Where, the terms        
      and         

      can be calculated as follows: 

Step 2.1- Updated fault contribution from SG at its terminal,        
     : The maximum 

fault level of a SG at its terminal can be determined using its rating voltage and internal sub-

transient reactance, as given in (6.9): 

SC

, t "

  gi

gi

gi

MVA
MVA

x
  

(6.9) 

Where,    
  is the sub-transient reactance in per unit. 

In displacement scenario, which are the focus of most FG scenario studies, it is assumed that 

the SG rating is reduced to (1-Pi) due to the increased penetration of PE-based generation to 

(Pi). In such a case, the terminal fault level in (6.9) also will be decreased by the same factor, 

as follows:  

 
 

 SC,* SC

, t , t"

 1
1

i gi

gi i i gi

gi

P MVA
MVA P P MVA

x

 
     

(6.10) 

Step 2.2- Fault contribution from PE-based generator at its terminal,         
      : It is 

assumed that the PE-based generator complies with the grid code requirement  by injecting 

reactive current during the fault. Hence, a proportional gain (k-factor) of 2 is chosen, 

according to the German grid code. This means that the injected reactive current is twice 

proportional to the voltage dip resulting from the fault.  The maximum contribution of the 

PE-based generator to a SC at its terminal depends on the overloading capability represented 

by (   ) in (6.11).  

SC

, tPEi PEi PEiMVA MVA   
(6.11) 
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Using (6.5), the rating of PE-based generation,      , can be defined on the basis of total 

installed generation capacity,     , which is assumed to be equal to the synchronous 

generator rating before decommissioning (i.e.            , hence       can be 

represented as shown in (6.12). 

TiiPEi PMVA MVA   
(6.12) 

By substituting (6.12) in (6.11), the fault level contribution at the terminal of the PE 

generation can be given as follows: 

SC

,t TiPEi PEi iMVA P MVA    
(6.13) 

Considering the fault contributions from both the SG and the PE-based generator, which are 

given in (6.10) and (6.13) respectively, the maximum fault level from the compound 

generation at its terminal can be written as: 

   SC,* SC

,t , t Ti
1

gi i i gi PEi iMVA P P MVA MVAP       
(6.14) 

 Step 3- Calculating the updated fault level contribution      
        as a function of 

the PE-based generation:  

The total fault level contribution from both de-rated SG and PE-based generation, 

    
       , can be obtained by substituting (6.14) in (6.6), as follows: 

 
 

 

SC SC

,t Ti ,SC,*

SC SC

,t Ti ,

[ 1 ]

[ 1 ]+ 

s

s

i gi PEi i gi Z

gi i

i gi PEi i gi Z

P MVA P MVA MVA
MVA P

P MVA P MVA MVA





     


    
 

(6.15) 
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 Step 4-Calculating of the updated total fault level           as a function of the 

total PE-based generation:  

The equation (6.15), which is valid for a single compound machine considering the 

corresponding local penetration level at generation Bus (i.e. Pi), can be used for each 

displaced SG. By doing so, the FLC can be extended to consider various displacement 

scenario. This will enable representing the fault level as a function of the total system-scale 

penetration level (i.e. PT). Note that the total penetration level at a system scale, PT, and the 

local penetration level at a certain generation Bus, Pi are correlated as follows: 

PE T

1 1

T

T

1 1

=

N N

i i i

i i

N N

Ti i

i i

MVA P MVA

P

MVA MVA

 

 




 

 
 

(6.16) 

By using these metrics, the total fault level as a function of the total penetration level, PT, can 

be represented by summing up the contributions from all the connected generation units 

formulated on the basis of the local penetration level, Pi, as follows:  

SC,*

SC T

1

)( ) (
N

gi

i

MVA P PiMVA


  
(6.17) 

6.5 Non-Numerical Case Study 

For better understanding, let us to consider an example where a PE-based generator displaces 

the conventional generator SGg1, as shown in Fig.46. By following the proposed FLC 

method, the only variable here will be the fault level contribution from the displaced SGg1 

(e.g.      
  ). In other words, the total fault level at the faulty point before decommissioning  
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Fig.46: The representation of the fault level at non-uniform penetration scenario.  

of the SGg1,        is re-calculated as a function of the penetration level of PE-based 

generator. This total fault level at the faulty point,        is divided into two parts: i) 

variable fault contribution from the SGg1, 1

SC

gMVA , and ii) fixed fault contribution from the 

other connected generators in the grid (i.e. Pi=0, for i≠1). Therefore, (6.17) is re-written as 

follows: 

 SC,*

1 1

S

S T

2

C,*

C )( ) (0
g

N

gi

i

MVA PMVA P MVA


   
(6.18) 

 
 

The second fixed term can be represented by an equivalent grid, as given in (6.19). 

SC,* SC

SC grid1 1( ) ( )T gMVA P MVA P MVA 
 

(6.19) 

Then, the equations (6.6)-(6.15) should be used for calculation of the fault level as a function 

of PE-based generation penetration,     
        , as given in (6.15). In other words, at this 
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stage, we include the impact of PE-based generation and decommissioned SG g1 in the FLC 

method. Finally, the calculated      
        , given in (6.15), should be added to the fixed 

fault level contribution from the rest of the grid,        
  , as shown in (6.20). 

 
 

 

SC SC

1 1,t 1 1 T1 1, SC

SC gridSC SC

1 1,t 1 1 T1 1,
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P VA P MVA MVA
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
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 

    
 

(6.20) 

 

6.6 Special Case (uniform PE penetration scenario) 

 In these scenario, PE-based generation penetration is evenly increased at all generation 

Buses (i.e. P1=P2=…=PN). Although this scenario might not be a practical in real power 

systems currently, it will help to understand the impact of the uniform distribution of the 

NSGs in the system. Moreover, such an assumption would be beneficial for assessing some 

future scenario in power systems where most of the classical generation units will be replaced 

by RESs. In this special case, the value of the total penetration level is equal to the local 

penetration level, (i.e.      . In order to apply our FLC method to such scenario, it is 

assumed that the fault level     
   is decomposed into two aggregated components: i) fault 

contribution associated with the aggregated SGs at its terminal,       
      

, and ii) fault level 

associated with the aggregated impedance   
   

, represented by        

      
. These imply that 

the SC current is fed from one aggregated source, through aggregated impedance that is 

connected in series between the generation unit and the faulty point,   
   

  This is similar to 

the schematic diagram shown in Fig.45. Terms,       
      

 and        

      
, can be calculated 

using (6.21) and (6.22) respectively. 
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Using (6.14), the value of the aggregated terminal fault level in (6.21) can be updated, as 

follows: 

   SC,Agg SC,Agg Agg

t ,t T, 1
T T g Eg P TPM P MVA MVA P VA       

(6.23) 

Finally, by substituting (6.22) and (6.23) in (6.6), the fault level for uniform penetration of 

PE-based generation will be given in (6.24): 

 
 

 

SC,Agg Agg SC,Agg

,t T ,

SC,Agg Agg SC,Agg

,t T ,

[ 1 ]

[ 1 ]+ 

s

s

T g PE T g Z

T

T g P Z

SC

E T g

P MVA P MVA MVA
MVA P

P MVA P MVA MVA





     


    
 

(6.24) 

Note that all the FLC steps are also described the flow chart shown in Fig.47. 
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6.7 Flow chart of the proposed FLC Method 
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Fig.47: The flow chart of the proposed FLC 
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6.8 Results and Discussion 

Our FLC method in section (6.7) is used for fault level calculation in three test systems: the 

2-area test system [108], IEEE 9-Bus test system [102] and the IEEE 39-Bus test system 

[109].  The proposed method is tested under different scenarios with the increased penetration 

of PE-based generation, and the obtained results are compared with the simulations 

performed in DIgSILENT PowerFactory, where the accuracy of our methodology is proven. 

The following sections discuss the simulation results obtained from those test systems in 

more details. 

6.8.1 Two-Area System 

6.8.1.1 Scenario1 (Non-uniform penetration of NSG at G2) 

In this scenario, a wind power plant utilising FRC technology (i.e. Type 4) has gradually 

displaced SG-G2 up to a penetration level of 100% (i.e. P2=1) of PE-based generation as 

shown in Fig.48. This represents a maximum total PE penetration level of 25% (i.e. PT 

=0.25). 

9 1087 3

G3

1161

G1

5

2

G2

4

G4

L9L7

PE Genarator  

Fig.48: The two-area test system with a PE-based generation on Bus 2. 
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As can be shown in Fig.49, the system fault level tends to decrease with the increased 

penetration of PE-based generation in the system. This is due to the fact that the maximum 

fault level of PE-based generation is limited to its MVA rating of FRC (e.g.         is 

considered here). In addition, Fig.49 compares the results obtained from our FLC method 

(section 6.3) and the one obtained from dynamic simulation carried out in DIgSILENT.  It 

can be seen that the results obtained from our method are almost the same as the time-domain 

simulation results. For this scenario, the maximum absolute error between our FLC method 

and time-domain simulations is less than 3.1%. Note that the results in Fig.49, are 

demonstrated for two typical Buses in the system, while the same trend was observed for 

other Buses in the grid. Further, the fault levels on Buses 6 and 7 are reduced from (4375 

MVA and 3328 MVA at P2=0) to (2907 MVA and 2706 MVA at P2=1), respectively. This 

implies 33% and 18% reductions in the fault level on Buses 6 and 7 at 100% penetration of 

PE-based generation, respectively.  

6.8.1.2 Scenario 2 (Non-uniform penetration of NSG at all Generators) 

 

Fig.49: The fault level on 2-area test system with different levels of P2 (scenario 1) 
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In this scenario, PE-based generation units (wind power plants) are connected to all SG 

locations. The penetration level, PT, is increased gradually from 0%to 70%. The fault level is 

then calculated for all the Buses, as depicted in Fig.50. Similar to the observed pattern in Fig. 

50, reductions in the fault levels for Buses 6 and 7 are noted with the increased penetration of 

PE-based generation in the grid. The maximum reduction in the fault level is occurred at the 

highest penetration level (i.e. 70%), as expected. The fault level on Buses 6 and 7 are reduced 

from (4248 MVA and 3328 MVA at PT=0) to (3093 MVA and 2667 MVA at PT=0.7), 

respectively. This indicates 18% and 20% reductions in the fault level on Buses 6 and 7, 

respectively.  

It is worth mentioning that the error in this scenario is slightly higher than the non-uniform 

penetration scenario, which is due to higher numbers of PE-based generation in the grid. 

Nevertheless, the maximum absolute error is still less than 4%. The simulation results 

showed the efficiency of our FLC methodology for analyzing large numbers of FG scenario 

in a short period. 

 

Fig.50: The fault level on 2-area test system with different levels of PT  (scenario 2) 
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6.8.2 IEEE 9-Bus Test System 

In this section, another test system is used to validate the accuracy of the proposed FLC 

method. Specifically, the IEEE 9-Bus test system is modelled in DIgSILENT PowerFactory 

with different NSG’s penetration scenario. Like the previous case where the 2-area test 

system is used, the studied scenario covers both uniform and non-uniform scenario of NSG-

based RESs. At first, the system is adjusted to consider a non-uniform penetration of NSGs 

represented by a type-4 wind farm connected at Bus 2. Then, the uniform penetration 

scenario is considered, where three wind farms (type-4) are evenly introduced to partially 

displace the SGs at all generation locations.  

6.8.2.1 Scenario1 (Non-uniform penetration of NSG at G2) 

The PE-based generation has gradually replaced conventional SG-G2, as shown in Fig.51. 

The total installed capacity the resulted compound power plant is always remained fixed (i.e. 

192 MVA) during the displacement scenario.  

 

Fig.51: The adjusted IEEE 9-Bus test system with a PE-based generator on Bus 2 
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Note that the maximum local PE penetration level is 100% (i.e. P2=1) for this scenario 

represents a 33.8% penetration of the total generation capacity in the system (i.e. PT=0.338). 

As can be shown in Fig.52, the system fault level is reduced with the increased penetration of 

PE-based generation in the system, similar to the observed trend in Fig.52. The fault levels on 

Buses 5 and 8 are reduced from (914 MVA and 905 MVA) to (815 MVA and 740 MVA), 

respectively (i.e. 21% and 35%, respectively). Hence, the reduction of fault level on Bus 8 is 

more sensitive to the displacement scenario compared to Bus 5. This might be denoted to the 

fact that SG at Bus 2 (i.e. G2) has had initially more contribution to the fault level on Bus 8 

more than Bus 5. Note that Fig.52 also provides a comparison between the results obtained 

from our FLC method and those obtained from time-domain simulations. It is worth 

mentioning that the maximum absolute error between the proposed FLC method and the 

actual results of the time-domain simulations is almost negligible, as only a maximum 

absolute error of 2.4% is observed.  

 

Fig.52. Fault level in the modified IEEE 9-Bus test system with different  

levels of P2  (scenario1) 
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6.8.2.2 Scenario2 (Uniform penetration of NSG at all Generators) 

For uniform penetration scenario in the IEEE 9-Bus test system, the PE-based generators are 

evenly increased at all generation Buses to partially displace the conventional SGs. Similar to 

the previous scenario, the total generation capacity is kept fixed and the total PE penetration 

level is gradually increased from 0% up to 70%. The fault level on Buses 5 and 8 is shown 

for this scenario in Fig.53, where again a reduction in the system fault level can be observed 

from (914 MVA and 905 MVA at P2=0) to (689 MVA and 667 MVA at PT=0.7), 

respectively. These values represent a reduction of 25% and 27% on Buses 5 and 8, 

respectively. This is a different pattern compared to the one observed in the two-area system 

indicating that different system configurations may lead to various fault level reduction trends 

in response to the increased penetration of PE-based generation. Finally, note that the 

maximum absolute error between the results of our FLC method and those obtained from 

time-domain simulations is 2.3%. This is almost the same error observed in the previous 

scenario (i.e. scenario 1), which also confirms the efficiency of this proposed FLC method. 

 

Fig.53. Results from the adjusted 9-Bus test system with different  

levels of PT (scenario 2) 
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6.8.3 The IEEE 39-Bus Test System 

To demonstrate the accuracy of the proposed FLC method on a large test system, the adjusted 

IEEE 39-Bus test system, shown in Fig.54, is used. In this part, the proposed FLC method is 

validated against the actual results obtained from the dynamic simulations (RMS) which uses 

detailed modelling and small simulation steps to account for the dynamics of the fault 

currents. Also, it is compared with the IEC60909 standard for steady-state fault calculation. 

For this purpose, the IEEE 39-test system is adjusted in DIgSILENT PowerFactory to 

consider two different penetration scenarios of NSGs which are described as follows: 

 Scenario 1 (P1=0.5, P3=1, P6=0.5, P2=P4=P5=P7=P8=P9=P10=0). 

 Scenario 2 (P1=0.7, P3=P4=P6=P7=1, P2=P5=P8=P9=P10=0). 

Note that these represent a total penetration of (36%) and (59%) respectively. The fault level 

at Buses 9 and 16 are calculated and compared with both the actual values represented by  

 

Fig.54: The adjusted IEEE 39-Bus system with PE-based generators (scenario 1) 
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the results obtained from RMS simulations and the steady-state fault calculations on the basis 

of the IEC60909 standards as shown in Fig.55 and Fig.56, respectively. It can be shown that 

the system fault level is falling with increasing the penetration of PE-based generation on 

both studied Buses. Observe Bus 9 in Fig.55, where the fault level has reduced from (4758 

MVA) at the bases scenario (i.e. PT=0%), down to (4481 MVA and 4182 MVA) at a total 

Penetration level of NSGs, PT, of (36% and 59%) respectively. 

 

Fig.55: The fault level on Bus 9 at different penetration levels of NSGs 

 

Fig.56: The fault level on Bus 16 at different penetration levels of NSGs 
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On the other hand, Fig.56 shows that the fault level at Bus 16 has reduced from (7303 MVA) 

at the base scenario (i.e. PT =0%), down to (6913 MVA and 5891 MVA) at a total 

Penetration level of NSGs, PT, of (36% and 59%), respectively. Table 17 and Table 18, also 

list the results obtained from our FLC method and IEC60909 standards, which are compared 

with the actual values of the fault level obtained from RMS simulations. The results verify 

the accuracy of the proposed FLC method in predicting the trend of the decreasing fault level 

and providing results very close to the actual fault level (i.e. RMS simulations) on both Buses 

(maximum absolute error of 5.1%).  

Table 17: Bus 9 Fault level on the adjusted IEEE 39-Bus test system 

Penetration  

Level 

RMS 

Simulation 
IEC60909 FLC Method 

(%) 
Fault Level 

(MVA) 

Fault Level 

(MVA) 

Error 

(%) 

 

Fault Level 

(MVA) 

 

Error 

(%) 

0 4758 5416 13.8 4758 0.0 

36 4481 6120 36.6 4609 2.9 

59 4182 6985 67.0 4396 5.1 

 

Table 18: Bus 16 Fault level on the adjusted IEEE 39-Bus test system 

Penetration  

Level 

RMS 

Simulation 
IEC60909 FLC Method 

(%) 
Fault Level 

(MVA) 

Fault Level 

(MVA) 

Error 

(%) 

 

Fault Level 

(MVA) 

 

Error 

(%) 

0 7303 8688 19.0 7303 0.0 

36 6913 8791 27.2 7028 1.7 

59 5891 8162 38.6 6133 4.1 
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In contrasts, the IEC60909-based fault calculation has provided misleading results in some 

cases, as it has shown an increasing fault level on Bus 9. Observe from Fig.55 and Fig.56, the 

increasing error gap between the IEC60909 standards and the simulation results. This error 

has registered very high values especially at 59% penetration of NSGs (i.e. PT=0.59). For 

example, a maximum absolute error of 67.0% and 38.6% has registered at Bus 9 and Bus 16. 

In this chapter, a new method for steady-state fault level calculation (FLC) including the 

impact of high penetration of NSGs-based RES, referred here as PE-based generation, is 

proposed. Our proposed method is formulated based on the correlation between the fault level 

and the penetration of PE-based generation in the power system. Our generic modelling 

method can assist in estimating/predicting of the system fault level in a wide range of future 

grid scenarios without a need for a detailed system modelling or time-domain simulations. 

The proposed new FLC method has been tested using three representative test systems, i.e. a) 

2‐area test system, b) IEEE 39-bus test system, c) IEEE 39-bus test. The proposed FLC 

method has demonstrated adequate applicability, with small absolute errors, smaller than 

5.1%, when compared to the full-scale dynamic simulation results on the basis of detailed 

network modelling. 

Furthermore, the results obtained have shown that the proposed FLC method has superior 

accuracy when compared with the IEC60909-based fault calculations. It was noted that the 

IEC60909 standard may result in conservative/inaccurate outcomes in some cases. For 

example, in the case of the IEEE 39-bus test system, the IEC60909-based fault calculation 

demonstrated an increasing fault level on Bus 16 with increased PE-based penetration, which 

was opposite to the actual results obtained from dynamic simulation. In contrast, our 

proposed FLC method demonstrated an accurate trend of fault level with the increased 

penetration of PE-based generation, as confirmed by dynamic simulations. 
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Although the simulation results showed that the transmission system fault level may decrease 

with the increased penetration of PE-based generation, these reductions may show different 

trends in different power systems, depending on the fault location and the synchronous 

generation (SG) displacement scenario. For instance, it can be noted that those Buses which 

are closer to the displaced SGs, may experience lower fault levels, compared to the remote 

ones. On the other hand, an approximately homogeneous fault level reduction may be 

experienced in the network when the SGs are uniformly replaced by PE-based generation. 

This implies the impact of PE-based generation location on the fault level reduction, and our 

FLC method can assist researchers and system operators to analyse large numbers of FG 

scenario with different possibilities for type, size and location of PE-based RES. 
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7 Possible Solutions to Substitute the Low Fault Level in Future Power 

Systems with High Penetration of NSGs 

This chapter aims to propose some solutions to substitute the low fault level resulted from the 

increased penetration level of NSGs. At first, it examines the negative impact of the low fault 

level on the system strength resulted from the increased penetration of NSGS. This is done by 

monitoring the voltage dip propagation during the fault as well as the voltage change due to a 

switching event at high and low fault level conditions. Then, some of the possible solutions to 

the problem of low fault level are discussed and analysed too. This includes optimizing the of 

the FRT capability of the NSGs by maximizing the k-factor, enhancement of the capability of 

NSGs by maximizing the transient overrating and installation of synchronous condensers in 

low fault level systems. Finally, it shows the efficiency of the suggested solutions in 

improving the fault level profile and mitigating the negative implications of the low fault 

level on the system due to the increased penetration of NSGs. 

7.1 Maximizing the k-Factor  

The relation between the injected reactive current and the severity of the fault (i.e. the 

resulted voltage dip level during the fault), is already defined and explained in chapter 3. It 

has been shown that according to most grid codes, this injected current is defined by the 

proportional gain (i.e. k-factor) as expressed in (3.1). In other words, the higher the value of 

the k-factor, the higher the injected current during the fault. However, some grid codes define 

a specific range for the values of this k-factor such as the German grid code where a range of 

(k=2 to k=10) is suggested with a default value of (k=2) [53]. This means that the converter 

will provide different levels of reactive current depending on the severity of the fault. In other 

words, the higher the k-factor, the higher the injected current during the fault in proportional 
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to the voltage dip level seen at the grid-connected side of the NSG. For example, faults near 

to the converter terminal see deeper voltage dip and therefore the NSG injects almost the 

maximum capability of the converter. However, the converter might only inject some limited 

values of reactive current for faults far from the converter terminal. Therefore, higher levels 

of reactive currents can be injected by using higher values of the k-factor. The converter 

control should have the capability to maximize the reactive current injection during the faults 

with higher k-factor (e.g. k=10). This chapter will examine the effectivity of this solution in 

more details in the results section. 

7.2 Maximizing the Overrating Capability of the NSGs 

As state earlier, the injected reactive current is determined by both the voltage dip and the k-

factor. However, this will be limited by the transient overrating capability of the converter 

during the voltage dip conditions. In literature, this transient capability is ranged between (1.1 

-1.5 p.u.) according to [8, 59, 72]. This includes the maximum limit for the combined current 

of both (active and reactive) currents might be injected during the faulty condition as 

expressed in (7.1). 

2 2

Max Active Reactive Rating I I I I    
(7.1) 

Usually the FRT control limits the active current to a minimum level (e.g. almost zero) to 

prioritize the reactive current injecting without violating the maximum limit of the converter. 

This upper limit is determined by the maximum currents that the power electronic switches 

(e.g. IGBTs) can carry. So, an enhanced overrating capability will allow for more fault 

current injection (i.e. higher MaxI ) during the low voltage conditions. Although such solution 

adds extra cost to produce switches with higher current-carrying capability, it might be an 
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effective alternative to provide the required fault currents. This will be examined and 

evaluated more in the results section. 

7.3 Installation of Synchronous Condensers  

Synchronous condensers have been used in traditional power systems for many purposes such 

as voltage support, reactive power compensation and power factor improvement [110-113]. 

These synchronous condensers are modelled as unloaded synchronous machines which either 

supply reactive power when it is overexcited or absorb reactive power when it is under-

excited. In other words, it can function as a capacitor or an inductor according to the 

excitation status [111]. Recently, synchronous condensers have been strongly proposed as a 

solution for some system strength challenges (e.g. low inertia and low fault level) which 

might accompany the increased integration of PE-based generation (i.e. mainly RESs which 

are connected through converters to the grid) [114-117]. Likewise synchronous generators, 

these synchronous condensers have the capability to inject high fault current during low 

voltage conditions (i.e. SC faults), therefore they are modelled using the same way in steady-

state fault calculations as well [35]. This capability of providing high fault currents makes the 

synchronous condensers a promising alternative to substitute the fault level decline in future 

energy systems with high penetration of NSG-based RESs.   
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7.4 Simulation Results 

7.4.1 Impact of the Increased Penetration on the Fault Level 

In order to achieve a better understanding of the impact of the increased penetration of NSGs 

on the fault level of large systems, the IEEE 39-Bus test system is used again and modelled in 

DIgSILENT PowerFactory. In this part, the IEEE 39-Bus test system is divided into two 

areas as shown in Fig.57. Two scenarios have been considered as follows: 

 Scenario 1: All generators in both areas are SGs 

 Scenario 2: Area-2 generators are replaced by NSGs (i.e. type-4 wind farms) 

Note, that scenario 2 represents the case where Area-2 has a 100% penetration level of NSGs. 

However, the maximum penetration level of NSGs in the whole system considering both 

areas equals to 23% using the same metric in (3.6). 

Area 1 Area 2
 

Fig.57: The adjusted IEEE 39-Bus test system 
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In both scenarios, the fault level is calculated using the results obtained from dynamic 

simulations (i.e. RMS simulations). The results are obtained for several locations (i.e. Buses) 

in the system covering both areas in the test system considering the two already defined 

scenario. The results show a significant decline in the fault level at all of Area-2 Buses with 

the NSGs (i.e. scenario 2) compared to the original fault level in the original system with SGs 

only (i.e. scenario 1).  

For instance, the fault level on Buses 23 and 29 have registered a reduction of 33.2% and 

48.2% of their original values, respectively. On the other hand, those Buses of Area-1 have 

witnessed a marginal decline in the fault level as shown in Fig.58. For example, Buses 2 and 

8 have registered a reduction of 6.6% and 5% of their original value respectively. In other 

words, Buses which are close to the SGs (e.g. mainly Buses in Area-1) are less affected by 

the increased penetration level of NSGs, whereas those far Buses (e.g. mainly Buses in Area-

2) are significantly affected by the increased penetration level of NSGs. This is somehow 

expected due to the limited fault contribution to the total fault level from the NSGs, which is 

 

Fig.58: The fault level in the adjusted IEEE 39-Bus test system 
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the dominated sources in Area-2, while Area-1 Buses are mainly fed by SGs which 

contributes to higher levels of fault currents in compared to the NSGs. Note that the average 

fault level reduction of 33% of the original values has been observed at Buses in  Area-2 due 

to the 23% penetration level of NSGs.  

On the other hand, an average reduction of 4.7% from the original values of the fault level 

has been observed at Buses in Area-1. Table 19, shows the fault level at both NSG’s 

penetration scenario in addition to the reduction percentage comparted to the original fault 

level. 

Table 19: The fault level of adjusted IEEE 39-Bus test system  

Location 
Fault  Level (MVA) 

Decrement % 
(Scenario 1) (Scenario 2) 

Bus 2 9906 9253 6.6 

Bus 4 7784 7447 4.3 

Bus 8 6803 6461 5.0 

Bus 10 7965 7754 2.6 

Bus 16 9979 7966 20.2 

Bus 19 7940 4415 44.4 

Bus 21 6697 5358 20.0 

Bus 23 6891 4604 33.2 

Bus 29 5090 2624 48.4 
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7.4.2 Impact of the Low Fault Level on the System Strength 

To examine the impact of the fault level reduction on the system strength, which is 

characterised by the voltage stiffness, both the voltage dip propagation during the fault as 

well as the voltage change due to a switching event are studied. This has been conducted 

using the same IEEE 39-Bus test system considering the same scenario in the previous 

section (i.e. scenario 1 and scenario 2). 

7.4.2.1 Voltage Dip Propagation 

Considering a bolted three-phase symmetrical fault at Bus 16 of the system Fig.57, the 

resulted voltage dip propagation through the system during the fault is monitored in both 

scenarios. Observe Fig.59 that shows the during-fault voltage (DFV) on different Buses  

(Buses 2, 4,8 and 10 from Area-1) and (Buses 19,21,23,29 from Area-2). In addition, the 

numerical results are listed in Table 20. These results indicate that the fault at Bus 16, which 

is located at the middle of the system between Area-1 and Area-2, has affected most of the 

other Buses in the system.  

 
Fig.59: Voltage dip propagation due to a fault at Bus 16  
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Note the wider voltage dip propagation in Area-2 Buses (more specifically Buses 19, 21 and 

23), opposing the less impacted Area-1 in both 0% and 23% NSG’s penetration scenario. 

 Scenario 1 (0% NSGs’ penetration) 

Buses in Area-1, are less influenced by the fault at Bus 16. It can be observed from Fig.59 

that all Buses in Area-1 have shown a DFV of more than 0.5 p.u. (i.e. DFV > 0.5 p.u.). Note 

that the lowest DFV has been registered at Bus 4, which equals to 0.583 p.u. On the other 

hand, most Buses in Area-2, apart from Bus 29, have shown a during-fault voltage of less 

than 0.5 p.u. (i.e. DFV < 0.5 p.u.). It can be noted that the lowest DFV has been registered at 

Bus 21, which equals to 0.206 p.u. 

 Scenario 2 (23% NSGs’ penetration) 

Buses in Area-1 have approximately shown the same interaction with the fault at Bus16 with 

an almost negligible difference in DFVs in compared with those observed in scenario 1. In 

other words, the values of the DFVs are more than (0.5 p.u.) as it can be shown in Table 20. 

In contrast, all Buses in Area-2 have witnessed significant low values of DFVs, more 

specifically those Buses which are closer to the faulty point (i.e. Bus 16). For example, DFVs 

of (0.084 p.u. and 0.119 p.u.) have been registered at Buses 21 and 19 respectively. On the 

basis of the results, it can be confirmed that the voltage dip propagation represented by the 

DFVs is strongly correlated to the strength of the Bus under study, which is characterised by 

the fault level. In other words, strong Buses, which have witnessed a marginal decline in fault 

level due to the NSGs’ penetration (e.g. Buses in Area-1), have also shown a marginal 

decline of their  DFVs. Accordingly, weak Buses, which have witnessed a significant decline 

in the fault level  (e.g. Buses in Area-2), have shown a significant decline of their DFVs. 
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Table 20: During-fault voltage due to a bolted fault at Bus 16 

Location Before-fault voltage Scenario 1 Scenario 2 

Bus2 1.043 0.722 0.689 

Bus4 0.98 0.583 0.571 

Bus8 0.973 0.715 0.708 

Bus10 0.976 0.664 0.658 

Bus16 1.021 0 0 

Bus19 0.989 0.457 0.119 

Bus21 1.024 0.206 0.084 

Bus23 1.041 0.421 0.176 

Bus29 1.047 0.779 0.436 

7.4.2.2 Voltage Change due to Capacitor Banks Switching 

This part studies the impact of the system strength characterised by the fault level on the 

voltage change due to a capacitor bank switching at the transmission level. To do so, a 100 

MVAr capacitor bank is connected at Bus 21 in Area-2. The change in the voltage level is 

monitored in the previously explained scenarios (scenario 1 and scenario 2) which represent 

(0% and 23%) of NSGs’ penetration respectively as shown in Fig.60.  

 
                                   (a) Scenario 1                                                                 (b) Scenario 2 

Fig.60: Voltage change due to a 100 MVAr capacitor bank switching at Bus 21 
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Observe Fig.60, where the voltage change due to the capacitor bank switching is presented, it 

can be noticed that a higher voltage level is observed in both cases after switching on the 

capacitor bank at (t=2 s).  

While a smooth step change in the voltage can be observed in scenario 1 when a fault level 

equals to 6697 MVA, an overshoot is observed in scenario 2 when the fault level is reduced 

to 5358 MVA. Note that the resulted steady-state voltage change (i.e. V) equals to 0.01 p.u. 

and 0.017 p.u. in scenario1 and scenario 2 respectively. It is worth mentioning that the 

transient overshoot observed in scenario 2 exceeds 0.03 p.u. These results justify the need for 

a minimum fault level in order to ensure a certain level of system strength, and to avoid 

violating the voltage limits during switching events. In view of the previous results, it is 

obvious that the decline in the fault level has a negative impact on the system strength.  

Hence, it is required to substitute the fault level to ensure the system stability and to provide 

the minimum requirement of system strength too. Therefore, this section discusses some 

possible remedies by proposing several doable solutions to enhance the fault level profile and 

substitute the low fault level. Three main alternatives are proposed and discussed as follows: 

Maximizing the gain for reactive current injection during the faults (i.e. k-factor), maximizing 

the overrating capability of the converters utilised in the NSGs, and installation of 

synchronous condensers.  

7.4.3 Maximizing the k-Factor 

As stated earlier, grid code requirements for connecting NSGs to the electrical grid as well as 

the FRT control strategy have a strong impact on the fault current contribution from the 

NSGs. For instance, the proportional gain of reactive current injection during the fault plays a 

key role in determining the level of the fault current from such sources.  
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This part examines the influence of using high values of this gain (i.e. k-factor) on 

maximizing the fault current contribution from NSGs. The fault level is also calculated on the 

same Buses considering scenario 2 which represents a 100% penetration of NSGs in Area-2.  

The sensitivity of the system fault level to the value of the k-factor has been tested 

considering two values (i.e. k=2 and k=10) as shown in Fig.62. The results show an enhanced 

fault level profile by maximizing the k-factor with decent levels of fault level improvement in 

all Buses. Note that not only the Buses in Area-2 have witnessed an improved fault level but 

also those Buses in Area-1.  

An average of increment of the fault level profile at all Buses equals to 19% whereas a 

maximum fault level increment of 31% is observed at Bus 29 as shown in Fig.61. This can be 

interpreted as the maximum k-factor ensures that the converter will see the faults and inject 

the maximum reactive current regardless of the fault location even for those Buses far from 

the NSGs. In other words, the higher the k-factor the more the capability of the NSG to 

support the grid during the faulty conditions.  

 

Fig.61: The enhanced fault level using higher vlues of k-factor  
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Table 21:Impact of increasing the k-factor on the fault level 

Location Case 1  

(k=2) 

Case 2  

(k=10) 

Increment  

(%) 

Bus  2 9253 11200 21 

Bus  4 7447 9121 22 

Bus  8 6461 8046 25 

Bus 10 7754 9335 20 

Bus 16 7966 8123 02 

Bus 19 4415 5347 21 

Bus 21 5358 6081 13 

Bus 23 4604 5326 16 

Bus 29 2624 3441 31 

 

Table 21 shows the fault level (MVA) for both cases (k=2 and k=10), in addition to the 

percentage of the fault level increment resulted from maximizing the k-factor (i.e. k=10) 

compared to the original fault level when (k=2). Observe that by using this solution, the fault 

level profile has been improved without any requirement to enhance the overrating capability 

of the converters. In other words, this solution helps to utilise most of the available converter 

capability perfectly without adding any extra cost. 

7.4.4 Maximizing the Overrating Capability of the NSG 

This part examines the effectiveness of maximizing the transient overrating capability of the 

converter utilised in NSG on enhancing the system fault level. For this purpose, the same test 

system (IEEE 39-Bus test system) with all generators in Area-2 replaced by NSGs, scenario 

2, is used again. The fault level has been obtained using dynamic simulations considering 

three different values for the maximum converter current (i.e. IMax =1.1, 1.5 and 2 p.u.).   
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Having increased the maximum overrating capability of the converter, the fault level has been 

improved at all Buses in the system as shown in Fig.62. Observe the different levels of the 

fault level in Fig.62, which shows the sensitivity of the fault level to the changing value of 

the maximum overrating capability of the NSGs. In compared with the base case where 

(IMax=1.1 p.u.), it can be noticed that the fault level at all Buses has experienced an increase 

with an average of (13.8% and 35.8%) for the cases (IMax = 1.5 p.u. and IMax =2 p.u.) as 

shown in Table 22, respectively. 

It is worth mentioning that the maximum increase in the fault level has been observed at Bus 

16 in both cases. For example, the fault level of Bus 16 has increased from 8123 MVA up to 

11335 MVA when the (IMax) changed from 1.1 p.u. to 2 p.u., which represents a significant 

increase of 45%. Note that all numerical results including the fault level and the increment 

percentages are also presented in Table 22. 

 

Fig.62: The enhanced fault level using higher overrating capability 
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Table 22: The impact of increasing the overrating capability on the fault level 

Location 
(base) 

Imax=1.1 
Imax=1.5 

Increment 

(%) 
Imax=2 

Increment 

(%) 

Bus2 11200 12213 9.0 13470 20.3 

Bus4 9121 10094 10.7 11311 24.0 

Bus8 8046 8688 8.0 11770 46.3 

Bus10 9335 10173 9.0 11221 20.2 

Bus16 8123 9551 17.6 11335 39.5 

Bus19 5347 6417 20.0 7754 45.0 

Bus21 6081 7222 18.8 8648 42.2 

Bus23 5326 6026 13.1 7713 44.8 

Bus29 3441 4050 17.7 4810 39.8 

 

These results indicate the effectiveness of increasing the overrating capability of the 

converter interface of NSGs in improving the fault level profile in the whole system in 

scenarios with high penetration of NSGs. 

7.4.5 Installation of Synchronous Condensers  

As far as synchronous condensers are concerned, three synchronous condensers of the same 

ratings are installed (at Buses 15, 23 and 28) to substitute the low fault level observed in 

Area-2. The ratings of these installed synchronous condensers are changed at three different 

values (100 MVAr, 200 MVAr and 300 MVAr). The fault level has been calculated at all 

Buses for each case using the dynamic simulation results for each value of the synchronous 

condensers. Generally, it can be seen that the fault level increases at all system Buses with the 

increased rating of the installed synchronous condensers as shown in Fig.63. This has 

improved the fault level profile and substituted the low fault level especially in Area-2, where 

the NSGs are installed to displace the SGs. 
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Fig.63: The enhanced fault level using Synchronous condensers  

Unlike the impact of the increased overrating capability of the converters, it can be noticed 

that the installed synchronous condensers have mainly influenced the fault level on the 

nearby Buses (i.e. Area-2 Buses). On the other hand, a marginal impact can be noticed on 

Area-1’s Buses as shown in Fig.63. Observe the maximum fault level increase, which has 

been experienced on Buses 23 and 29. It can be seen that fault level at Bus 23 has increased 

from 4604 MVA at the base case without synchronous condensers, up to (5273MVA , 5919 

MVA and 6547 MVA) for the synchronous condensers ratings of (100 MVAr, 200 MVAr 

and 300 MVAr) respectively.  

Note that these represent fault level increments from the original fault level at the bases case 

without synchronous condensers of 14.5%, 28.6% and 42.2% respectively. On the other hand, 

a higher increment of fault level has been experienced on Bus 29 from 2624 MVA without s, 

up to (3063 MVA , 3440 MVA and 3772 MVA) for the synchronous condensers ratings of 

(100 MVAr, 200 MVAr and 300 MVAr), which represent 16.7%, 31.1% and 43.8% 

respectively, as listed in Table 23. 
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Table 23:Impact of installation of synchronous condensers on the fault level 

Location 
Original 

Fault Level  

Fault Level with the Synchronous Condensers 

(100 MVAr) (200 MVAr) (300 MVAr) 

MVA (%) MVA (%) MVA (%) 

Bus2 9253 9606 3.8 9823 6.2 9970 7.7 

Bus4 7447 7590 1.9 7820 5.0 7990 7.3 

Bus8 6461 6631 2.6 6739 4.3 6814 5.5 

Bus10 7754 7923 2.2 8117 4.7 8226 6.1 

Bus16 7966 8780 10.2 9484 19.1 10104 26.8 

Bus19 4415 4664 5.6 4817 9.1 4946 12.0 

Bus21 5358 5832 8.8 6233 16.3 6570 22.6 

Bus23 4604 5273 14.5 5919 28.6 6547 42.2 

Bus29 2624 3063 16.7 3440 31.1 3772 43.8 

 

Taken together, these results suggest that the synchronous condensers can form an effective 

solution to improve the fault level profile.  However, the location and the ratings of the 

installed synchronous condensers should be considered carefully. 
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7.5 Conclusion 

The main goal of this chapter was to propose some possible solutions for substituting the low 

fault level resulted from the increased penetration level of NSGs. Primarily; the impact of the 

low fault level on the system strength was studied and evaluated in scenarios of high 

penetration levels of NSGs. Then, three different solutions have been suggested to improve 

the fault level profile and to avoid the negative implications might result from the fault level 

decline accompanied by the increased penetration levels of NSGs.  These three proposed 

solutions include: optimizing the of the FRT capability of the NSGs by maximizing the k-

factor, enhancement of the capability of NSGs by maximizing the transient overrating and 

installation of synchronous condensers in low fault level systems.  

Apart from the significant fault level decline, which has been witnessed in scenarios with 

high penetration of NSGs, the results presented in this chapter have shown that the strength of 

the system is negatively affected by the low fault level. For instance, the results have shown 

that the voltage stiffness at the system Buses is strongly dependent on the fault level of those 

Buses as the higher fault level Buses have shown more stiffness and a less voltage change in 

response to switching events or to faults occurred at other Buses in the system.   

This research has found that generally an average fault level increment of 19%  has been 

achieved by maximizing the k-factor (i.e. k=10) in compared to the original case (i.e. k=2). 

Furthermore, some Buses in the system has experienced higher increments depending on the 

Bus location and how close to the NSGs. For example, the fault level at Bus 29 has registered 

an increment of 31% higher than the of the original fault level observed before changing the 

k-factor. This confirms the importance of this parameter in optimizing the FRT control during 
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the faulty conditions and in improving the fault level profile in the system with the high share 

of NSG-based RESs. 

Regarding the second proposed solution represented by maximizing the overrating capability 

of the converter interface utilised by the NSG, the results have shown a general fault level 

increment at all the system Buses, as well. These increments are (13.8% and 35.8%) for the 

cases (IMax = 1.5 p.u. and IMax =2 p.u.) compared to the original system fault level when (IMax 

= 1.1 p.u.). Although this solution might achieve a better fault level increment compared to 

what increment resulted from maximizing the k-factor, it requires oversizing the converters 

utilised by the NSGs to be able to provide higher levels of fault currents. In other words, new 

design and additional capability are required which is considered a defect in the solution as it 

would lead to extra costs. 

Considering the results obtained by using the third suggested solution characterised by 

synchronous condensers’ installation, it can be concluded that the fault level at all Buses in 

the system has risen in response to the installation of the synchronous condensers. This might 

be expected as the synchronous condensers contribute to higher levels of fault currents same 

as SGs as mentioned earlier. However, the results of this investigation show that thee 

synchronous condensers mainly affect the fault level at those Buses close to them, while the 

far Buses from the installed synchronous condensers are marginally affected. For example, 

average increments of (7.4%, 13.8 % and 19%) have been observed in the system fault level 

considering all Buses after installation of 100 MVAr, 200 MVAr and 300 MVAr 

respectively. Nevertheless, this increment was not uniformly observed at all Buses. For 

example, considering the case where  300 MVAr synchronous condensers are installed, Area-

1 Buses and Area-2 Buses have experienced very different levels of increments of (6.6%) and 

(29.5%) respectively. This is somehow opposing the first two suggested solutions where the 
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fault level increments were almost uniform at all Buses with minor differences. Note that 

installation of synchronous condensers would lead to an additional cost which is considered a 

drawback of this suggested solution same as the overrating capability solution. 

Taken together, these results show the effectiveness of the suggested solutions in improving 

the fault level profile and mitigating the negative implications of the low fault level on the 

system due to the increased penetration of NSGs. 
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8 Thesis Summary 

This chapter summarizes the whole research undertaken in the thesis. Firstly, it provides 

some general conclusions about the main tasks have been conducted and presented in the 

thesis (section 8.1). Secondly, the main contributions as well as the key findings of the 

research will be presented in (section 8.2). Finally, it suggests some interesting new ideas and 

recommendations for further development of the work in the future, which might be 

launched, on the basis of the outcome of the  

8.1 Conclusions  

This thesis was undertaken to assess the fault level in future power systems with high 

penetration of NSGs. A comprehensive assessment has been provided about the theme of 

fault level in systems with high penetration of NSG-based RESs. This has included broad 

investigation of the new characteristics of SC currents fed by the NSGs, understanding the 

impact of the increased penetration of NSGs on the transient response of the SC current and 

the fault level in future systems, evaluating the accuracy of the available steady-state methods 

for fault calculation with the presence of NSGs and defining the negative implications which 

might appear when operating systems with low fault levels. 

Initially, a comprehensive review of the related literature that covers all studied aspects which 

have been undertaken and presented. Several simulation studies have been conducted to 

understand the fault current contribution from NSGs-based RESs, as well as to monitor the 

SC current response in power systems with the variable fault level in future scenarios with 

increased penetration of NSGs. The results have shown a very different SC current 

characteristics represented by a limited and controlled SC current contribution from the 
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NSGs. Generally, it can be concluded by analysing the transient followed by a steady-state 

SC current. This created a motivation to precisely understand the factors behind such 

characteristics and how the new characteristics might affect the SC response in future 

scenarios with high penetrations of these NSGs. Therefore, a wide range of factors that might 

influence the SC current contribution of  NSGs utilising FRCs was studied in details. The 

results have shown that the transient SC contribution from the NSGs, connected through 

FRCs, is mainly determined by the pre-fault operation conditions, the voltage dip seen during 

the fault and the speed of reactive current injection. On the other hand, the steady-state 

contribution is only affected by the inverter’s overrating capability as well as the proportional 

gain for the reactive current injection (i.e. k-factor).  

On the other hand, the sensitivity of the SC current response to the generation mix (SGs and 

NSGs) in future scenarios has demonstrated that the SC currents in high NSGs’ penetration 

scenario will decrease to lower levels with the increased penetration of NSGs and displacing 

the traditional SGs. It was also shown that the SC current response may witness some 

significant changes compared to the one observed in conventional power systems on the basis 

of SGs. For instance, the SC current response may show a delayed maximum contribution 

(i.e. very low initial contribution), multiple peak values and different levels of current 

decaying after exceeding some levels of NSGs penetration in the grid, more specifically after 

exceeding (40% penetration of NSGs). However, in cases where the NSGs can ride though 

the fault immediately without any delays, the traditional time-decaying response might be 

observed as far as the penetration level is less than 100%. Furthermore, the results of this 

investigation show that the breaking current converges to the same level of the initial 

symmetrical SC current (  
  ) with the increased penetration of NSGs until they coincide at 
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100% scenario. Note that these results and conclusions were derived from several time-

domain simulations and steady-state fault calculations in DIgSILENT PowerFactory. 

After that, the performance of steady-state fault calculation (SSFC) methods in power 

systems including high penetration of NSGs based on FRC technologies has been studied and 

evaluated. In particular, the modelling and calculating the fault currents on the basis of the 

updated versions of the IEC60909 as well as complete methods. The estimated fault currents 

from these SSFC methods are compared with the dynamic simulation results considering  

different fault locations (i.e. voltage dip levels) accounting for faults near and far from NSGs. 

The simulations are conducted using single machine-infinite Bus and the IEEE 9-Bus test 

systems considering several scenarios which cover large-scale of penetration levels of NSGs. 

It was shown that complete methods can provide the best estimation for breaking current (  ). 

However, most SSFC methods showed poor performance in estimating of sub-transient (  
  ) 

and maximum peak (  ) currents in power systems with high penetration of NSG utilising 

FRC. Further, it was observed that all SSFC methods have tangible error gaps for estimating 

fault currents compared to actual fault levels calculated using dynamic simulations in power 

systems with high penetration of NSG utilising FRC.  

Consequently, the necessity was raised for augmenting the existing modelling methodologies 

used in the SSFC methods to better represent the dynamic behaviour of NSG utilising FRC 

for such an analysis. Therefore, two new fault level calculation methods have been proposed 

in this thesis to provide results that are more accurate in future scenarios with high 

penetrations of NSG-based RESs.  

An enhancement on the steady-state fault calculations according to the IEC60909 method is 

proposed and evaluated (chapter 5). This proposed method has augmented the methodology 
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in the latest version of the IEC60909 standard by improving the reactive current injection 

modelling for NSG-based RES during the fault. The simulation results show that the 

proposed method can provide better estimates for the fault currents with smaller error 

margins compared to the IEC60909. In particular, the proposed method has shown a 

maximum absolute error of 4.75% and 12.5% using a modified IEEE 14-Bus system for the 

cases when (k=2) and (k=10) respectively. On the other hand, the IEC60909 standard 

illustrated a maximum absolute error of 23.31% and 20.9% for the same cases. Hence, it can 

be concluded that the error margin in steady-state fault calculation of power systems with 

high penetration of NSG-based RES can be reduced at least by 50% using the proposed 

method. 

The other enhancement is represented by proposing a novel method for steady-state FLC 

including the impact of high penetration of NSGs-based RES, which also referred here as PE-

based generation. The newly proposed method is formulated on the basis of the correlation 

between the fault level and the penetration of PE-based generation in the power system. This 

includes a generic modelling method which can assist in estimating/predicting of the system 

fault level in a wide range of future grid scenarios without a need for detailed system 

modelling or time-domain simulations. The proposed new FLC method has been tested using 

three representative test systems, i.e. a) 2‐area test system b) IEEE 9-bus test system and c) 

IEEE 39-bus test system. The results obtained using the proposed FLC method has 

demonstrated adequate applicability, with small absolute errors, smaller than 5.1%, when 

compared to the full-scale dynamic simulation results on the basis of detailed network 

modelling. Furthermore, the results obtained have shown that the proposed FLC method has a 

superior accuracy when compared with the IEC60909-based fault calculations which may 

result in conservative/inaccurate outcomes in some cases. Furthermore, this proposed FLC 
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method estimated the accurate trend of variable fault level with the increased penetration of 

PE-based generation, as confirmed by dynamic simulations. 

Although the simulation results showed that the transmission system fault level may decrease 

with the increased penetration of PE-based generation, these reductions may show different 

trends in different power systems, depending on the fault location and the synchronous 

generation (SG) displacement scenarios. For instance, it can be noted that those Buses which 

are closer to the displaced SGs, may experience lower fault levels, compared to the remote 

ones. On the other hand, an approximately homogeneous fault level reduction may be 

experienced in the network when the SGs are uniformly replaced by PE-based generation. 

This implies the impact of PE-based generation location on the fault level reduction, and our 

FLC method can assist researchers and system operators to analyse large numbers of FG 

scenarios with different possibilities for type, size and location of PE-based RES. 

Finally, the impact of operating the system under low fault conditions and the negative 

implications on the system strength, which is characterised by the voltage stiffness, is studied 

and evaluated in scenarios of high penetration of NSGs (in chapter 7). The results have 

shown that the strength of the system is negatively affected by the low fault level. For 

instance, the voltage stiffness at the system Buses is strongly dependent on the fault level of 

those Buses as the higher fault level Buses have shown more stiffness and a less voltage 

change in response to switching events or to faults occurred at other Buses in the system.   

This indicates a need to suggest some possible solutions for substituting the low fault level 

resulted from the increased penetration level of NSGs. Subsequently, three different solutions 

have been proposed to improve the fault level profile and to overcome the negative 

implications resulted from the fault level decline accompanied by the increased penetration 
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levels of NSGs. These three proposed solutions include enhancement of FRT capability of the 

NSGs by increasing the k-factor, enhancement of the transient overrating capability of NSGs 

and installation of synchronous condensers in low fault level systems (chapter 7). The results 

show the effectiveness of the suggested solutions in improving the fault level profile and 

mitigating the negative implications of the low fault level on the system due to the increased 

penetration of NSGs. For instance, an average fault level increment of 19% has been 

achieved by maximizing the k-factor (i.e. k=10) in compared to the original case (i.e. k=2). 

On the other hand, general fault level increments of (13.8% and 35.8%) have been registered 

for the cases (IMax= 1.5 p.u. and IMax=2 p.u.), as compared to the original system fault level 

respectively. These two suggested solutions have evenly improved the fault level at all Buses 

in the system. In other words, their impact can be observed at all system Buses either close or 

far Buses from the NSGs. Lastly, average increments of 7.4%, 13.8 % and 19% have been 

observed in the system fault level considering all Buses after installation of 100 MVAr, 200 

MVAr and 300 MVAr respectively. Although this result demonstrated the efficiency of this 

solution represented by the installation of synchronous condensers, the results show that the 

synchronous condensers mainly affect the fault level at those Buses close to them, while the 

far Buses from the installed synchronous condensers are marginally affected.  
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8.2 Contributions and Key Findings 

The conclusions and key findings drawn from the thesis are summarised as follows: 

1. Presenting a comprehensive background and an up-to-date literature review about the 

theme of fault level in power systems and the related challenges in future power systems 

with high penetration of NSGs-based RESs. 

2. Extending the existing knowledge of the NSG-based RESs through achieving a better 

understanding of the very different SC current response of NSGs.  

3. Discovering that the fault current contribution of NSGs is generally concluded as a 

transient followed by a steady-state SC current. While the transient SC contribution is 

mainly determined by the pre-fault operation conditions, the location of the fault (i.e. 

voltage dip seen during) and the speed of reactive current injection, the steady-state 

contribution is only affected by the transient overrating capability of the converter as 

well as the proportional gain for the reactive current injection (i.e. k-factor). 

4. Concluding that the SC current response is very sensitive to the generation mix (SGs 

and NSGs) resulted from the increased penetration of NSGs and displacing the 

traditional SGs in future scenarios. It can be concluded that not only the SC currents will 

decrease to lower levels with the increased penetration of NSGs, but also the SC current 

response may witness some significant changes compared to the one observed in 

conventional power systems on the basis of SGs. This includes, but not restricted to, a 

delayed maximum contribution (i.e. very low initial contribution), multiple peak values 

and different levels of current decaying after exceeding some critical penetration levels 

NSGs penetration in the grid, more specifically after exceeding (40% penetration of 

NSGs). 
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5. Concluding that the existing modelling methodologies used for representations of NSGs 

in steady-state fault calculations methods (e.g. IEC60909 standard) cannot accurately 

represent the dynamic behaviour of NSG utilising FRC technologies, especially in high 

penetrations of NSGs scenarios. This necessitates a continuous need to augment the 

existing modelling methodologies used in the SSFC methods to achieve a better 

consideration for the fault current contributions of the NSGs and to provide more 

accurate estimations of the fault currents in future systems with high penetration of 

NSGs. 

6. Contributing to the enhanced accuracy of the IEC60909-based steady-state fault 

calculation method by proposing a modification for the way of calculating the fault 

contribution of NSGs to the grid faults considering the FRT control and the reactive 

current injection capability more precisely. The proposed method has proven its 

accuracy by reducing the error margin at least by 50% in steady-state fault calculation of 

power systems with high penetration of NSG-based RESs when compared to the results 

obtained from IEC60909-based calculation method before the proposed modification. 

7. Proposing a novel MVA-based FLC method to quantify the fault level in future grid 

scenarios, including various penetration levels of NSGs, i.e. RESs. The newly proposed 

method is formulated on the basis of the correlation between the fault level and the 

penetration of NSGs in the power system. This includes a generic modelling method 

that can assist in estimating/predicting the system fault level in a wide range of future 

grid scenarios without a need for a detailed system modelling or time-domain 

simulations. The results obtained after applying the proposed FLC method to calculate 

the fault level using three representative test systems i.e. a) 2‐area test system b) IEEE 

9-bus test system and c) IEEE 39-bus test system, have demonstrated adequate 

applicability, with small absolute errors, smaller than 5.1%, when compared to the full-
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scale dynamic simulation results on the basis of detailed network modelling. 

Furthermore, the results obtained have shown that the proposed FLC method has 

superior accuracy when compared with the IEC60909-based fault calculations, which 

may result in conservative/inaccurate outcomes in some cases.  

8. Concluding that the transmission system fault level decreases with the increased 

penetration of NSGs generation. However, this reduction may show different trends in 

different power systems, depending on the fault location and the SG displacement 

scenarios. For instance, those Buses which are closer to the displaced SGs may 

experience lower fault levels, compared to the remote ones. On the other hand, an 

approximately homogeneous fault level reduction may be experienced in the network 

when the SGs are uniformly replaced by NSGs. This implies the impact of the location 

of the NSGs on the fault level reduction, which is already considered in the novel 

proposed FLC method in this thesis (chapter 6). Hence, this can assist researchers and 

system operators to analyse large numbers of FG scenarios with different possibilities 

for the type, size, and location of NSG-based RESs. 

9. Showing that the operation of the power system under low fault level conditions 

resulted from the increased penetration level of NSGs, would negatively affect the 

strength of the system that can be characterised by the voltage stiffness after exposure to 

an event, e.g., switching of Capacitor banks or SC faults. In other words, the voltage 

stiffness at the system Buses is strongly dependent on the fault level of those Buses as 

the higher fault level Buses have shown more stiffness and a less voltage change in 

response to either switching events or SC faults occurred at other Buses in the system.  

10. Concluding that there is a need to substitute the low fault level to improve the fault level 

profile and to overcome the negative implications resulted from the fault level decline 

accompanied by the increased penetration levels of NSGs. 
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11. Proposing three possible alternatives to substitute the low fault level in future systems 

including optimizing the of the FRT capability of the NSGs by maximizing the k-factor, 

enhancement of the capability of NSGs by maximizing the transient overrating and 

installation of synchronous condensers in low fault level systems (chapter 7). Taken 

together, the results of applying these suggested solutions show their effectiveness in 

improving the fault level profile and mitigating the negative implications of the low 

fault level on the system due to the increased penetration of NSGs. 

8.3 Future Work 

The research undertaken in the present thesis has effectively covered the majority of the 

objectives and successfully proposed several key contributions. Nevertheless, the presented 

work has opened new dimensions for more studies and future ideas on the theme of fault 

level in future power systems with high penetration of NSGs. Hence, several possible areas 

might be open for further development of this current research as follows: 

 To extend the research to cover different types of asymmetrical faults, such single 

line-ground faults which might be higher than the three-phase faults under specific 

circumstances. Also, to develop the proposed FLC methods to consider majority of 

fault types in power systems, especially with high penetration of NSGs. 

 To study the SC response of Type-3 wind turbines, i.e. double-fed induction 

generators, and their modelling and representation in steady-state fault calculations 

and compare it with the SC response of the FRC-based NSGs studied in the present 

thesis. 

 To study the impact of considering the negative sequence components on the FRT 

control of the NSG on the SC response under different faulty conditions. 
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 To consider the harmonics and high-frequency components which might appear in 

NSGs faults current, and their modelling to allow investigating the impact of such 

components on the dynamic characteristics of the fault current response in power 

systems with high penetration of NSG-based RESs.  

Furthermore, some directions of the future research might continue to consider different 

aspects related to fault level calculations and their applications in power systems such as: 

 To study the performance of the different protective devices in power systems (e.g. 

overcurrent, distance and differential relays) under low fault level conditions with 

altered SC current response due to the high penetration of NSG-based RESs. 

 To launch research on the limitation for maximum penetration levels of NSGs due to 

the reduced fault level accompanied by the more integration of such NSGs and the 

displacement of conventional SGs. 

 To study the power quality issues and other challenges related to the low fault level in 

future scenarios with high penetration of NSGs.  

 To develop computational methods and computer-aided programs on the basis of DPL 

(DIgSILENT Programming Language) script that perform the fault calculations on the 

basis of the proposed modification of the IEC60909 standards (presented in chapter 5) 

and the proposed novel FLC method (presented in chapter 6) to be applied to any 

future scenarios with high penetration of NSGs. 

 Another challenging, but an attractive task of future work is to conduct laboratory-

based testing using actual NSGs and monitoring the actual waveforms considering the 

different control strategies and all practical factors discussed in the thesis. This might 

be interestingly achieved by using a real-time digital simulator (RTDS).  
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Appendices 

Appendix A: Scenario and Case Studies-Chapters 3 &4  

A.1 Single machine-infinite Bus test system 

 line  

20 kV

Grid

0.4/20 kV

PCC

SG

NSG 𝑖f  

B3

B2

B1

 
The adjusted single machine-infinite Bus test system 

A.1.1 Network Data 

Element Data 

External Grid Short Circuit Power : 1000 MVA 

X/R ratio : 10 

SG Rating: 50 MVA & 20 kV & Power factor: 1 

Rstator: 0.0504 p.u., Xleakage: 0.1 p.u.  

  : 1.5 p.u.,   
 : 0.256 p.u.,   

  : 0.168 p.u. 

NSG (type-4 wind farm) Rating: 50 MVA & Power factor: 1 

Busbars Voltages: B1=0.4 KV, B1=B2=20 KV 

Transformer Rating: 55 MVA & Voltage: 0.4/20 kV 

Vector configuration: Dyn5 

Reactance: 0.060 p.u. 

Resistance: 0.001 p.u. 

Line Voltages: 20 KV & Length: 30 km 

Resistance: 0.2567 /km 

Reactance: 0.1193 /km  

 Susceptance: 80.83 μS/km 

  
  



Page | 181 

 

A.1.2. Penetration Levels Scenario  

Scenario SG (MW) NSG (MW) 
SG+NSG 

(MW) 

Penetration 

level % 

1 50 0 50 0 

2 40 10 50 20 

3 30 20 50 40 

4 20 30 50 60 

5 10 40 50 80 

6 0 50 50 100 

 

     𝑟  𝑖            
   

      
      

(3.6) 

  

A.2 IEEE 9-Bus test system 

7

39

1

4

65

8

T2

Load C

Load BLoad A

T3

T1

G1

2

G2 G3

Wind 

Farm 2

Wind 

Farm 

3 

0 % Penetration
23% Penetration

56% Penetration
 

 The adjusted IEEE 9-Bus test system 
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A.2.1 Generators and Loads Data 

Quantity G1 G2 G3 

Nominal Power (MVA)  247.5 192.0 128.0 

Nominal voltage (Kv) 16.5 18.0 13.8 

Nominal power factor 1.00 0.85 0.85 

   (p.u) 0.3614 1.7199 1.6800 

   (p.u) 0.2328 1.6598 1.6100 

  
  (p.u) 0.1505 0.2300 0.2321 

  
  (p.u) - 0.3780 0.3200 

  
   (p.u) 0.1 0.2 0.2 

  
   (p.u) 0.1 0.2 0.2 

Xleakage (p.u) 0.0832 0.1000 0.0950 

Inertia Constant H (s) 9.5515 3.9216 2.7665 

 

 

Load P (MW) Q (MVAr) 

Load A 125 50 

Load B 90 30 

Load C 100 35 

A.2.2 Scenario 

Scenario G1 (MVA) G2 (MVA) G3 (MVA) Penetration 

Level (total) 

SG NSG SG NSG SG NSG % 

1 247.5 0 192.0 0 128.0 0 0 

2 247.5 0 192.0 0 0 128.0 23 

3 247.5 0 0 192.0 0 128.0 56 
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A.2.3 Control parameters of NSGs (type-4 wind farms) 

Scenario k-factor Overrating capability 

factor (α) 

Time of reactive 

current injection (ms) 

NSG1 NSG2 NSG3 NSG1 NSG2 NSG3 NSG1 NSG2 NSG3 

1 - 2 2 1.1 1.1 1.1 - 0 0 

2 - 2 2 1.1 1.1 1.1 - 20 20 

3 - 2 2 1.1 1.1 1.1 - 50 50 
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Appendix B: Scenario and Case Studies-Chapter 5  

B.1 IEEE 14-Bus Test System 

PV System

PV System

PV System

 

B.1.1 Generators and Loads Data 

Loads P in MW Q in Mvar 

Load 2 21.7 12.7 

Load 3 94.2 19.0 

Load 4 47.8 -3.9 

Load 5 7.6 1.6 

Load 6 11.2 7.5 

Load 9 29.5 16.6 

Load 10 9.0 5.8 

Load 11 3.5 1.8 

Load 12 6.1 1.6 

Load 13 13.5 5.8 

Load 14 14.9 5.0 
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Quantity G1 (Slack) G2 G3 G6 G8 

Nominal Power (MVA) 400 100 100 100 100 

Nominal voltage (kV) 132 132 132 33 11 

Nominal power factor 0.8 0.8 1 1 1 

   (p.u) 2 2 2 2 2 

   (p.u) 2 2 2 2 2 

  
  (p.u) 0.3 0.3 0.3 0.3 0.3 

  
  (p.u) 0.3 0.3 0.3 0.3 0.3 

  
   (p.u) 0.2 0.2 0.2 0.2 0.2 

  
   (p.u) 0.2 0.2 0.2 0.2 0.2 

Xleakage (p.u) 0.1 0.1 0.1 0.1 0.1 

Inertia Constant H (s) 10 10 10 10 10 

B.1.2 Scenario 

Studied 

Scenario 

 

G1 

(MVA) 

G2 

(MVA) 

G3 

(MVA) 

G6 

(MVA) 

G8 

(MVA) 

Penetration 

Level 

(total) 

SG NSG SG NSG SG NSG SG NSG SG NSG % 

400 0 0 100 0 100 0 100 100 0 37.5 

 

B.1.3 Control Parameters of NSGs (PV Systems) 

Case 

Study 

k-factor 
Overrating capability 

factor (α) in p.u. 

Time of reactive 

current injection (ms) 

NS

G2 

NS

G3 

NS

G6 
NSG1 NSG2 NSG3 NSG1 NSG2 NSG3 

Case 1 

 
2 2 2 1.3 1.3 1.3 10 10 10 

Case 2 

 
10 10 10 1.3 1.3 1.3 10 10 10 
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Appendix C: Scenario and Case Studies-Chapter 6  

C.1 Two-Area Test System 

 

9 1087 3

G3

1161

G1

5

2

G2

4

G4

L9L7

PE Genarator  

The adjusted two-area test system with a PE-based generation on Bus 2. 

C.1.1 Generators and Loads Data 

Quantity G1  G2 G3 G4 

Nominal (MVA) 900 900 900 900 

voltage (Kv) 20 20 20 20 

Nominal power factor 1 1 1 1 

   (p.u) 1.8 1.8 1.8 1.8 

   (p.u) 1.7 1.7 1.7 1.7 

  
  (p.u) 0.3 0.3 0.3 0.3 

  
  (p.u) 1.7 1.7 1.7 1.7 

  
   (p.u) 0.25 0.25 0.25 0.25 

  
   (p.u) 0.25 0.25 0.25 0.25 

Xleakage (p.u) 0.2 0.2 0.2 0.2 

Inertia Constant H (s) 6.5 6.5 6.175 6.175 

 

Loads P in MW Q in Mvar 

Load 7 967 100 

Load 9 1767 100 
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 C.1.2 Scenario 

i. Scenario 1 (Non-Uniform Penetration of NSG* at G2) 

 

Penetration 

Level at G2 

(%) 

G1 (MVA) G2 (MVA) G3 (MVA) G4 (MVA) 

SG NSG SG NSG SG NSG SG NSG 

0 900 0 900 0 900 0 900 0 

10 900 0 810 90 900 0 900 0 

20 900 0 720 180 900 0 900 0 

30 900 0 630 270 900 0 900 0 

40 900 0 540 360 900 0 900 0 

50 900 0 450 450 900 0 900 0 

60 900 0 360 540 900 0 900 0 

70 900 0 270 630 900 0 900 0 

80 900 0 180 720 900 0 900 0 

90 900 0 90 810 900 0 900 0 

100 900 0 0 900 900 0 900 0 

           *NSG here is represented by type-4 wind farm 
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ii. Scenario 2 (Uniform Penetration of NSG* at all Generators) 

 

Penetration 

Level at G2 

(%) 

G1 (MVA) G2 (MVA) G3 (MVA) G4 (MVA) 

SG NSG SG NSG SG NSG SG NSG 

0 900 0 900 0 900 0 900 0 

10 810 90 810 90 810 90 810 90 

20 720 180 720 180 720 180 720 180 

30 630 270 630 270 630 270 630 270 

40 540 360 540 360 540 360 540 360 

50 450 450 450 450 450 450 450 450 

60 360 540 360 540 360 540 360 540 

70 270 630 270 630 270 630 270 630 

80 180 720 180 720 180 720 180 720 

90 90 810 90 810 90 810 90 810 

100 0 900 0 900 0 900 0 900 

           *NSG here is represented by type-4 wind farm 
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C.2 IEEE 9-Bus test system 

     The adjusted IEEE 9-Bus test system  

C.2.1 Generators and Loads Data 

Quantity G1 G2 G3 

Nominal (MVA) 247.5 192.0 128.0 

voltage (Kv) 16.5 18.0 13.8 

Nominal power factor 1.00 0.85 0.85 

   (p.u) 0.3614 1.7199 1.6800 

   (p.u) 0.2328 1.6598 1.6100 

  
  (p.u) 0.1505 0.2300 0.2321 

  
  (p.u) - 0.3780 0.3200 

  
   (p.u) 0.1 0.2 0.2 

  
   (p.u) 0.1 0.2 0.2 

Xleakage (p.u) 0.0832 0.1000 0.0950 

H (s) 9.5515 3.9216 2.7665 

 

Load P (MW) Q (MVAr) 

Load A 125 50 

Load B 90 30 

Load C 100 35 
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C.2.2 Scenario 

i. Scenario 1 (Non-Uniform Penetration of NSG* at G2) 

Penetration 

Level at G2 

(%) 

G1 (MVA) G2 (MVA) G3 (MVA) 

SG NSG SG NSG SG NSG 

0 247.5 0 192.0 0 128.0 0 

10 247.5 0 172.8 19.2 128.0 0 

20 247.5 0 153.6 38.4 128.0 0 

30 247.5 0 134.4 57.6 128.0 0 

40 247.5 0 115.2 76.8 128.0 0 

50 247.5 0 96.0 96.0 128.0 0 

60 247.5 0 76.8 115.2 128.0 0 

70 247.5 0 57.6 134.4 128.0 0 

80 247.5 0 38.4 153.6 128.0 0 

90 247.5 0 19.2 172.8 128.0 0 

100 247.5 0 0 192.0 128.0 0 

                 *NSG here is represented by type-4 wind farm 

 

 

 

 

 

 

 

 

 

 

 



Page | 191 

 

ii. Scenario 2 (Uniform penetration of NSG* at all Generators) 

 

Total 

Penetration 

Level (%) 

G1 (MVA) G2 (MVA) G3 (MVA) 

SG NSG SG NSG SG NSG 

0 247.5 0 192.0 0 128 0 

10 222.75 24.75 172.8 19.2 115.2 12.8 

20 198 49.5 153.6 38.4 102.4 25.6 

30 173.25 74.25 134.4 57.6 89.6 38.4 

40 148.5 99 115.2 76.8 76.8 51.2 

50 123.75 123.75 96.0 96.0 64 64 

60 99 148.5 76.8 115.2 51.2 76.8 

70 74.25 173.25 57.6 134.4 38.4 89.6 

80 49.5 198 38.4 153.6 25.6 102.4 

90 24.75 222.75 19.2 172.8 12.8 115.2 

100 0 247.5 0 192.0 0 128 

         *NSG here is represented by type-4 wind farm 
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C.3 39-Bus test system 

 

The adjusted IEEE 39-Bus system with PE-based generators  

C.3.1 Generators and Loads Data 

Quantity G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 

Nominal 

(MVA) 

10000 700 800 800 600 800 700 700 1000 1000 

voltage 

(Kv) 

345 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.5 

power 

factor 

0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 

xd (p.u) 2 2.065 1.996 2.096 2.01 2.032 2.065 2.03 2.106 1 

xq (p.u) 1.9 1.974 1.896 2.064 1.86 1.928 2.044 1.96 2.05 0.69 

X’d (p.u) 0.6 0.4879 0.4248 0.3488 0.396 0.4 0.343 0.399 0.57 0.31 

Xq’ (p.u) 0.8 1.19 0.7008 1.328 0.498 0.6512 1.302 0.6377 0.587 0.5 

Xd” (p.u) 0.3 0.245 0.2432 0.236 0.162 0.1792 0.2254 0.196 0.298 0.125 

Xq” (p.u) 0.3 0.245 0.2432 0.236 0.162 0.1792 0.2254 0.196 0.298 0.125 

xl (p.u) 0.3 0.245 0.2432 0.236 0.162 0.1792 0.2254 0.196 0.298 0.125 

H (s) 5 4.329 4.475 3.575 4.333 4.35 3.771 3.471 3.45 4.2 
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Loads P in MW Q in Mvar 

Load 03 322.0 2.4 

Load 04 500.0 184.0 

Load 07 233.8 84.0 

Load 08 522.0 176.0 

Load 12 7.5 88.0 

Load 15 320.0 153.0 

Load 16 329.0 32.3 

Load 18 158.0 30.0 

Load 20 628.0 103.0 

Load 21 274.0 115.0 

Load 23 247.5 84.6 

Load 24 308.6 -92.2 

Load 25 224.0 47.2 

Load 26 139.0 17.0 

Load 27 281.0 75.5 

Load 28 206.0 27.6 

Load 29 283.5 26.9 

Load 31 9.2 4.9 

Load 39 1104.0 250.0 
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C.3.2 Scenario  

i. Scenario 1 

Generator    MVA 

G1 0.5 SG 5000 

NSG 5000 

G2 0 SG 700 

NSG 0 

G3 1 SG 0 

NSG 800 

G4 0 SG 800 

NSG 0 

G5 0 SG 600 

NSG 0 

G6 0.5 SG 400 

NSG 400 

G7 0 SG 700 

NSG 0 

G8 0 SG 700 

NSG 0 

G9 0 SG 1000 

NSG 0 

G10 0 SG 1000 

NSG 0 

 

           𝑟  𝑖              
    

        
 

 

𝑇          𝑟  𝑖              
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ii. Scenario 2  

Generator    MVA 

G1 0.7 
SG 3000 

NSG 7000 

G2 0 
SG 700 

NSG 0 

G3 1 
SG 0 

NSG 800 

G4 1 
SG 0 

NSG 800 

G5 0 
SG 600 

NSG 0 

G6 1 
SG 0 

NSG 800 

G7 1 
SG 0 

NSG 700 

G8 0 
SG 700 

NSG 0 

G9 0 
SG 1000 

NSG 0 

G10 0 
SG 1000 

NSG 0 

 

𝑇          𝑟  𝑖              
     

          
      

C.4 Control Parameters of NSGs (Type-4 Wind Farms) in Ch.7 scenario 

k-factor 
Overrating capability 

factor (α) in p.u. 

Time of reactive 

current injection (ms) 

2 

 

1.1 

 

0.0 
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Appendix D: Scenario and Case Studies-Chapter 7  

D.1 39-Bus test system 

D.1.1 Generators and Loads Data 

Data of all generators and loads are the same with those described in Appendix C. 

 

D.1.2 Scenario  

i. Scenario 1: All generators in both areas are SGs 

Generator Pi MVA 

G1  0 SG 10000 

NSG 0 

G2  0 SG 700 

NSG 0 

G3  0 SG 800 

NSG 0 

G4 0 SG 800 

NSG 0  

G5  0 SG 600 

NSG  0 

G6  0 SG 800 

NSG 0 

G7  0 SG 700 

NSG 0 

G8  0 SG 700  

NSG 0  

G9  0 SG 1000  

NSG  0 

G10 0 SG  1000 

NSG  0 

 

𝑇          𝑟  𝑖              
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ii. Scenario 2: Area-2 generators are replaced by NSGs (i.e. type-4 wind farms) 

Generator Pi MVA 

G1  0 SG 10000 

NSG 0 

G2  0 SG 700 

NSG 0 

G3  0 SG 800 

NSG 0 

G4 1 SG 0 

NSG 800  

G5  1 SG  0 

NSG  600 

G6  1 SG 0 

NSG  800 

G7  1 SG 0 

NSG 700 

G8  0 SG 700  

NSG 0  

G9  1 SG 0  

NSG  1000  

G10 0 SG  1000 

NSG  0 

 

𝑇          𝑟  𝑖              
    

          
    

 

 

 

 


