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Executive Summary 
The present document is the final deliverable of work package (WP) 1 of the MIGRATE project. The 

focus of this public deliverable is twofold: On the one hand, it provides clarification on selected 

requirements from the network code (NC) RfG as well as NC HVDC and gives guidance in terms of 

compliance testing against the aforementioned network codes (see chapters 2 and 3) while, on the 

other hand, it demonstrates the found specific mitigation measures against power system stability 

issues caused by increasing levels of PE penetration using a sufficiently complex test system (see 

chapter 4) and concisely summarizes to the public the general key findings of WP1 (see chapter 5). 

When the very successful European network codes NC RfG, NC HVDC, and NC DCC were published, 

it turned out that some requirements therein were subject to interpretation by the reader. 

MIGRATE WP1 conducted a survey among all ENTSO-E TSOs and asked the adopters of these NCs 

for unclear requirements that need clarification. Their answers include their unsureness of e.g. how 

to interpret “synthetic inertia” and “fast fault current”: What exactly is inertial response, and how 

can it be parameterized? How to understand the “fast” in “fast fault current”? Which current (active 

or reactive?) is meant, and what shall happen with the other current type during “fast fault current” 

contribution? Scientific clarification on these and additional requirements is provided in chapter 2. 

Before this background, how to perform a reliable and legally admissable compliance test against 

the requirements set in the NCs is another challenge that the European TSOs will be frequently 

confronted with in the future. While it is out of scope and resources of the MIGRATE project to 

provide an elaborated compliance testing methodology, chapter 3 gives an overview of how 

selected EU TSOs have addressed this problem.  

The overall goal of MIGRATE WP1 was to identify and quantify power system stability issues that 

may arise with increasing levels of PE penetration as well as to provide mitigations measures 

against them. The application of these mitigations measures is demonstrated in chapter 4 using a 

sufficiently complex power system, i.e. the so-called Irish Test System. It shows to the interested 

reader how the proposed mitigation measures can help increasing the PE penetration level in a 

realisitic power system and how some mitigations measures interlock in order to ensure global 

power system stability.  

Using the found mitigation measures, MIGRATE WP1 is confident that it is possible to increase the 

PE penetration level in a given power system up to 60 to 70 % in the first stage (fine tuning of 

outer control loops of existing PE units) and even further towards 100 % in the second stage 

(introduction of grid forming control in some PE units). It is worth mentioning that this 

development path (in particular the grid forming control strategy proposed) is compatible with the 

finding of MIGRATE WP3 that focused on the operation of a 100-% PE power system.  

The general key findings of MIGRATE WP1 are presented in chapter 5 along with references to 

corresponding scientific papers that were published by the MIGRATE WP1 researchers for further 

reading. It is very difficult to concisely summarize the extensive research work done during the 

lifetime of a four-year project. The interested reader is therefore guided to the scientific papers 

developed within the MIGRATE framework and invited to contact the MIGRATE WP1 members 

anytime he would like to discuss the scientific results with them. 





REPORT 
 

Page 7 of 172 

Contents 

1 Introduction ....................................................................................... 19 

2 Clarification of Unclear Requirements in NC RfG and NC HVDC .................. 21 

2.1 ENTSO-E Survey .......................................................................... 21 

2.2 Fast Fault Current Injection ........................................................... 22 

2.2.1 Definition ......................................................................... 22 

2.2.2 Requirements on fast fault current in the NC RfG and NC HVDC .. 

  ...................................................................................... 24 

2.2.3 Considerations for national implementation of requirements on 

fast fault current .......................................................................... 24 

2.2.4 Comparison of national implementation of requirements on FFCI 

  ...................................................................................... 26 

2.2.5 Compliance testing and simulation ...................................... 31 

2.3 Synthetic Inertia .......................................................................... 33 

2.3.1 Introduction ..................................................................... 33 

2.3.2 Proposed generic definition ................................................ 34 

2.3.3 Test set up for compliance testing ....................................... 34 

2.3.4 Methodology for compliance testing ..................................... 35 

2.3.5 Criteria for compliance testing ............................................ 36 

2.4 Interaction Studies ...................................................................... 39 

2.4.1 Model Aggregation ............................................................ 43 

2.4.2 Recommendations ............................................................. 44 

2.5 Admissible active-power reduction from maximum output with falling 

frequency .......................................................................................... 45 

3 Comparison of national implementations for compliance testing and 

simulation methodologies in the NC RfG and NC HVDC .................................. 48 

3.1 Methodology and requirements for compliance testing and simulation of 

PPMs   ................................................................................................. 48 

3.1.1 NC RfG ............................................................................ 48 

3.1.2 National implementation .................................................... 51 



REPORT 

Page 8 of 172 

3.2 Methodology and requirements for compliance testing and simulation of 

HVDC systems .................................................................................... 60 

3.2.1 NC HVDC ......................................................................... 60 

3.2.2 National implementation .................................................... 60 

4 Methodology to assess system stability with high PE penetration .............. 63 

4.1 Testing and evaluation of mitigation measures for frequency and 

transient stability ................................................................................ 63 

4.1.1 FAPI Control and the Tuning Methodology for Frequency 

Stability: A Case Study on the Great Britain (GB) Test System .......... 63 

4.1.2 Proposed Supplementary Damping Control (SDC) for fully 

decoupled wind generator as applied in the Great Britain Power System . 

  ...................................................................................... 71 

4.1.3 Conclusions ...................................................................... 81 

4.2 Testing and evaluation of mitigation measures for short-term voltage 

stability ............................................................................................. 84 

4.2.1 The Irish test system (2017 scenario).................................. 85 

4.2.2 Conversion to grid forming controls ..................................... 89 

4.2.3 Implementation of the 2040 slow-change scenario ................ 93 

4.2.4 Grid forming controls in the Irish test system ....................... 95 

4.2.5 Conclusions .................................................................... 102 

4.3 Assessment of an analytical approach for stability analyses of grid 

forming controls in close electrical proximity ........................................ 103 

4.3.1 Comparison of analysis approaches ................................... 103 

4.3.2 Impedance modelling of grid-forming inverters to identify 

stability relations and limits ........................................................ 114 

4.3.3 Validation of impedance modelling for grid-forming controllers in 

an exemplary test case ............................................................... 120 

5 Key findings of WP1 .......................................................................... 123 

5.1 Power system stability issues under high PE penetration levels already 

observed or foreseen by TSOs ............................................................ 123 

5.2 Set of KPIs to judge power system stability under high penetration of PE 

   ............................................................................................... 125 

5.2.1 KPI for assessment of frequency performance .................... 125 



REPORT 
 

Page 9 of 172 

5.2.2 KPI for large-disturbance rotor angle stability ..................... 126 

5.2.3 KPI for small-disturbance voltage stability .......................... 127 

5.2.4 KPI for sub-synchronous controller interaction .................... 129 

5.3 Models for mixed loads ............................................................... 131 

5.4 Tools for monitoring and forecasting PE penetration ....................... 131 

5.5 Mitigation measures for power system stability issues caused by high 

levels of PE penetration ..................................................................... 133 

6 Conclusions ...................................................................................... 135 

7 Annex A: Details on the Irish test system ............................................ 147 

7.1 Grid Structure of the Irish test system.......................................... 147 

7.2 Fault list of the Irish test system ................................................. 148 

7.3 Grid Development for 2040 slow-change scenario .......................... 149 

A.4 Study Case Details and Results.................................................... 154 

8 Annex B: Results of the ENTSO-E survey ............................................. 165 





REPORT 
 

Page 11 of 172 

List of Figures 
Figure 2.1: Typical response of a synchronous generator to a balanced fault including three 

periods [1] ........................................................................................................................ 23 
Figure 2.2: Injection of additional reactive current 𝚫𝑰𝐫 as a function of voltage at the connection 

point of the HVDC system 𝑼 (𝑼𝐦𝐚𝐱𝟐 = 𝟏. 𝟏 . .  𝟏. 𝟒 𝐩𝐮 and 𝑼𝐦𝐢𝐧𝟐 = 𝟎. 𝟔 . .  𝟎. 𝟖𝟓 𝐩𝐮) ........................... 30 

Figure 2.3: Test layout for undervoltage FRT [8] .................................................................... 32 

Figure 2.4: FFCI test layout for HVDC systems [7] ................................................................. 33 

Figure 2.5: Frequency response under dynamic load variations ................................................ 34 

Figure 2.6: HIL based compliance test-set up for FAPI. ........................................................... 35 

Figure 2.7: Generic test case-II............................................................................................ 38 

Figure 2.8: Active power output of GF-FAPI controller ............................................................. 38 

Figure 2.9: Dynamics of frequency due to GF-FAPI controller ................................................... 39 

Figure 2.10: RMS and EMT modelled response of a solar farm to a fault [29] ............................. 41 

Figure 2.11: RMS and EMT modelled response of a LCC HVDC converter to a fault [29] .............. 41 

Figure 2.12: Comparison of AC impedance: frequency scan versus analytical method [33] .......... 42 

Figure 2.13: Structure of wind integration in China Jibei power grid [37] ................................... 44 

Figure 3.1: Operational notification procedure for connection of type D PGMs as defined in NC RfG

 ........................................................................................................................................ 49 

Figure 3.2: Operating permission procedure of PGSs (e.g. PPMs) ............................................. 52 

Figure 3.3: Schedule of the German operational notification procedure for HVDC systems with an 

exemplary time schedule [7] ............................................................................................... 61 

Figure 5.1: General representation of different control loop used for implementation in FAPI 

controller .......................................................................................................................... 63 

Figure 5.2: Implementation of droop-based and derivative-based FAPI controllers in PowerFactory

 ........................................................................................................................................ 64 

Figure 5.3: Implementation of GF-FAPI controllers in PowerFactory .......................................... 66 

Figure 5.4: Procedure for tuning of FAPI control parameters .................................................... 68 

Figure 5.5: GB test system with combinations of wind power plants (C: Combination) ................ 69 

Figure 5.6: Frequency response for derivative based FAPI comparison (GB test system, 70% of 

share of wind power generation) .......................................................................................... 70 

Figure 5.7: Frequency response for GF-FAPI comparison (GB test system, 70% of share of wind 

power generation) .............................................................................................................. 70 

Figure 5.8: Nadir values for a different share of wind power generation with and without FAPI 

controllers (GB test system) ................................................................................................ 71 

Figure 5.9: Type-4 WG block diagrams & Supplementary Damping Controller superimposed on the 

P-loop ............................................................................................................................... 73 

Figure 5.10: Geographical spread of conventional power plants with only synchronous generators 

(points with blue colour); only wind power plants (points with green colour) and zones with 

combined power production (points with red colour), in the synthetic model of the Great Britain 

system. The location of generator that serves as reference for relative rotor angle position is 

indicated with the black arrow. ............................................................................................ 74 

Figure 5.11: SDC tuning flowchart based on sensitivity analysis ............................................... 77 

Figure 5.12: FCT max computation flowchart ......................................................................... 78 



REPORT 

Page 12 of 172 

Figure 5.13: Theoretical maximum FCT for different faults locations in the synthetic Great Britain 

system with 70-% share of wind generation .......................................................................... 79 

Figure 5.14: Dynamic response of rotor angles of Scotland area after a three phase fault at Line 6-

9 is considered (FCT=120 ms) ............................................................................................. 79 

Figure 5.15: Impact of the SDC duration when a 120 ms three phase fault at Line 6-9 is applied. 

SDC in the Scottish WGs, enabled: a) & b) for 10 seconds after LVRT triggers; c) & d) for 

1.5 seconds after LVRT triggers ............................................................................................ 80 

Figure 5.16: Dynamic response of rotor angles of Scottish area for a three-phase fault at Line 6-9 

(70-% share of wind generation in GB system). FCT=120 ms, remote vs local signals ................ 81 

Figure 5.17: (a) Basic equivalent circuit of a grid feeding inverter; (b) Corresponding equivalent 

circuit of a grid forming inverter ........................................................................................... 85 

Figure 5.18: (a) Grid overview of the Irish test system; (b) Regional zones [76] ........................ 86 

Figure 5.19: Structure of the wind turbine controller framework of the grid feeding -4 model ...... 87 

Figure 5.20: Nodal voltages of Ballynahulla, Louth, Arklow and Prospect for a 150-ms self-cleared 

three-phase short-circuit (a) in Ballynahulla and (b) in Louth ................................................... 88 

Figure 5.21: Flowchart for active power reference signal in the grid forming controller structure .. 89 

Figure 5.22: Structure of the new wind turbine type 4 controller framework after conversion to grid 

forming controls ................................................................................................................. 90 

Figure 5.23: Controller scheme of the built grid forming controller to convert the existing grid 

feeding model to grid forming behaviour ............................................................................... 91 

Figure 5.24: Curves of a wind park with a grid feeding (blue) or a Grid Forming (orange) wind 

turbine model for a 150-ms self-cleared three-phase short-circuit at the PCC: (a) PCC voltage; 

(b) PCC active power dispatch ............................................................................................. 92 

Figure 5.25: Load and generation combinations considered in the stability assessment ............... 95 

Figure 5.26: Nodal voltages of Kilpadogge, Louth and Carrickmines in the high renewables high-

load case (70.6 % PE, no GF), fault in (a) Louth, stable (b) Kilpadogge, critically stable .............. 96 

Figure 5.27: Nodal voltages of Kilpadogge, Louth and Carrickmines in the high renewables high 

load case, (a) fault in Louth (76.4 % PE, no GF), unstable (b) wind park controller interactions 

without fault (85.7 % PE, no GF), unstable ............................................................................ 97 

Figure 5.28: Nodal voltages of Kilpadogge, Louth and Carrickmines in the high renewables high 

load case (85.7 % PE, 39.6 % GF), fault in (a) Louth, stable (b) Kilpadogge, stable ................... 98 

Figure 5.29: Nodal voltages of Kilpadogge, Louth and Carrickmines in the few renewables reduced 

load case, fault in Carrickmines with (a) 78.0 % PE, 22.0 % GF, unstable (b) 87.0 % PE, 22.0 % 

GF, stable.......................................................................................................................... 99 

Figure 5.30: Nodal voltages of Kilpadogge, Louth and Carrickmines in the high-renewables 

reduced-load case, fault in Carrickmines with 80.0 % PE and (a) 36.2 % GF, unstable (b) 42.0 % 

GF, stable........................................................................................................................ 100 

Figure 5.31: Nodal voltages of Kilpadogge, Louth and Carrickmines in the few-renewables high-

load case, fault in Knockraha with 72.8 % PE and (a) no GF, critically stable (b) 11.4 % GF, stable

 ...................................................................................................................................... 101 

Figure 5.32: Basic concept of the impedance-based stability analysis ...................................... 105 

Figure 5.33: Control diagram of the voltage controller, including the inverter, filter and grid ...... 106 

Figure 5.34: Block diagram of the voltage control ................................................................. 107 

Figure 5.35: diagram of the current-injection method ........................................................... 109 



REPORT 
 

Page 13 of 172 

Figure 5.36: Flowchart of the current-injection method ......................................................... 109 

Figure 5.37: Validation of the analytically derived impedance of the voltage-controlled inverter . 110 

Figure 5.38: Circuit diagram of the voltage controlled inverter and the grid ............................. 111 

Figure 5.39: Nyquist plot ................................................................................................... 112 

Figure 5.40: Power system consisting of two inverters, lines and a load .................................. 112 

Figure 5.41: Circuit diagram of the grid-connected inverter ................................................... 112 

Figure 5.42: Diagram of the grid-forming inverter control ..................................................... 114 

Figure 5.43: Virtual synchronous generator ......................................................................... 115 

Figure 5.44: Validation of the analytically derived positive sequence impedance of the VSG-

controlled inverter; 𝒁𝐕𝐒𝐆 (black), 𝒁𝐕𝐂 (blue), Simulink model of VSG (red) ............................. 117 

Figure 5.45: Validation of the analytically derived positive sequence impedance of the droop-

controlled inverter; 𝒁𝐝𝐫𝐨𝐨𝐩 (black), ZVC (blue), Simulink model of droop-controlled inverter (red)

 ...................................................................................................................................... 118 

Figure 5.46: Validation of the analytically derived positive sequence impedance of the matching-

controlled inverter; Zmat (black), ZVC (blue), Simulink model of matching-controlled inverter (red)

 ...................................................................................................................................... 119 

Figure 5.47: Comparison of the droop, matching and VSG control for equivalent parameters ..... 120 

Figure 5.48: Test case modelled in MATLAB/Simulink ............................................................ 120 

Figure 5.49: Active power of the VSG-controlled inverter; decrease of line impedance at 3 seconds

 ...................................................................................................................................... 121 

Figure 5.50: Bode plots of the VSG-controlled inverter impedance (black), the grid impedance for 

nominal line impedance (blue) and for decreased line impedance (red) ................................... 122 

Figure 4.1: Power system stability issues identified by the ENTSO-E TSOs and their corresponding 

categories of power system stability. The six most critical issues (according to the ranking 

performed by the MIGRATE TSOs) are graphically highlighted. ............................................... 125 

Figure 4.2: Proposed integrated approach for key system variable selection and decision tree 

training ........................................................................................................................... 127 

Figure 4.3: Data generation for the calculation of the N-VISI ................................................. 128 

Figure 4.4: Manual data processing – steps for N-VISI calculations ......................................... 128 

Figure 4.5: Procedure to monitor distance to SSCI ............................................................... 130 

Figure 4.6: 3-h ensemble forecast including 95-% confidence bounds and actual time series data 

points ............................................................................................................................. 132 

Figure 7.1: Detailed grid structure of the Irish test system, adapted from [76] ........................ 147 





REPORT 
 

Page 15 of 172 

List of Tables 
Table 2.1: Overview of identified issues by CNC CAT ............................................................... 21 

Table 2.2: Assignment of numbers to the respective FFCI requirements in Table 2.3, Table 2.4, and 

Table 2.5 ........................................................................................................................... 27 

Table 2.3: An overview over the national implementation of the FFCI requirements (NC RfG) in 

Germany, Netherlands, France and Ireland ............................................................................ 28 

Table 2.4: An overview over the national implementation of the FFCI requirements (NC RfG) in 

Spain, Finland and Slovenia ................................................................................................. 29 

Table 2.5: An overview over the national implementation of the FFCI requirements (NC HVDC) in 

Germany and Spain ............................................................................................................ 30 

Table 2.6: General structure of the tests to be performed ....................................................... 32 

Table 2.7: Types of interactions for the scope of interaction studies .......................................... 40 

Table 3.1: Compliance testing and simulation requirements for type D PPMs according to NC RfG 50 

Table 3.2: German implementation of requirements for compliance testing and simulation of 

type-D PPMs [6][10] ........................................................................................................... 54 

Table 3.3: compliance methodology/process for the PPMs in Germany, Finland, Estonia, Czech 

Republic, Iceland, Sweden and Slovenia ................................................................................ 58 

Table 3.4: National implementation of requirements for compliance testing/simulation of PPMs in 

Germany, Finland, Estonia, Czech Republic and Iceland according to the TSO’s answers ............. 59 

Table 3.5: Requirements for compliance testing/simulation of HVDC systems according to NC HVDC 

and their national implementation in Germany, Finland, Estonia and the Netherlands ................. 62 

Table 5.1: 66-% WG share dispatches .................................................................................. 75 

Table 5.2: 70-% WG share - Changes made w.r.t. 66-% WG share scenario .............................. 75 

Table 5.3: Total active power numbers for load and generation in the 2017 scenario and the 2040 

slow-change scenario [73] ................................................................................................... 94 

Table 5.4: Summary of stability results for the cases with high renewables and high load ........... 96 

Table 5.5: Summary of stability results for the cases with few renewables and reduced load ....... 98 

Table 5.6: Summary of stability results for the cases with high renewables and reduced load ...... 99 

Table 5.7: Summary of stability results for the cases with few renewables and high load .......... 101 

Table 5.8: Parameters of the voltage-controlled inverter ....................................................... 110 

Table 5.9: Comparison of analysis features [13] ................................................................... 113 

Table 5.10: Parameters of the test case .............................................................................. 121 

Table 4.1: Ranking of arising power system issues observed by the European TSOs ................. 124 

Table 7.1: List of faults, including voltage level and affected bus bar, as considered in the Irish test 

system ............................................................................................................................ 148 

Table 7.2: Enhanced transformers during transition from the 2017 scenario to the 2040 slow-

change scenario ............................................................................................................... 150 

Table 7.3: Enhanced overhead lines and cables during transition from the 2017 scenario to the 

2040 slow change scenario ................................................................................................ 151 

Table 7.4: Synchronous generators and their nominal apparent power, as present in the 2017 

scenario and the 2040 slow-change scenario ....................................................................... 152 

Table 7.5: Wind parks and their nominal active power, as present in the 2017 scenario and the 

2040 slow change scenario ................................................................................................ 153 



REPORT 

Page 16 of 172 

Table 7.6: Details on synchronous unit decommissioning and grid forming location for all cases with 

high renewables ............................................................................................................... 155 

Table 7.7: Details on synchronous unit decommissioning and grid forming location for all cases with 

few renewables ................................................................................................................ 156 

Table 7.8: Detailed stability results of all cases with high renewables and high load .................. 157 

Table 7.9: Detailed stability results of all cases with few renewables and reduced load .............. 159 

Table 7.10: Detailed stability results of all cases with high renewables and reduced load ........... 161 

Table 7.11: Detailed stability results of all cases with few renewables and high load ................. 163 



REPORT 
 

Page 17 of 172 

Abbreviations 
DFIG Doubly Fed Induction Generator 

DQCI D-Q axis Current Injection 

DS Distribution System 

DSO Distribution system operator 

DUT Device Under Test 

EMT Electromagnetic Transient 

EON Energisation Operational Notification 

EWIC East-West-Interconnector 

F Frequency 

FACTS Flexible Alternating Current Transmission System 

FAPI Fast Active Power Injection 

FFCI fast fault current injection 

FON Final Operational Notification 

FRT Fault-Ride-Through 

FSC Full Size Converters 

FSM Frequency Sensitive Mode 

GF Grid Forming 

GSC Grid Side Converter 

HIL Hardware In the Loop 

HVDC High-Voltage Direct Current 

IGD Implementation Guidance Document 

ION Interim Operational Notification 

LFSM-O limited frequency sensitive mode - overfrequency 

LFSM-U limited frequency sensitive mode - underfrequency 

MP Measurement Point 

NC Network Code 

NCP Network Connection Point 

OS Offshore 

PCC Point of Common Coupling 



REPORT 

Page 18 of 172 

PE Power Electronic 

PEIG Power Electronics Interface Generation 

PGFO Power-Generating Facility Owner 

PGM Power-Generating Module 

PGS Power-Generating System 

PGU Power-Generating Unit 

PLL Phase Locked Loop 

PPM Power Park module 

PV Photovoltaic 

RfG Requirements for Generators 

RMS Root Mean Square 

ROCOF Rate of Change of Frequency 

RTDS Real Time Digital Simulator 

RTT Real Time Target 

SA Synchronous Area 

SG Synchronous Generator 

SO System Operator 

SVC Static var Compensator 

TS Transmission System 

TSO Transmission System Operator 

UVRT Under-Voltage Ride Through 

V  Voltage 

VSC Voltage-Sourced Converter 

VSM Virtual Synchronous Machine 

WP Wind Park / Work Package 

WT Wind Turbine 

 



REPORT 
 

Page 19 of 172 

1 Introduction 
In the context of the huge change of power systems, where the rapid extension of the power 

electronically interfaced renewable electricity sources is changing the way transmission systems 

are designed, planned, and operated, the MIGRATE project has a key role in assessing challenges, 

technical issues, new methodologies and control strategies from multiple points of view.  

Particularly, WP1 “Development of mitigation approaches to address power system stability issues 

under high penetration of Power Electronics” was initiated with the main aims of: 

 Identifying the stability-related issues faced by the TSOs considering the different 

network topologies, geographical locations, and penetration levels of PE (the result of 

which is publicly available in D1.1); 

 Developing new approaches to analyse and mitigate the impacts of PE penetration based 

either on simulations, laboratory scale experiments or PMU measurement methods;  

 Proposing measures (e.g. control strategies) in order to maximise the penetration of PE-

interfaced generation considering the current operation rules, devices and network codes. 

This deliverable, developed under the Task 1.8, deals with the third aim. Taking into account the 

work, findings and research/technical developments during the previous tasks of WP1, together 

with the European regulation in terms of connection requirements and their national 

implementations, task 1.8 aims at providing recommendations for the connection network codes 

implementation. 

However, the European regulation in terms of connection requirements comprises three regulations 

that were published in 2016 and which are now already in force. They establish requirements for 

generators, demand, and HVDC systems:  

 COMMISSION REGULATION (EU) 2016/631 of 14 April 2016 establishing a network code 

on requirements for grid connection of generators (“NC RfG”) 

 COMMISSION REGULATION (EU) 2016/1388 of 17 August 2016 establishing a Network 

Code on Demand Connection (“NC DCC”) 

 COMMISSION REGULATION (EU) 2016/1447 of 26 August 2016 establishing a network 

code on requirements for grid connection of high voltage direct current systems and 

direct current-connected power park modules (“NC HVDC”) 

These three regulations set common requirements for grid connections across Europe that ensures 

that the PE interfaced generators have some necessary technical capabilities to become 

progressively the main energy sources rather than the backup ones. However, as state-of-the-art 

technology of PE changes fast, as well as system needs also vary across Europe depending on the 

level of penetration of PE interfaced generation, the European Regulations leave room to efficiently 

define or detail some capabilities at each national level. Therefore, a national implementation of 

each Regulation is required as a complement to establish other requirements that are subject to 

vary depending on each power system characteristic and level of penetration of PE-interfaced 

generation.  

This national implementation of the connection network codes, at the time of starting Task 1.8 and 

drafting D1.6, is already or about to be approved, so giving recommendations for their 

implementation has become obsolete. 
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Since the publication of the European Regulations, TSOs, DSOs, manufacturers, grid users etc. 

have been very involved in its national implementation processes, and they have found some 

critical key challenging points: some non-exhaustive requirements have been implemented 

nationally with different approaches, other requirements are considered not to be very clearly 

specified in the regulations, and also the compliance of requirements validation process is a hot 

point at the time being. It was therefore decided to redefine the scope of T1.8 and provide with its 

corresponding deliverable: 

1. clarification of unclear requirements from the above-mentioned connection network codes, 

2. comparison of selected national implementations of NC RfG and NC HVDC in terms of 

compliance testing, 

3. demonstration of the mitigation measures found in WP1 using a realistic test case of 

adequate complexity, and 

4. high-level presentation of the key findings of WP1 with references for further reading (i.e. 

scientific papers published by the MIGRATE WP1 partners). 

In this sense, in chapter 2 of this document, information from TSOs, manufacturers and other 

parties is gathered about a selected set of unclear requirements and they are analysed aiming to 

be scientifically clarified. Focusing particularly in the Fast Fault Current Injection, Synthetic Inertia, 

Interaction Studies and Admissible active power reduction from maximum output with falling 

frequency requirements of the NC RfG and NC HVDC, the requirements are explained, a 

comparison of different national implementation approaches is made, and in the case of the 

synthetic inertia requirement, a generic definition is proposed as well as a methodology and criteria 

for compliance testing.  

In chapter 3 of this document, a comparison of national implementation approaches for the 

compliance procedure is done, while the German experience is clearly detailed.  

But additionally, the aim of this Task 1.8 is to continue looking into further penetration of PE 

interfaced generation and devices within the power system, and in assessing the conditions under 

which higher levels of PE penetration can be implemented without harming the system operational 

security is of special interest. Therefore, also within this work, recommendations to be included in 

future amendments of connection network codes are given which include further capabilities to be 

required based on the system needs in case of very high penetration of power electronic devices. 

In particular, in chapter 4 of this document, a methodology to assess system stability with high PE 

penetration is presented by means of testing and evaluation of different control functions; 

recommendations are set and illustrated by means of network simulations of the Great Britain and 

Irish test systems, and finally an analytical approach for stability analyses of grid forming controls 

in close proximity is described. 

The key findings of MIGRATE WP1 are summarized in chapter 5. This chapter gives a condensed 

overview of the contents of D1.2 to D1.5 and provides references for further reading in case the 

interested reader would like to learn in detail about the topics presented.  

Finally, conclusions are drawn in chapter 5. 
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2 Clarification of Unclear Requirements in NC RfG 
and NC HVDC 

2.1 ENTSO-E Survey 

In order to facilitate the new direction of task T1.8, WP1 conducted a survey among ENTSO-E TSOs 

with the goal of identifying any unclear requirements originating from the Connection Network 

Codes (CNC) RfG, HVDC and DCC. On behalf of the ENTSO-E TSOs, the Code Assessment Team 

(CAT) of CNC responded to the survey. The complete results of the survey are given in annex B. 

A brief overview of the identified issues are given in Table 1 

Table 2.1: Overview of identified issues by CNC CAT 

Topic Article 

RoCoF withstand capability RfG Art. 13.1.b / HVDC Art. 12 

Admissible active power reduction RfG Art. 13.4 

Fast Fault Current RfG Art. 20.2.b / HVDC Art. 19.1 

Synthetic Inertia RfG Art. 21.2.1 / HVDC Art. 14 

Compliance RfG Art. 42 / HVDC Art. 67 

Interaction Studies HVDC Art. 29.1 & 29.3 

FRT of DSO connected units RfG (new proposal) 

Robustness versus DC faults HVDC (new proposal) 

Propagation of fault in the system HVDC (new proposal) 

Bi-directional FSM and FSM for embedded links HVDC (new proposal) 

Islanding detection schemes at DSO level DCC (new proposal) 

In order to investigate "RoCoF withstand capability", complex detailed models of conventional 

generators are required. The generator models currently implemented in the 3 Area, GB and Irish 

RMS models are not detailed enough for performing RoCoF withstand capability analyses. Due to 

lack of resources required for upgrading the generator models, it was decided not to investigate 

this topic. Therefore, it is considered out of scope. 

The "admissible active power reduction" is considered to be in the scope of task T1.8. RfG Art. 16 

(which deals with type D generators [capacity above 75 MW and connected at voltage levels above 

110 kV], i.e. the GB test case) makes a reference to RfG Art 13.4. The former Article states that 

the requirements stipulated in RfG Art. 13.4 are also applicable for type D generators. Therefore, 

this Article was also investigated within task T1.8.  

Furthermore, the articles on Fast Fault Current, Synthetic Inertia and Interaction Studies are also 

in the scope of the task and were investigated. As the compliance articles define compliance 
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requirements for most of the articles of the respective connection code, it was agreed that 

compliance guidelines would be provided for the four investigated topics (i.e. RfG Art. 13.4, RfG Art. 

20.2.b/HVDC Art. 19.1, RfG Art. 21.2.1/HVDC Art. 14, and HVDC Art. 29.1 & 29.3). 

The remaining topics were considered out of scope: 

 FRT of DSO connected units: within the MIGRATE project, the focus has been on TSO 

connected generation units. The interactions with the distribution system were not 

considered in WP1. 

 Robustness versus DC faults: DC faults were not within the scope of WP1 

 Propagation of faults in the system and FSM for embedded links: HVDC links were not in 

the scope of WP1. 

 Island detection schemes at DSO level: interactions with the distribution system were not 

considered in the WP1 

The Articles that were identified to be in the scope of the project, were further investigated and are 

presented in the next sections. 

2.2 Fast Fault Current Injection 

2.2.1 Definition 

Synchronous generators inherently react to a fault through an injection of current upon fault 

inception without any delay. Because of this instantaneous response, there is no need to set 

requirements on fast fault current injection (FFCI) for the synchronous generator. Due to the 

decreasing share of synchronous generators, their share of fault current injection also decreases. 

Therefore, in power systems with high PE penetration, the injection of fast fault current by power 

electronic interfaced components shall compensate for this loss. In the following, this section is 

providing overview and information on the definition of FFCI in the Network Codes (NC) RfG and 

HVDC. First, the typical behaviour of a synchronous generator during and after a balanced fault is 

briefly discussed in order to provide the background to the definition of FFCI. Furthermore, it is 

outlined what role the converter-based components have to undertake as replacement for 

conventional power plants in the electrical grid.  

According to the Implementation Guidance Document (IGD) on “Fault current contribution from 

PPMS & HVDC”, the time period of current injection can furtherly be subdivided into 3 parts 

according to their most relevant objective [1]. Figure 2.1 shows the typical response of a 

synchronous generator to a balanced fault considering three time periods. 
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Figure 2.1: Typical response of a synchronous generator to a balanced fault including 
three periods [1] 

The injection of fault current ensures the fulfilment of the following three system needs within the 

three time periods [1]: 

 Identification, localisation and fast and selective fault clearance by electrical protection 

systems (time period A: initial period of a fault),  

 Voltage and frequency recovery during faults (time period B: later period of the fault) and 

 Restoration of voltage and frequency after fault clearance (time period C: After fault 

clearance). 

The following definition of fast fault current in Article 2 of NC RfG also contains a part of the three 

system needs mentioned above [2]: 

“Fast fault current means a current injected by a power park module or HVDC system 

during and after a voltage deviation caused by an electrical fault with the aim of identifying 

a fault by network protection systems at the initial stage of the fault, supporting system 

voltage retention at a later stage of the fault and system voltage restoration after fault 

clearance;” 

According to this definition, the fast fault current does not influence frequency. Nevertheless, the 

need of frequency recovery after fault clearance (time period C) is content of a separate article in 

the NC RfG (Art. 20.3). This article implies that the power park modules (PPMs) shall be capable of 

providing post-fault active power recovery, since the transition from fault operation to normal 

operation is associated not only with reaching the pre-fault value of voltage but also of frequency. 

In this context, an important aspect to be considered regarding fast fault current injection is the 

interdependency between fast fault current requirements and post-fault active power recovery (NC 

RfG Art. 20.3.b.i). Hence, NC RfG entitles the relevant TSO to specify the priority between active 

and reactive current contribution (NC RfG Art. 21.3.e). In this context, the size of the synchronous 

area (SA) plays an important role. In smaller SAs with less system inertia and higher frequency 

sensitivity, active fault current injection is highly relevant, whereas reactive fault current injection 

in larger SAs with relatively low penetration of PPMs and voltage sensitivity have priority [1][3].  
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Furthermore, the definition of FFCI from the NC RfG (see above) deals with the performance of 

protection systems. However, this point is not mentioned and clarified further in the NC RfG since 

no requirements are given by the NC RfG. However, [1] provides more information in this respect. 

In order to assure reliable operation of protection devices, in power systems with a PE penetration 

level of 75 % and above it is recommended that power electronic interfaced components should 

immediately provide full current capability in the first cycle of a fault (time period A). Accuracy of 

the delivered current in this time period is not crucial [1]. 

In the following, the special requirements of the NC RfG and NC HVDC with regard to the fast fault 

current injection will be discussed. 

2.2.2 Requirements on fast fault current in the NC RfG and NC HVDC 

Since power electronically interfaced components have a fully controlled behaviour in both steady 

state and dynamic operation, their contribution to dynamic support of the power system during and 

after faults have to be specified through clear requirements. The specifications on contribution of 

PPMs and HVDC systems to dynamic voltage support are set in the framework of the requirements 

on additional reactive current supply (FFCI requirements) in both NC RfG (Art. 20.2.b, c) and NC 

HVDC (Art. 19). These requirements deal with time periods B and C in case of balanced and 

unbalanced faults. According to NC RfG article 20.2.b and NC HVDC article 19.2, the relevant TSO 

shall specify the following requirements: 

 how and when a voltage deviation is to be determined as well as the end of the voltage 

deviation, 

 characteristics, timing and accuracy of the fast fault current 

2.2.3 Considerations for national implementation of requirements on fast fault 

current 

Besides prioritisation of either active or reactive fault current, as mentioned above, the following 

aspects also have to be taken into account by defining requirements at a national level: 

Distinction between reacting to balanced and unbalanced faults 

In order to ensure adequate and predefined reactions to balanced and unbalanced faults, 

symmetric components have to be considered. An appropriate reaction regarding balanced faults is 

achieved by feeding a current only in the positive sequence. In case of unbalanced faults, it is 

strongly recommended to inject a fault current in both positive and negative sequence. The 

negative sequence current contribution supports on the one hand the recovery of the voltages 

towards their symmetrical condition. On the other hand, this avoids feeding current in the healthy 

phases and hence undesired over-voltages in these phases. The zero sequence does not have to be 

considered due to delta-star main transformers between generator terminals and electrical grid. By 

defining requirements on timing at the national level, the minimum time of 20 ms (one period with 

a frequency of 50 Hz) for the necessary calculation of the RMS values of the symmetric 

components has to be taken into consideration [1]. 

The relation between Fault-Ride-Through (FRT) and FFCI 

FRT is defined in Article 2 of the NC RfG as followed: 
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“fault-ride-through means the capability of electrical devices to be able to remain 

connected to the network and operate through periods of low voltage at the connection 

point caused by secured faults;” 

In the NC RfG and NC HVDC, the FRT capability is defined in accordance with a voltage-against-

time curve. Power-generating modules (PGMs) and HVDC systems have to stay connected to the 

grid in the case of faults with voltages during the defined borders of the voltage profile (Low 

Voltage Fault Ride Through). In some national implementations, PGMs and HVDC systems have to 

fulfill this requirement also through periods of high voltage (High Voltage Fault Ride Through). 

These voltage profiles are directly related to the reactive fault current injection. The higher the 

contribution to total reactive fault current, the higher the retained voltage, which is crucial to 

ensure an adequate voltage profile across the system. Against this background, the close 

relationship between FFCI, FRT requirements and voltage has to be taken into account. 

System characteristics 

The system characteristics like network topology, the present technological properties of a power 

system and their rate of change as well as different political objectives such as the power electronic 

penetration ratio are country specific and also have to be considered. The system characteristics 

have significant impacts on voltage control mode implementation, voltage stability, voltage 

recovery after fault clearance, operation of protection devices and negative sequence current 

contribution if required for national implementation [1]. Another important point in this context 

(discussed in [4]) is the “holistic approach” of power systems. This means that the treatment of 

one problem will unavoidably have an impact on other problems. 

Technological characteristics 

The most commonly used converter control strategy, the so-called voltage-sourced converter 

(VSC), is based on a d-q axis current injection (DQCI) with a phase locked loop (PLL) concept. The 

converters using this strategy behave as controlled current sources and are able to inject fully 

controlled currents into the grid. These control strategies show shortcomings regarding FFCI in the 

case of high penetration of power electronic interfaced components. For example, they are not able 

to provide fast enough reactive current in case of balanced of unbalanced faults. This results in a 

notable negative effect on the retained voltage as a very crucial attribute to FRT capability. 

In order to overcome such challenges, an alternative control strategy is taken into account, which 

is also proposed in [4] and [5]. This strategy is the concept of a virtual synchronous machine 

(VSM). A converter control based on this strategy acts as a voltage source behind a reactance. The 

main objective of this approach is having similar characteristics as a real synchronous machine. It 

means that the VSM model can inject a very fast reactive current upon fault inception. This leads 

to a very fast support for the power system voltage during faults. Furthermore, the VSM reduces 

the reactive current after fault clearance to avoid temporary overvoltages [5]. Since, in addition to 

contributing to fast fault current, this solution has other benefits such as contribution to system 

inertia, some studies and experts are convinced of the performance and advantages of this 

approach as a long-term solution of several for a future power system with high PE 

penetration [4][5]. 
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Another point, which has to be considered, is the difference between PE interfaced components 

using full size converters (FSC) and doubly fed induction generator (DFIG) concept. The injected 

current of a FSC is fully controlled according the programmed behavior of the converter. The 

behavior of a DFIG is a combination of a controlled behavior of a converter and inherent behavior 

of an induction machine. In some national implementations of requirements on fast fault current it 

is considered that induction generators provide inherently a not modifiable negative sequence fault 

current during a fault. 

2.2.4 Comparison of national implementation of requirements on FFCI 

Regarding the dynamically and continuously changing characteristics of power systems, it is 

necessary to get an overview over system needs by defining requirements at the national level. 

Furthermore, in the NC RfG and NC HVDC much freedom has been given at national level to specify 

the requirements related to FFCI. Hence, the existing FFCI requirements vary across European 

countries. 

In the context of the MIGRATE project, a questionnaire was circulated amongst the MIGRATE TSOs 

in order to prepare an overview of the national interpretations of the FFCI requirements in the NC 

RfG and HVDC. Six MIGRATE TSOs answered the questionnaire regarding the implementation of 

the FFCI requirements in the NC RfG in their countries (TenneT NL, FinGrid, EirGrid, ELES, REE and 

RTE).  

Table 2.3 and Table 2.4 show a summary of their answers plus the stipulations given in the 

German implementation [6]. 

Three MIGRATE TSOs answered about the implementation of the FFCI requirements in the NC 

HVDC in their countries (TenneT NL, EirGrid, REE). Table 2.5 shows a summary of the answer of 

REE about the Spanish requirements on FFCI for the HVDC systems and the German 

implementation [7] as well. TenneT Netherlands mentioned that the Dutch implementation of the 

NC HVDC is analogous to the NC RfG implementation. Therefore, its presentation is omitted in 

Table 2.5. EirGrid noted that NC HVDC is not implemented yet in Ireland. The TSO’s answers are 

compared in  

Table 2.3, Table 2.4, and Table 2.5 regarding 17 selected FFCI requirements. For the sake of 

clarity, a number is assigned to each respective FFCI requirement in the tables. This assignment is 

shown in Table 2.2. 



REPORT 
 

Page 27 of 172 

Table 2.2: Assignment of numbers to the respective FFCI requirements in Table 2.3, 
Table 2.4, and Table 2.5 

(1) Is there requirements only in case of balanced or both balanced and unbalanced faults? 

(2) Determination of a voltage deviation or activation requirement of the fault current’s 

injection mode; 

(3) End of the voltage deviation or deactivation requirement of the fault current’s injection 

mode; 

(4) Additional positive/ negative sequence reactive current during balanced/unbalanced faults; 

(5) The adjustment range for k and the Adjustment step; 

(6) Default value for k ; 

(7) Tolerance range for the additional reactive current; 

(8) Rise time 
rT  and settling time 

sT  of the fault current contribution in both positive and 

negative sequence; 

(9) Time to the availability of the full required reactive current; 

(10) Priority between active and reactive current during faults; 

(11) Priority of current recovery after faults; 

(12) Grid-forming control strategies (a voltage source behind a virtual, adjustable impedance); 

(13) Quantitative capability of reactive current injection; 

(14) FFCI can be permanently active parallel to the control of reactive power in steady-state 

operation; 

(15) The minimal voltage upper limit to inject additional reactive current; 

(16) Consideration of the naturally behavior of induction generators in wind turbines with DFIG 

concept; 

(17) The maximum allowed delay of the current injection; 
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Table 2.3: An overview over the national implementation of the FFCI requirements (NC 
RfG) in Germany, Netherlands, France and Ireland 

Req. Germany Netherlands France Ireland 

(1) Both of them Both of them Both of them - 

(2) 

P-P n110%V V  or 

n90%V  or an abrupt 

voltage change (at least 

5% tolerance band) 

P-P n110%V V  or 

n90%V  
- - 

(3) 

n P-P n90% < <110%V V V  

or 5 s after fault 

occurrence 

n P-P n90% < <110%V V V  - - 

(4) 

Q1,2 1,2 1,2,min

nr

Q1,2

1,2

Δ

3Δ
Δ

I V V
k

VI

i
v


  

1 1,pre
Q1 r

r

Δ
V V

I k I
v


  Q1,2 1,2Δ ΔI k V  

proportional 

to the Voltage 

deviation 

(5) 
2 6 k  

the step 0.5  

2 10 k  

the step 0.01  

0 6k   

the step 0.5  
- 

(6) 5k  2k   - - 

(7) defined (see [6]) - - - 

(8) 

r 30 msT   (90% of the 

target value) 

s 60 msT   

r 30 msT   (90% of 

the target value) 

r 30 msT  (90% 

the target value) 

s 60 msT   

r

s

100 ms

300 ms

T

T




 

(9) - 40 ms  - - 

(10) reactive current - - active current 

(11) active current recovery - - active current 

(12) considered and allowed - - - 

(13) min r100% I  min r100% I  - - 

(14) allowed - - - 

(15) ref120%V  r120%V  - - 

(16) - - 

inherently 

provision of a 

negative 

sequence current 

- 
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Table 2.4: An overview over the national implementation of the FFCI requirements (NC 
RfG) in Spain, Finland and Slovenia 

Req. Spain Finland Slovenia 

(1) Both of them Both of them Both of them 

(2) 

P max puV V  or minV  or 

an abrupt voltage 

change greater than 0.1 

pu 

P 0.85 puV   

P-P n110%V V  or n90%V  or 

P maxV V  or minV  or 

 ACT MAXΔ Δ ΔV V V     
 MAX ACTΔ Δ ΔV V V     

(3) 
min P max puV V V   or 5 s 

after fault occurrence 
P 0.9 puV   

n P-P n90% 110%V V V   or 

min P max puV V V   and the 

continuation of the support for 

another 500 ms 

(4) 
 Q1,2 1,2,pre 1,2

1,2

Δ

Δ

I k V V

v

   

the positive and 

negative sequence 

component must be 

supplied in the ratio 

defined by the k-factor 

1,2 1,2,min
Q1,2

c

Δ
V V

I k
V


  

(5) 
2 6 k  

the step 0.5  

FSC concept: 2.5k   

DFIG concept: 

2 6 k  

2 6 k  

the step 0.5  

(6) 3.5k   - - 

(8) 

r 30 msT  (90% of the 

target value) 

s 60 msT   (tolerance: 

5% ) 

r 30 50 msT  

s 60 80 msT  

(tolerance +20%...-

10%) 

r 30 msT   

s 60 msT   

(10) reactive current reactive current - 

(11) - -  

(13) min r100% I  - min r100% I  

(14) allowed - - 

(16) 

inherently provision of a 

negative sequence 

current 

inherently provision of a 

negative sequence 

current 

- 

(17) 20 ms - 
within 20 ms after the fault 

detection 
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Table 2.5: An overview over the national implementation of the FFCI requirements (NC 
HVDC) in Germany and Spain 

Req. Germany Spain 

(1) Both of them Both of them 

(2) - 

>(1.05pu 1.1pu)V   >(0.85pu 0.9pu)V 

or minV  or an abrupt voltage change 

greater than 0.1 pu 

(3) - (0.85pu 0.90pu)< & <(1.05pu 1.1pu)V V   

(4) 

Q1,2 1,2 c1,2
i

nr

Q1,2

1,2

Δ

3Δ
Δ

I V V
k

VI

i
v


  

as a function of voltage at the connection 

point of the HVDC system (Figure 2.2) 

(5) i12 6k  i2 i1k k  or i2 0k  & step 0.5   

(6) i 2k    

(8) 
r 50 msT   (90% of the target value) 

s 80 msT  (tolerance: 5%<Δ <+15%x ) 

r 30 msT   (90% of the target value) 

s 60 msT   (tolerance: 5%<Δ <+5%x ) 

(13) min r100% I  min r100% I  

(17) - 20 ms 

 

 

Figure 2.2: Injection of additional reactive current 𝚫𝑰𝐫 as a function of voltage at the 

connection point of the HVDC system 𝑼 (𝑼𝐦𝐚𝐱𝟐 = 𝟏. 𝟏 . .  𝟏. 𝟒 𝐩𝐮 and 𝑼𝐦𝐢𝐧𝟐 = 𝟎. 𝟔 . .  𝟎. 𝟖𝟓 𝐩𝐮) 

The variables used in the above tables are also listed below: 
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 Q1,2ΔI : additional positive/negative sequence reactive current during faults;  

 rI : rated current;  

 P-PV : phase-to-phase voltage; PV : phase voltage; nV : nominal voltage; rV : rated 

voltage;  

 1,preV : pre-fault positive sequence voltage;  

 1,2V : positive/negative sequence voltage during faults;  

 1,2,minV : 1 min average of the pre-fault positive/negative sequence voltage;  

 refV : reference voltage defined for each voltage level (e.g. 400 kV (1 pu) for the voltage 

level with the nominal voltage 380 kV and 220 kV (1 pu) for the voltage level 

220 kV) [6]; 

 cV : the voltage agreed between the relevant system operator and consumer; 

 

pre-fault

pre-fault
Δ

V V
V

V


 : relative voltage change according to the pre-fault condition; 

 ACTΔV : relative voltage change to activate the FFCI mode;  

 MAXΔV : maximum relative voltage change;  

 
rT : rise time = Time between a setpoint step-change and the step response reaching a 

certain ratio (e. g. 90 %) of the desired value for the first time;  

 
sT : settling time = Time between a setpoint step-change and the step response entering 

the desired range of tolerance (which may differ from 90 %) for the last time;  

 k : factor (gradient) for additional positive/negative sequence reactive current injection 

2.2.5 Compliance testing and simulation 

This section provides a brief overview of the German approach on the applied compliance testing 

and simulation method for PGMs and HVDC systems to demonstrate the compliance with the FFCI 

requirements as defined in the German regulations [7], [8], and [9]. 

PGMs 

In the German implementation of the NC RfG, power-generating system (PGS) and power-

generating unit (PGU) are distinguished. A PGU (e.g. a single wind turbine) is a single unit for 

generating electrical energy, while a PGS (e.g. a PPM) refers to a PGM composed of one or more 

power generating units and all required electrical component for its operation (e.g. compensation 

equipment and PGSs control system). In the framework of the compliance process PGUs have to be 

tested by an accredited test laboratory via measurements corresponding FFCI requirements. The 

measurement results are used to verify the PGU simulation models. The compliance of the PGS 

with the FFCI requirements shall be demonstrated only by simulation. A PGS simulation model 

consists of the validated PGU simulation models. 

Test objective: It shall be tested which current can be provided during an overvoltage and 

undervoltage FRT. In addition, it should be examined whether the behaviour of the PGUs in the 

event of a short circuit complies with the German FFCI requirements. The tests shall be executed 

as part of the FRT behavior tests and serve 

 as validation basis for the simulation models of the PGUs and the FACTS and 
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 for checking the control system and the auxiliary units, including the converter and 

generator system. During a test on the medium-voltage side, the transformer, if available, 

shall be taken into account in the test arrangement. 

Test layout: The undervoltage FRT tests are carried out according to the following network diagram 

in Figure 2.3. 

~ ~ PGU/PGS

NU

NZ 1Z

~

2Z

MP1 MP2 MP3

Transformer 
(optional)

Test 
equipmentNetwork

S1

S2

 

Figure 2.3: Test layout for undervoltage FRT [8] 

Test method: The tests shall be carried out for the following two active power ranges: 

 Free field tests: partial load (0.1 ⋅ 𝑃n . .  0.5 ⋅ 𝑃n) and full load (higher than 0.9 ⋅ 𝑃n) 

 Test station: partial load (0.1 ⋅ 𝑃n . .  0.5 ⋅ 𝑃n) and full load (0.98 ⋅ 𝑃n . .  1.02 ⋅ 𝑃n) 

Thirty-three tests shall be carried out for PGUs according to [8]. In each case, two successive tests 

shall be carried out successfully. The tests consist of balanced (3-phase) and unbalanced (phase-

to-phase) faults for different voltages at the Network Connection Point (NCP). Furthermore, a 

minimum fault duration is specified for each test at a given voltage. Table 2.6 shows exemplary the 

general structure of four tests including their characteristic values and parameter settings. 

Table 2.6: General structure of the tests to be performed 

nV V  in % 

at the NCP 
Fault type 

Fault 

duration 
Reactive power nQ P  k - factor Load Test 

1 2v v  

3-Phase 

fault 
1t t  

0% up to 10%

or max. overexcited

or max. underexcited



 

2 or 4k   

depending 

on the test 

partial load (1) 

full load (2) 

2-Phase 

fault 
2t t  

partial load (3) 

full load (4) 

Measurement data as functions of time in millisecond time range: 

 - positive and negative sequence values of currents and voltages 

 - positive and negative sequence values of active and reactive power 

 - positive and negative sequence values of active and reactive currents 

Validation of the simulation models is ensured based on comparison of measurements and 

simulation results, if both time series are created for the test layout using the same procedure. 
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More details about the requirements for modelling, simulation and validation of simulation models 

can be found in [8] and [9]. 

HVDC systems 

The structure of the test Layout is shown in Figure 2.4. The parameter settings of the elements in 

Figure 2.4 are specified by the relevant system operator on the basis of grid analyses carried out 

for this grid connection point. The FFCI requirements shall be demonstrated in the short circuit and 

open circuit faults as well as in the case of disconnections. The HVDC system owner in consultation 

with the relevant system operator shall define the relevant scenarios [7]. 

~
2Z

S2

~
1Z S1

load

Fault 
location

Network connection point:
HVDC converter unit 

Connection point:
External grid

 

Figure 2.4: FFCI test layout for HVDC systems [7] 

A sequence with respect to Figure 2 4 is as follows [7]: 

1. switch S1 open 

2. switch S2 open 

3. fault occurrence 

4. fault clearance 

5. switch S2 closed 

6. switch S1 closed 

The evaluation of the results shall at least demonstrate that the HVDC system exhibits stable 

behavior and that the HVDC converter unit remains in operation. If the requirements of the FFCI do 

not fulfil, proof of a safe system condition must be provided by appropriate protective 

measures [7]. 

2.3 Synthetic Inertia 

2.3.1 Introduction 

The phase out of conventional thermal power plants with synchronous machines and their controls 

is a challenge to the operation, control, and stability of the electric power system. 

Without implementation of necessary mitigation measures to tackle the reduction of system inertia 

and absence of robust conventional primary frequency control attached to synchronous generations, 

future electric power systems may face high rate of change of frequency (RoCoF) and Nadir/Zenith. 

A task for new power generation technologies, interfaced to the electrical grid by power electronic 

converters, is to limit the RoCoF at the initial few 500 ms after any variation of active power 

balance. This task is defined in this document as Fast Active Power Injection (FAPI), which should 

ideally help in quickly limiting the frequency excursion, thereby contributing to keep the system 

frequency within allowable technical limits. 
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2.3.2 Proposed generic definition 

Fast Active Power Injection (FAPI) is a control action applied to power electronic converters used to 

interface renewable generation, storage, or responsive demand. It involves continuous 

measurement of grid frequency and/or active power deviation within very small time frames, 

followed by a given action of a given controller scheme to regulate the injection/absorption of 

instantaneous active power to mitigate the frequency deviation caused by an imbalance. FAPI 

considers technical limitations or boundaries determining the capability of the controller to provide 

Fast Frequency Response. 

Figure 2.5 below illustrates the time frame of different frequency control tasks. According to [11], 

the period highlighted with dark orange corresponds to the action of inertial response, as a 

consequence of a variation of the electromagnetic coupling between synchronous generators of an 

interconnected power system, due to a perturbation of the system’s active power balance. 

According to [12], FAPI can support the primary frequency response in Zone A as shown in Figure 

2.5. 

 

Figure 2.5: Frequency response under dynamic load variations 

2.3.3 Test set up for compliance testing 

A hardware-in-the-loop (HIL) test set-up for compliance testing of FAPI has been developed at 

intelligent electric power grid group (IEPG), TU Delft, RTDS lab as shown in Figure 2.6. The test 

setup composed of Nova core real-time digital simulator, real-time target (RTT), grid emulator 

(combined front end and voltage source converter) and a dc-ac converter (device under test-DUT). 

The use of HIL is safe and cost-effective (e.g. mock-up converters used), and allows to perform 

many different types of experiments. 
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Figure 2.6: HIL based compliance test-set up for FAPI. 

2.3.4 Methodology for compliance testing 

The steps adopted for compliance testing of FAPI control methods, for instance attached to a grid 

side converter are as follows. 

1. The EMT model of interconnected power system is developed on RSCAD and running on 

RTDS NovaCor. RTDS allows external devices to be interfaced to the power system being 

simulated. 

2. The Software model for controlling of the grid emulator and DUT was developed by 

Triphase in Matlab/ Simulink environment, which is running on a Real-Time Target (RTT) in 

real-time. RTT is a powerful, multi-core PC-based unit equipped with a real-time 

Linux/Xenomai-based operating system. A real-time inter-PC interface enables RTT to 

connect in real-time to the RTDS.  

3. User has access and control on set-points of voltage and frequency of grid emulator and 

current set-points of DUT. RTT receives these set-points from RTDS. 

4. The Aurora communication protocol is used to exchange information between RTDS 

simulations and the RTT. The RTT uses a circular inter-process communication (CIPC) 

buffer. CIPC is a shared memory strategy based on ring-buffers to allow Matlab/Simulink 

models to communicate with each other and other processors. Each buffer has one writer 

block that writes data into the buffer, from which multiple readers can read out the data. A 

standard Simulink model using buffers as communication infrastructure has a write 

functionality and/or a read functionality. To interpret the data in the buffers correctly, the 

read and write blocks in Simulink make use of bus definitions. The bus definitions contain 

the names and sizes of the signals in the buffer. The sizes of the signals entered in the 

write block need to cohere to these bus definitions and the signals extracted from the read 
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block will have the names and sizes defined in the bus definitions. It should be ensured 

that same bus name previously defined as input/output bus name in the write/read blocks. 

5. The voltage and frequency of the simulation network are sent from RTDS to RTT to 

reproduce the desired voltage and frequency at the output terminals of DUT by grid 

emulator. 

6. As RTT and RTDS both are running in real time, control strategies of FAPI can be 

implemented either in RSCAD or Matlab software. The implemented FAPI Control strategies 

generate a current reference for active power generation. The DUT, which is a mock-up 

VSC, is virtually connected to the grid (which is running on RTDS), and injects active power 

towards the grid emulator depending on the applied FAPI control strategy. 

2.3.5 Criteria for compliance testing 

The FAPI control methods should satisfy the following conditions, defined here based on 

requirements and example values given in [13]-[16]. These requirements can be adjusted 

depending on the type and size (e.g. kW or MW wind generator) of the source of active power, and 

the properties of the transmission grid to which it will be connected. 

1. Frequency ROCOF and Nadir should comply with grid code requirement (e.g. 0.5 Hz/s for 

ROCOF, 49.2 Hz for Nadir) for outage of the biggest generation unit. 

2. The FAPI control should respond according to the controller gain to inject the amount of 

power. The gain is tuned depending on the amount of available active power. 

3. At all times the control will be able to increase or decrease the active power injected into 

the network within a range of ΔPmax from the steady state active power output value prior 

to the disturbance. The value ΔPmax depends on the technology of a specific manufacturer. 

According to existing literature, as an indicative reference value, it may be considered that 

the value ΔPmax can be adjusted between 0 and 10 % of the maximum capacity of the 

grid interfacing power electronic converter.  

4. If FAPI controller is implemented separately with storage, then, injected active power 

depends on the storage capacity and power requirements to grid. 

5. After triggering FAPI, the response speed should be according to the requirement defined 

by a TSO (e.g. 500 ms – 700 ms for rise time of injected active power as shown in Figure 

2.8). The installation can increase or decrease the active power in at least a value of 10 % 

of the maximum capacity of the grid interfacing Power electronic converter (if the grid 

interfacing power electronic converter is operating at its rated output and the same 

converter is used for power injection by FAPI).  

6. Must be able to supply an energy equivalent to the feasible temporary overload capacity of 

the grid side converter (5-10 % of the grid interfacing Power electronic converter's 

maximum capacity for 8-15 s as shown in Figure 2.8 and as discussed in [17]). From 

operational point of view, it is worth to indicate that after this period, it is expected that 

primary frequency containment reserves operate and depending on the recovery strategy, 

the FAPI controller can be deactivated. The duration of FAPI can be adjusted for instance, 

by using a coordinated strategy to achieve a trade-off between the maximum reserve 

provided and the duration of the response provided, as shown in [18]. 
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7. Depending on the system specific needs, the controllers could have a frequency 

insensitivity band, e.g. between ± 10 mHz to ± 50 mHz (depending on the stiffness of 

grid) [19]. 

8. This control should not contribute negatively to the damping of power oscillations of the 

electrical system. 

Illustrative example 

For illustration purposes, GF-FAPI control strategy has been tested under the following conditions:  

 The developed generic test case-II presented in D1.5 (cf. [20]) has 52 % share of wind 

power generation as given in Figure 2.7 

 Device under test is emulated the grid side converter of the wind turbine connected at 

bus 7 (see Figure 2.7), 

 5 % sudden increase in Load at bus 8 (see Figure 2.7), and  

 FAPI controller is active for 10 s.  

Detailed overview of the generic test case-II and FAPI controller are presented in D1.5 of the 

MIGRATE project [20]. 

From Figure 2.8 and Figure 2.9, it can be seen that active power injection and frequency curves 

are complying the above indicated compliance criteria for FAPI: 

 The frequency Nadir and RoCoF are within the defined limit. Nadir is improved from 

49.64 Hz to 49.82 Hz. While ROCOF is improved from 0.28 Hz/s to 0.04 Hz/s. 

 The gain of controller is tuned (K = 1 pu) to inject 10 % of the rated power.  

 It is injecting 10 % of rated power. After few second power injection decreases due to 

decrease in the requirement of power and improvement in the frequency. 

 Rise time of active power (measured as indicated in Figure 2.8) is 510 ms which is within 

the specified limit. 

 The FAPI controller is active for 10 s. 

 Frequency insensitivity band of ± 30 mHz has been considered. 

 The power system could quickly bound the frequency deviation by using the implemented 

FAPI. 
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Figure 2.7: Generic test case-II 

 

 

Figure 2.8: Active power output of GF-FAPI controller 

 

 

Rise Time 
FAPI Operation Time 
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Figure 2.9: Dynamics of frequency due to GF-FAPI controller 

2.4 Interaction Studies 

This section provides guidelines on the content for interaction studies and model aggregation in the 

context of the HVDC and RfG network codes. The information contained in this section is based on 

literature review as well as personal communications with several TSOs and utilities. Only the main 

conclusions are presented, as all the referred documents are publicly available. 
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Table 2.7: Types of interactions for the scope of interaction studies 

Type of Interaction Type of Oscillation Examples 

Interactions between HVDC 

systems 

Electrical Canada [11] 

HVDC interactions with weak AC 

network 

Electrical Australia 

Canada [11] 

HVDC-generator interactions Electro-mechanical (SSTI) Japan 

Finland 

WTG T3/T4 (GSC)-weak grid 

interactions 

Electrical Australia 

China [12], [13] 

Finland 

UK [14] 

WTG T3-series capacitor 

compensated transmission system 

Electrical China [15] 

Finland 

USA [16] 

WTG T3/T4-STATCOM Electrical China [17] 

TCSC-generator interactions Electro-mechanical (SSTI) Japan 

STATCOM-generator interactions Electro-mechanical (SSTI) Japan [18] 

The studies for the investigation of adverse interactions in real power systems are performed using 

time domain solutions, dynamic phasors, impedance-based stability analysis, damping torque 

coefficient and the unity interaction factor method. 

When using time domain analysis for the interaction studies, EMT simulations are better suited 

than RMS simulation. Figure 2.10 [29] compares the response of a wind farm to a fault when 

modelled using RMS and EMT. It is observed that the RMS model shows a stable post fault 

behaviour, whereas the EMT model shows a sustained post fault voltage oscillation with frequency 

of approx. 5 Hz. Such operating conditions are not acceptable in Australia due to breach of flicker 

requirements and inadequate damping of the oscillations. 
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Figure 2.10: RMS and EMT modelled response of a solar farm to a fault [29] 

Another comparison is given in Figure 2.11, where the response of an LCC HVDC to a fault is given 

when using a RMS and an EMT model. It can be observed that the RMS model does not show the 

sustained commutation failure and the subsequent disconnection of the LCC HVDC link. 

As some of the interactions mentioned in Table 2.7 occur in weak grid conditions, the Australian 

Energy Market Operator (AEMO) underlines the need for a screening assessment followed by 

detailed EMT analysis of system strength in its System Strength Guidelines [30] and [31]. 

Increased penetration of inverter-connected generation resulted in a significant increase in the use 

of EMT models for assessing the impact of new or modified inverter-connected generation on 

system strength. AEMO is currently finalizing full scale EMT models of all regions it is operating. 

Both RMS and EMT studies are conducted in large scale and practical power systems. The use of 

EMT modelling and analysis by equipment manufacturers, generators and consultants have been 

limited to small scale, often single machine infinite bus-type analysis. 

 

Figure 2.11: RMS and EMT modelled response of a LCC HVDC converter to a fault [29] 
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AEMO conducts large scale EMT-studies, as the use of reduced order EMT models has shown 

inaccuracies. Large scale EMT studies are carried out for the whole region of interest. Such a power 

system comprises several hundred busbars. The phenomena of interest are adverse interactions of 

multiple inverter-based resources. Detailed EMT analysis were also performed in the past for the 

assessment of a limited number of HVDC and HVDC-interfaced wind farm projects. As the 

regulation in Australia limits the use of large scale EMT models to AEMO and Transmission Network 

Service Providers (TNSPs) only, the large scale studies are only performed by them. More details 

on AEMO’s practices can be found in [30]and [32]. 

SSCI, SSTI and high frequency resonance analyses in the China Southern Power Grid are also only 

performed by the TSO [33]. These analyses are conducted using the analytical impedance-based 

method [34] and the results are validated using time domain EMT simulations. As the HVAC grid 

impedance vary greatly as a result of the changing nature of the grid operating condition, it is 

hardly possible to repeat EMT based time domain stability analysis for all the operating conditions. 

Therefore, the impedance-based stability analysis method is used for the evaluation of adverse 

interactions between VSC HVDC converters and the AC grid. 

Figure 2.12 provides a comparison of the AC impedance determined using the time-domain based 

frequency scan and the impedance-based method. It can be concluded that the results of the 

impedance-based method are accurate enough for the stability analysis. 

 

Figure 2.12: Comparison of AC impedance: frequency scan versus analytical method [33] 

For the investigation of SSTI between a STATCOM and conventional generation in Japan, real time 

digital simulations (EMT) were conducted by the vendor [28]. When third parties perform studies, 

the manufacturer/vendor is asked if under a NDA their model could be given to the third party. 

Fingrid requires EMT interaction studies to be performed when connecting wind farms directly to 

series capacitor compensated transmission lines in the 400-kV grid. When connecting to weak 

110-kV regional grids, EMT interaction studies are not required but are recommended. No 

interaction studies are performed for connection to other parts of the network. Interaction studies 

and validated EMT models are required to be delivered by the connectee. Furthermore, for HVDC 
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interactions screening studies (UIF and damping torque analysis) are performed by the TSO (and 

sometimes by third parties when the TSO is deemed inadequate) when the HVDC connection is 

close to nuclear units. More detailed studies are then performed by the HVDC vendor. Details on 

the HVDC interaction studies can be found in [35]. Manitoba Hydro only considers HVDC interaction 

studies when the short circuit ratio at the point of interconnection is less than 3. When plants are 

in close electrical proximity, EMT interaction studies are performed to confirm voltage regulator 

gain settings. Connectees are required to deliver two types of models: one detailed model for 

interaction studies provided under a NDA and one reasonably accurate model that can be shared 

with neighbouring utilities in a regional RMS models. More details on modelling requirements for 

wind generation can be found in [36]. Furthermore, multi-infeed control interaction as well as SSTI 

studies using EMT and hardware in the loop (RTDS) simulations were performed for the 2000-MW 

HVDC line (in service date 2018) in Manitoba. Preliminary studies were performed by TSO whereas 

the vendor performed detailed studies. After commissioning, the vendor provided detailed EMT 

models under a NDA. 

The network size required for interactions studies range from five buses as seen from the point of 

interconnection [28] to the full network with hundreds of buses [33]. More and more TSOs are 

moving from reduced network based EMT analysis to full network based EMT analysis, sometimes 

in RTDS (e.g. China and Korea). 

2.4.1 Model Aggregation 

This section deals with the aggregation of wind turbines. Two types of aggregation are considered. 

The first type deals with the aggregation of individual wind turbines of a wind farm. The second 

deals with the aggregation of electrically close wind farms. 

Wind turbines aggregation 

Wind turbines that have the same machine and controller parameters and the same operating 

condition can be represented by a single machine model for studies focusing on the interaction 

between the wind farm and the grid [38]. However, when the operating conditions of the wind 

turbines are not identical, the wind farm should be modelled using two aggregated machine models, 

where one machine aggregates wind turbines subjected to high wind speeds and one machine 

aggregates wind turbines subjected to low wind speeds. The distinction in wind speed is made 

based on the maximum wind speed that leads to adverse interactions. 

The interaction of the wind farm is then determined by the ratio of the machines subjected to high 

wind speeds to machines subjected to low wind speeds. When majority of machines is subjected to 

low wind speed conditions and adverse interactions occur, they will occur in all wind turbines. 

When a majority of machines is subjected to high wind speed conditions and adverse interactions 

occur, they will be damped for all machines [39]. 

Wind Farms Aggregation 

Figure 2.13 [37] illustrates a network topology with 𝑛 ⋅ 𝑚 wind farms that are electrically close to 

each other. 
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Figure 2.13: Structure of wind integration in China Jibei power grid [37] 

The aggregation of these wind farms for the investigation of adverse interactions with the grid was 

investigated in [37]. It was found that when wind farms are not connected through HVDC to the 

point of interconnection, then: 

 Those wind farms with the same parameters and operating conditions can be represented 

as a single wind turbine 

 Wind farms that do not have either the same parameter and/or the same operating 

conditions should not be represented as a single wind turbine, as they will have different 

oscillation modes. The wind farms should then be aggregated based on the similarities in 

parameters and operating conditions. This could lead to multiple single machine models, 

where each represents an aggregation. 

When considering the interaction of a HVDC connected wind farm, the operating condition of 

individual wind turbines does not influence the interaction behaviour due to the decoupling by the 

DC link, as eigenvalue analysis showed in [40] and [41]. Therefore, the aggregation of the wind 

farm is not crucial here. 

2.4.2 Recommendations 

Based on the above, the following recommendations can be given: 

 EMT simulations are preferred over RMS simulations for interaction studies; 

 Time domain methods do not provide a full overview of the system’s stability. 

Considering that the models provided by vendors are black-box models, performing 

eigenvalue analysis is not possible. The impedance-based method is proposed, as this 

method accurately models the impedance characteristic of the PEID, while at the same 

time allowing analysis of a wide range of operating conditions. Time domain simulations 

should be used for validation of the obtained results; 

 The use reduced order EMT models shows inaccurate results. Therefore, more and more 

TSOs are moving from reduced network based EMT analysis to full network based EMT 

analysis. 

 Studies can be performed by the SO, as it has the grid model as well as any relevant 

detailed model. In the case the vendor or a third party performs the interaction studies, 

the SO has to deliver the relevant detailed models; 

 Wind turbines with the same parameters and operating conditions can be represented by 

a single machine model for interaction studies with the grid; 
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 Wind turbines with different operating conditions should be represented by two single 

machine models; 

 Wind farms with the same parameters and operating conditions can be represented by a 

single machine model for interaction studies with the grid; 

 Wind farms with different parameters and operating conditions will have different 

oscillation modes and should therefore be aggregated based on similar parameters and 

operating conditions. 

2.5 Admissible active-power reduction from maximum output with falling 

frequency 

The topic of admissible active power reduction in addressed within the RfG Art. 13.4 and Art. 13.5 

in order to prevent active power reduction on generation side during low frequency situations. It is 

important to recall that this requirement defines the capability to maintain the rated active power 

output of a PGM in case of low frequency with relevance for plant design. It is not an operational 

requirement and therefore the impact of the availability/unavailability of the primary energy source 

(e.g. water for hydro power plants) shall not be considered while assessing the compliance of a 

PGM with this requirement. Concerning the requirement itself, the relationship between frequency 

and active power output capability is depends on the generation technology. It is particularly 

relevant for gas turbines. Gas turbines commonly operated in the power system include a shaft 

driven air compressor at the turbine inlet. When the CCGT is synchronously connected to the grid 

any disturbance in the system resulting in decrease of frequency will cause the compressor to slow 

down. This results in a reduction of the mass flow of air through the turbine and reduction of the 

active power output of the CCGT. This effect is much stronger at high ambient temperatures. Thus 

due to this physical phenomenon, gas turbine output drops significantly with falling frequency. To 

mitigate active power reduction, depending on the machine type and plant configuration different 

measures can be used (e.g. increasing the gas turbine flame temperature, increasing the air mass 

flow (by opening fully the compressor valves or by injection of water mist into the air intake of 

compressor)). 

This phenomenon of decreased maximum power capability at low frequencies can be observed as 

well for other technologies used in the power sector especially if the low frequency is combined 

with low voltage. Due to reduction in efficiency of auxiliaries, the power generating units are not 

able to produce maximum power under these conditions. To mitigate this problem an appropriate 

choice of the auxiliary devices shall be considered at plant design. 

In May and June 2017, ENTSO-E has conducted a consultation [42] directed to European 

stakeholders in order to collect the most up-to-date information concerning the capabilities 

(present and future) of generating units: According to the wind industry, wind farms based on full 

converter technology have no difficulties to keep steady state operation with rated frequency with 

plus or minus 7 Hz. Wind farms based on DFIG technology do not need to reduce active power at 

low frequencies while frequency stays within the frequency ranges defined in NC RfG Art. 13.1. The 

most onerous specifications allowed by the RfG could be a concern for gas turbines, especially at 

high temperature. Thermal overloading of the engine at lower frequencies is the main constraint 

for gas turbine and if the frequency setpoint is kept for a longer time, power reduction must be 

performed below 49 Hz in order to avoid overloading of the engine. The hotter the ambient 
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temperature, the lower the capability to maintain power output at falling frequency. For gas 

turbines, the decrease of active power is much less at low temperature. Typically, the engines start 

derating with a rate of 10 %/Hz and operate for unlimited time. [43] 
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3 Comparison of national implementations for 
compliance testing and simulation 

methodologies in the NC RfG and NC HVDC 
One objective of Task 1.8 within the MIGRATE project is to compare the existing compliance 

methodologies/processes as defined by NC RfG and HVDC in the countries of the MIGRATE TSOs. 

Furthermore, an overview over the national implementations of the NCs’ requirements for 

compliance testing and simulation will be given. For this purpose, a questionnaire, which included 

questions about the compliance process for the power park modules (PPMs), was prepared. In 

addition, a table is prepared containing the compliance requirements as defined by the NC RfG plus 

some requirements, which are considered additionally by the German implementation. Another 

table containing the compliance requirements as defined by the NC HVDC is prepared in the 

context of a second questionnaire. These questionnaires circulated amongst the MIGRATE TSOs. In 

this chapter, the methodologies and the requirements for compliance testing and simulation as 

defined by the NC RfG and NC HVDC will be summarised. The German implementation and some 

differences to the NCs will be then discussed. Finally, the answers of the MIGRATE TSOs to the 

questionnaires will be outlined. 

3.1 Methodology and requirements for compliance testing and simulation of 

PPMs 

3.1.1 NC RfG 

Regarding operational notification procedure, the NC RfG distinguishes between types A, B, C and 

D power-generating modules (PGMs). Since the MIGRATE project is focused on the transmission 

system, only type D PGMs will be considered, which are connected to the 110-kV grid or above. 

The NC RfG divides the operational notification procedure for connection of type D PGMs into three 

stages [2]: 

1. energisation operational notification (EON) issued by the relevant system operator (SO) 

entitles the power-generating facility owner (PGFO) to energise its internal network and 

auxiliaries for the PGM by using the grid connection, 

2. interim operational notification (ION) issued by the relevant SO entitles the PGFO to 

operate the PGM and generate power by using the grid connection for a limited period of 

time (max. 24 months) and 

3. final operational notification (FON) issued by the relevant SO entitles the PGFO to operate a 

PGM by using the grid connection, upon prior removal of all incompatibilities identified for 

the purpose of ION status. 

Figure 3.1 illustrates a summary of the steps required to obtain an FON as defined in the NC RfG. 
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energisation 
operational 

notification (EON) 

completion of preparations 
including agreement on 

the protection and control 
settings between the 

relevant SO and the PGFO 

interim operational 
notification (ION)

Power-generating 
facility owner

Relevant system 
operator

 The PGFO must submit the following to the relevant SO:

 an itemised statement of compliance

 an update of applicable technical data, validated 
simulation models, studies demonstrating the expected 
steady-state and dynamic performance including the use 
of actual measured values during testing performance

final operational 
notification (FON)

Legend

The PGFO shall provide the following upon request from the relevant SO:

 an itemised statement of compliance

 detailed technical data (as specified by the relevant SO)

 equipment certificates issued by an authorised certifier

 details of intended compliance tests (Chapters 2, 3 and 4 of Title IV )

 steady-state, RMS or EMT simulation models validated against the 
results of compliance tests  (Art. 15.6.c)

 studies demonstrating the expected steady-state and dynamic 
performance (Chapter 5, 6 or 7 of Title IV )

 

Figure 3.1: Operational notification procedure for connection of type D PGMs as defined 
in NC RfG 

NC RfG defines a number of requirements to be fulfilled by the PGM within the framework of the 

compliance process. Furthermore, it is distinguished between compliance testing and compliance 

simulation. Some requirements are subject to both of them. Notwithstanding these requirements, 

the relevant system operator is entitled to: 

 allow the PGFO to carry out an alternative and efficient set of tests and simulations and 

 require the PGFO to carry out additional or alternative sets of tests and simulations, if the 

proposed tests and simulations are not sufficient from the system operator's point of view. 

Table 3.1 gives an overview of the compliance requirements according to the NC RfG. The 

requirements are categorised in steady-state and dynamic performance. 
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Table 3.1: Compliance testing and simulation requirements for type D PPMs according to 
NC RfG 

Requirements 
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Remarks 
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active power controllability and 

control range  

[acc. Art. 15.2.a] 

  - 

reactive power capability  

[acc. Art. 21.3.b,c] 
  

The simulation model is validated against the 

compliance tests set out in Art. 48.6. 

1- voltage control mode  
[acc. Art. 21.3.d - ii to iv] 

2- reactive power control mode 

[acc. Art. 21.3.d - v] 
3- power factor control mode 

[acc. Art. 21.3.d - vi] 

  

The relevant system operator may select only 

one of the three control options regard to the 

reactive power control modes. 

D
y
n
a
m

ic
 o

p
e
ra

ti
o
n
 

LFSM-O response  

[acc. Art.13.2] 
  

The simulation model is validated against the 

compliance test set out in Art. 47.3. 

LFSM-U response 

[acc. Art. 15.2.c] 
  

The simulation model is validated against the 

compliance test set out in Art. 48.3. 

FSM response  

[acc. Art. 15.2.d] 
  

The simulation model is validated against the 

compliance test set out in Art. 48.4. 

fast fault current injection 

[acc. Art. 20.2.b] 
  - 

fault-ride-through  

[acc. Art. 16.3.a] 
  

The simulation model of the PPM shall 

demonstrate that it is suitable for simulating in 

accordance with Art.16.3.a. 

post fault active power 

recovery [acc. Art. 20.3] 
  - 

frequency restoration control 

[acc. Art. 15.2.e]   - 

island operation 

[acc. Art. 15.5.b] 
  

PPMs shall be able to operate in FSM, LFSM-O, 

LFSM-U and within the defined frequency and 

voltage limits during island operation. 

capability of providing synthetic 

inertia [acc. Art. 21.2.a] 
  

The relevant TSO shall specify that PPMs be 

capable of providing synthetic inertia 
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power oscillations damping 

control [acc. Art. 21.3.f] 
  - 

3.1.2 National implementation 

German implementation 

As mentioned in section 3.1.1, in the German implementation of the NC RfG, generally power-

generating system (PGS) and power-generating unit (PGU) 10  are distinguished. The German 

implementation of the operating permission procedure including the compliance process and 

requirements is comprehensively treated in [10] and [6]. As the first step of the operating 

permission procedure, each PGU shall be certified by an independent authorised certification body. 

Authorised certification bodies have to be accredited by an independent accreditation body. In the 

framework of PGU certification process, a PGU has to be tested by an independent and accredited 

test laboratory via measurements corresponding specific requirements of compliance testing and 

according to [8]. A PGFO has to provide simulation models of PGUs and PGSs according to [9] and 

make them together with the test reports available to the authorised certification body. The 

certification body validates the simulation models in accordance with the test reports prepared by 

the test laboratory. Requirements for modelling and validation of simulation models are described 

in [9]. According to this plan, PGUs as well as all electrical components within a PGS will be 

certified through a certification body.  

The next step is the certification of PGSs based on component and PGU-certificates, planning 

document, simulation models of PGS and grid specifications specified by the relevant TSO. Taking 

into account PGS-certificates and on the basis of the commissioning log of the grid connection point 

and commissioning declaration of the PGS, the relevant system operator issued the EON and ION 

in two separate steps. At the end of the process and as a prerequisite for the final operating 

permission, a conformity study/testing will be carried out through a certification body. This verifies 

the conformity of an installed or going into operation PGS with the technical requirements of grid 

connection regulations. The certification body shall be independent of the issuer of the 

commissioning declaration (4-eyes principle). Figure 3.2 illustrates the operating permission 

procedure including all its steps mentioned above. 

A notable point in this context is that there are three types of PGS-certificate (type A, B and C) 

with various application fields in Germany. Simplified PGS-certificate (B) is an evidence for PGS 

with a maximum capacity between 135 kW and 950 kW, which are connected to the medium 

voltage grid (corresponding to the German specification of the PGMs type B). PGS-certificate C is 

an individual evidence procedure that does not need type-specific PGU-certificates. A PGS-

certificate C is needed for example in the following cases: 

 small series and single unit production 

 PGMs without a clear distinction of the PGU  

                                                

10 A PGU (e.g. a single wind turbine) is a single unit for generating electrical energy, while a PGS (e.g. a PPM) 
refers to a PGM composed of one or more power generating units and all required electrical component for its 
operation (e.g. compensation equipment and PGSs control system). 



REPORT 

Page 52 of 172 

 PGMs with a very high maximum capacity where it is no longer possible to perform the 

test with the common test equipment or without excessive system perturbations 

Standard certificate (A) is an evidence for all other PGMs (i.e. with a max. capacity above 950 kW). 

The latter is used in operating permission procedure for PPMs and is considered in the process 

depicted in the Figure 3.2. 

P
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Commissioning declaration of the PGS
(prepared by the PGS-operator or a qualified  

entity appointed by the PGS-operator)

Commissioning log of 
the grid connection 

point on the PGU side

Declaration of conformity for the PGS 
(the certification body shall be independent of the issuer 

of the Commissioning declaration - 4 eyes principle)

Issuing a final 
operating permit (FON)

PGU- and component certificate 
incl. validated simulation models 

(conformity to the network 
connection rules)

Type testing according to TR3 incl. preparation 
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A comprehensive computational model  
(can be as a black box model) incl. 
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Figure 3.2: Operating permission procedure of PGSs (e.g. PPMs) 
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As stated above and compared to the NC RfG, the German implementation defines the certification 

and operating permission procedure very detailed and with a high degree of precision [6][10]. In 

the NC RfG, this process is explained loosely and some specific issues are not discussed in detail. 

As an example, it states solely that instead of the relevant tests and simulations, equipment 

certificates issued by an authorised certifier may be used to demonstrate compliance with the 

relevant requirement. On the one hand, the extent of the equipment certificates and therefore, the 

extent of the certification process are not defined. On the other hand, the certification is an 

alternative to the relevant tests and simulations. In contrast to this, the German implementation 

contains detailed information about the certification procedure and is not considered an alternative 

for simulations and tests. The relevant simulations and tests are a part of the certification 

procedure and operating permission procedure. 

In the German implementation of the requirements to be fulfilled by the PPM within the framework 

of the compliance process, it is also distinguished between compliance testing and compliance 

simulation. Furthermore, a distinction is made between PGS and PGU. Table 3.2 gives an overview 

over the German implementation of the compliance requirements according to [6]and [10]. 
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Table 3.2: German implementation of requirements for compliance testing and 
simulation of type-D PPMs [6][10] 

Requirements 

te
s
ti
n
g
 

s
im

u
la

ti
o
n
 

Remarks 

S
te

a
d
y
-s

ta
te

 o
p
e
ra

ti
o
n
 

active power 

controllability and 

control range 

PGU   
PGU-certification is based on manufacturer’s declaration 

and test report. 

PGS   

- Evidence for PGS-certification shall be provided in the 

course of PGU–certification and based on manufacturer’s 

declaration. 

- Also by functional testing in the context of 

commissioning process 

reactive power 

capability 

PGU   
- PGU-certification is based on manufacturer’s 

declaration and test report. 

PGS   

- Evidence for PGS-certification shall be provided 

through simulations (validated models) and based on 

the PGU-and equipment–certification as well as the 

characteristic values of the other components (e.g. 

cables and transformers). 

- Also by functional testing in the context of 

commissioning process 

1- voltage control 
mode 

2- reactive power 
control mode 

3- power factor 
control mode 

PGU   
PGU-certification is based on manufacturer’s declaration 

and test report. 

PGS   

- Evidence for PGS-certification shall be provided 

through simulations (validated models) and on the basis 

of the PGU-, equipment–certification and the control 

concept. 

- Also by functional testing in the context of 

commissioning process 

System 
perturbations 
(rapid voltage 

variations, flicker) 

PGU   PGU-certification is based on test report 

PGS   
Evidence for PGS-certification shall be provided in the 

course of PGU- certification and based on simulations 

through validated models 

System 
perturbations 

PGU   - PGU-certification is based on test report. 
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(Harmonics and 
interharmonics, 

asymmetries) 
PGS   

Evidence for PGS-certification shall be provided in the 

course of PGU- certification and based on simulations 

through validated models 

 
Quasi-steady-state 

operation 

PGU   
PGU-certification is based on manufacturer’s declaration 

and test report. 

PGS   
Evidence for PGS-certification shall be provided in the 

course of PGU–certification. 

D
y
n
a
m

ic
 o

p
e
ra

ti
o
n
 

LFSM-O response 

PGU   
PGU-certification is based on manufacturer’s declaration 

and test report. 

PGS   

Evidence for PGS-certification shall be provided in the 

course of PGU-certification and based on manufacturer’s 

declaration. 

LFSM-U response 

PGU   
PGU-certification is based on manufacturer’s declaration 

and test report. 

PGS   

Evidence for PGS-certification shall be provided in the 

course of PGU-certification and based on manufacturer’s 

declaration. 

FSM response 

PGU   
PGU-certification is based on manufacturer’s declaration 

and control concept of PGU. 

PGS   
This requirement must be proven either in the PGU-

certificate or in the PGS-certificate. 

fast fault current 

injection 

PGU   
PGU-certification is based on manufacturer’s declaration 

and test report. 

PGS   

Evidence for PGS-certification shall be provided in the 

course of PGU- and equipment–certification and based 

on simulations through validated models of PGU and 

other components. 

fault-ride-through 

PGU   
PGU-certification is based on manufacturer’s declaration 

and test report. 

PGS   

Evidence for PGS-certification shall be provided in the 

course of PGU- and equipment–certification and based 

on simulations through validated models of PGU and 

other components. 

post fault active 

power 
PGU   

PGU-certification is based on manufacturer’s declaration 

and test report. 
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PGS   
Evidence for PGS-certification shall be provided in the 

course of PGU-certification and based on simulations 

through validated models of PGU and other components. 

frequency 

restoration control 

PGU   
PGU-certification is based on manufacturer’s declaration 

and test report. 

PGS   
Evidence for PGS-certification shall be provided in the 

course of PGU-certification and based on manufacturer’s 

declaration. 

island operation 

PGU    

PGS   
by functional testing in the context of commissioning 

process 

capability of 

providing synthetic 

inertia 

PGU    

PGS    

power oscillations 

damping 

PGU   
Evidence for PGU-certification shall be provided in the 

course of PGS-certification. 

PGS   
Evidence for PGS-certification shall be provided based 

on simulations. 

Connection (black 

start capability) 

PGU    

PGS   

- By functional testing in the context of commissioning 

process 

- PGS-operator and System operator arrange a practical 

test in the context of commissioning phase and 

document the results. 

Connection 

(switching-in 

conditions) 

PGU   
PGU-certification is based on manufacturer’s declaration 

and test report. 

PGS   
Evidence for PGS-certification shall be provided in the 

course of PGU-and equipment–certification. 

Protection 

PGU   
PGU-certification is based on manufacturer’s declaration 

and test report. 

PGS   

The entire protection concept of PGS may be reviewed 

based on manufacturer’s declaration, equipment–

certificates and planning documents of PGS in the 

context of PGS-certification. 

Some requirements in the compliance process of the NC RfG shall be demonstrated through 

simulations, but not tests (e.g. FRT and FFCI). The noticeable point here is that no test results are 

available, which can serve as validation basis for the simulation models. In addition, the simulation 
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model requirements in the NC RfG are formulated in very general terms, while the German 

document [9] deals very detailed with modelling and validating requirements of simulation models 

of PGMs. 

As shown in the Table 3.2, the following compliance requirements in the framework of the German 

compliance process are missing in the process defined in the NC RfG: system perturbations (rapid 

voltage variations, flicker, harmonics and interharmonics, asymmetries), quasi-steady-state 

operation (RfG, Art. 13.1 & 16.2), connection (black start capability, switching-in conditions) and 

protection. On the other hand, the requirement “capability of providing synthetic inertia”, which is 

considered in the compliance simulation process of the NC RfG, is missing in the German 

implementation. In the future, the missing requirements can be integrated in the compliance 

process of both documents. It should be noted that the compliance simulation of synthetic inertia 

in the NC RfG includes neither concrete parameters nor a concrete performance to be 

demonstrated through PPM. This shortcoming also exists in connection with some other 

requirements such as FFCI. The compliance procedure as well as the performance and 

parametrisation can be defined more detailed in the NC RfG. Thus, it can be advantageous to 

ensure the robustness of the power system. 

Other national implementation according to the TSO’s answers to the questionnaire 

Seven TSOs answered the first questionnaire “Methodology for NC RfG compliance testing and 

simulations”. Table 3.3 shows an overview over the questions and the answers of all seven TSOs 

about the compliance methodology/process for the PPMs in their countries. Table 3.4 summarises 

the answers of five of TSOs about their national compliance requirements. Two of them did not fill 

out the table. Svenska kraftnät mentioned that the table of the questionnaire consists of 

requirements defined by two documents, namely their national EIFS-regulations and the 

requirements from the connecting grid operator (TSO or DSO). According to their feedback, that 

makes it difficult to fill in the table, since the answer to the table depends on where the specific 

unit is connecting. ELES mentioned that currently no PPM type D units are connected at 

transmission level (at or above 110 kV) in Slovenia. Furthermore, specifying a compliance process 

according to the NC RfG article 41.3 in Slovenia is currently in progress. National implementation 

will take two years’ time. In Slovenia, the majority of listed requirements shall be checked during 

operational notification procedure for connection.  

It has to be noted that the answer of TenneT Germany differs in some respects from the 

information presented in the Table 3.2. The reason for this is that TenneT Germany sets some 

additional requirements for the PGMs in its control area, which are not required in the German 

Implementation documents [6][10]. As mentioned in section 3.1 and according to the NC RfG, the 

TSOs are entitled to request additional requirements. Synthetic inertia can be mentioned as an 

example. TenneT Germany mentioned that the wind turbines and PPMs in its control area should 

demonstrate this requirement through specific simulations. 
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Table 3.3: compliance methodology/process for the PPMs in Germany, Finland, Estonia, 
Czech Republic, Iceland, Sweden and Slovenia 

Questions 

T
e
n
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e
T
 G

E
R

 

F
IN

G
R
ID

 

E
L
E
R
IN

G
 

C
E
P
S
 

L
a
n
d
s
n
e
t 

S
v
e
n
s
k
a
 

k
ra

ft
n
ä
t 

E
L
E
S
 

1) Is there any independent authorised certification 

body in your country that issues PGU- and PGS-

certificates? 

Yes No No No No No No 

2) Do the authorized certification bodies have to be 

accredited? 

Yes No Yes Yes Yes No Yes 

3) Does a PGU have to be certified through an 

authorised certification body? 

Yes No Yes No Yes No No 

4) Does a PGU have to be tested by an independent 

and accredited test laboratory via measurements 

according to specific requirements of compliance 

testing? 

Yes No Yes * Yes No No 

5) Does a power-generating facility owner have to 

provide simulation models of PGU and make it 

available to the authorised certification body? 

Yes No * No Yes No No 

6) Do the simulation models need to be validated in 

accordance with the test reports prepared by the 

independent and accredited test laboratory in the 

context of PGU-certification process? 

Yes No Yes Yes Yes No No 

7) Does a power-generating facility owner have to 

provide simulation models of PGS and make it 

available to the authorised certification body? 

Yes No Yes No Yes No No 

8) Does a PGS have to be certified through an 

authorised certification body based on PGU-

certifications, simulation models of PGS and 

specifications specified by the relevant TSO? 

Yes No * No Yes No No 

9) Is there any conformity study/testing at the end of 

the certification process (as a prerequisite for the 

final operating license), which confirms the 

conformity of an installed or going into operation 

PGS with the technical requirements of grid 

connection regulations? 

Yes Yes Yes No * No No 

*: I have no idea 

 

https://www.dict.cc/englisch-deutsch/prerequisite.html
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Table 3.4: National implementation of requirements for compliance testing/simulation of 
PPMs in Germany, Finland, Estonia, Czech Republic and Iceland according to the TSO’s 

answers 

Requirements 

Compliance 

testing 

compliance 
simulation 

T
e
n
n
e
T
 G

E
R

 

F
IN

G
R
ID

 

E
L
E
R
IN

G
 

C
E
P
S
 

L
A
N

D
S
N

E
T
 

T
e
n
n
e
T
 G

E
R

 

F
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G
R
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E
L
E
R
IN

G
 

C
E
P
S
 

L
A
N

D
S
N

E
T
 

S
te

a
d
y
-s

ta
te

 o
p
e
ra

ti
o
n
 

active power controllability and control 
range  

PGU X X X X X X - X - X 

PGS X X X X X X - X - X 

reactive power capability  
PGU X X X X X X - X X X 

PGS X X X X X X X X X X 

1. voltage control mode  
2. reactive power control mode 
3. power factor control mode  

PGU X X X X X X - X X X 

PGS X X X X X X X X X X 

System perturbations (rapid voltage 
variations, flicker) 

PGU X - X X - - - - X - 

PGS X X X X - - - - X - 

System perturbations (Harmonics and 

interharmonics, asymmetries) 

PGU X - X X - X - X X - 

PGS X X X X - X - X X - 

 Quasi-steady-state operation 
PGU X X - - - X - - - - 

PGS - X - - - X - - - - 

D
y
n
a
m

ic
 o

p
e
ra

ti
o
n
 

LFSM-O response  
PGU X X X X X X - X X X 

PGS - X X X X X - X X X 

LFSM-U response 
PGU X X X X X X - X X X 

PGS - X X X X X - X X X 

FSM response  
PGU X X X X - - - X X - 

PGS - X X X - X - X X - 

fast fault current injection 
PGU X X - - X X - - X X 

PGS - X - - X X - - X X 

fault-ride-through  
PGU X X X - X X - X X X 

PGS - X X - X X X X X X 

post fault active power  PGU X X X - X X - X X X 
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PGS - X X - X X X X X X 

frequency restoration control  
PGU - - X X X X - - - - 

PGS - - X X - X - - - - 

island operation 
PGU - - - - X X - - X - 

PGS - - X - X X - X X - 

capability of providing synthetic inertia 
PGU - - - - - X - - X - 

PGS - - - - X X - - X X 

power oscillations damping 
PGU - - - - X X - - X X 

PGS - X X - X X X X X X 

Connection (black start capability) 
PGU - - - - X X - - - - 

PGS - - - - X X - - - - 

Connection (switching-in conditions) 
PGU X X - - - X X - - - 

PGS X X X - - X X - - - 

Protection 
PGU X X - - X X - - - - 

PGS X X - - X X - - - - 

3.2 Methodology and requirements for compliance testing and simulation of 

HVDC systems 

3.2.1 NC HVDC 

The operational notification procedure in the NC HVDC is also divided into three phases, identical to 

the procedure defined in the NC-RfG (see section 3.1.1). The steps required to obtain a FON for a 

HVDC system are the same as for a power-generating module (see Figure 3.1). The compliance 

requirements according to the NC HVDC are presented together with their national 

implementations in the Table 3.5 in the following section. 

3.2.2 National implementation 

German implementation 

The German implementation of the operational notification procedure and its steps are a precise 

translation of the procedure defined in the NC HVDC. The detailed timing of the operational 

notification procedure is initially agreed between the HVDC system owner and the relevant SO. The 

schedule shown in Figure 3.3 serves as the basis for the time schedule of this agreement. In 

contrast to the operational notification procedure, the German implementation of the compliance 

requirements differs from the NC HVDC in some aspects. These requirements are presented in the 

Table 3.5. 
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pre-examination

Determination of grid 
connection concept

System dynamic 
analysis and harmonics

Detail agreement
ION

EON

commissioning 
requirements

Trial operation 
and tests

FON

18 – 21 months

12 – 18 months

6 – 12 months

Ca. 6 months

Start of trial operation

 

Figure 3.3: Schedule of the German operational notification procedure for HVDC systems 
with an exemplary time schedule [7] 

Other national implementation according to the TSO’s answers to the questionnaire 

Five TSOs answered the second questionnaire “Methodology for NC HVDC compliance testing and 

simulations”. LANDSNET mentioned that there are no HVDC systems yet in Iceland and therefore 

there are no implemented requirements and grid codes related HVDC systems. EirGrid mentioned 

that the national implementation of the NC HVDC has not been approved yet in Ireland. Table 3.5 

summarises the compliance requirements according to the NC HVDC and their German 

implementation as well as the answers of two others TSOs. 
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Table 3.5: Requirements for compliance testing/simulation of HVDC systems according 
to NC HVDC and their national implementation in Germany, Finland, Estonia and the 

Netherlands 

Requirements 

Compliance testing compliance simulation 

N
C
 R

fG
 

G
e
rm

a
n
 I

m
p
l.
 

F
IN

G
R
ID

 

E
L
E
R
IN

G
 

T
e
n
n
e
T
 N

L
 

N
C
 R

fG
 

G
e
rm

a
n
 I

m
p
l.
 

F
IN

G
R
ID

 

E
L
E
R
IN

G
 

T
e
n
n
e
T
 N

L
 

S
te

a
d
y
-s

ta
te

 

o
p
e
ra

ti
o
n
 

active power controllability X X X X X X X X X - 

reactive power capability X X X X X X X X X - 

1- voltage control mode 
2- reactive power control mode 
3- power factor control mode 

X X X X X - X X X - 

steady-state harmonics - - - X - - X X X X 

D
y
n
a
m

ic
 o

p
e
ra

ti
o
n
 

FSM response X X X X X - - X X - 

LFSM-O response X X X X X - - X X - 

LFSM-U response X X X X X - - X X - 

ramping rate modification X X X X X - - X X - 

black start capability X X - - X - - - - - 

fast fault current injection - - X - - X X X - X 

fault-ride-through capability - - X X - X X X X X 

post fault active power recovery - - X X - X - X X X 

power oscillations damping control - - X X - X X X X X 

fast active power reversal - - X X - X - X X X 

capability of providing synthetic inertia - - - - - - X - - - 

Simulation of transient behavior (in the 

event of switching-in conditions, rapid 
voltage changes at the network 
connection point, Switching-off 

conditions and load shedding) 

- - - X - - X X X X 

ability to damp sub-synchronous 

oscillations - - - X - - X X X - 

harmonic stability - - - X - - X X X - 

protection - - X X - - X X X - 
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4 Methodology to assess system stability with 
high PE penetration 

4.1 Testing and evaluation of mitigation measures for frequency and transient 

stability 

4.1.1 FAPI Control and the Tuning Methodology for Frequency Stability: A Case 

Study on the Great Britain (GB) Test System  

Implemented FAPI controllers 

A FAPI controller can be used as a supplementary controller, which reacts after occurrence of the 

fault, to provide additional inertia and damping within a very short period of time by adjusting the 

instantaneous injection of active power for mitigation of frequency deviations. 

This section presents the structure of the three FAPI controllers and their tuning methodology. It is 

shown how the FAPI controllers can help to increase the share of PEIG in an interconnected power 

system. Among the variants of FAPI attached to a wind generator type 4 with grid following control 

are: droop based FAPI (a state-of-the-art control method), modified derivative based FAPI (new 

proposal for combining methods of droop control and frequency derivative-based control), and Grid 

Forming GF-FAPI (new proposal for implementation in the form of a mathematically simple second-

order transfer function, unlike complex high order models for virtual synchronous machine reported 

in existing literature). The generic structure of the control laws for FAPI strategies are illustrated in 

Figure 4.1. 

 

Figure 4.1: General representation of different control loop used for implementation in 

FAPI controller 

The tool that was used for the RMS simulations is DigSILENT PowerFactory and the wind generator 

type-4 model [44] was used to implement and test droop based FAPI and derivative based FAPI. 

An external source of energy storage is used for implementation of the proposed GF-FAPI controller. 

In principle, FAPI enables the wind turbine, or storage element, to release the stored kinetic energy 

within 10 s to arrest the frequency deviation [45][46]. In the presented case study with the 
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synthetic model of the GB system, the droop and derivative based methods are implemented inside 

of the control structure of the wind power plant (cf. in Figure 4.2). The third method, GF-FAPI 

controller, is implemented by considering the addition of a battery energy storage at the same 

location of the wind power plant (cf. Figure 4.3). Due to the boundaries of the wind generator 

type-4 model used for RMS simulations, the battery storage was connected in the system as an 

additional component.  

FAPI enables the controlled source to modulate its output power within 10-30 s to arrest the 

frequency deviation. Depending on the system requirements, the recovery time may be bounded to 

be within a relatively short period [47][48]. A detailed discussion on the limits and possible trade-

off between consumed energy from the FAPI controller and the recovery time can be found in [49]. 

 

Figure 4.2: Implementation of droop-based and derivative-based FAPI controllers in 

PowerFactory 

In the developed RMS model for this part of the study, in order to conduct the conceptual analysis 

for the FAPI capabilities, we assumed that there is enough energy (considering the limit of 10 to 

25 % of nominal power depending on physical limitations of wind power generation) for activating 

the FAPI controller. For droop based FAPI controller, as shown in Figure 4.2, the input is the 

measured frequency and the output is the additional command signal for modifying the active 

power reference of the wind turbine. In this control approach, when the frequency drops below a 

certain threshold value, 𝑓inertia,trigger (named as 𝑓t), the FAPI block is activated. When the frequency 
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reaches an even lower value (𝑓p ), then the maximal allowed power through emulated inertia 

(𝑃emuin,max) is released. 

According to the droop function used in the droop control, it can be seen that there is a linear 

dependency (defined by the proportional gain 𝑃m) between frequency and the additional power 

signal (𝑃emuin) as shown by the following formula: 

 Pemuin(t) =
finertia,trigger − f(t)

finertia,trigger − fpinmax
Pinertia,set =

fdiff
finertia,trigger − fpinmax

Pm (4.1) 

where 𝑃inertia,set is the maximum power increase command (𝑃m) as a proportion of nominal power of 

the wind turbine, and 𝑓pinmax  is the frequency threshold (named 𝑓p ) at which the maximum 

emulated inertia power will be released. The value of 𝑃m is assumed to be set between 10 % to 

25 % of the nominal wind turbine active power [50][51]. Therefore, the main control parameters 

of this FAPI controller that affect the dynamic response during activation of the controller are: the 

activation threshold for the FAPI controller (𝑓t), the maximum duration of FAPI activation (𝑇imx) , 

the threshold for maximum emulated power (𝑓p) and the allowable additional power output (𝑃m). By 

using the presented methodology in the next section, the impact of each parameter can be 

analysed and tuned. 

As shown in Figure 4.2, the implemented derivative based FAPI is a modified controller that 

combines the droop and derivative control loops. In this modified controller, the new parameters 

are the derivative gain (K) and the filter time constant (T). It should be note that, the addition of 

droop controller into the derivative control can be considered as a complementary action to 

produce an additional change in the active power reference of the wind generator in proportion to 

the system frequency deviation for better recovery and enhancement of Nadir. It is worth 

mentioning that, in real practice, there will be always a short delay which can impact the 

processing time for injecting the emulated power from the controller. Thus the word of “virtual 

inertia” might not be necessarily the same as the expected one from the conventional synchronous 

generator. Since the derivative-based control might cause amplification on the measurement noise, 

a low-pass filter is added. In addition to the noise amplification, the calculation time needed in 

digital data processing to calculate the derivative term might introduce additional delay. Thus, the 

added low-pass filter can be also used to emulate this small delay. 

For implementation of GF-FAPI controller, an additional storage element is used which can be 

considered as the source of energy in the DC side of this controller (shown in Figure 4.3). The 

diagram in Figure 4.1 (c) represents a control, in which any variation between the measurement of 

the delivered power by the converter (𝑃o) and the input (reference) power, (𝑃in) is processed by a 

Power Loop Controller (PWRLC) to set a relative frequency that should be added to the 

synchronous frequency of the grid, for generating the rotating frequency of a virtual rotor. The 

integral of such frequency gives the angular position of the virtual rotor leading to the power 

delivered by the power converter. The representation of the PWRLC in the GF-FAPI controller has a 

second-order characteristic, which enables simultaneous emulation of damping (D) and inertia (J) 

into the system. Thus, dynamic relationships between input and output power of the control block 

is as follows: 
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where 𝜁  is the damping factor, 𝜔n  is the natural frequency and 𝑃max  is the maximum delivered 

power. 

 

Figure 4.3: Implementation of GF-FAPI controllers in PowerFactory 

For implementing this second-order function in PowerFactory the following equation is used: 
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2 and 
𝐾z
𝐾w
⁄ = 2𝜁𝜔n. It should be noted that, in real practice, there might be a slight 

delay due to filtering the measured power, i.e. through a low-pass filter implemented in the 

electronic analog measurements of currents and voltages. If the input signal contains high-
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frequency harmonics the digital controller implemented in a microcontroller will be able to reject it 

by proper sampling method of the equivalent Analog-to-Digital (AD) conversion module. In case 

other noise sources are identified the usage of digital notch filters can be used as a supplement to 

provide high impedance for the measurement and reject undesirable harmonics [52]. 

Methodology for tuning of FAPI Controller 

The FAPI controllers presented in the previous section are evaluated to determine the possible 

increase of the share of PEIG that can be achieved in the grid without jeopardizing frequency 

stability. 

Figure 4.4 shows the proposed approach for sensitivity analysis to tune and determine the 

maximum share of wind power generation, as a function of the FAPI controller’s parameters 

located in selected wind power plants. 
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Figure 4.4: Procedure for tuning of FAPI control parameters 

The procedure considers a given power system model with a number of wind generations 

associated to a given level, an initial set of FAPI control parameters, a selected disturbance (e.g. 

generator outage), and a selected operational scenario (e.g. peak load demand and corresponding 

generation dispatch and network topology) as inputs. Next, for each wind power plant equipped 

with FAPI, an iterative process (implemented in a Python script) is performed to sweep over each 

FAPI control parameter, while keeping the other parameters fixed. The min-max values of the FAPI 

parameters can be selected according to the physical limits of the control unit and the system 

operator priorities. Next, time-domain (RMS) simulations are executed for the selected contingency 

and specific operational scenarios in PowerFactory. A Matlab script is then executed to extract the 

time data series of relevant measurements (e.g. grid frequency) to assess the performance of the 

system (e.g. calculation of Nadir).  
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The objective is to identify the value of each FAPI control parameter, which enhances the fast 

frequency response of the wind power plant. The iterative process is applied to individually tune 

each single wind power plant. Afterward, the share of wind power generation can be increased, and 

by applying the same procedure, different combinations of wind power plants (each with its own 

FAPI parameters) with FAPI activated are assessed to determine the best combination that entails 

satisfactory values of Nadir. The maximum share of wind power generation is found when the Nadir 

threshold cannot be met. 

Obtained Results with GB Test System 

In this section, different FAPI controllers with its tuned parameter, is analysed with GB test system. 

The RMS model of the GB test system [53] is used to assess the impact of the FAPI controllers in 

providing the mitigation measures for determining the maximum achievable share of wind power 

generation in GB. 

The studied operational scenario for GB is the Gone-Green 2030 with 51 %, 56 %, 66 % and 70 % 

of the share of wind generation. The fault is considered with the outage of biggest generation unit 

in the winter profile (G15) at 3 s. After performing parametric sensitivity for the droop based FAPI 

controller, the best settings and combination of wind power plants for droop based FAPI controllers 

are presented in Figure 4.5. 

 

Figure 4.5: GB test system with combinations of wind power plants (C: Combination) 

According to the obtained result the selected combination (Figure 4.5) is C5. This combination 

consists of WP9, WP10, WP16, WP19 and WP20 which are the biggest units. The performance 

achieved with C5 is close to the ideal case with C7 (all WPs required to perform FAPI). 

Then a validation with the proposed derivative based FAPI is performed for GG2030 of GB test 

system with a high share of wind generation (around 70 %). Comparison between the system 
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without FAPI and the system with different FAPI controllers (droop, derivative based) is presented 

in Figure 4.6. The obtained results clearly show the dynamic improvements of the system with 

derivative based FAPI controller. Application of derivative based FAPI controller helps the system to 

achieve better RoCoF and mitigate the oscillatory behaviour. 

 

Figure 4.6: Frequency response for derivative based FAPI comparison (GB test system, 
70% of share of wind power generation) 

Finally, the impact of GF-FAPI controller is analyzed by adding additional energy storage in the 

same location of the wind power plants. The same combination (C5) with 70 % of share of wind 

power generation is used to analyze the performance of the controller. Comparison of the 

frequency response is presented in Figure 4.7. The obtained results confirm the superiority of the 

GF-FAPI controller compared to the droop based FAPI controller. 

 

Figure 4.7: Frequency response for GF-FAPI comparison (GB test system, 70% of share 

of wind power generation) 

Finally, the effectiveness of the proposed derivate based FAPI and GF-FAPI controllers for 

increasing the share of wind power generation is illustrated in Figure 4.8 (in terms of computed 

Nadir). As shown in Figure 4.8, the maximum achievable share of PEIG in the GB system by using 
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the proposed FAPI controllers11 (derivative-based or GF-FAPI) can be increased up to 70 % without 

frequency instability risk. It is worth mentioning that the technical limit defined to bound the 

allowable RoCof and Nadir is system dependent as reflected in national grid codes. For instance, in 

Eirgrid the value for Nadir is around 48 Hz during disturbance (or 49.8 Hz in normal operation) with 

0.5 Hz/s for RoCoF [54]. In continental Europe, the limit for Nadir is around 49.8 Hz [55]. In the 

grid code of GB, the value for RoCoF is around 0.5 Hz/s for the situation with low inertia and the 

value for Nadir is around 49.5 Hz [56]. (Considering the National Grid (NG) criterion, the limit for 

Nadir can be considered 49.8 Hz if the power mismatch is higher than 300 MW [55]. 

 

Figure 4.8: Nadir values for a different share of wind power generation with and without 
FAPI controllers (GB test system) 

4.1.2 Proposed Supplementary Damping Control (SDC) for fully decoupled wind 

generator as applied in the Great Britain Power System 

Proposed control description and explanation 

The main objective of the proposed controller is to modulate, with the aid of a supplementary input 

control signal, the wind generator active power output. The modulation should be such that, the 

wind generation output (when ignited by the occurrence of large disturbance) is in antiphase with 

the rotor angle increment of the synchronous generator that is located nearby. In addition, during 

the fault, with the proposed supplementary damping controller, the wind generator will decrease 

the active power production. This entails that the synchronous generator, that is to be controlled, 

needs to increase the active power injection to feed the load, thus from its swing equation, the 

speed acceleration will decrease and a desired damping is introduced. 

The tool that was used for the RMS simulations is DigSILENT PowerFactory. The simplified controls 

of the WGs are illustrated in Figure 4.9. Additionally, the Secondary Damping Controller (SDC) 

which is integrated inside the P-loop IEC based controller, is also illustrated in Figure 4.9. It can be 

seen that the inputs in the P controller are uWT (i.e. measured voltage at WG terminals), ipmax 

(i.e. maximum allowed active current), wgen (i.e. the speed of the wind generator), pWTref and 

                                                

11  Note: for the sake of quantitative comparisons, both FAPI controllers considered the same amount of 
available power. If the battery is connected as an independent device, VSP based FAPI can have an even higher 
influence. 
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pWT (i.e. reference and measured active power at the WG terminals). The output is the active 

current ipcmd in the d-axis which is modified by the SDC, thus the new ipcmd_new is introduced. 

It is mentioned that the control principle of the Supplementary Damping Controller (SDC), complies 

with the logic that the conventional Power System Stabilizers also rely on. As can be seen, the 

rotor angle difference of a pair of SGs is given as an input to the SDC controller. This type of signal 

is selected due to its direct relation with the transient stability that the WG is intended to enhance. 

The selection of the specific WGs (among all), that are to be equipped with WGs, the specific pair 

of SGs that will determine the input in the WG SDC controller, and the tuning of the controllers will 

be analysed next. 

As can be seen in Figure 4.9, it basically comprises a washout- filter and in that sense it is similar 

to the conventional Power System Stabilizers that are applied to synchronous machines. However, 

unlike typical damping controllers attached to synchronous generators, the lead-lag compensation 

can be neglected because a small phase lag between modulated d-axis current reference and 

active power output of the grid side converter is assumed. A similar approach for SDC added into 

WG control, without lead-lag consideration, has been extensively reported in [57][58][59][60]. 

Furthermore, in the case of the examined SDC, as shown in [61], “The active power should be 

modulated in phase with the speed of the machine”. Note that the rotor angle constitutes the 

integral of the rotor speed, and has a phase shift of -90 degrees with respect to the rotor speed. In 

addition, it is taken into account that the washout filter is a high pass filter, and introduces a phase 

shift of 90 degrees. Hence, no phase compensation is needed when rotor angle is given as input in 

the stabilizing control. As an aside note, as shown in [62] lead-lag compensation may be added 

into SDC when rotor angle estimation and communication delays are taken into consideration for 

real practice applications. As it will be shown, time delays will be also introduced to the system to 

reflect the data latencies that the controller demands. 

Two equivalent methods can be used to represent time delays. The first method, a first order 

transfer function is used and set with different time delays Td according to [63]. Additionally, 

according to [64], second order transfer function (e.g. Pade) can be used to this aim. The second 

order transfer function is represented as follows: 

 𝐺approx =
12 − 6 ⋅ 𝑇d ⋅ 𝑠 + (𝑇d ⋅ 𝑠)

2

12 + 6 ⋅ 𝑇d ⋅ 𝑠 + (𝑇d ⋅ 𝑠)
2 (4.4) 

For the purposes of this report and the examination of the controller using the Great Britain system 

as will be presented next, the first order transfer function approach is used. The maximum delays 

considered in our analyses are 200 ms, because typical Wide Area Monitoring Protection and 

Control Systems require 150-200 ms total time delay for closed loop applications [65]. 
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Figure 4.9: Type-4 WG block diagrams & Supplementary Damping Controller 
superimposed on the P-loop 

Use of the GB test system for evaluation of SDC performance 

The synthetic model of the Great Britain system (i.e. Figure 4.10) is examined to study the WGs’ 

performance, when equipped with SDC.  

The power system consists of 5 areas: Scotland, North England, West England, East England and 

South England. South England is not considered in the map because it does not rely on any 

Synchronous Generation so it is not examined for the transient stability studies. Moreover each 

area has several substations with different share between wind and conventional generation. 
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In particular, the Gone Green Scenario of 2030, which corresponds to 66-% wind share (see Table 

4.1), is further modified to achieve higher wind share. A transition to 70-% wind share is achieved 

by implementing the changes described in Table 4.2. 

 

Figure 4.10: Geographical spread of conventional power plants with only synchronous 
generators (points with blue colour); only wind power plants (points with green colour) 

and zones with combined power production (points with red colour), in the synthetic 
model of the Great Britain system. The location of generator that serves as reference for 

relative rotor angle position is indicated with the black arrow. 
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Table 4.1: 66-% WG share dispatches 

GONE GREEN

2030

Region Substation
Sync Gen 

(GW)

PEIG      

(GW)

Load         

(GW)

Reactive 

load 

(MVAr)

Dispatch 

PEIG

Dispatch 

Sync

Syn.Dispatch 

+ 5% Losses

1 0 1.85033 0.55 115.50 1.83183 0 0

2 0 1.85 0.55 115.50 0 0 0

3 0.864 0.85 0.55 115.50 0.8415 0.672 0.7056

4 0 0 0.55 115.50 0 0 0

5 1.08 1.85 0.55 115.50 1.8315 0.81 0.8505

6 0 2.218 0.55 115.50 2.19582 0 0

7 1.08 0 0.55 115.50 0 0.81 0.8505

8 1.08 2.291 0.55 115.50 0 0.864 0.9072

9 0 2.658 3.13 656.25 2.63142 0 0

10 1.512 3.35 3.13 656.25 3.3165 1.0584 1.11132

11 3.78 2.56 3.13 656.25 0 2.5704 2.69892

16 3.78 2.332 3.13 656.25 2.30868 2.5326 2.65923

12 0 1.9 2.17 455.00 1.881 0 0

13 2.18 1 2.17 455.00 0.99 1.526 1.6023

14 0 1.2 2.17 455.00 1.188 0 0

15 4.158 0.95 2.17 455.00 0.9405 3.9221 4.118205

17 0.2 2.17 455.00 0.198 0 0

18 4.536 0.95 2.17 455.00 0.9405 0 0

19 2.34 4.1 2.00 420.00 4.059 1.175 1.23375

20 3.12 6.4 2.00 420.00 6.336 1.56 1.638

21 0 0.4 2.11 443.33 0.396 0 0

22 0 0.53 2.11 443.33 0.5247 0 0

23 1 0.497 2.11 443.33 0.49203 0 0

24 1 0 2.11 443.33 0 0 0

25 1 0 2.11 443.33 0 0 0

26 1 0.504 2.11 443.33 0.49896 0 0

27 1 0.53 2.11 443.33 0.5247 0 0

28 1 0.53 2.11 443.33 0.5247 0 0

29 1 0.4995 2.11 443.33 0.49451 0 0

34.9458 18.375525

 WG share 66%

Scotland

North 

England

South 

England

West 

England

East 

England

 

Table 4.2: 70-% WG share - Changes made w.r.t. 66-% WG share scenario 

Region Substation Synchronous Gen 
(MVA) 

Wind Gen (MVA) 

Scotland 3 -44.1 +44.1 

Scotland 5 -85 +85 

N. England 16 -399 +399 

W. England 13 -267 +267 

W. England 15 -374 +374 

E. England 19 -308.5 +308.5 

E. England 20 -461 +461 

SDC Parameter Tuning Methodology 

In multi-machine systems, like the GB power system, several parameters related to the SDC 

controllers need to be taken into account. In particular, the WGs which are suitable to be equipped 

with SDC, the inputs of the SDC controller as long as their parameters need to be determined. 

The used WG RMS model is not suitable for linearization based eigenanalysis (modal analysis). 

Thus, time – domain simulations and sensitivity analysis is used to examine the location and tuning 

of SDCs. 

It can be assumed that the wind generators equipped with SDC should be electrically close to the 

prone to instabilities SGs. In a simplified manner, the WG aim is, by injecting modulating active 
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power, to change the electrical angle of the SG’s PCC bus so as the SG to change its injection 

accordingly during the fault and post-fault period. The SG’s PCC bus, should be located close to the 

Wind Generator; otherwise due to the high Thevenin impedance between the two plants and 

according to the power transfer equation, the contribution of the WG to the SG’s oscillations 

mitigation will be reduced. To this end according to Table 2.1, suitable WGs for SDC are the ones 

located in the following substations: 3, 5, 10, 13, 15, 16, 19 and 20. However, it was shown in 

[66] that SDCs can be applied only in the WGs located in the Scottish and Eastern England area 

with similar results compared to the case in which all the WGs closely located to SGs are equipped 

with SDC. This is due to the fact, that West and North England areas comprise relatively high SG 

share and also the machines’ inertia constants there is relatively high (i.e. 7 seconds). By contrast, 

Eastern England and the Scottish area are more prone to instability as they have less SG share 

with smaller inertia constant (i.e. 2 seconds). It is, additionally stated, that the majority of 

transient instabilities in the GB power system are caused by the out–of-step of synchronous 

generation in the Scottish area.  

The rotor angle differences of synchronous generators’ pairs are used as inputs in each WG 

washout filter. As stated in [62], remote input signals can be more attractive than local ones, when 

time delays are considerable, as they can offer higher observability comparing to the local signals 

[67]. For each washout filter, this requires at least one SG angle as a reference and one SG angle 

as measured. The measured rotor angle as stated before belongs to the SG that is electrically 

connected to the WG. The reference angle used to measure the relative rotor angle deviations 

belongs to the synchronous generator SG11, which is located in substation 11. This selection is due 

to the fact that SG11 is the least sensitive synchronous generator to high rotor angle excursions 

caused by large disturbances, it belongs to a cluster of generators with high inertia, is far from 

other control zones that are sensitive to oscillations caused by large disturbances and also is 

located in a substation that exclusively comprises synchronous generation. 

The tuning of the gain of the SDC can be done by using root locus or eigenvalue calculation. 

However, due to the boundaries of the provided RMS WG model, sensitivity analysis is used. In 

[68], it is suggested that the corner frequency (1/Tw) should be chosen around one decade below 

the frequency of the electromechanical oscillation to be mitigated. However, other references, like 

for instance [57], have shown that a considerably smaller value of Tw may be chosen to prevent 

adverse impact on the damping of control modes (associated to governor systems) or torsional 

modes. Hence, The range of search of Tw is set to 0.01-20 s. The range of search of KSDC is set to 

1-100 p.u. Based on sensitivity analyses approach (shown in Figure 4.11) and calculation of max 

fault clearing time – FCT (shown in Figure 4.12) for selected critical faults (cf. Figure 4.13), it was 

found that a gain K around 50, and Tw around 0.01 s give the best results for all the SDCs 

reduction of amplitude of first swing and rate of decay of the rotor angle oscillations. Last, to 

prevent occurrence of sub-synchronous oscillations, a duration of the action of the SDC (after LVRT 

is activated) between 4-5 s was found to be suitable. 
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Figure 4.11: SDC tuning flowchart based on sensitivity analysis 
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Figure 4.12: FCT max computation flowchart 

Obtained Results 

Several faults were performed to evaluate the effectiveness of the SDC controllers for different 

wind share levels. In this report some results of the 70-% GB wind share are presented. 

Furthermore, only Scottish and Easter England SDCs are employed.  

Figure 4.13 depicts the theoretical maximum Fault Clearing Time for different fault locations when 

SDCs are used or not. This time is identical to the conventional Critical Clearing Time and is defined 

when two SGs angles are apart for 180 degrees. It is observed, that the theoretical maximum 

value of the FCT is low when SDC is not used, and it is slightly higher when the faults occur far 

from the Scottish area. For all the faults, SGs located in Scottish area, are the first that transit to 

out of step state, when the FCT is increased beyond the values indicated in Figure 4.13. Note also 

that when SDCs are used, higher FCT values are obtained with larger the distance of the fault from 

the Scottish Area. This is because the voltages in the vicinity (Scottish area) of the WGs do not 

drop significantly when the fault is distant, so the WGs in the Scottish area have enough margin to 

modulate the active power injection, thus supporting the SGs of the Scottish area more effectively. 
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Figure 4.13: Theoretical maximum FCT for different faults locations in the synthetic 
Great Britain system with 70-% share of wind generation 

Figure 4.14 illustrates the rotor angle responses of the prone to instability synchronous machines 

located in the Scottish Area after a three phase fault at Line 6-9 is considered. It is observed, that 

even for very high latency delays of 200 ms better damping is achieved comparing to the case that 

no SDC are employed. 

 

Figure 4.14: Dynamic response of rotor angles of Scotland area after a three phase fault 

at Line 6-9 is considered (FCT=120 ms) 

In Figure 4.15 the sub-synchronous oscillations coming from the SDCs interactions are illustrated, 

when the deactivation of the SDCs is done after 10 seconds, from the time the fault performed. As 

mentioned, it was found that deactivation time around 1.5–4 seconds can be used to eliminate the 
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problem in multi-machine systems. As can be seen from Figure 4.15 (b) and (d), this time duration 

decrement does not entail deterioration of the damping in the SG response, and thus is preferred. 

 

Figure 4.15: Impact of the SDC duration when a 120 ms three phase fault at Line 6-9 is 
applied. SDC in the Scottish WGs, enabled: a) & b) for 10 seconds after LVRT triggers; c) 

& d) for 1.5 seconds after LVRT triggers 

Lastly, in Figure 4.16, a comparison is performed between the remote signal described above, and 

other options with local signals given as inputs to the washout filters. For sake of comparison, no 

time delays nor phase compensation have been modelled in any of the simulations. Figure 4.16 

shows that the use of rotor angle deviations as inputs of the SDC attached to WGs, leads to an 

effective reduction of the magnitude of first swing and a significant increase of oscillation damping. 

It is mentioned that 𝛿1  and 𝛿2  represent the rotor angles of two synchronous machines in the 

system, 𝑃sg the active power injection of the synchronous machine that is in the proximity of the 

wind generator, 𝜃1 and 𝜃2 are the electrical angles of the terminals that the synchronous machine 

and the wind plant are connected to respectively, and 𝜔sg is the speed of the synchronous machine 

that is nearby the wind power unit which is equipped with SDC. 
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Figure 4.16: Dynamic response of rotor angles of Scottish area for a three-phase fault at 
Line 6-9 (70-% share of wind generation in GB system). FCT=120 ms, remote vs local 

signals 

4.1.3 Conclusions 

Frequency stability in containment period 

In this section, three forms of mitigation measures (droop-based FAPI, derivative-based FAPI and 

GF-FAPI controllers) for enhancing the dynamics of frequency stability performance in the 

containment period are presented. 

A parametric sensitivity-based approach for evaluating the impacts of FAPI controller settings was 

proposed and applied in two systems with different dynamic properties to ascertain how the 

parameters of the FAPI controllers can affect dynamic frequency response of the system within the 

frequency containment period. From the presented case studies, recommended ranges for FAPI 

control parameters are provided. The values of these ranges do not apply to all systems due to the 

different dynamic properties of each power system. The parametric sensitivity-based approach can 

also be used as a tool to evaluate the maximum achievable share of power electronic interfaced 

renewable power generation. Other findings from the application of different FAPI controllers are 

summarized as follows: 

Droop-based FAPI control (for both studied test systems) 

 The activation threshold for the droop variant of FAPI control has a direct effect on the 

frequency Nadir.  

 The input signal of the droop-based FAPI controller is the measured frequency itself. 

Therefore, there is no significant impact on RoCoF and the improvement in Nadir is 

appreciable. But on the other FAPI controllers, derivative and GF-FAPI, improvement in 

RoCoF is achieved. 

Derivative-based FAPI control (for both studied test systems) 
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 The proposed controller is an effective solution for frequency containment mitigation. By 

using the proposed controller (combined methods of proportional + derivative technique), 

both Nadir and RoCoF value in the second time window can be improved.  

 The derivative technique is dependent on the measurements derived from the PLL. Based 

on the performed analysis, it was observed that improper settings (e.g. extremely low or 

high values for Kp or Ki) for PLL parameters might have a negative impact on the 

performance of the derivative-based FAPI controller. 

GF-FAPI control (for both studied systems) 

 The second-order model of the proposed GF-FAPI method comprises some differences 

with virtual synchronous machine (VSM) methods according to the existing literature. 

Most VSM methods have more state variables because they attempt to emulate the 

dynamic behavior of a conventional synchronous machine (by using a third or higher-

order model). This entails a highly non-linear method that is more complex to implement 

and tune to work effectively in a wide range of operating conditions and disturbances. 

The block of PWRLC represents a Power-Locked Loop control, in which any variation 

between the power delivered by the converter and the input power, (power from the 

primary energy source) is processed by a power loop controller to set a relative 

frequency, Δω, which, once added to the synchronous frequency of the grid, gives the 

rotating frequency of a virtual rotor. The integral of such frequency gives the angular 

position of the virtual rotor, which corresponds to the phase angle of the induced emf in 

virtual stator, which enables power injection like in inertial response of a SG.  

 The GF-FAPI implements the electromechanical closed-loop diagram of Figure 4.1. In the 

outer loop controller of a grid-connected power converter. However, it is worth to point 

out here that the GF-FAPI does not aim to fully mimic the dynamic response of a 

synchronous generator (represented with high order model), but it overcomes the 

drawbacks of the inherent oscillatory response of the conventional synchronous generator 

by using a single set of parameters that lead to a suitable response whenever there is an 

active power imbalance in the system. 

 In terms of the dynamic performance of GF-FAPI, it can provide damping and inertia 

simultaneously, without limitations from PLL for providing input signals to the FAPI 

controller. Actually, this option does not require a PLL. 

 GF-FAPI allows realizing enhanced power electronics’ active power support resembling 

the inertial response of a synchronous generator. 

Based on the results shown in this section, it was observed that the fast delivery of a huge amount 

of power is essential to quickly arrest frequency deviations due to large active power imbalance. 

Therefore, depending on system specific dynamic properties, this could be defined as a 

requirement in terms of a certain amount of energy over a defined period critical for frequency 

containment. This goal can be achieved by using either the derivative or GF-FAPI control. 

Nevertheless, FAPI control based on the derivative approach relies heavily on PLL dynamics and 

estimated frequency. According to the presented simulations, it was shown that PLL brings some 

limitations (e.g. delay on the estimated signal), which can threaten the frequency support by PEIG. 

This motivated an alternative solution, GF-FAPI based FAPI controller. The GF-FAPI technique 
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would be a preferable method due to the fact that it can be used for different functionalities (fast 

frequency control and oscillation damping) without any dependency on frequency estimation by PLL. 

Rotor angle stability 

This section presented an investigation of the design and effect of SDC addition on wind generators, 

and its value for increasing the share of PEIG without jeopardizing the large disturbance rotor 

angle stability performance of a power system. The main conclusions are summarized as follows: 

 The proposed SDC method follows a similar structure of a stabilizing feedback loop. Other 

more sophisticated stabilizer models (e.g. multi-band stabilizer [69]) could also be used, 

depending on the needs of a particular power system. However, the basic structure of 

SDC shown in this study evidences that wind generators can effectively contribute to 

mitigate large excursions of rotor angle by exploiting the available margin for active 

current modulation. The contribution of WGs with SDC was found to be higher (i.e. better 

mitigation of first swing magnitude and better oscillation damping) if the WGs with SDC 

are dominant in a synchronous area that is prone to transient instability. Furthermore, 

the transient stability is endangered in conditions of reduced inertia and lack of local 

resources for fast active power support (via fast modulation of active current injection- 

SDC), which is essential to mitigate the impact of a perturbation on the equilibrium 

between electrical and mechanical power of synchronous generator. 

 Simulation outcomes showed that the use of rotor angle deviations as inputs of the SDC 

attached to WGs leads to an effective reduction of the magnitude of first swing and a 

significant increase of oscillation damping. These effects are more prominent when the 

faults occur in a distant location from the area that is prone to transient instability. For 

each SDC to be added in a particular wind generator, the rotor angle measurement 

associated to a given nearby synchronous generator with respect to a reference rotor 

angle is used as input.  

 Time delays can reduce the effectiveness achieved by SDC. With the studied systems, 

and even considering a maximum delay of 200 ms, it was found out that SDC still helps 

in safeguarding transient stability. Simulations with the synthetic model of the GB system 

also showed that time delay around 100 ms or less seems to lead to a minor impact on 

the performance of SDC. 

 The application of SDC in wind generators should also consider important aspects like i) 

the rotor angle is not directly available as measurement. Nevertheless, several methods 

for estimation of rotor angle from PMU data. For instance, in [70], rotor angle is predicted 

by using PMUs that measure voltage and current signals in the system; ii) deactivation 

time of SDC smaller than 10 s (e.g. between 1.5 s-4 s for the study case with GB system) 

to prevent excitation of high frequency oscillations (if higher deactivation time is desired, 

a low pass filter should be integrated to pre-filter the input of the SDC); ii) Addition of 

phase compensation to reduce the impact of time delays; iii) Not all WGs are required to 

perform SDC, i.e. WGs located close to synchronous generators vulnerable to lose of 

synchronism are of preferable for SDC. 

Simulation results with the synthetic model of the GB system showed that significant improvement 

of transient stability performance can be achieved by using SDC in conditions with 66-% and 70-% 
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share of wind generation. As a general observation, the addition of SDC in renewable energy based 

power plants should be considered when the traditional measures (including addition and/or re-

tuning of PSSs) are not sufficient to ensure desired CCT values when a certain amount of 

synchronous generators in conventional power plants has been decommissioned. 

4.2 Testing and evaluation of mitigation measures for short-term voltage 

stability 

Subsequent to the frequency and transient stability assessments in the preceding sections, this 

section addresses the short-term voltage stability. Stability studies are carried out with a detailed 

grid model (hereinafter referred to as test system), whereas the stability is endangered by 

different levels of power electronic (PE) penetration. The application of grid forming (GF) instead of 

grid feeding PE controls for existing power electronics-interfaced generation (PEIG) units is utilised 

as a mitigation measure to improve short-term voltage stability. The focus of the evaluation is on 

the necessary share of GF PE controls for significant stability improvements and on different 

distributions of those controls throughout the system’s PEIG units, for what different load and 

generation cases are applied. All simulations are carried out as root-mean-square (RMS) 

simulations with PowerFactory v2017 SP3. 

Short-term voltage stability is the ability of a system to restore the nodal voltage levels in the first 

second after clearance of severe faults and is mainly related to the available reactive power 

injection of the generation units. As the inability of restoration can also lead to synchronous 

generators (SGs) losing synchronicity with the grid, this type of stability is naturally linked with 

transient stability [71]. For the studies presented in the following, a 150-ms self-cleared three-

phase short-circuit is selected as fault and the simulation duration after fault occurrence is 

2.5 seconds. 

In accordance with the aim of T1.8, the test system´s basic structure resembles the 

transmission (TS) and distribution system (DS) of the Irish control zone except Northern Ireland, 

therefore it is further on referred to as the Irish test system. For this test system, the term 

“scenario” will refer to specific states of grid development in combination with their existent 

operating equipment, whereas underlying load and generation dispatches or decommissioning will 

be called “cases”. The PE level is defined in terms of apparent power of all generating equipment 

being in service for each case. Synchronous generation units are considered as conventional 

generation, whereas wind parks (WPs) and high voltage direct current (HVDC) links are taken into 

account as PEIGs. This definition coincides with the one used in [72]. Initially, the Irish test system 

representing the grid state as of 2017 with a PE level of 53.1 % is given. For provoking instabilities 

due to higher PE levels, the 2040 slow change scenario [73] will be implemented. Additional 

decommissioning of synchronous generation units leads to even further PE level increase and 

inertia decrease. 

Mainly two PEIG grid-side inverter control types need to be distinguished, namely the grid feeding 

controls and the grid forming controls. In the first case, the equivalent circuit consists of a 

controlled current source with a parallel shunt 𝑍, as can be seen in Figure 4.17 (a). Active and 

reactive power dispatch 𝑃 and 𝑄 are determined by the applied current phasor. These controls are 

utilised by the great majority of PEIG units nowadays. In the second case, the equivalent circuit 
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consists of an internal impedance 𝑍 in series with a controlled voltage source, as seen in Figure 

4.17 (b), for which magnitude 𝑉 and angle 𝜃 of the voltage phasor are to be set [74]. Whilst grid-

feeding inverters rely on their current control loops properly interacting with the voltage phasor at 

the point of common coupling (PCC) and therefore face problems in case of weak grids, grid 

forming controls are able to form the grid voltage actively and, as applied in this study, improve 

voltage stability [75]. 

 

(a) 

 

(b) 

Figure 4.17: (a) Basic equivalent circuit of a grid feeding inverter; (b) Corresponding 

equivalent circuit of a grid forming inverter 

Alternative mitigation measures like changing control strategies of existent HVDC links, operating 

synchronous generators as synchronous condensers or applying algorithms both for market 

simulations or other operation-state-wise optimisations are out of scope. 

4.2.1 The Irish test system (2017 scenario) 

The given Irish test system 2017 scenario is a PowerFactory grid model with 1255 nodes in 229 

substations with 682 transformers, being interconnected with overhead lines and cables with a 

total length of 7323 kilometres. Figure 4.18 (a) contains a rough overview of the included 

substations, Figure 4.18 (b) the division into regional zones. A more detailed depiction can be 

found in the appendix. 
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(a) 

 

(b) 

Figure 4.18: (a) Grid overview of the Irish test system; (b) Regional zones [76] 

Generation-wise, the East-West-Interconnector (EWIC), 20 synchronous generators, 27 voltage-

controlled wind parks at transmission system level and eight power factor-controlled wind parks at 

distribution system level are assumed in service. For reasons of simplification, real loads and wind 

farms were aggregated during model development and solely type-4 wind turbine (WT) models, 

replacing the already implemented type-3 models, are used. This assumption takes account of the 

price development, leading to newly built wind turbines mostly being type 4, as well as of the focus 

on the effects of the grid forming control strategy, which requires a fully-sized converter [77][78]. 

The wind park model delivered by EnergyNautics [79] is based on IEC 61400-27 standard [80] and 

consists of a static generator, a wind turbine transformer and a wind park transformer connected 

to the PCC. The number of wind turbines is considered by the number of parallel elements both for 

the wind turbine transformer and the static generator. The controller framework consists of a 

superposed wind park controller that generates active power and voltage / reactive power 

reference signals for the subordinated wind turbine controller, which then directly controls the 

static generator. 

The wind turbine model structure is depicted in Figure 4.19. It utilises an aerodynamical model and 

a two-mass model, allowing for modelling the pitch control and therefor variable wind speeds over 

time. With regard to the research objective, the wind speed is assumed constant and sufficient for 

each wind turbine to reach its nominal output at every point in time. 
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Figure 4.19: Structure of the wind turbine controller framework of the grid feeding -4 

model 

The reactive power limits of the type-4 models are taken from the type-3 models already 

implemented into the system and allow the wind turbine to reach a power factor of 0.9. In order to 

avoid exceedance of the capabilities of the grid-side inverter and due to the limited number of 

parameters for voltage control mode that allow mapping of such boundaries, active and reactive 

power limits need to be strict and require implementation separate from each other. By these 

means, inverter overload is reliably prevented, but real wind turbines might have additional 

headroom that could be utilised for further improvement in model accuracy. Protection systems 

that might cause wind park tripping are not modelled. In total, the installed wind park power in the 

test system is 2787 MW/3097 MVA. 

The VSC HVDC EWIC, connected to Portan substation, is modelled as a grid feeding PEIG unit with 

a nominal power of 500 MW/580 MVA. For synchronous generators, PowerFactory standard models 

are used. Their controller structure is equipped with a normative automatic voltage regulator (AVR) 

IEEEX1 and a power plant type-specific governor model, whereas no power system stabiliser or 

protection scheme is set up. In total, their apparent power is 3254 MVA. Furthermore, 1366 Mvar 

of switchable RLC-filter circuits and 106 Mvar of static var compensators (SVCs) are installed. 

The resulting PE level is 53.1 %, for which both the filters and the SVC units are not considered, as 

their reactive power output is not controlled during simulation. 

For the load flow case being most critical to short-term voltage stability, wind parks are assumed 

to dispatch 0.85 p.u. active power, whilst the generic load is 3927 MW and 989 Mvar. The load is 

distributed throughout the system and modelled voltage- and frequency-dependant. For this, every 

load element is represented by a solely voltage-dependant constant impedance in parallel to a 

solely frequency-dependant dynamic load-model, each consuming half of the load elements`power. 

The applied factors for frequency-dependency are 𝑘pf = 3 p. u. and 𝑘qf = −1 p. u. with a first-order time 

delay of 𝑇 = 0,05 s . In contrast, the data centre loads in Dublin zone, 89 MW and 23 Mvar in 

numbers, are considered constant from 0.8 to 1.2 p.u. voltage. 

The 43 fault locations are evenly distributed throughout the transmission system. The focus is on 

the 220-kV level (31 faults) and the 400-kV level (five faults). Furthermore, seven faults in the 

110-kV level are selected. Their designations will reference the substation, at whose bus bar the 
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fault occurs. The complete list can be found in annex A. A fault is considered stable (s) in case all 

nodal voltages return to a stable state within 500 ms after fault clearance without significant 

oscillations. Faults leading to a transitorily oscillatory voltage return at the fault nodes (i.e. going 

below 0.8 p.u. after first voltage return), but stabilising within a time window of 500 ms after fault 

clearing, are considered critically stable (cs). Faults implying any later voltage return, continuous 

voltage oscillations or loss of synchronicity of synchronous generators are called unstable (us). 

Figure 4.20 exemplarily shows the voltage levels of the nodes Ballynahulla, Louth, Arklow and 

Prospect for a fault in Ballynahulla (left) and Louth (right). 

 

(a) 

  

 

(b) 

Figure 4.20: Nodal voltages of Ballynahulla, Louth, Arklow and Prospect for a 150-ms 
self-cleared three-phase short-circuit (a) in Ballynahulla and (b) in Louth 

Aside from both faults being stable, two observations are to be made. 

First, a voltage spike is present directly after voltage return. Its peak value is different for every 

fault and for every nodal voltage. The spike is caused by the high slew rate of the returning voltage 

in combination with almost unaltered reactive current injection in this time period, leading to high 

reactive power dispatch. This behaviour originates from the wind turbine reactive power controller 

structure of the applied model when operating in voltage control mode and cannot be avoided, 

since the integrational controllers of the wind park and wind turbine are frozen by an under-voltage 

detection during under-voltage ride through (UVRT). Due to the voltage slew rate and its filtering 

delay, this freeze is kept until after the peak occurred. Therefor only adjustments of the 

proportional controller gains would be able to reduce the reactive current injection at voltage 

return. Such adjustments, even for a small percentual reduction of the peak, would involve heavily 

reduced reactive current injection during the fault, being counterproductive regarding the voltage 

stability of the system. It is worth noting that less strict handling of the wind turbine`s reactive 

power limits would further increase the voltage peak value, fortifying their current implementation. 

Since such voltage peaks do not represent realistic behaviour, cannot be avoided with the applied 

controller structure and appear only after voltage return, they will further on be neglected for the 

stability assessment. 

Second, after the voltage has returned, regularly recurring damped voltage rises are to be 

observed, see Figure 4.20 (a), which can be traced back to the mechanical model interacting with 
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the wind turbine controller. Directly after short circuit occurrence, the lower system voltages lead 

to an active power imbalance at the generator shaft, causing its acceleration. The torque controller 

responds with respect to the maximum allowable torque, leading to damped distorted oscillations 

both of the applied torque as well as of the shaft`s angular speed, resulting in dips in the 

accordingly dispatched active power. Lowered active power dispatch is accompanied with lower 

reactive power need to feed into the grid, so keeping the injected reactive power nearly constant 

yields the observable voltage rises. Due to limiting the maximum torque, only the voltage rises can 

be observed. 

By applying the defined stability criteria, all faults in the introduced 2017 scenario dispatch case 

with a PE level of 53.1 % are stable. This statement will turn out to be still valid after applying the 

grid development measures necessary to create the scenario described in section 4.2.3. 

4.2.2 Conversion to grid forming controls 

For the study, the existing grid feeding voltage-controlled wind turbine model is converted to an 

equivalent grid forming model, keeping the wind park controller as it is. Also, the mechanical part 

is kept, whilst the existing wind turbine current controls are replaced by a new grid forming 

controller block with appropriate parametrisation. Since the mechanical model is heavily 

interwoven with the existing current control (see Figure 4.22 and [79]), parts of the existent grid 

feeding control inevitably need to be kept in a modified state, forwarding the active power 

reference values that are sent to the new grid forming controller (see Figure 4.21). As a 

consequence, the mechanically induced damped active power oscillations, as observed in the 

original grid feeding model after fault clearance (see last section), are still present in the active 

power reference signal sent to the grid forming controller, influencing the dispatch behaviour of the 

grid forming wind turbine. 

WP 
Controller

Mechanical Model
&

Grid Feeding P Control

Grid Forming 
Controller

Active Power 
Reference Value

Active Power 
Reference Value

(with oscillations)

 

Figure 4.21: Flowchart for active power reference signal in the grid forming controller 

structure 

The updated controller framework with the new GF controller block highlighted in orange can be 

seen in Figure 4.22. In comparison to the old framework, both active and reactive power controls 

as well as limitations and the generator system are now merged in the new GF controller block. 
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Figure 4.22: Structure of the new wind turbine type 4 controller framework after 
conversion to grid forming controls 

The grid-forming controller is based on the common droop-control scheme in the synchronous 

reference frame [74]. Since the model is predominantly used to evaluate the behaviour during and 

after faults, some extensions had to be added to the typical model. In the following, this model and 

its extensions will be elaborated. 

The droop control is based on the assumption that the grid impedance is mostly inductive and that 

the control itself acts as a voltage source, making use of the active power mainly being dependent 

on the angle difference between grid and inverter voltage, whereas the reactive power mainly 

depends on the inverter voltage magnitude. 

In the built control model, depicted in Figure 4.23, the angle of the inverter voltage therefor is 

calculated by comparing actual and reference values of the active power using the well-known 

droop characteristic. The angle is then used for transformations between the real-imaginary frame 

and the dq-frame. After the initial synchronisation, a phase locked loop (PLL) is only needed for 

operation under fault conditions in order to stay synchronised with the grid. 
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Figure 4.23: Controller scheme of the built grid forming controller to convert the existing 
grid feeding model to grid forming behaviour 

The inner part of the control consists of a voltage controller and a nested current controller in the 

synchronous reference frame. The reference value for the d-axis voltage controller is given directly 

by the wind park controller, whilst the reference value of the q-axis controller is set to zero. In 

doing so, the voltage phasor is put on the d-axis, which is common practice in inverter control. The 

voltage controllers then provide reference values for the nested current controllers, which are 

mainly used for fault current limitation. The outputs of the current controllers are the voltage 

values handed over to the voltage source, modelling the grid-side inverter output of the wind 

power plant. The inverter circuit itself is modelled as a first-order delay with a time constant of 

0.3 ms. Furthermore, a voltage feedforward was implemented into the controls for better 

disturbance rejection, especially under fault conditions [74][81][82]. 

To limit active and reactive power dispatch in normal operation, an auxiliary control was added, 

directly affecting the values of the transformation angle and the d-axis voltage reference in case 

the maximum values for active or reactive power are exceeded. These limits are adopted from the 

grid feeding model [83], but held a bit stricter in order to avoid mitigation effects due to extended 

reactive power injection. A special challenge is the control under fault conditions, as the analysis 

involves three-phase faults at different locations and grid forming-controlled wind turbines 

distributed throughout the system, requiring a robust control scheme behaviour. 

Starting from normal operation as described, a nearby three-phase fault leads to a strong decrease 

in voltage at the PCC. As soon as the voltage drops below the threshold value, the inverter control 

changes from grid forming control to current control only. For this purpose, the voltage controllers 

are frozen, whilst the current references are now set to a fixed set point. This change in control 

strategies is controlled by the fault handling logic block in Figure 4.23. During fault condition, the d 

axis current, being related to the active power, is set to zero, whereas the q-axis current, related 

to the reactive power, is set in such a way as to achieve similar reactive power dispatch as the 
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grid-feeding wind turbine model. Because not only the voltage controllers, but also the angle 

calculation by droop characteristic, needs to be frozen, the angle for the transformation to the 

synchronous reference frame has to be calculated by a PLL in the meantime. Furthermore, to avoid 

toggling behaviour between current and voltage control, a delay with further logics is implemented, 

meaning that the current control is activated at least for a certain amount of time. These changes 

within the control structure allow sufficient current control during fault conditions. When it comes 

to changing back to grid forming control after fault clearing, it is important to mention that all the 

reference values must change steadily in order to prevent jumps in the output voltage components, 

eventually triggering the under-voltage detection again. For this, after voltage return, the old 

current reference values from the voltage controllers are slowly approached using a first-order 

delay. Additionally, the angle of the droop control approaches the angle given by the PLL. After the 

previously mentioned delay has passed, the resynchronisation is considered completed and the 

voltage controllers as well as the other parts of the grid forming control are reactivated, bringing 

the inverter back to grid forming mode [75][84]. 

To make maximum use of the beneficial properties of grid forming controls, it was desirable to 

keep the delay of the current control rather short and quickly switch back to the grid forming 

control. 

Figure 4.24 shows the curves of the PCC voltage (left) and active power dispatch (right) for a wind 

park, containing either ten grid feeding or grid forming wind turbine models, for comparison. The 

wind park is connected to a grid equivalent circuit with a fault occurring at the PCC. 

 

(a) 

 

(b) 

Figure 4.24: Curves of a wind park with a grid feeding (blue) or a Grid Forming (orange) 
wind turbine model for a 150-ms self-cleared three-phase short-circuit at the PCC: 

(a) PCC voltage; (b) PCC active power dispatch 

Both models show the previously explained active power oscillations after fault clearing due to the 

mechanical model. As can be seen in Figure 4.24 (b), in case of the grid forming model, they are 

less pronounced, whereas the phase shift between the active power dispatch curves of both models 

is due to different controller speeds. Whilst for the grid feeding model only recurring active power 

dips can be observed (see section 4.2.1), for the grid forming model, full oscillation periods can be 

seen. As in case of the grid forming model the droop control for the transformation angle (see 

Figure 4.23) leads to a coupling of active and reactive power dispatch, this models shows 

oscillations also in its PCC voltage curve, see Figure 4.24 (a). Simulating for a longer period of time 
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would show the active power oscillations being damped less in case of the grid forming model. This 

is due to the excitation behaviour of the wind turbine output voltage, which, as a consequence of 

the transformation angle impact, recurrently rises while, at the same time, the active power 

dispatch lowers, already leading to a rise in the PCC voltage. Whilst this behaviour can be 

neglected for the studies conducted, it provides room for further model improvement. Positive 

effects of the grid forming model on short-term voltage stability can, meanwhile, only be seen in 

bigger grid models with more interaction. 

Due to the properties of RMS simulations compared with electro-magnetic transient (EMT) 

simulations, some effects will not properly be reproduced with the models. Whilst the dq-frame 

transformation allows the applicability of almost identical controller structures both for RMS and 

EMT simulations, the corresponding interfaces, namely the behaviour of the PLL and the inverter, 

can only be modelled in a simplified way. 

In RMS simulations, voltage phasor frequencies and angles at specific nodes are either directly 

accessible continuous state variables (in case of synchronous generation connected) or can be 

calculated analytically. As for the PLL, its simplified RMS representation mainly consists of passing 

the determined angle through a low pass filter (first-order delay) with a logic in order to freeze to 

the angle output in case of badly conditioned input signals for the angle determination [15]. This, 

in combination with RMS simulations only considering the fundamental frequency component of 

each quantity, prevents the reproduction of faulty PLL behaviour, e.g. recurring angle jumps during 

faults due to temporary wrong interpretation of voltage instantaneous values or due to harmonic 

distortions. In case of the inverter, the representation consists of a low pass filter, so similar 

statements apply. Such a model cannot reproduce misbehaviour due to firing angle controls not 

being able to cope with measured signal values. 

4.2.3 Implementation of the 2040 slow-change scenario 

Considering the stability results of the 2017 scenario case (see section 4.2.1), for further analysis 

the implementation of a future scenario with higher levels of PE is required. As mentioned in the 

outset, for this purpose the 2040 slow-change scenario [73] is chosen. Assuming an in fact faster 

evolving PE level than forecasted by this defensive scenario, it matches the future period of ten to 

fifteen years, being the focus of MIGRATE workpackage 1. The active power development is listed 

in Table 4.3. 
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Table 4.3: Total active power numbers for load and generation in the 2017 scenario and 
the 2040 slow-change scenario [73] 

Category 2017 2040 slow change 

Wind onshore 2787 MW 4857 MW 

Wind offshore  ~ 0 MW  500 MW 

Photovoltaics  ~ 0 MW  400 MW 

Interconnectors  500 MW 1200 MW 

Generic load 3928 MW 5894 MW 

Data centre load  89 MW  850 MW 

It is worth mentioning that growth in demand side management, biomass and combined heat and 

power generation are already considered in the given load development. Any growth in waste, 

hydro, battery, ocean and pump generation is neglected, neither an increase in filtering or SVC 

units is assumed. 

As the table only resembles growth in generation and load, simplifying assumptions are required 

for their implementation. Necessary grid development measures for mitigating overloaded lines 

and transformers are performed by creating parallel elements, if necessary, therefore assuming full 

cooperativity of the resident population. A complete list of the applied grid development 

measurements can be found in annex A. 

The development shown in Table 4.3 is implemented into the test system as follows. The increase 

in onshore wind generation is taken into account by linear scaling of the existing wind parks, 

whereas the growth in offshore (OS) wind parks is resembled by creating one new voltage-

controlled wind park at transmission system level in each zone affected 12 . Photovoltaic (PV) 

modules are treated as type-4 wind parks and added in a distributed manner to existing wind 

parks13 at transmission level, therefore being voltage-controlled, too. The future 700-MW DC link 

implementation is performed at Knockraha substation’s 220-kV level and uses the existing EWIC 

DC link configuration as a template. All synchronous generation units in service in the 2017 

scenario are still expected to be in service in the 2040 slow-change scenario, so all 

decommissioning remains optional. A complete list of the wind parks and synchronous generators 

in the 2017 scenario and the 2040 slow-change scenario can be found in annex A. Generic loads 

are linearly scaled whilst maintaining their power factor, data centre loads are assumed only in 

Dublin and are therefore added solely throughout this zone, using the data centre load model. 

The load increase, especially pronounced in the Dublin zone, lacks corresponding growth in power 

generation and makes the system voltages especially dependent on the reactive power support of 

                                                

12 Offshore wind generation is distributed amongst the zones Dublin (315 MW), North East (18 MW), South East 
(51 MW) and North West (116 MW). 

13 Photovoltaic generation is distributed amongst the zones Dublin (49 MW), North East (20 MW), North West 
(19 MW), Mid West (25 MW), Midlands (32 MW), South East (217 MW) and South West (38 MW). 
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nearby synchronous generation units like Huntstown HN1 and Dublin Bay Power DB1. Nevertheless, 

there exist different solutions for decommissioning such units. Amongst others, compensation units 

can be built or the synchronous generators can be turned into synchronous condensers instead. In 

the presented study, generation units proving essential are simply excluded from the 

decommissioning process. 

Furthermore, since no automatic process for optimising the load flow is implemented, the tap 

changers are operated manually to optimise the voltage levels for each load flow case. 

4.2.4 Grid forming controls in the Irish test system 

In the built 2040 slow-change scenario, cases under variation of both renewable generation and 

load are considered, whereas the difference in generation and consumption is balanced by the 

dispatch of the HVDC links. Value-wise, high load assumes a load scaling factor of 1.0 p.u. 

(reduced load: 0.8 pu), high renewable generation assumes a wind park active power dispatch of 

0.85 p.u., which is 2.00 MW per turbine (few renewable generation: 0.53 p.u. or 1.25 MW), see 

Figure 4.25. 
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Figure 4.25: Load and generation combinations considered in the stability assessment 

For each combination depicted, up to two stages of additional decommissioning of SG units are 

considered, consequently implying disconnection of SG units. Both cases with switching a 

mitigation-wise sufficient number of big wind parks to grid forming controls and cases with 

switching a higher number of smaller wind parks are considered, whereas the total apparent power 

of both wind park selections is equal for reasons of comparability. The selected wind parks are, for 

all these cases, located distributedly throughout the grid. Since the typical life time of wind 

turbines will lead to a replacement of most wind parks until 2040, no restrictions for assuming a 

specific voltage-controlled wind park acting as grid forming need to be taken into account. The 

levels of grid forming wind parks are calculated as their apparent power share in the total apparent 

wind park power and are chosen in such a way as to avoid over-mitigation, thereby assuring the 

expressiveness of the results gained. The average SG loadings for each case are calculated by the 

apparent power dispatch related to the nominal apparent power of all SGs that are still connected 

in each case and are displayed in the tables for information purposes only. 

First, the combination of high renewables and high load is considered. All results obtained 

therewith are summarised in Table 4.4 and will be explained and analysed further on. A detailed 
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breakdown of the stability results for each case and fault node, together with the specific SGs 

decommissioned and WPs switched to grid forming, can be found in the annex. 

Table 4.4: Summary of stability results for the cases with high renewables and high load 

PE level 70.6 % 76.4 % 85.7 % 

SG loading 64.5 % 61.3 % 67.4 % 

GF WP share 

(No. of GF WPs) 

0.0 % 

(0) 

11.4 % 

(2) 

11.2 % 

(7) 

0.0 % 

(0) 

17.1 % 

(3) 

16.9 % 

(11) 

0.0 % 

(0) 

39.6 % 

(15) 

No. of s faults 10 32 37 0 38 29 0 43 

No. of cs faults 33 11 6 0 5 13 0 0 

No. of us faults 0 0 0 43 0 1 43 0 

As can be seen in the first column, the case without SG decommissioning yields a PE level of 

70.6 % and, without GF WPs, out of the 43 faults ten are stable and 33 are critically stable. Figure 

4.26 contains the nodal voltages of three exemplary substations for the three-phase self-cleared 

short circuit for 150 ms occurring in Louth (left, stable) and Kilpadogge (right, critically stable). 

 

(a) 

 

(b) 

Figure 4.26: Nodal voltages of Kilpadogge, Louth and Carrickmines in the high 

renewables high-load case (70.6 % PE, no GF), fault in (a) Louth, stable (b) Kilpadogge, 
critically stable 

For the stable fault in Louth, a quick voltage return with only weak oscillations is to be observed. In 

case of the critically stable fault in Kilpadogge, stronger oscillations occur. These are the result of 

all wind park models in phase interacting with the PE load models, leading to repetitive voltage 

drops due to high load currents, followed by recovering system voltages. On the basis of all 

simulations conducted, no connection between these oscillations and the voltage spike after 

voltage return was found, but rather a connection with the voltage drop afterwards, which is 

therefor resembled by the stability definition for critically stable faults. Both times, at the end of 

the depicted time window, the beginning of the first mechanically induced voltage hump can be 

seen. 

By applying grid forming controls at two big wind parks (making up 11.4 %), in total, 32 faults are 

considered stable and eleven critically stable. For switching seven small wind parks of equivalent 
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power (11.2 %) to grid forming, the numbers read 37 stable and six critically stable faults, which is 

also a decent improvement. 

The first stage of SG unit decommissioning in case of high renewables and high loads yields a PE 

level of 76.4 %, without grid forming controls leading to all faults being unstable due to unfading 

oscillations, as can seen in Figure 4.27 (a) for the fault occurring in Louth. Following the mitigation 

approach, three big wind parks (17.1 %) lead to 38 faults being stable, whereas eleven small wind 

parks (16.9 %) lead to 29 faults being stable. 

For the second stage of decommissioning, a PE level of 85.7 % is reached, making the test system 

unstable, even without any fault, due to in-phase wind park voltage controller interactions, also 

initiating further interactions with the data centre loads at roughly 0.25 s (see Figure 4.27 (b)).  

 

(a) 

 

(b) 

Figure 4.27: Nodal voltages of Kilpadogge, Louth and Carrickmines in the high 
renewables high load case, (a) fault in Louth (76.4 % PE, no GF), unstable (b) wind park 

controller interactions without fault (85.7 % PE, no GF), unstable 

With 39.6 % of wind parks becoming grid forming, all fault and interaction instabilities can be 

eliminated, underlining the strong mitigation effect of grid forming controls. Considering the 

necessary share of grid forming wind parks for mitigation, no distinction regarding their localisation 

is made. In analogy to the nodes depicted in Figure 4.26, Figure 4.28 contains the corresponding 

curves for the mitigated high renewables high load case with 85.7 % PE and 39.6 % GF to show 

the strong stabilisation effect of grid forming controls. In case of Kilpadogge (right, stable), the 

visible delay of voltage return originates from less reactive power capability of the system as a 

result from having decommissioned synchronous generators. 
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(a) 

 

(b) 

Figure 4.28: Nodal voltages of Kilpadogge, Louth and Carrickmines in the high 

renewables high load case (85.7 % PE, 39.6 % GF), fault in (a) Louth, stable 
(b) Kilpadogge, stable 

For the combination of high renewable generation with high load, the advantageousness of more 

compact or a spread distribution of grid forming controls depends on the PE level considered, 

therefore no general statement can be made. 

Next, the combination of few renewable generation and reduced load is considered. Table 4.5 

summarises the results of the created cases. 

Without decommissioning of SG units, the PE level is 70.6 %, again, and since the majority of 

faults is considered stable, no grid forming controls are applied. 

For the first decommissioning stage, leading to a PE level of 78.0 %, only a single fault remains 

stable, whereas all others turn to unstable by showing continuous oscillations after first voltage 

return. By switching roughly 22 % of wind parks from grid feeding to grid forming controls, a huge 

improvement in stability can be seen. Whilst selecting four wind parks for this retains three 

unstable faults, the alternative choice of eleven small wind parks mitigates these instabilities, too. 

Table 4.5: Summary of stability results for the cases with few renewables and reduced 
load 

PE level 70.6 % 78.0 % 87.0 % 

SG loading 55.6 % 60.3 % 60.5 % 

GF WP share 

(No. of GF WPs) 

0.0 % 

(0) 

0.0 % 

(0) 

22.0 % 

(4) 

21.9 % 

(11) 

0.0 % 

(0) 

22.0 % 

(4) 

21.9 % 

(11) 

No. of s faults 37 1 39 37 0 41 35 

No. of cs faults 6 0 1 6 0 1 7 

No. of us faults 0 42 3 0 43 1 1 

With the maximal SG decommissioning listed above, a PE level of 87.0 % is achieved, for which all 

faults are unstable due to permanent oscillations after first voltage return as long as no grid 

forming controls are applied. By switching exactly the same four, respectively eleven, wind parks 

from the 78.0 % cases grid forming, not only the GF WP shares remain identical, but also very 

similar mitigation effects are obtained. In case of selecting four wind parks, the mitigation effect is 
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even more pronounced than before, whilst the SG loading is nearly constant. Accordingly, drawing 

conclusions from a risen PE share (obtained by additional decommissioning) to determine the 

requisite share of grid forming controls, even in the same test system with similar SG loading, is 

not recommended, as strong dependencies of the specific load flow exist. 

Figure 4.29 underlines this statement by depicting the nodal voltages of three exemplary 

substations for the fault in Carrickmines, taken from the 78.0-% case (left) and the 87.0-% case 

(right), both being mitigated with the same four wind parks set to grid forming. 

 

(a) 

 

(b) 

Figure 4.29: Nodal voltages of Kilpadogge, Louth and Carrickmines in the few 

renewables reduced load case, fault in Carrickmines with (a) 78.0 % PE, 22.0 % GF, 
unstable (b) 87.0 % PE, 22.0 % GF, stable 

The third combination, considered in this analysis, consists of high renewable generation and 

reduced load. A summary of the stability results is contained in Table 4.6. 

Table 4.6: Summary of stability results for the cases with high renewables and reduced 
load 

PE level 71.5 % 80.0 % 89.4 % 

SG loading 46.5 % 49.6 % 56.3 % 

GF WP share 

(No. of GF WPs) 

0.0 % 

(0) 

0.0 % 

(0) 

36.2 % 

(9) 

42.0 % 

(11) 

0.0 % 

(0) 

42.0 % 

(11) 

47.3 % 

(13) 

No. of s faults 1 0 23 36 0 30 36 

No. of cs faults 2 0 0 0 0 13 7 

No. of us faults 40 43 20 7 43 0 0 

In contrast to the previously analysed combinations, the active power export limits of the HVDC 

links inevitably require the decommissioning of two small SG units to allow this combination, 

yielding an initial PE level of 71.5 % (instead of the previous 70.6 %). For this case, without the 

application of grid forming controls, 40 faults are unstable. In case of further SG decommissioning, 

in the first step leading to a PE level of 80.0 %, the whole system is unstable without a fault, again 

caused by wind park controller interactions. By applying a GF share of 36.2 %, 23 faults become 

stable, raising the GF share to 42.0 % results in 36 faults being stable, fitting into the mitigation 

trend. Comparing these two grid forming penetrations by means of three exemplary nodal voltages 
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for the fault in Carrickmines, as shown in Figure 4.30, emphasises that the stabilising effect of 

controlled voltage sources can (to a limited extent) also mitigate insufficient reactive power 

capability of the system during voltage restoration. However, it has to be noted that this statement 

can only be made due to strict avoidance of reactive power limit extension during GF model 

development (cf. section 4.2.2). In consequence, switching wind parks to grid forming involves a 

slight reduction of reactive power capability of the overall system, being able to destabilise faults 

when increasing the GF share. This effect can be seen in the annex, e.g. for Inchicore and 

Irishtown (80-% PE cases). 

 

(a) 

 

(b) 

Figure 4.30: Nodal voltages of Kilpadogge, Louth and Carrickmines in the high-

renewables reduced-load case, fault in Carrickmines with 80.0 % PE and (a) 36.2 % GF, 
unstable (b) 42.0 % GF, stable 

Because of the high share of grid forming controls necessary, no distribution amongst smaller wind 

parks can be studied. This also applies to the second decommissioning stage, yielding a PE level of 

89.4 %. In the absence of grid forming controls, the system still is generally unstable due to 

controller interactions. With the identical eleven grid forming wind parks as in the 80.0-% case 

(42.0 % GF), the number of stable faults is 30 already. Further rise of the GF share to 47.3 % 

increases the number of stable faults to 36. 

The fourth and last combination studied assumes few renewable generation and high load. A 

summary of the stability results is to be found in Table 4.7. The limited number of cases to be 

studied originates from the active power import limits of the HVDC links, allowing decommissioning 

of only few synchronous generators. 
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Table 4.7: Summary of stability results for the cases with few renewables and high load 

PE level 70.6 % 72.8 % 

SG loading 71.3 % 75.7 % 

GF WP share 

(No. of GF WPs) 

0.0 % 

(0) 

0.0 % 

(0) 

11.4 % 

(2) 

11.2 % 

(7) 

No. of s faults 40 12 29 29 

No. of cs faults 2 24 12 12 

No. of us faults 1 7 2 2 

For the initial case without additional SG decommissioning, a PE level of 70.6 % is reached again, 

which, without grid forming controls, yields 40 faults being stable. For this case, no mitigation is 

required. Decommissioning the maximal number of synchronous generators raises the PE level to 

72.8 %, leading to twelve stable, 24 critically stable and seven unstable faults before introducing 

grid forming controls. Applying a GF share of roughly 11 %, regardless of whether concentrated on 

two or distributed amongst seven wind parks, results in 29 faults being stable, 12 faults being 

critically stable and two unstable faults, proving the mitigation effect of grid forming controls also 

for this combination of load and generation. Figure 4.31 shows the mitigation results for the fault in 

Knockraha, depicting three nodal voltages belonging to the 72.8-% PE case without grid forming 

(left) and with two wind parks grid forming (right). 

 

(a) 

 

(b) 

Figure 4.31: Nodal voltages of Kilpadogge, Louth and Carrickmines in the few-
renewables high-load case, fault in Knockraha with 72.8 % PE and (a) no GF, critically 

stable (b) 11.4 % GF, stable 

Despite of the mitigation measure being successful, for a few fault cases, the grid forming wind 

parks do have problems in resynchronising with the grid, which can be seen as a small excitation at 

0.4 s in Figure 4.31 (b). This behaviour is caused by the grid forming controller’s power limitation 

controller blocks, of which the input signals are simply frozen during faults instead of utilising a 

logic with first-order delay to return to their original value. Though only appearing occasional and 

not affecting system stability, this problem should be tackled by future model improvements. 

Nevertheless, in all four combinations investigated, the strong mitigation effect of grid forming 

controls on short-term voltage instabilities is proven. 
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4.2.5 Conclusions 

In the previous sections, studies on short-term voltage stability issues due to high levels of PE 

penetration were conducted by means of RMS simulations with the Irish test system, in its basic 

structure resembling Ireland’s 2040 slow change scenario. Regarding such instabilities, the 

application of grid forming controls as a mitigation measure was investigated. 

At first, the existing 2017 scenario Irish test system was extended to match the installed powers of 

load and generation as well as their localisation as foreseen by the 2040 slow change scenario. 

Furthermore, the existing implemented grid feeding wind turbine model was rebuilt as a grid 

forming wind turbine model, type 4, further on utilising its mechanical model. 

With the resulting models, for different amounts of load and generation and also varying further 

decommissioning of synchronous generation units as well as varying distribution of grid forming 

units, the short-term voltage stability of the system was determined for 43 faults distributed 

throughout the system. 

With the initial PE level of 70 %, the overall system stability depended on the load case with 

expectedly better system performance at lower load and generation levels. Instabilities manifested 

themselves as damped voltage oscillations after voltage return, originating from wind park voltage 

controller interactions with system loads modelled with constant active and reactive power demand, 

emphasising the importance of accurate load modelling for stability studies. Raising the PE level to 

up to 78 % showed severe impact on system stability, even in cases of few generation and reduced 

load. The described voltage oscillations after voltage return aggravated, being no longer damped at 

all. The application of grid forming controls turned out to be an effective mitigation measure 

against such instabilities, requiring a grid forming wind park share between 10 % and 20 % to 

stabilise most faults. 

Going beyond, PE levels of up to 90 % were reached, introducing a new type of instability in the 

form of in-phase wind park controller interactions, soaring up without any fault occurring, leading 

to a wholly unstable system. By applying a grid forming wind park share between 20 % and 47 %, 

not only the oscillations without fault were mitigated, but also a majority of the faults turned stable. 

However, due to less synchronous generation units in service, an increasing number of faults did 

not yield returning system voltages due to insufficient reactive power capability of the system. The 

cause was further emphasised by the application of the grid forming models, intentionally having 

slightly less reactive power capability than the original grid feeding model in order to allow 

expressive statements about the mitigation effect of the control type itself. Though grid forming 

controls showed limited improvement also for this type of instability, in future grids, other 

mitigation measures, like compensation units, are rather to be utilised for this purpose. 

Furthermore, it was observed that even in the same test system with similar loading of 

synchronous generation units, the PE level is not sufficient to uniquely determine the share of grid 

forming controls necessary for stabilisation. Consequently, new key performance indicators to 

determine the necessary share and distribution need to be developed. During the studies, no 

stability loss of synchronous units was observed. 

In summary, grid forming controls proved to have a strong mitigation effect on short-term voltage 

instabilities, but cannot fully make up for a lack of reactive power capability of the system. 
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For future research, improved grid feeding models, not leading to a voltage spike after voltage 

return, are desirable in order to allow assessment of their influence on the excited instabilities as 

experienced in this study. Regarding the grid forming model, a well-functioning, but only basic 

model was built. For future use, an optimisation of its parameters is recommended. This especially 

refers to the implemented limitations for active and reactive power, for which, in cooperation with 

wind turbine manufacturers, more specific parameter sets should be determined. This allows the 

utilisation of existent headroom and improves model behaviour accuracy. In order to reduce the 

influence of the mechanical oscillations on both active and reactive power dispatch, decoupling 

paths are to be added. Furthermore, the resynchronisation after faults can be improved by not 

using a simple time delay, but rather a logical unit, detecting completion of the resynchronisation 

process as the trigger to switch back to grid forming control mode. Basically, it is also possible to 

include the enhanced features, present in the grid feeding model (e.g. emulated inertia), into the 

grid forming wind turbine model. 

With respect to the type-3 models in grids of today, it might also prove valuable to analyse their 

behaviour and to develop concepts on how to utilise their capabilities of improving short-term 

voltage stability. 

After all, more research on grid forming controls in large grid models is to be conducted to gain a 

better insight into the dependencies of the stability-wise required share of grid forming controls as 

well as their localisation and possible side effects. 

4.3 Assessment of an analytical approach for stability analyses of grid forming 

controls in close electrical proximity 

Due to the increasing amount of distributed generation units and renewable energy sources, 

stability issues regarding harmonic resonances are becoming more important. Stability issues 

concerning converter harmonics where first observed in railway systems in Switzerland [93], where 

the high amount of harmonic current forced the protective system to shut down several trains. This 

incident is believed to be the first documented example of stability issues caused by converter 

harmonics interaction. Nevertheless, phenomena caused by harmonic interaction have also 

occurred in grid-related applications like HVDC systems. In [86] the HVDC converter, connected to 

the offshore windfarm BorWin alpha, led to an outage of the System. The analysis of this event 

concluded that destabilization on the offshore windfarm side was caused by a lack of rotating mass, 

like synchronous generators, low damping caused by missing resistive loads and, most importantly, 

by the converter control and components. The latter will be discussed in detail in the following 

sections. 

4.3.1 Comparison of analysis approaches 

EMT-based simulation 

The stability and harmonic issues that arise due to the control and switching components of power 

inverters are typically addressed using electromagnetic transient (EMT) simulation. In contrast to 

other simulation techniques, such as phasor simulation, EMT-simulations are based completely on 

differential equations and by that allow a precise analysis of the systems dynamic behaviour. 
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However, considering stability analysis, it is necessary to model the parts of the power system 

(generators, transformers, cables) in detail, which is extremely time consuming. Thus EMT-Models 

are usually generalized and simplified in order to be used for simulation and stability analysis, 

which might lead to insufficient models and inaccurate system stability prediction. Moreover, power 

systems are usually very complex, due to the high number of components and their dynamic 

behaviour and might cause tremendous simulation times. Another cause for high simulation times 

is the necessity for small time steps, to reach a sufficient depiction of the simulation results. 

Furthermore, the problems resulting from using EMT-simulations are also caused on a software 

level. As EMT-models of inverters are usually provided to the TSOs by their manufacturers, those 

models might have been developed in different versions of the EMT-software or even different 

software and thus might cause compatibility problems [86]. 

Eigenvalue analysis 

As previously mentioned, the instabilities induced by inverter interaction are gaining importance 

within the overall stability assessment of power systems. A common way to analyse power systems 

is the eigenvalue analysis based on the state-space representation of the system. An advantageous 

feature of this analysis approach is that it provides information about the internal states of the 

system. This is especially favourable when typical power system stability issues, such as rotor 

angle stability are considered. Due to the fact that inverters might interact in a wider frequency 

range, than synchronous generators would do, the use of the state-space approach leads to a high 

order state-space matrix and therefore to a high computational burden. For this reason, the state-

space approach is often considered to be inflexible in use and not suitable for small signal analysis 

of inverter interaction. Furthermore, the inverter control usually includes nonlinear parts, such as 

PLLs, droops or direct voltage control, which need to be linearized for small signal analysis. 

Although this is valid for all analytical stability approaches it complicates the eigenvalue analysis 

even further [98][87]. 

Impedance-based stability criterion 

To consider small signal stability in a wide frequency range, the impedance-based stability analysis 

is gaining attention of researchers lately. The aim of this analysis approach is to model the inverter, 

its filter and control as an impedance in the frequency domain. This impedance-based analysis was 

originally used for the dynamic assessment of dc-dc converter filters [92] and later modified for the 

stability analysis of grid-tied inverters [96]. To understand the advantages and properties of the 

impedance-based analysis, the approach and methodology is described in detail in the following. 
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Figure 4.32: Basic concept of the impedance-based stability analysis 

The basic idea of the impedance-based analysis is to divide the system into an inverter and a grid 

or load side. The inverter, in this case a current-controlled inverter, and the grid are modelled as 

Norton or Thévenin equivalent circuits as illustrated in  

Figure 4.32: Basic concept of the impedance-based stability analysis 

. The inverter side usually includes the inverter and its filter, while the grid side includes lines, 

loads and sources. The use of the equivalent circuits simplifies the electrical network to a system, 

consisting of two sources and two impedances. The current between the inverter and the grid side 

can then be expressed as follows: 

 𝐼PCC(𝑠) =  
𝐼inv(𝑠)𝑍inv(𝑠)

𝑍inv(𝑠) + 𝑍g(𝑠)
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In  

Figure 4.32: Basic concept of the impedance-based stability analysis 

 the sources of the two equivalent circuits are modelled as ideal voltage and current sources. 

However, to evaluate the stability of the system, it is necessary to take into account the control of 

the current source. The ideal current source is considered as a closed-loop transfer function and a 

reference value, in which the closed-loop transfer function of the inverter current control 𝐺cl,i can 

be derived from the inverter parameters and control structure [96]. 

 𝐼c = 𝐼c,ref𝐺cl,i  

Assuming that the transfer function 𝐺cl,i is stable on its own, the system stability can be evaluated 

by analysing the term 𝑍g(𝑠)/𝑍inv(𝑠), expressing the grid to inverter impedance ratio. This analysis is 

usually done using the Nyquist stability criterion. Another way of analysing the stability using the 

inverter impedance, is to use the positive net damping method, which takes into account the 

damping of the open-loop transfer function and the feedback [95]. Lastly, the passivity-based 

analysis should be mentioned. This approach guarantees stability, if each grid-connected inverter 

has a positive real part and thus acts passive. On the other hand, if the passivity for an inverter is 
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not given for a certain frequency range, a more detailed analysis using the Nyquist criterion must 

be carried out [99]. 

 

Figure 4.33: Control diagram of the voltage controller, including the inverter, filter and 
grid 

The previous section shows the basic methodology for a current-controlled inverter, which are 

widely analysed in literature. However, as grid-forming inverters are considered to be voltage-

controlled, the impedance of a basic voltage-controlled inverter will be modelled in the following, to 

point out the basic methodology of the impedance-based stability analysis for grid-forming controls. 

The basic voltage control scheme as presented in Figure 4.33 uses a cascaded structure including 

an inner current controller 𝐺ciand an outer voltage controller 𝐺cv controlling the inverter current and 

the PCC-voltage respectively [100]. The control works in the stationary alpha-beta-frame and thus 

uses proportional resonant (PR) controllers. As impedance modelling is carried out in the sequence 

domain, alpha-beta-modelling of the control structure simplifies the approach. Furthermore, the 

overall system includes the inverter delay, the LC-filter and a grid impedance. To understand the 

modelling approach, it is favourable to take a look at the block diagram of the control, which can 

be seen in Figure 4.34 [97]. The block diagram is showing the basic signal flow of the voltage 

controller including the same elements as Figure 4.33, but emphasizing the impact of the 

disturbance IPCC on the control structure. In the following, two transfer functions will be derived 

from the block diagram, to model the inverter as a Thévenin equivalent circuit. 𝐺cl,v  being the 

closed-loop transfer function and 𝑍VZbeing the impedance of the overall voltage control, expressing 

the effect of current disturbance on the voltage at the point of common coupling. 
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Figure 4.34: Block diagram of the voltage control 

In the following steps, the transfer function 𝐺cl,v  and the impedance 𝑍VC  will be derived for the 

voltage control model. As the control structure consists of an inner and an outer control loop, first 

the inner control loop will be described. 

To simplify and shorten the further equations, the transfer functions of the current controller and 

the delay will be put together. The Laplace operator within parentheses is omitted for brevity. 

 𝐺ci,d = 𝐺ci𝐺d  

 𝐺ci = 𝐾p,ci +
𝐾r,ci𝑠

𝑠2 + 𝜔N
2  

 

 𝐺d = e
−𝑇d𝑠

  

The next step, is to formulate the basic equations of the inner current control loop, starting with 

the difference between reference value of 𝐼ref and the actual value 𝐼inv of the inverter current. 

 𝑒𝑖 = 𝐼ref − 𝐼inv  

 𝐼inv = (𝑉pwm − 𝑉PCC)𝑌L,f  

 𝑉pwm = 𝑒𝑖𝐺ci,d  

Using these equations, the transfer functions of the inner current control can be derived as follows. 

 𝑉pwm = (𝐼ref − 𝐼inv)𝐺ci,d  

 𝐼inv = ((𝐼ref − 𝐼inv)𝐺ci,d − 𝑉PCC)𝑌L,f  

 𝐼inv =
𝐺ci,d𝑌L,f
1 + 𝐺ci,d𝑌L,f

𝐼ref −
𝑌L,f

1 + 𝐺ci,d𝑌L,f
𝑉PCC 

 

Taking a look at the last equation, it becomes clear that the derived model includes an expression 

for the basic closed-loop transfer function of the current control 𝐺cl,i and the admittance 𝑌IC 

describing the effect of the voltage at the PCC on the control. Thus, the admittance 𝑌IC can be seen 

as the disturbance transfer function of the inner current control towards voltage disturbances. 

 𝐺𝑐𝑙,𝑖 =
𝐺𝑐𝑖,𝑑𝑌𝐿,𝑓

1 + 𝐺𝑐𝑖,𝑑𝑌𝐿,𝑓
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 𝑌𝐼𝐶 =
𝑌𝐿,𝑓

1 + 𝐺𝑐𝑖,𝑑𝑌𝐿,𝑓
 

 

After deriving the transfer function and admittance for the inner control loop, the second step is to 

include the outer voltage control loop and to find the closed-loop transfer function and the 

impedance of the complete voltage control. To do so, the basic equations of the voltage loop are 

formulated. 

 𝑒𝑣 = 𝑉𝑟𝑒𝑓 − 𝑉𝑃𝐶𝐶  

 𝑉𝑃𝐶𝐶 = (𝐼𝑖𝑛𝑣 − 𝐼𝑃𝐶𝐶)𝑍𝐶,𝑓  

 𝐼𝑟𝑒𝑓 = 𝑒𝑣𝐺𝑐𝑣  

The above derived equation for Iinv is now combined with the voltage loop. 

 𝑉𝑃𝐶𝐶 = (
𝐺𝑐𝑖,𝑑𝑌𝐿,𝑓

1 + 𝐺𝑐𝑖,𝑑𝑌𝐿,𝑓
𝐼𝑟𝑒𝑓 −

𝑌𝐿,𝑓

1 + 𝐺𝑐𝑖,𝑑𝑌𝐿,𝑓
𝑉𝑃𝐶𝐶 − 𝐼𝑃𝐶𝐶)𝑍𝐶,𝑓  

To conclude the combination of the current and voltage loop, Iref needs to be substituted. 

 𝑉𝑃𝐶𝐶 = (
𝐺𝑐𝑖,𝑑𝑌𝐿,𝑓

1 + 𝐺𝑐𝑖,𝑑𝑌𝐿,𝑓
(𝑉𝑟𝑒𝑓 − 𝑉𝑃𝐶𝐶)𝐺𝑐𝑣 −

𝑌𝐿,𝑓

1 + 𝐺𝑐𝑖,𝑑𝑌𝐿,𝑓
𝑉𝑃𝐶𝐶 − 𝐼𝑃𝐶𝐶)𝑍𝐶,𝑓 

 

After solving the equation for the output value VPCC the overall system equation for the voltage- 

controlled inverter can be formulated. 

 
𝑉𝑃𝐶𝐶 =

𝐺𝑐𝑣𝐺𝑐𝑖𝐺𝑑
1

𝑍𝐶,𝑓𝑌𝐿,𝑓
+
𝐺𝑐𝑖𝐺𝑑
𝑍𝐶,𝑓

+ 𝐺𝑐𝑖𝐺𝑑𝐺𝑐𝑣 + 1
𝑉𝑟𝑒𝑓 −

1/𝑌𝐿,𝑓+ 𝐺𝑐𝑖𝐺𝑑

1
𝑍𝐶,𝑓𝑌𝐿,𝑓

+
𝐺𝑐𝑖𝐺𝑑
𝑍𝐶,𝑓

+ 𝐺𝑐𝑖𝐺𝑑𝐺𝑐𝑣 + 1
𝐼𝑃𝐶𝐶 

 

 𝑉𝑃𝐶𝐶 =
𝐺𝑐𝑣𝐺𝑐𝑖𝐺𝑑

𝑠2𝐿𝑓𝐶𝑓 + 𝑠𝐺𝑐𝑖𝐺𝑑𝐶𝑓 + 𝐺𝑐𝑖𝐺𝑑𝐺𝑐𝑣 + 1
𝑉𝑟𝑒𝑓 −

𝑠𝐿𝑓 + 𝐺𝑐𝑖𝐺𝑑

𝑠2𝐿𝑓𝐶𝑓 + 𝑠𝐺𝑐𝑖𝐺𝑑𝐶𝑓 + 𝐺𝑐𝑖𝐺𝑑𝐺𝑐𝑣 + 1
𝐼𝑃𝐶𝐶 

 

This equation fully describes the behaviour of the voltage control depicted in Figure 4.34 [97]. The 

closed-loop transfer function and the impedance of the voltage control are the two main parts of 

the equation: 

 𝐺𝑐𝑙,𝑣 =
𝐺𝑐𝑣𝐺𝑐𝑖𝐺𝑑

𝑠2𝐿𝑓𝐶𝑓 + 𝑠𝐺𝑐𝑖𝐺𝑑𝐶𝑓 + 𝐺𝑐𝑖𝐺𝑑𝐺𝑐𝑣 + 1
 

 

 𝐺𝑐𝑙,𝑣 =
𝐺𝑐𝑣𝐺𝑐𝑖𝐺𝑑

𝑠2𝐿𝑓𝐶𝑓 + 𝑠𝐺𝑐𝑖𝐺𝑑𝐶𝑓 + 𝐺𝑐𝑖𝐺𝑑𝐺𝑐𝑣 + 1
 

 

When taking a look at Figure 4.34, it becomes clear, that the disturbance value IPCC is affecting 

the inverter output current and by that the inverter output voltage. 

Concluding the derivation of the voltage control transfer function and impedance, the relation 

between the PCC-voltage 𝑉PCC , the grid current 𝐼PCC , the reference voltage 𝑉ref , the inverter 

impedance 𝑍VC and the closed-loop voltage control 𝐺cl,v can be expressed as: 

 𝑉𝑃𝐶𝐶 = 𝐺𝑐𝑙,𝑣𝑉𝑟𝑒𝑓 − 𝑍𝑉𝐶𝐼𝑃𝐶𝐶  
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A question of interest concerning the analytically derived transfer function is its validation. For this 

purpose, the controller is usually modelled within EMT-simulation software like MATLAB/Simulink. 

To gain the desired inverter impedance, a voltage or current needs to be injected into the system 

by ideal sources at the PCC at certain frequencies. By doing so, the voltage and the current at the 

inverter can be measured and analysed by performing a Fourier analysis. The values of the voltage 

and current can then be extracted from the Fourier analysis for the perturbation frequencies and 

used to calculate the impedance. The absolute value and the phase angle of the impedance can be 

gained for the perturbation frequencies. The circuit diagram and basic scheme of the process can 

be seen in Figure 4.35 and Figure 4.36. In the scheme one current perturbation is injected after 

another, which is called single-tone injection. Moreover, it is also possible to inject currents at 

multiple frequencies to get results faster. This so called multi-tone injection can only be applied for 

linear models. Though nonlinear parts of the control might corrupt the results, the difference 

between these injection methods is however beyond the scope of this work [94]. 

 

Figure 4.35: diagram of the current-injection method 

 

 

Figure 4.36: Flowchart of the current-injection method 
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For the previously derived model, the single-tone current-injection method is used to proof the 

correctness of the analytical model. The parameters used for the control are listed in Table 4.8. 

Table 4.8: Parameters of the voltage-controlled inverter 

Parameter Value Parameter Value 

Lf 1.1 mH Kp,ci 3 

Cf 15 μF Kr,ci 150 1/s  

Td 150 μs Kp,cv 0.1  

ωN 314.16 rad/s Kr,cv 20 1/s 

 

 

Figure 4.37: Validation of the analytically derived impedance of the voltage-controlled 
inverter 

The black line in Figure 4.37 represents the analytically derived model, while the red dots are 

marking the results gained from the simulation via single-tone current injection method for 

different frequencies from 0 Hz to 2000 Hz. It can be seen that the analytical model matches the 

simulation results.  

An important feature of the impedance-based stability analysis is the possibility to get the inverter 

impedance just by using the perturbations method on a simulation model or a real system. By 

doing this, there is no need to model the system analytically. Although, this way of getting the 

impedance is rather easy and less time consuming than the analytical way, it also fails to provide 

mathematical insight into the system. Certain instability might be very difficult to allocate without 

having the analytically derived model at hand.  
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The previous sections mostly covered the modelling of a voltage-controlled inverter. However, the 

aim of the modelling is to use the inverter impedance to analyse the stability in interaction with the 

grid. To do so, the full system including the grid needs to be considered. As a consequence of using 

the impedance-based stability analysis, not only the inverter but also the grid needs to be 

modelled as an ideal source with an impedance or admittance. In the following, the grid will be 

modelled as an ideal current source with an admittance in parallel. The full system can be seen in 

Figure 4.38. 

 

Figure 4.38: Circuit diagram of the voltage controlled inverter and the grid 

The equation describing the voltages and currents within this circuit can be found by using 

superposition theorem. First only the voltage source is considered, while the current source is 

open-circuited. 

 
𝐼𝑦𝑔,𝑉 =

𝑉𝑟𝑒𝑓𝐺𝑐𝑙,𝑣

𝑍𝑉𝐶 +
1
𝑌𝑔

 

 

Afterwards, the voltage source is short-circuited, while only the ideal current source is considered. 

 
𝐼𝑦𝑔,𝐼 = −

𝐼𝑔𝑌𝑔
1
𝑍𝑉𝐶
+ 𝑌𝑔

 
 

Finally, the two currents are put together to describe the current Iyg and finally VPCC for the full 

circuit. 

 
𝐼𝑦𝑔 = 𝐼𝑦𝑔,𝑉 + 𝐼𝑦𝑔,𝐼 =

𝑉𝑟𝑒𝑓𝐺𝑐𝑙,𝑣

𝑍𝑉𝐶 +
1
𝑌𝑔

−
𝐼𝑔𝑌𝑔
1
𝑍𝑉𝐶
+ 𝑌𝑔

 
 

 𝑉𝑃𝐶𝐶 =
𝐺𝑐𝑙,𝑣

𝑍𝑉𝐶𝑌𝑔 + 1
𝑉𝑟𝑒𝑓 −

𝑍𝑉𝐶
𝑍𝑉𝐶𝑌𝑔 + 1

𝐼𝑔 
 

To determine the stability of the system consisting of the inverter and the grid, the denominator 

ZVC(s)Yg(s)+1 of the closed-loop transfer function and the impedance has to be analysed. The 

preferable way is to determine if the term G(jω)=ZVC(jω)Yg(jω) fulfils the Nyquist criterion, 

meaning that the locus of G(jω) must not encircle the critical point (-1,0j), as illustrated in Figure 

4.39. Furthermore, the distance to the critical point can be evaluated by the phase and gain margin, 

which are also the link to the more straightforward Bode plot [87]. 
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Figure 4.39: Nyquist plot 

A question that has not yet been discussed in the previous sections is how to account for the grid 

admittance Yg(s). The simplest setup to start with is the connection of two inverters via lines to a 

load, as depicted in Figure 4.40 and Figure 4.41. To get the admittance Yg(s) at the PCC of the left 

inverter it is necessary to take into account not only the inverter impedance of the second inverter, 

but also the lines and loads between the two. 

 

Figure 4.40: Power system consisting of two inverters, lines and a load 

 

Figure 4.41: Circuit diagram of the grid-connected inverter 

 𝑍𝑔 = 𝑍𝑙𝑖𝑛𝑒 +
𝑍𝑙𝑜𝑎𝑑𝑍𝑉𝐶,2 + 𝑍𝑙𝑜𝑎𝑑𝑍𝑙𝑖𝑛𝑒
𝑍𝑙𝑖𝑛𝑒 + 𝑍𝑙𝑜𝑎𝑑 + 𝑍𝑉𝐶,2

 
 

 𝑌𝑔 =
𝑍𝑙𝑖𝑛𝑒 + 𝑍𝑙𝑜𝑎𝑑 + 𝑍𝑉𝐶,2

𝑍𝑙𝑖𝑛𝑒
2 + 2 𝑍𝑙𝑖𝑛𝑒𝑍𝑙𝑜𝑎𝑑 + 𝑍𝑉𝐶,2𝑍𝑙𝑜𝑎𝑑 + 𝑍𝑉𝐶,2𝑍𝑙𝑖𝑛𝑒
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This simple example already shows a main issue of the impedance-based stability analysis and 

other grid stability assessment approaches: For a precise stability estimation, all grid components 

between the two inverters, such as lines, cables, loads, transformers etc. need to be known. 

To conclude the general description of the impedance-based stability criterion, the advantages and 

drawbacks of the method shall be elaborated in the following section. One major topic of evaluating 

the stability of a grid-tied inverter is the necessity to take into account the grid dynamics. In case 

of the impedance-based stability analysis this means that the admittance Yg(s) is needed to 

evaluate the stability. Thus, the rest of the grid has to be modelled in the same fashion as the 

inverter and the control itself. Due to the complexity and dimension of the distribution grid it is 

almost impossible to get the grid admittance using an analytical approach.  

The feasibility of the impedance-based stability criterion depends on its advantages and drawbacks 

compared to other analysis tools like the state-space analysis and the simulation within an EMT-

software. The first feature of the three analysis tools compared in Table 4.9 is the identification of 

dynamic modes. This feature is only available for the state-space analysis, as the eigenvalues of 

the system are given by the term det(sI-A)=0 and can be calculated precisely. However, if the 

impedance-based approach is used and the Bode plots for the inverter and grid impedance are 

plotted, it is possible to get at least approximate information about the dynamic modes. 

A further feature that should be discussed is the black box modelling. This means the ability to get 

information about the stability features of an inverter without knowing its control or hardware in 

detail. Obviously, this is not possible using an EMT simulation, as the inverter and its control have 

to be modelled in detail to get precise results. The same is valid for the state-space analysis, as it 

needs detailed information about the inverter control to be carried out. Using the impedance-based 

approach on the other hand, it is possible to get the impedance of a certain inverter just by 

measuring it, using the injection method. This feature is especially valuable for practical use. 

The last two features that should be discussed are the modularity and scalability of the approaches. 

A high level of modularity and scalability is given for the impedance-based approach and the EMT 

simulations, as inverters and other grid components can be easily added, aggregated and edited 

without the need to redo the overall stability analysis. 

Table 4.9: Comparison of analysis features [13] 

Features EMT State-Space Model Impedance-Based 

Analysis 

Identification of 

dynamic modes 

- + o 

Black-box modelling - - + 

Modularity High - High 

Scalability High Low High 

In conclusion, the impedance-based stability approach provides some very useful features for the 

stability analysis of grid-tied inverters. Especially, the high level of modularity and scalability 

makes it a very suitable approach for the analysis of grid-related instabilities. Furthermore, the 
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option of black box modelling demonstrates the practical usability of the approach. Moreover, the 

inverter impedance also provides physical representation of the inverter, aiding a sufficient control 

design [98]. 

4.3.2 Impedance modelling of grid-forming inverters to identify stability 

relations and limits 

Previously, the inverter and its control were described in a general and simplified way. By doing so, 

the effects additional controller parts may have on the inverter impedance were not yet elaborated. 

For this reason, the impact of the higher-level grid-forming control on the inverter impedance and 

thus the stability will be described in the following section.  

In the previous chapter, the importance of grid-forming controls for the future grid stability has 

been pointed out. As an increase of those grid-forming controls in the future can be expected, the 

interaction of grid-forming inverters with one another is of major interest. The stability of a system 

consisting of three inverters with three different grid-forming controls was investigated in WP3. As 

this stability analysis was performed using state-space and Simulink models, it is of interest how 

grid-forming controls can be modelled for the use in an impedance-based stability analysis [88]. 

 

Figure 4.42: Diagram of the grid-forming inverter control 

As the impedance of the voltage-controlled inverter was already derived in the previous section, 

the aim of the following section is to analyze the influence of the higher level grid-forming control. 

For simplicity, the analysis only takes into account the grid-forming control of the active power. 

The voltage amplitude, usually used for reactive power control, is set to the nominal value. The 

generalized scheme of the voltage control and the higher-level grid-forming control is depicted in 

Figure 4.42. It can be seen that the current used for power calculation is measured directly at the 

PCC. The measured active power and active power reference are then used within the grid-forming 

control to generate the voltage angle θ. The angle and the constant voltage amplitude V0 are then 

used to provide the reference voltage to the voltage controller in the stationary reference frame. 

Virtual synchronous generator 

The first grid-forming scheme that will be analyzed in more detail is the virtual synchronous 

generator (VSG). The basic control scheme is depicted in Figure 4.43. The aim of the VSG is to 
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control the inverter in a way that emulates the behavior of a synchronous generator. The figure 

shows that, firstly the torque of the virtual synchronous generator is calculated by dividing the 

power by the nominal frequency. The torque is then driving the inertia J, resulting in a virtual 

frequency of the VSG. Integrating this frequency leads to the voltage angle θ. The feedback 

involving the constant D emulates the damping of the synchronous generator [102]. 

 

Figure 4.43: Virtual synchronous generator 

The aim of the following analysis is to evaluate the effect of the grid-forming control on the 

voltage-controlled inverter impedance. The first step is to describe the active power measured at 

the PCC in the stationary reference frame. 

 𝑃 =
3

2
(𝑣𝑃𝐶𝐶,𝛼𝑖𝑃𝐶𝐶,𝛼 + 𝑣𝑃𝐶𝐶,𝛽𝑖𝑃𝐶𝐶,𝛽)  

The control scheme of the VSG can be described by: 

 𝜽 =
𝜔𝑁𝐷 +

𝑃𝑟𝑒𝑓
𝜔𝑁
−
𝑃
𝜔𝑁

𝐽𝑠2 + 𝐷𝑠
  

To get the small signal behavior of the control, small signal perturbations dV and dI are fed into 

the PCC. These perturbations are added to a certain operating point of the inverter resulting in the 

current and voltage at the PCC.  

 𝑽𝑷𝑪𝑪 = 𝑉0𝑒
𝑗𝜔𝑁𝑡 + 𝒅𝑽  

 𝑰𝑷𝑪𝑪 = 𝐼0𝑒
𝑗(𝜔𝑁𝑡−𝜑𝑖) + 𝒅𝑰  

These small signal perturbations are then used to find the term for the small signal active power. 

 𝒅𝑷 =
3

2
(𝑅𝑒{𝑉0𝑥𝒅𝑰̅̅ ̅} + 𝑅𝑒{𝒅𝑽𝑥𝑰�̅�})  

The next step is to derive the small signal voltage angle dθ by inserting dP into the equation of the 

VSG control and setting constant values in it to zero, as they don’t contribute to the small signal 

angle. 



REPORT 

Page 116 of 172 

 𝒅𝜽 =
−
𝒅𝑷
𝜔𝑁

𝐽𝑠2 +𝐷𝑠
= −

3(𝑅𝑒{𝑉0𝑥𝒅𝑰̅̅ ̅} + 𝑅𝑒{𝒅𝑽𝑥𝑰�̅�})

2(𝐽𝑠2 + 𝐷𝑠) 𝜔𝑁
  

Furthermore, dθ is added to the angle ωNt, to find the influence on the voltage reference. 

 𝑽𝒓𝒆𝒇 = 𝑉0(1 + 𝑗𝒅𝜽)𝑒
𝑗𝜔𝑁𝑡 

 

Neglecting the constant value V0 of the voltage reference leads to the small signal voltage 

reference. 

 𝒅𝑽𝒓𝒆𝒇 = 𝑉0𝑗𝒅𝜽𝑒
𝑗𝜔𝑁𝑡 

 

 𝒅𝑽𝒓𝒆𝒇 = −𝑉0𝑗
3(𝑅𝑒{𝑉0𝑥𝒅𝑰̅̅ ̅} + 𝑅𝑒{𝒅𝑽𝑥𝑰�̅�})

2(𝐽𝑠2 + 𝐷𝑠) 𝜔𝑁
𝑒𝑗𝜔𝑁𝑡 

 

The voltage at the PCC can be described by taking into account the closed-loop transfer function 

Gcl,v and the impedance ZVC of the voltage control.  

 𝑽𝑷𝑪𝑪 = 𝐺𝑐𝑙,𝑣𝑽𝒓𝒆𝒇 − 𝑍𝑉𝐶𝑰𝑷𝑪𝑪  

Replacing the voltage and the current at the PCC by their small signal perturbations leads to the 

small signal expression for the PCC voltage. 

 𝒅𝑽 = 𝐺𝑐𝑙,𝑣𝒅𝑽𝒓𝒆𝒇 − 𝑍𝑉𝐶𝒅𝑰  

The small signal voltage reference is then inserted into the equation and simplified by using 

{𝑋} =
𝑋+�̅�

2
 . The term GVSG includes the VSG dynamics. 

 𝒅𝑽 = −
3

4
𝐺𝑉𝑆𝐺𝐺𝑐𝑙,𝑣(𝑉0𝑥𝒅𝑰̅̅ ̅ + 𝑉0𝑥𝒅𝑰 + 𝒅𝑽𝑥𝑰�̅� + 𝒅𝑽̅̅ ̅̅ 𝑥𝑰𝟎) − 𝑍𝑉𝐶𝒅𝑰  

 𝒅𝑽(1 +
3

4
𝐺𝑉𝑆𝐺𝐺𝑐𝑙,𝑣𝑰�̅�) +

3

4
𝐺𝑉𝑆𝐺𝐺𝑐𝑙,𝑣𝒅𝑽̅̅ ̅̅ 𝑥𝑰𝟎 = −𝒅𝑰(

3

4
𝐺𝑉𝑆𝐺𝐺𝑐𝑙,𝑣𝑉0 − 𝑍𝑉𝐶) −

3

4
𝐺𝑉𝑆𝐺𝐺𝑐𝑙,𝑣𝑉0𝑥𝒅𝑰̅̅ ̅  

To get the positive sequence impedance of the inverter, only the components dV and dI are taken 

into account, leading to the final expression for the positive sequence impedance. 

 𝒅𝑽(1 +
3

4
𝐺𝑉𝑆𝐺𝐺𝑐𝑙,𝑣𝑰�̅�) = −𝒅𝑰(

3

4
𝐺𝑉𝑆𝐺𝐺𝑐𝑙,𝑣𝑉0 + 𝑍𝑉𝐶)  

 𝒁𝒑(𝑠) =
(
3
4
𝑉0𝐺𝑉𝑆𝐺(𝑠 − 𝑗𝜔𝑁)𝐺𝑐𝑙,𝑣(𝑠) + 𝑍𝑉𝐶)

(1 +
3
4
𝑰�̅�𝐺𝑉𝑆𝐺(𝑠 − 𝑗𝜔𝑁)𝐺𝑐𝑙,𝑣(𝑠))

 
 

 𝐺𝑉𝑆𝐺(𝑠 − 𝑗𝜔𝑁) =
𝑉0𝑗

(𝐽(𝑠 − 𝑗𝜔𝑁)
2 + 𝐷(𝑠 − 𝑗𝜔𝑁)) 𝜔𝑁

 
 

However, in [89] it was found that the current perturbation dI leads to a second component 

dV(2jωN-s), that is often called a mirror or image frequency. This is also valid for the phase-locked 

loop and the dc-voltage control of current-controlled inverters [101]. Thus, the derived impedance 

model represents a simplified approach, like the one in [102]. 

The Bode plot of the positive sequence impedance for frequencies from 0 Hz to 2000 Hz in 

comparison with the ZVC can be found in Figure 4.44. The blue line represents the voltage-
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controlled inverter impedance, showing the influence of the VSG-control. It can be seen that the 

VSG is adding a magnitude peak around the operating frequency of 50 Hz and a non-passive 

region from 44 Hz to 50 Hz, identified by a phase smaller than -90°. Small inaccuracies appear for 

frequencies slightly larger than 50 Hz, which might be caused by neglecting the mirror frequencies. 

 

Figure 4.44: Validation of the analytically derived positive sequence impedance of the 
VSG-controlled inverter; 𝒁𝐕𝐒𝐆 (black), 𝒁𝐕𝐂 (blue), Simulink model of VSG (red) 

Droop control 

Apart from the VSG, impedance modelling was also carried out for the droop-control and the 

matching control [89]. The analyzed droop control uses a low pass GLP to filter the active power 

deviation. Next, the filtered active power deviation is multiplied by the droop constant 𝑘droop 

resulting in a frequency deviation. This frequency deviation is then added to the nominal frequency 

ωN and integrated to get the voltage control angle θ. The results of the droop-control analysis can 

be seen in Figure 4.45 and the following equations. 

 𝒁𝑷 = −
(
3
4
𝐺𝑑𝑟𝑜𝑜𝑝(𝑠 − 𝑗𝜔𝑁)𝐺𝑐𝑙,𝑣(𝑠)𝑉0 − 𝑍𝑉𝐶)

(1 −
3
4
𝐺𝑑𝑟𝑜𝑜𝑝(𝑠 − 𝑗𝜔𝑁)𝐺𝑐𝑙,𝑣(𝑠)𝑰�̅�)

 
 

 𝐺𝑑𝑟𝑜𝑜𝑝(𝑠 − 𝑗𝜔𝑁) =
𝑘𝑑𝑟𝑜𝑜𝑝𝑉0𝑗𝐺𝐿𝑃(𝑠 − 𝑗𝜔𝑁)

𝑠 − 𝑗𝜔𝑁
  

 𝐺𝐿𝑃(𝑠 − 𝑗𝜔𝑁) =
𝜔𝐿𝑃

𝑠 − 𝑗𝜔𝑁 +𝜔𝐿𝑃
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Figure 4.45: Validation of the analytically derived positive sequence impedance of the 
droop-controlled inverter; 𝒁𝐝𝐫𝐨𝐨𝐩 (black), ZVC (blue), Simulink model of droop-controlled 

inverter (red) 

Matching control 

The matching control was elaborated in [91] and uses equivalent values of the inverter and 

synchronous generator to model a grid-forming control. It uses a direct voltage control with the 

gain 𝐾dc to control the capacitor voltage on the DC side. The direct voltage 𝑉dc is then transformed 

into a frequency using the constant 𝜂. The results for the matching control impedance are shown in 

Figure 4.46and the following equations. 

 𝒁𝒑(𝑠) =
(
3
4
𝑉0𝐺𝑚𝑎𝑡(𝑠 − 𝑗𝜔𝑁)𝐺𝑐𝑙,𝑣(𝑠) + 𝑍𝑉𝐶)

(1 +
3
4
𝑰�̅�𝐺𝑚𝑎𝑡(𝑠 − 𝑗𝜔𝑁)𝐺𝑐𝑙,𝑣(𝑠))

 
 

 𝐺𝑚𝑎𝑡(𝑠 − 𝑗𝜔𝑁) =
𝜂𝑉0𝑗

𝑉𝑑𝑐,𝑟𝑒𝑓((𝑠 − 𝑗𝜔𝑁)
2𝐶𝑑𝑐 + (𝑠 − 𝑗𝜔𝑁)𝐾𝑑𝑐)
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Figure 4.46: Validation of the analytically derived positive sequence impedance of the 
matching-controlled inverter; Zmat (black), ZVC (blue), Simulink model of matching-

controlled inverter (red) 

The analytically derived positive sequence impedances are validated using the single-tone current 

injection method as previously described. Comparing the impedances of the three grid-forming 

controls, it becomes clear, that they show very similar behavior in the frequency domain. 

Especially, the large peak around the operating frequency and the non-passive region from 

approximately 45 Hz to 50 Hz are noticeable. Besides these frequencies, the grid-forming inverters 

show the same dynamic behavior as the voltage-controlled inverter. In Figure 4.47 the impedances 

of the three grid-forming controls are compared for equivalent parameters. It is obvious that, using 

these equivalent parameters, the three controls inherit the same dynamic behavior. However, as 

the matching control uses a very large capacitor in the DC link, which is undesirable in most cases, 

the further analysis only takes into account the VSG and droop control. 
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Figure 4.47: Comparison of the droop, matching and VSG control for equivalent 
parameters 

4.3.3 Validation of impedance modelling for grid-forming controllers in an 

exemplary test case 

In the last section, the analytically derived impedances of the grid-forming controlled inverters are 

used in an exemplary test case. For this purpose, the two grid-forming controls are modelled in 

MATLAB/Simulink as illustrated in Figure 4.48. The parameters of the inverter and the voltage 

control are the same as in the previous section. The additional parameters are listed in Table 4.10. 

 

Figure 4.48: Test case modelled in MATLAB/Simulink 
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Table 4.10: Parameters of the test case 

Parameter Value Parameter Value 

J 0.07 kg·m2 kdroop -2·10-4 1/W 

D 10 ωLP 314.16 rad/s 

Rline 0.757 Ω Rload 5 Ω 

Lline 9 mH VN,ll 400 V 

Figure 4.49 shows the active power of the Simulink model starting in steady state. At three 

seconds a second line with the same impedance is connected in parallel to the already existing 

lines. The two inverters are now operating in much closer electrical proximity. As a result, the 

active power starts to oscillate with increasing amplitude, revealing an unstable operation of the 

inverter. This instability, caused by the decrease of the line impedance, can be predicted by using 

the impedance-based stability analysis. The Bode plots of the VSG-controlled inverter, the grid 

impedance with nominal line impedance and with decreased line impedance are shown in Figure 

4.50. The points where an unstable operation is predicted lie at 49 Hz and around 47.5 Hz. These 

points are critical in terms of phase and gain margin as previously explained. Due to the fact that 

the power oscillation has a frequency of approx. 2 Hz it is likely that the critical gain margin at 

47.5 Hz is the reason for the instability in Figure 4.49. 

 

Figure 4.49: Active power of the VSG-controlled inverter; decrease of line impedance at 3 
seconds 

To conclude this chapter about the analytical approach towards harmonic stability it can be said, 

that the impedance-based stability analysis is a useful tool to investigate the stability of grid-tied 

inverters in a wide frequency range. The impedance approach inherits some very useful features in 

comparison with other methods like the EMT-simulation or the eigenvalue analysis. Furthermore, 

the impedance of three grid-forming controls was modelled and it was shown, that these higher-

level controller parts tend to introduce the same non-passive behavior close to the operating 

frequency of the inverter, which may lead to instabilities, especially when inverters are operating in 

close electrical proximity [89]. 
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Figure 4.50: Bode plots of the VSG-controlled inverter impedance (black), the grid 
impedance for nominal line impedance (blue) and for decreased line impedance (red) 
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5 Key findings of WP1 
In the following sections, selected key findings of the MIGRATE WP1 will be summarized in order to 

give a condensed overview. Additionally, literature for further reading is given for each key finding 

in case the reader would like to have a more detailed insight. 

5.1 Power system stability issues under high PE penetration levels already 

observed or foreseen by TSOs 

The basis of the research work performed in WP1 is the result of the “MIGRATE Questionnaire on 

Power System Stability Issues Observed by the European TSOs” which was sent out for feedback to 

all ENTSO-E TSOs. All identified power system stability issues were subsequently ranked by the 

MIGRATE TSOs according to three criteria: severity of issue, probability of issue, and timeframe of 

issue. This ranking, cf. Table 5.1, gives a comprehensive overview of power system challenges 

already observed or anticipated by European TSOs to arise in the short, medium, or long term. 

Figure 5.1 demonstrates how the identified issues can be classified into the conventional categories 

of power system stability (rotor angle stability, frequency stability, and voltage stability) and one 

new category of power system stability, sometimes referred to as “harmonic stability”. Within the 

MIGRATE WP1 framework, the six most critical power system stability issues (according to the 

aforementioned ranking) were scientifically addressed – with the exception of issue #2 (resonances 

due to cables and PE) which was passed over to WP5 for the sake of competence. The ranked list 

of stability issues may be used by others for steering their own research work. Please also see for 

further reading on this questionnaire: 

 V. N. Sewdien et al., “Effects of Increasing Power Electronics on System Stability: Results 

from MIGRATE Questionnaire,” in 2018 IEEE PES International Conference on Green 

Energy for Sustainable Development, 2018, pp. 1–9. 
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Table 5.1: Ranking of arising power system issues observed by the European TSOs 

Rank Issue Severity Probability Timeframe 

Ranking 

value 

1 Decrease of inertia 2,94 2,63 2,25 17,35 

2 Resonances due to 

cables and PE 

2,13 2,25 2,13 10,16 

3 Reduction of transient 

stability margins 

2,14 2,14 2,14 9,84 

4 Missing or wrong 

participation of PE-

connected generators or 

loads in frequency 

containment 

2,38 1,88 2,00 8,91 

5 PE controller interaction 

with each other and 

passive AC components 

2,57 1,71 1,86 8,19 

6 Loss of devices in the 

context of fault-ride-

through capability 

1,88 2,00 2,00 7,50 

7 Lack of reactive power 1,75 2,00 2,00 7,00 

8 Introduction of new 

power oscillations 

and/or reduced damping 

of existing power 

oscillations 

1,63 2,13 2,00 6,91 

9 Excess of reactive power 1,63 1,88 2,00 6,09 

10 Voltage dip-induced 

frequency dip 

1,63 1,50 1,75 4,27 

11 Altered static and 

dynamic voltage 

dependence of loads 

1,88 1,50 1,38 3,87 
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Figure 5.1: Power system stability issues identified by the ENTSO-E TSOs and their 
corresponding categories of power system stability. The six most critical issues 

(according to the ranking performed by the MIGRATE TSOs) are graphically highlighted. 

5.2 Set of KPIs to judge power system stability under high penetration of PE 

For the further analysis of the aforementioned power system stability issues, a set of key 

performance indicators (KPI) was developed to judge power system stability when increasing the 

penetration of PE. These KPIs shall give distinct values that help power system analysts to 

determine the distance to instability in respect to frequency performance, large-disturbance rotor 

angle stability, small-disturbance voltage stability, and sub-synchronous controller interaction. 

5.2.1 KPI for assessment of frequency performance 

Concerning frequency performance in the containment period, rate of change of frequency 

(ROCOF) and frequency nadir turned out to stay distinct KPIs, even under high levels of PE 

penetration. However, care must be taken when calculating the ROCOF of a system: Seen from an 

analytical point of view, the ROCOF is the derivation of the frequency. In RMS/EMT software that 

uses a numerical approach for the power system simulation as well as when fast ROCOF estimation 

is necessary, ROCOF is linearly approximated as the difference of frequency between two (or more) 

time steps. This time window chosen for the frequency determination and ROCOF calculation 

mainly impacts the validity of this KPI: A too short time window may include too much frequency 

transients and may deliver a too high ROCOF. Contrary, a too long time window may result in a too 

low ROCOF and introduces undesirable control delay (in case that ROCOF is used as control input). 

The problem of numerical ROCOF calculation is also addressed in [103] with the proposal to 

differentiate between different ROCOF regions. Also, following the concept of regional inertia 

introduced by WP2, an examination of the relationship between ROCOF/nadir and kinetic 

energy/equivalent inertia of a synchronous area showed that a power system may have several 

ROCOFs and nadirs that may significantly differ when increasing the penetration of PE. This 

examination also showed that different values of ROCOF/nadir can occur when having the same 
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amount of Kinetic Energy/Equivalent inertia and under different loading conditions. To overcome 

this issue, consideration of variation of aggregated active power generation per area was proposed 

to identify the right value of RoCoF /nadir for a given operation condition. 

Scientific publications for further reading: 

 E. Rakhshani, D. Gusain, V. Sewdien, J.L. Rueda Torres, and M. A. M. M. Van Der Meijden, 

"A Key Performance Indicator to Assess the Frequency Stability of Wind Generation 

Dominated Power System," in IEEE Access, vol. 7, pp. 130957-130969, 2019. DOI: 

10.1109/ACCESS.2019.2940648. 

 J. Mola-Jimenez, J. L. Rueda Torres, A. Perilla, D. Wang, P. Palensky and M.A.M.M. van 

der Meijden, "PowerFactory-Python based assessment of frequency and transient stability 

in power systems dominated by power electronic interfaced generation," 2018 Workshop 

on Modeling and Simulation of Cyber-Physical Energy Systems (MSCPES), Porto, July 

2018, pp. 1-6. DOI: 10.1109/MSCPES.2018.8405403. 

5.2.2 KPI for large-disturbance rotor angle stability 

For the assessment of large-disturbance rotor angle stability, an self-tuning decision tree based KPI 

is proposed to estimate the rotor angle margin, i.e. the maximum angle separation between any 

two synchronous generators in the power system under study compared to its maximum 

acceptable value of e.g. 180° [104][105]: 

margin = Δ𝜗max −maxΔ𝜗. 

However, since a TSO may not have observability of all rotor angles in his power system, artificial 

intelligence in form of decision trees is applied for estimating the rotor angle margin from PMU 

measurements. The proposed methodology not only tackles the problem of adequately training the 

forest of decision trees but also the problem of selecting the smallest set of representative and 

measurable key system variables by use of a mean variance mapping optimization. This way, 

having an adequately trained decision tree, it is possible to directly map the states of the key 

system variables (such as bus voltage magnitude/angle, line active/reactive power etc.) to the 

rotor angle margin in a specific power system. Figure 5.2 shows the flow chart for this process. 
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Figure 5.2: Proposed integrated approach for key system variable selection and decision 

tree training 

Scientific publications for further reading: 

 D. Wang, E. Rakhshani, J.L. Rueda Torres, M.A.M.M. van der Meijden, “MVMO-based 

Identification of Key Input Variables and Design of Decision Trees for Transient Stability 

Assessment in Power Systems with High Penetration Levels of Wind Power,” Submitted to 

in Frontiers in Energy Research, section Smart Grids. December 2019. 

5.2.3 KPI for small-disturbance voltage stability 

With increasing levels of PE penetration in a power system, the short-circuit capacity available in 

parts of the system may significantly decrease while at the same time, conventionally controllable 

reactive-power sources (such as synchronous generators) get displaced. It is therefore important 

for power system analysts to have a distinct KPI for small-disturbance voltage stability that helps 

judging distance to instability as well as designing novel voltage control methods for PE converters. 

To address this issue, the normalized voltage instability sensitivity index (N-VISI) is introduced. 

The flowchart in Figure 5.3 illustrates the required steps to populate the data for the calculation of 

the N-VISI. As a first step the V/V0 analysis and SCC calculations are carried out. The V/V0 index 

gives the weakest bus (or set of weakest buses) in the power system. For this identified bus, a set 

of power flows is solved while increasing the load uniformly across the system until divergence of 

the power flow solution occurs. For every power flow solution, the changes in voltage and load are 

recorded for manual data processing. These steps are repeated for a defined set of weak buses and 

are automated using python. 
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Figure 5.3: Data generation for the calculation of the N-VISI 

Figure 5.4 illustrates the steps for the manual data processing. The N-VISI itself is the result of the 

manual data processing steps. Once the loads and corresponding voltages are recorded for the set 

of weak buses, curve fitting is applied to obtain a mathematical function of the P-V relationship. As 

shown in the previous section, this relationship is non-linear. Therefore, polynomial regression has 

been used for curve fitting. The first derivative of the polynomial is then calculated and represents 

the ‘speed’ towards the nose point (instability point). For each of the load levels defined in the 

previous step, the derivative (i.e. the sensitivity) is calculated. As these sensitivities have a wide 

range for different cases, they are normalized for comparison purposes. Therefore the index N-VISI 

can have a value between 0 and 1: the higher the index, the faster the nose point is reached, ergo 

the less stable the system becomes. 

 

Figure 5.4: Manual data processing – steps for N-VISI calculations 
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Scientific publications for further reading: 

 V. N. Sewdien, R. Preece, J. L. Rueda Torres, and M. A. M. M. van der Meijden, 

“Evaluation of PV and QV based Voltage Stability Analyses in Converter Dominated Power 

Systems,” in 2018 IEEE PES Asia Pacific Power and Energy Engineering Conference and 

Exhibition, 2018, pp. 1–5. 

 V. N. Sewdien, R. Preece, and J. L. Rueda Torres, “Normalised Voltage Instability 

Sensitivity Index: A New Concept for Monitoring Voltage Stability in the Control Centre,” 

in Proceedings of the 2019 CIGRE Canada Conference, 2019. 

5.2.4 KPI for sub-synchronous controller interaction 

Various interaction phenomena between power electronically interfaced devices (PEIDs) exist, such 

as sub-synchronous torsional interaction (SSTI), sub-synchronous controller interaction (SSCI), 

and clustered controller interaction (CCI). Within WP1, SSCI was in the focus of the conducted 

studies: A series compensated overhead line can produce resonances in the sub-synchronous 

frequency range. When this overhead line is electrically close to a PEID (mainly WT T3) these 

oscillations can grow if the damping of the system is not high enough. This can occur when the 

PEID exhibits a negative resistance behaviour in which the negative resistance is larger than the 

positive resistance of the network. This interaction between the PEID and the series compensated 

line is defined as Sub-Synchronous Controller Interaction (SSCI). As no mechanical devices are 

involved in the resonance, this phenomenon is a purely electrical oscillation. Due to this nature 

oscillations can grow substantially in a short time (less than 1 second, see [106]). 

Because of this very short time needed for SSCI based oscillations to grow, the prediction of SSCI 

is equivalent to the prediction of instability. It could be shown that SSCI can be predicted and 

monitored in terms of 3 independent parameters (i.e. the grid resonance frequency, the wind 

speed, and the active power setpoint). Only specific combinations of these parameters could lead 

to SSCI. Even though the grid resonance frequency might have a value that could cause SSCI, if 

the net damping is large enough SSCI will not occur. In the same way, if the wind farm has a 

negative resistance across a certain sub-synchronous frequency band (for a specific combination of 

wind speed and active power set point), SSCI cannot occur if there is no grid resonance at sub-

synchronous frequencies. 

The proposed procedure for monitoring distance to SSCI contains three processes and is depicted 

in Figure 5.5. 
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Figure 5.5: Procedure to monitor distance to SSCI 

Process 1 (grid side analysis) facilitates the frequency scan of the grid. The main goal here is to 

identify the system damping at the resonance frequencies of the grid, as seen from the point of 

common coupling. In this process it is important to include all relevant grid topologies (including 

post contingency grid topologies) that could lead to sub synchronous resonances. 

The main goal of process 2 (wind farm side analysis) is to investigate whether or not the wind farm 

exhibit negative damping behavior at the grid resonance frequency. And if so, how big this 

damping is. In case the damping from the wind turbines is negative and larger in amplitude than 

the grid damping, oscillations originating the grid will get amplified by the wind turbine controls. 

The first two processes created look-up tables containing conditions where SSCI might occur. In 

the last process (process 3, SSCI monitoring) the aim is to monitor the system in real-time using 

these tables. First, the EMS/SCADA system is used to determine whether the actual grid topology 

matches one of the N cases of the took up table created in process 1. Matching topology implies 

the existence of a resonance in the sub synchronous frequency range. The next step is to monitor 

the active power output level of the wind turbines. In case there is a match with the look up table 

created in process 2, the operator should monitor the wind speed and take the necessary 

mitigation measures when the wind speed approaches the negative resistance region for that 

specific active power output level. 

Scientific publications for further reading: 

 V. N. Sewdien, T. Dragicevic, F. Blaabjerg, J. L. Rueda, and U. D. Annakkage, “Artificial 

Intelligence Aided Control Strategy for SSCI Mitigation in Operational Timeframes (to be 

submitted),” IEEE Trans. Power Syst. 
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5.3 Models for mixed loads 

Not only conventional generators get gradually replaced by PEIDs, there is a tendency to replace 

e.g. conventional motors by linear drives. Hence, also at load side, more and more power 

electronic converters will constitute the grid interface. This makes it necessary replace the 

conventional load models currently used in power system analysis at nodes where power 

electronically interfaced load (PEIL) is expected. MIGRATE WP1 developed a load model for a PEIL 

including upper-level controls. It could be shown that the dynamic behavior of PEIL significantly 

differs from the dynamic behavior of conventional loads: 

 The power electronics converter on PEIL is able to mitigate for all practically feasible 

deviations in grid-side frequency and isolate the load from these disturbances. It is 

therefore not necessary/feasible to model the frequency dependence of PEIL during 

stability studies. In turn, it is anticipated that the self-regulating effect of the active-

power component will diminish when more and more PEIL will be introduced into the 

system. This may have impact on frequency stability and control. 

 With respect to voltage deviations, PEIL do not always behave as constant-power loads. 

Instead, the dynamic behavior of the PEIL is a function of headroom in the converter 

current rating: Under high converter loading conditions and with large voltage deviations, 

a proportion of the voltage disturbance is transferred to the load side of the converter, 

affecting the load dynamics and altering the power consumed by the load. This occurs 

during the conditions which typically lead to greater transient stability concerns (high 

load and large disturbance) and should be modelled appropriately. 

A new analytical PEIL model has been developed consisting of a function and a first-order delay 

which can be used to replace the converter PEIL model for stability studies, simplifying the 

modelling procedure and reducing the computational burden in large systems. This model is shown 

to provide more accurate results than assuming a constant power representation of the PEIL in 

large system transient stability studies. Furthermore, A brief study has shown that modelling 

embedded PE-interfaced generation as a load reduction (and not modelling the generation 

explicitly) can result in an over estimation of the transient stability of the system. This should be 

considered further when making online estimations of load levels and load model parameters (see 

MIGRATE WP2). 

5.4 Tools for monitoring and forecasting PE penetration 

A key issue for TSOs is monitoring and forecasting PE penetration in their power system in order to 

have observability of power system stability and to timely implement mitigation measures for 

possible issues caused by a changing level of PE penetration. 

For the purposes of monitoring PE penetration, it turned out that indirect measurements in power 

systems (such as static (load flow) attributes as they are anticipated to be readily available in the 

dispatch centers) show only some correlation with PE penetration. It turned out to be most 

valuable to directly monitor PE generation and/or synchronous generation (which has an inverse 

relationship with PE penetration). Some additional information is provided by voltage magnitudes 

and angles; however this is largely removed by the use of voltage regulation controllers. 
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Surprisingly, dynamic indicators largely show low correlation with PE penetration, too. Indicators 

related to voltage stability, small disturbance rotor angle stability and large disturbance rotor angle 

stability did not show significant indications for any given value of PE penetration. These indicators 

are more significantly affected by other system variation (such as loading levels and active 

controllers in the system) than simply by PE penetration. Frequency stability related indicators 

(such as ROCOF) may provide useful information but this cannot be assessed by simulation as the 

results are significantly affected by simulation options (most significantly whether to derate, or 

deload synchronous generators in the presence of increasing PE generation). However, further 

research work in the field of monitoring PE penetration is encouraged. 

Concerning forecasting PE penetration, a comprehensive analysis of statistical forecasting methods 

of wind power output at a plant level has been completed using artificial neural networks (ANNs) 

that were successfully trained using historical wind data. This way, it was possible to forecast PE 

penetration with sufficient accuracy for a time horizon of up to 3 hours ahead, see Figure 5.6.  

 

Figure 5.6: 3-h ensemble forecast including 95-% confidence bounds and actual time 
series data points 

Analysis of the translation of plant-level forecasts of PE-based power output to system level 

forecasts of PE-penetration has revealed that high levels of PE generation capacity may result in 

errors being ‘constrained out’ of the system (i.e. high-side forecast errors in plant output do not 

get dispatched due to system constraints and the resulting curtailment of the resource). This 

results in a saturation in average forecast errors with increasing PE penetration and a distortion of 

the error distribution. PE penetration forecast error distributions become very long-tailed (implying 

very wide confidence bounds and extreme spot-errors) and negatively skewed (implying the PE 

forecast is biased towards underestimating PE penetration). 

Scientific publications for further reading: 

 V. N. Sewdien, R. Preece, J. L. Rueda Torres, and M. A. M. M. van der Meijden, 

“Parametric Evaluation of Different ANN Architectures: Forecasting Wind Power Across 

Different Time Horizons,” in 2018 IEEE PES Transmission & Distribution Conference and 

Exhibition - Latin America (T&D-LA), 2018, pp. 1–5. 

 V. N. Sewdien, R. Preece, J. L. Rueda, E. Rakhshani, and M. A. M. M. van der Meijden, 

“Assessment of Critical Parameters for Artificial Neural Networks based Short-Term Wind 

Generation Forecasting (under review),” Renew. Energy. 
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5.5 Mitigation measures for power system stability issues caused by high 

levels of PE penetration 

A key finding of MIGRATE WP1 concerning the mitigation of power system stability issues caused 

by high levels of PE penetration is that PE penetration in a realistic test case could be increased up 

to approx. 65 % by just fine tuning the parameter sets of existing grid following PE controls or by 

applying small modifications to the existing outer control loops of PE units. Although this PE 

penetration has been realized in a specific test case, it is believed that this number of approx. 

65 % also applies to the continental European transmission systems. 

It could also be shown that this PE penetration can be even further increased to theoretically 

100 % when a new converter control methodology called grid forming control is applied. It is worth 

mentioning that grid forming control not necessarily needs to be applied to all PEID in a system: 

Power system stability at PE penetration levels higher than approx. 65 % can be ensured by just 

some PEIDs performing grid forming control that are geographically wisely located. Hence, there is 

no point in the transition path from today towards 100 % PE penetration at which the control 

method of all PEID would need to be converted. Also, the grid forming control methodology 

proposed is compatible to the control methodology for the control of 100 % PE grid proposed by 

WP3.  

As already mentioned above, grid forming control has a significantly positive impact on power 

system stability under high PE penetration, in particular concerning both short-term voltage and 

frequency stability. Rather than the conventional way of converter control (called grid following or 

current vector control) that drives a current into the power system to deliver electrical power, grid 

forming control makes the converter appear to the power system as a voltage source that adjusts 

its magnitude and angle in response to the electrical power that needs to be injected into the 

power system. This way, a more stable operation – in particular at very low short-circuit levels – is 

possible in terms of short-term voltage stability. 

In addition, grid forming control also contributes to frequency stability since it is capable of 

providing inherent inertial active-power response to sudden frequency changes. Since grid forming 

control behaves like a voltage source (with its voltage magnitude and angle corresponding to the 

reactive and active power resp. injected into the power system), a drop in power system frequency 

will automatically cause the angle difference between grid forming converter and power system to 

increase. Since the angle difference between grid forming converter and power system directly 

corresponds to the active-power amount injected into the grid, this fundamental relationship gives 

a form of inertial active-power response (assuming that the converter offers some form of storage 

from which the additional active power can be drawn) without the need of having control loops 

reacting to the frequency change. 

It is suggested that some form of grid forming control (not necessarily the specific grid forming 

control methodology demonstrated in MIGRATE WP1) is considered in the specifications of 

upcoming PEID projects in order to meet future challenges caused by increasing levels of PE 

penetration. 

Scientific publications for further reading: 
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 S. Papadakis, A. Perilla, J.L. Rueda Torres, Z. Ahmad, and M.A.M.M van der Meijden, 

"Real-time EMT Simulation Based Comparative Performance Analysis of Control Strategies 

for Wind Turbine Type 4 to Support Transient Stability," Submitted to 2020 IEEE PES GM, 

Montreal, Canada, Nov. 2019. 

 E. Rakhshani, J.L. Rueda Torres, M. A. M. M. van der Meijden, and P. Palensky, 

"Determination of Maximum Wind Power Penetration Considering Wind Turbine Fast 

Frequency Response," 2019 IEEE PowerTech, pp. 1-6, Milano, Italy, June 2019.  

 D. Wang, J.L. Rueda Torres, M. A. M. M. van der Meijden, P. Palensky, and A. Perilla, 

"Enhancement of Transient Stability in Power Systems with High Penetration Level of 

Wind Power Plants," 2019 IEEE PowerTech, pp. 1-6, Milano, Italy, June 2019.  

 A. Perilla, J.L. Rueda Torres, M.A.M.M van der Meijden, E. Rakhshani, Peter Palensky, and 

A. Alefragkis, "MVMO-based tuning of Active Power Gradient Control of VSC-HVDC links 

for Frequency Support," 2nd International Conference on Smart Grid and Renewable 

Energy, Doha, Qatar, Nov. 2019. 

 E. Rakhshani, N. Veerakumar, Z. Ahmad, J.L. Rueda Torres, M.A.M.M van der Meijden, 

and A. D. Peter Palensky, "Implementation and Performance Assessment of a Fast Active 

Power Injection Method for Type 4 Wind Turbine for EMT and RMS Simulations," 2nd 

International Conference on Smart Grid and Renewable Energy, Doha, Qatar, Nov. 2019. 

 N. Farrokhseresht, A.A. van der Meer, J.L. Rueda Torres, M.A.M.M van der Meijden, and A. 

D. Peter Palensky, "Increasing the Share of Wind Power by Sensitivity Analysis based 

Transient Stability Assessment," 2nd International Conference on Smart Grid and 

Renewable Energy, Doha, Qatar, Nov. 2019. 

 E. Rakhshani, A. Perilla, J.L. Rueda Torres, F. Gonzalez-Longatt, T. Batista Soeiro, and M. 

van der Meijden, “FAPI Controller for Frequency Stability Mitigation in Low-Inertia Power 

Systems”. IEEE Access , under review. 

 E. Rakhshani, N. Veerakumar, Z. Ahmad, J.L. Rueda Torres, M.A.M.M van der Meijden,” 

Analysis and Tuning Methodology of FAPI Controllers for Maximizing the Share of Wind 

Generations in Low-Inertia System”. IET Renewable Power Generation, under review. 

 V. N. Sewdien, X. Wang, J. L. Rueda, and M. A. M. M. van der Meijden, “Critical Review of 

SSO Mitigation Solutions in Modern Transmission Grids (submitted),” IEEE Trans. Power 

Syst. 

 V. N. Sewdien, T. Dragicevic, F. Blaabjerg, J. L. Rueda, and U. D. Annakkage, “Artificial 

Intelligence Aided Control Strategy for SSCI Mitigation in Operational Timeframes (to be 

submitted),” IEEE Trans. Power Syst. 

 M. Ndreko, S. Rüberg and W. Winter, „Grid Forming Control for Stable Power Systems 

with up to 100 % Inverter Based Generation: A Paradigm Scenario Using the IEEE 118-

Bus System”, 17th International Workshop on Large-Scale Integration of Wind Power into 

Power Systems as well as on Transmission Networks for Offshore Wind Power Plants, 

Stockholm, 2018. 

 M. Ndreko, S. Rüberg and W. Winter, „Grid Forming Control for Power Systems with up to 

100% Power Electronic Interfaced Generation: A case study on Great Britain System”, 

IET Renewable Power Generation, under review. 
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6 Conclusions 
The European Regulation on connection network codes establish technical requirements to 

generators and HVDC systems which are very necessary in order to progressively achieve higher 

rates of integration of PE interfaced renewable energy. However, as PE interfaced generation 

increases, the Regulations need some further amendments and new technical requirements to be 

included in order to ensure that the system operational security is not jeopardised. 

Also, as a consequence of the changing power system, the long term horizon system stability is 

becoming more and more complex, TSOs are facing more challenging operational scenarios, the 

expected behaviour of the power system may not be so deterministic as it used to be, and 

therefore in this context, sharing experiences and sometimes looking at the individual national 

solution approach for a same issue has a great value.  

WP1 and in general the whole MIGRATE project has been dealing with all those challenges that 

power systems are expected to face in a future. In particular WP1 task 1.1 presented the identified 

power system issues, and within task 1.7 and 1.8, some solutions have been proposed to solve the 

long term expected systemic issues: 

 Regarding frequency stability, due to the progressive displacement of conventional 

thermal synchronous units by PE-interfaced generators, a progressive decrease of inertia 

is expected, and some measurements have to be taken in order to minimize frequency 

excursions, increase the instantaneous frequency response as well as the absence of 

conventional primary frequency control. This is the first issue prioritized by TSOs, 

according to the results of task 1.1 which were published in D1.1. In this sense, a generic 

implementation of a Fast Active Power Injection (FAPI) control function is proposed in this 

document as a possibility of feature of PE interfaced generation to be considered for 

future connections network codes, as well as a methodology for compliance testing of the 

FAPI function and an effectiveness of different control principles and tuning of parameters 

based on simulation in the Great Britain power system.  

 Furthermore, in the reduced inertia expected long term scenarios, the behaviour of the 

remaining conventional synchronous generators in case of frequency excursions is very 

important to maintain system security, and in this sense, it is already included within NC 

RfG the requirement of the maximum admissible active power reduction with falling 

frequency. However, this requirement has encountered some barriers in its 

implementation and a clarification has been included within this document. 

 In terms of rotor angle and voltage stability, another top priority issue for TSOs was the 

reduction of transient stability margins, which is an issue interlinked by many factors, but 

in general mainly related with the robustness and behaviour during faults as well as with 

the oscillatory behaviour of the generation. In this sense, a clarification and a comparison 

of different national approaches to the fast fault current injection requirements is done. 

This requirement is a key requirement in order to ensure voltage stability as well as 

maintaining the critical clearing times in admissible ranges so as in the absence of this 

kind of features implemented within the PE generation, a deeper voltage dip is seen by 

the network and a lack of reactive power is encountered during voltage recovery after the 

fault.  



REPORT 

Page 136 of 172 

 Moreover, a Supplementary Damping Control (SDC) function is proposed in order to 

enhance rotor angle stability in power systems with high penetration of particularly EP 

interfaced wind power, particularly fully decoupled technology (Type 4). 

 In terms of general system stability, since last years, a different control loop strategy for 

the VSC converters is progressively becoming a more promising technology in order to 

face several challenges from the point of view of power systems operators. This is the 

grid-forming control for PE electronic devices, which basically makes the PE converters 

not to behave as a current source but as a voltage source, which enhances in general the 

power system stability by reducing significantly the reaction of PE devices to changes in 

the network frequency and voltage. Once the technical challenges are solved for this 

technology, grid forming is a promising technology to be implemented but often the 

question is which ratio is the most convenient between grid following and grid forming PE 

controllers in order to allow the massive renewable generation integration without 

harnessing system security. This question is not simple, and a study for the Irish power 

system is presented in order to analyse from the short-term voltage stability the effect of 

having grid forming capabilities implemented within the PE converters. A strong impact is 

demonstrated as results show that including grid forming capabilities allows significantly 

increasing the non-synchronous generation penetration share, but also they show that 

some issues are found and for a number of faults there are still problems to achieve 

power system recovery. In this context, no clear results were obtained and new research 

has been found to be needed.  

 Regarding the issues that in task 1.1 were defined as “not classifiable within the classic 

stability categorization”, some phenomena such as resonances due to cables and PE and 

PE controller interaction with each other and passive AC components were included within 

the TSOs priority ranking. The interaction among PE devices or with other network 

components is at the time being a hot point as the interaction studies methodologies are 

complex, require a very detailed level of network model as well as a very detailed and 

specific PE components modelling, which in practice usually faces up with confidentiality 

problems. Interaction studies to be performed are introduced in NC HVDC, and there are 

a lot of doubts in terms of how to handle them. For this reason, a section has been 

included within this document dealing with the experiences and state of the art of these 

interaction studies. Different national approaches as well as analytical methodologies and 

recommendations for interaction studies development are presented aiming to clarify the 

scope and the task of these studies. 

 In the scope of the abovementioned grid forming capabilities implementation within the 

PE devices, an analytical approach is presented to assess the stability of grid forming 

controllers in close electrical proximity. 

As a conclusion, in this document, a set of recommendations are given to the TSOs to amend the 

connection network code implementation and to clarify the technical requirements. Same level of 

importance have the compliance testing and simulation procedure that shall be followed to 

demonstrate that the future generation is indeed compliant with the European Regulation. 

Therefore, some recommendations and information about different approaches have been gathered 

and presented within this document, as well as for this reason, any recommendation of control 

functions is also accompanied by some assessment of the methodology for the compliance testing. 
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These recommendations aim to be a useful step forward for the energy transition ensuring system 

security and a correct power system behaviour in all operation conditions. However, what has also 

been found is that many systemic issues have to be further studied and technical requirements and 

features have to be still further developed. 
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7 Annex A: Details on the Irish test system 
This annex contains detailed information on the Irish test system used for the studies presented in 

section 4.2. 

7.1 Grid Structure of the Irish test system 

The detailed grid structure of the Irish test system is depicted in Figure A.1. 

 

Figure 7.1: Detailed grid structure of the Irish test system, adapted from [76] 
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7.2 Fault list of the Irish test system 

The entirety of faults considered in the study is presented in Table 7.1. 

Table 7.1: List of faults, including voltage level and affected bus bar, as considered in the 
Irish test system 

Fault name Affected substation Affected bus bar 

Aghada Aghada 220 kV A1 

Arklow Arklow 220 kV B1 

Athea 110 kV Athea 110 kV A1 

Ballynahulla Ballynahulla 220 kV A1 

Carrickmines Carrickmines 220 kV GIS B2 

Cashla Cashla 220 kV A1 

Clashavoon Clashavoon 220 kV A1 

Clonee Clonee 220 kV A1 

Corduff Corduff 220 kV A3 

Cullenagh Cullenagh 220 kV A1 

Dunstown 400 kV Dunstown 400 kV B1 

Dunstown Dunstown 220 kV A1 

Finglas Finglas 220 kV A1 

Flagford Flagford 220 kV A1 

Glanagow Glanagow 220 kV B1 

Gorman Gorman 220 kV B1 

Gortawee 110 kV Gortawee 110 kV A1 

Great Island Great Island 220 kV A1 

Inchicore Inchicore 220 kV B1 

Irishtown Irishtown 220 kV A1 

Killonan 110 kV Killonan 110 kV B1 

Kilpadogge Kilpadogge 220 kV B1 

Knockraha Knockraha 220 kV A2 

Knockranny 110 kV Knockranny 110 kV A1 

Lodgewood Lodgewood 220 kV A1 

Louth Louth 220 kV A1 

Maynooth Maynooth 220 kV A2 

Moneypoint 400 kV Moneypoint 400 kV A2 

Moneypoint Moneypoint 220 kV B1 

Moy 110 kV Moy 110 kV A1 
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Mullingar 110 kV Mullingar 110 kV A1 

North Wall North Wall 220 kV A1 

Oldstreet 400 kV Oldstreet 400 kV A2 

Oldstreet Oldstreet 220 kV A2 

Poolbeg Poolbeg 220 kV B3 

Portan 400 kV Portan 400 kV A1 

Prospect Prospect 220 kV A1 

Raffeen Raffeen 220 kV A1 

Shannonbridge Shannonbridge 220 kV A1 

Tarbert Tarbert 220 kV A1 

Trien 110 kV Trien 110 kV A1 

Woodland 400 kV Woodland 400 kV B1 

Woodland Woodland 220 kV A1 

7.3 Grid Development for 2040 slow-change scenario 

During implementation of the 2040 slow-change scenario, starting from the 2017 scenario, the 

listed transformers in Table 7.2 needed to be enhanced by the factor given on the right in order to 

prevent overloading. For example, a factor of two means a second identical element in parallel 

needed to be added. Following this form of presentation, Table 7.3 on the next page contains the 

necessary overhead line and cable enhancements. 
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Table 7.2: Enhanced transformers during transition from the 2017 scenario to the 2040 
slow-change scenario 

Transformer Apparent power Enhancement factor 

Ballyvouskill T2101 250 MVA 2 

Ballyvouskill T2102 250 MVA 2 

Bandon T42 30 MVA 2 

Barrymore T141 31.5 MVA 2 

Blake T142 31.5 MVA 2 

Cauteen T141 63 MVA 2 

Cloghboola T122 63 MVA 2 

Cloon T142 30 MVA 2 

Coomataggart T141 63 MVA 2 

Cordal T141 63 MVA 2 

Dalton T142 31.5 MVA 2 

Glasmore T142 63 MVA 2 

Grange Castle T141 63 MVA 2 

Knockanure T2101 250 MVA 2 

Knockanure T2102 250 MVA 2 

Limerick T142 63 MVA 2 

Longpoint T2002 500 MVA 2 

Ikerrin T141 31.5 MVA 2 

Macetown T102 20 MVA 2 

McDermott T141 63 MVA 2 

McDermott T142 63 MVA 2 

Portlaoise T141 31.5 MVA 2 

Portlaoise T142 31.5 MVA 2 

Reamore T142 63 MVA 2 

Richmond T142 31.5 MVA 2 

Trabeg T141 31.5 MVA 2 

Trabeg T142 31.5 MVA 2 

Trien T143 63 MVA 2 

Wolfe Tone T101 20 MVA 2 

Wolfe Tone T102 20 MVA 2 
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Table 7.3: Enhanced overhead lines and cables during transition from the 2017 scenario 
to the 2040 slow change scenario 

Connection Voltage level Enhancement factor 

Athea – Knockanure 110 kV 2 

Ballynahulla – Cordal 110 kV 2 

Ballynahulla – Glenlara 110 kV 2 

Ballyvouskill – Coomataggart 110 kV 2 

Ballyvouskill – Garrow 110 kV 2 

Castletownmoor – Gorman 110 kV 3 

Cauteen – Killonan 110 kV 2 

Cloghboola – Trien 110 kV 2 

Clonkeen – Garrow 110 kV 2 

Galway – Knockranny 110 kV 2 

Glenlara – Knockacummer 110 kV 2 

Harold`s Cross – Ringsend 110 kV 2 

Inchicore – Irishtown 220 kV 2 

Kilpadogge – Knockanure 220 kV 2 

Knockanure – Trien #1 110 kV 2 

Maynooth – Ryebrook 110 kV 2 
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Regarding the synchronous generators, all units mentioned in Table 7.4 are in service in the 2017 

scenario as well as in the 2040 slow-change scenario. 

Table 7.4: Synchronous generators and their nominal apparent power, as present in the 
2017 scenario and the 2040 slow-change scenario 

Synchronous generator Connected at Zone 
Nominal apparent 

power 

Ardnacrusha AA1 Ardnacrusha MID-WEST 34.0 MVA 

Ardnacrusha AA2 Ardnacrusha MID-WEST 34.0 MVA 

Ardnacrusha AA3 Ardnacrusha MID-WEST 34.0 MVA 

Ardnacrusha AA4 Ardnacrusha MID-WEST 34.0 MVA 

Cathaleen`s Fall ER3 
Cathaleen's 

Fall 
NORTH-WEST 30.0 MVA 

Cathaleen`s Fall ER4 
Cathaleen's 

Fall 
NORTH-WEST 30.0 MVA 

Glanagow WG1 Glanagow SOUTH-WEST 535.5 MVA 

Great Island GI4 Great Island SOUTH-EAST 570.6 MVA 

Huntstown HN2 Huntstown DUBLIN 473.0 MVA 

Irishtown DB1 Irishtown DUBLIN 480.0 MVA 

Longpoint AD2 Longpoint SOUTH-WEST 500.0 MVA 

Pollaphuca LI1 Pollaphuca DUBLIN 18.8 MVA 

Pollaphuca LI2 Pollaphuca DUBLIN 18.8 MVA 

Pollaphuca LI4 Pollaphuca DUBLIN 5.0 MVA 

Pollaphuca LI5 Pollaphuca DUBLIN 5.0 MVA 

Seal Rock SK4 Seal Rock MID-WEST 100.9 MVA 

Turlough Hill TH1 Turlough Hill DUBLIN 87.5 MVA 

Turlough Hill TH2 Turlough Hill DUBLIN 87.5 MVA 

Turlough Hill TH3 Turlough Hill DUBLIN 87.5 MVA 

Turlough Hill TH4 Turlough Hill DUBLIN 87.5 MVA 
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Table 7.5 lists all wind parks, both for the 2017 scenario and the 2040 slow-change scenario, as 

well as their nominal active power dispatches. Names of wind parks solely resembling offshore or 

photovoltaic units include “OS” or “PV” respectively. To distinct connection point voltage levels and 

therefor modes of operation, distribution system-connected wind parks are marked with “DS”. 

Table 7.5: Wind parks and their nominal active power, as present in the 2017 scenario 
and the 2040 slow change scenario 

Wind park Connected at Zone 

Nominal active 
power 

2017 2040  

Arklow OS Arklow SOUTH-EAST -  52 MW 

Athea Dromada Athea SOUTH-WEST 148 MW 259 MW 

Ballywater Ballywater SOUTH-EAST  42 MW  73 MW 

Barnadivane Barnadivane SOUTH-WEST  61 MW 106 MW 

Boggeragh Boggeragh SOUTH-WEST 106 MW 183 MW 

Booltiagh Booltiagh MID-WEST  35 MW  61 MW 

Carrickmines OS Carrickmines DUBLIN - 317 MW 

Cashla OS Cashla NORTH-WEST - 118 MW 

Castledockrell Castledockrell SOUTH-EAST  42 MW  73 MW 

Castletownmoor Castletownmoo
r 

NORTH-EAST 122 MW 284 MW 

Cauteen DS Cauteen MIDLANDS 179 MW 310 MW 

Clahane Clahane SOUTH-WEST  54 MW 134 MW 

Cloghboola Cloghboola SOUTH-WEST  59 MW 103 MW 

Cloghboola DS Cloghboola SOUTH-WEST  35 MW  61 MW 

Coomacheo Garrow SOUTH-WEST  61 MW 106 MW 

Coomagearlahy / Glanlee Coomagear-
lahy 

SOUTH-WEST 122 MW 214 MW 

Coomataggart Coomataggart SOUTH-WEST 115 MW 200 MW 

Coomataggart DS Coomataggart SOUTH-WEST  68 MW 120 MW 

Cordal Cordal SOUTH-WEST 103 MW 181 MW 

Cordal DS Cordal SOUTH-WEST  61 MW 106 MW 

Cunghill Cunghill NORTH-WEST  38 MW  87 MW 

Derrybrian Agannygal MID-WEST  61 MW 106 MW 

Donegal Clogher NORTH-WEST 195 MW 341 MW 

Garvagh Garvagh NORTH-WEST  49 MW  87 MW 

Great Island PV Great Island SOUTH-EAST - 219 MW 

Ikerrin DS Ikerrin T MIDLANDS  38 MW  66 MW 
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Kill Hill Kill Hill MIDLANDS  61 MW 106 MW 

Knockacummer Knockacummer SOUTH-WEST 106 MW 183 MW 

Lisheen Lisheen MIDLANDS  61 MW 106 MW 

Louth OS Louth NORTH-EAST -  19 MW 

Mount Lucas Mount Lucas MIDLANDS  82 MW 176 MW 

Ratrussan Ratrussan NORTH-EAST  82 MW 143 MW 

Reamore DS Reamore SOUTH-WEST  61 MW 106 MW 

Sliabh Bawn Sliabh Bawn NORTH-WEST  61 MW 106 MW 

Slievecallan Slievecallan MID-WEST  75 MW 132 MW 

Trien DS Trien SOUTH-WEST  68 MW 120 MW 

West Galway A Knockranny NORTH-WEST 101 MW 176 MW 

West Galway B Knockranny NORTH-WEST 172 MW 324 MW 

Wexford DS Wexford SOUTH-EAST  40 MW  71 MW 

Woodhouse Woodhouse SOUTH-EAST  21 MW 38 MW 

A.4 Study Case Details and Results 

The following pages contain further details about the stability study and the results of all cases and 

simulations performed therein. Table 7.6 and Table 7.7 list the synchronous units decommissioned 

and wind parks set to grid forming for all cases, synchronous units staying decommissioned as in 

previous decommissioning stages are held in grey. The columns of Table 7.8 to Table 7.11 contain 

the breakdown of the stability results, separately listed for each load/generation combination. 
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Table 7.6: Details on synchronous unit decommissioning and grid forming location for all 
cases with high renewables 

Cases with high renewables and high load 

PE level Decommissioned SGs GF share (No.) Grid forming WPs 

70.6 % - 

 0.0 % (0) - 

11.4 % (2) Carrickmines OS, Donegal 

11.2 % (7) 
Ballywater, Booltiagh, Castledockrell, Cloghboola, 
Cunghill, Ratrussan, Kill Hill 

76.4 % 

Ardnacrusha AA1-4 

Cathaleen`s Fall ER3-4 

Longpoint AD2 

Pollaphuca LI1-5 

Seal Rock SK4 

 0.0 % (0) - 

17.1 % (3) Carrickmines OS, Donegal, West Galway B 

16.9 % (11) 

Arklow OS, Ballywater, Barnadivane, Booltiagh, 
Cloghboola, Cunghill, Garvagh, Lisheen, 

Louth OS, Sliabh Bawn, West Galway A 

85.7 % 

Ardnacrusha AA1-4 

Cathaleen`s Fall ER3-4 

Longpoint AD2 

Pollaphuca LI1-5 

Seal Rock SK4 

Glanagow WG1 

Great Island GI 4 

 0.0 % (0) - 

39.6 % (9) 

Athea Dromada, Boggeragh, Carrickmines OS, 
Castletownmoor, Coomagearlahy / Glanlee, 
Donegal, Knockacummer, Mount Lucas, 

West Galway B 

Cases with high renewables and reduced load 

PE level Decommissioned SGs GF share (No.) Grid forming WPs 

71.5 % 
Pollaphuca LI1-5 

Seal Rock SK4 
 0.0 % (0) - 

80.0 % 

Pollaphuca LI1-5 

Seal Rock SK4 

Ardnacrusha AA1-4 

Cathaleen`s Fall ER3-4 

Huntstown HN2 

Irishtown DB 1 

 0.0 % (0) - 

36.2 % (9) 

Athea Dromada, Boggeragh, Carrickmines OS, 
Castletownmoor, Coomagearlahy / Glanlee, 
Cordal, Knockacummer, Ratrussan, 

West Galway B 

42.0 % (11) 

Athea Dromada, Boggeragh, Carrickmines OS, 
Castletownmoor, Clahane, Coomagearlahy / 
Glanlee, Coomataggart, Cordal, Knockacummer, 
Ratrussan, West Galway B 

89.4 % 

Pollaphuca LI1-5 

Seal Rock SK4 

Ardnacrusha AA1-4 

Cathaleen`s Fall ER3-4 

Huntstown HN2 

Irishtown DB 1 

Glanagow WG1 

Longpoint AD2 

 0.0 % (0) - 

42.0 % (11) 

Athea Dromada, Boggeragh, Carrickmines OS, 
Castletownmoor, Clahane, Coomagearlahy / 
Glanlee, Coomataggart, Cordal, Knockacummer, 
Ratrussan, West Galway B 

47.3 % (13) 

Athea Dromada, Boggeragh, Carrickmines OS, 
Castletownmoor, Clahane, Coomagearlahy / 
Glanlee, Coomataggart, Cordal, Knockacummer, 
Ratrussan, Slievecallan, West Galway A, 

West Galway B 
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Table 7.7: Details on synchronous unit decommissioning and grid forming location for all 
cases with few renewables 

Cases with few renewables and high load 

PE level Decommissioned SGs GF share (No.) Grid forming WPs 

70.6 % -  0.0 % (0)  

72.8 % 

Ardnacrusha AA1-4 

Cathaleen`s Fall ER3-4 

Pollaphuca LI1-5 

Seal Rock SK4 

11.4 % (2) Carrickmines OS, Donegal 

11.2 % (7) 
Ballywater, Booltiagh, Castledockrell, Cloghboola, 

Cunghill, Kill Hill, Ratrussan 

Cases with few renewables and reduced load 

PE level Decommissioned SGs GF share (No.) Grid forming WPs 

70.6 %   0.0 % (0) - 

78.0 % 

Huntstown HN2 

Irishtown DB 1 

Seal Rock SK4 

 0.0 % (0) - 

22.0 % (4) 
Carrickmines OS, Castletownmoor, 

Donegal, West Galway B 

21.9 % (11) 
Barnadivane, Booltiagh, Castledockrell, Clahane, 
Cunghill, Garvagh, Kill Hill, Knockacummer, 
Mount Lucas, Ratrussan, Sliabh Bawn 

87.0 % 

Huntstown HN2 

Irishtown DB 1 

Seal Rock SK4 

Glanagow WG1 

Longpoint AD2 

 0.0 % (0) - 

22.0 % (4) 
Carrickmines OS, Castletownmoor, 

Donegal, West Galway B 

21.9 % (11) 
Barnadivane, Booltiagh, Castledockrell, Clahane, 
Cunghill, Garvagh, Kill Hill, Knockacummer, 
Mount Lucas, Ratrussan, Sliabh Bawn 
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Table 7.8: Detailed stability results of all cases with high renewables and high load 

 PE level 
(SG loading) 

70.6 % 
(64.5 %) 

76.4 % 
(61.3 %) 

85.7 % 
(67.4 %) 

GF WP share 
(No. of GF WPs) 

GF WP share 
(No. of GF WPs) 

GF WP share 
(No. of GF WPs) 

Fault location 0.0 % 
(0) 

11.4 % 
(2) 

11.2 % 
(7) 

0.0 % 
(0) 

17.1 % 
(3) 

16.9 % 
(11) 

0.0 % 
(0) 

39.6 % 
(15) 

Aghada cs cs cs us s cs us s 

Arklow s s s us s s us s 

Athea 110 kV cs s s us s s us s 

Ballynahulla cs s s us s s us s 

Carrickmines cs s s us s s us s 

Cashla s s s us s s us s 

Clashavoon cs s s us s s us s 

Clonee cs s cs us s s us s 

Corduff cs s s us s s us s 

Cullenagh cs s s us s cs us s 

Dunstown 400 kV cs cs s us s s us s 

Dunstown cs cs s us cs s us s 

Finglas cs s s us s s us s 

Flagford cs s s us s cs us s 

Glanagow cs s cs us s cs us s 

Gorman s s s us s s us s 

Gortawee 110 kV s s s us s s us s 

Great Island cs cs s us s s us s 

Inchicore cs cs s us s cs us s 

Irishtown cs cs cs us s cs us s 

Killonan 110 kV cs s s us s s us s 

Kilpadogge cs s s us s cs us s 

Knockraha cs s s us s cs us s 

Knockranny 110 kV s s s us s s us s 

Lodgewood s s s us s s us s 

Louth s s s us s s us s 

Maynooth cs cs s us cs cs us s 

Moneypoint 400 kV cs s s us s cs us s 

Moneypoint cs s s us s cs us s 

Moy 110 kV cs s s us s s us s 

Mullingar 110 kV s s s us s us us s 

North Wall cs s s us s s us s 
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Oldstreet 400 kV s s s us s s us s 

Oldstreet cs s s us s s us s 

Poolbeg s s s us s s us s 

Portan 400 kV cs cs s us cs s us s 

Prospect cs s s us s cs us s 

Raffeen cs s cs us s cs us s 

Shannonbridge cs s s us s s us s 

Tarbert cs s s us s s us s 

Trien 110 kV cs cs s us s s us s 

Woodland 400 kV cs cs cs us cs s us s 

Woodland cs cs s us cs s us s 
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Table 7.9: Detailed stability results of all cases with few renewables and reduced load 

 PE level 
(SG loading) 

70.6 % 
(55.6 %) 

78.0 % 
(60.3 %) 

87.0 % 
(60.5 %) 

GF WP share 
(No. of GF WPs) 

GF WP share 
(No. of GF WPs) 

GF WP share 
(No. of GF WPs) 

Fault location 0.0 % 
(0) 

0.0 % 
(0) 

22.0 % 
(4) 

21.9 % 
(11) 

0.0 % 
(0) 

22.0 % 
(4) 

21.9 % 
(11) 

Aghada s us s s us s cs 

Arklow s us s s us s s 

Athea 110 kV cs us s cs us cs cs 

Ballynahulla s us cs cs us s s 

Carrickmines s us us s us s s 

Cashla s us s s us s s 

Clashavoon s us s cs us s s 

Clonee s us us s us s s 

Corduff s us s s us s cs 

Cullenagh cs us s s us s s 

Dunstown 400 kV s us s s us s s 

Dunstown s us s s us s s 

Finglas s us us s us s s 

Flagford s s s s us s s 

Glanagow s us s s us s cs 

Gorman s us s s us s s 

Gortawee 110 kV s us s s us s s 

Great Island cs us s s us s s 

Inchicore s us s s us s s 

Irishtown s us s s us s us 

Killonan 110 kV cs us s cs us s cs 

Kilpadogge s us s s us s s 

Knockraha cs us s s us s cs 

Knockranny 110 kV s us s s us s s 

Lodgewood s us s s us s s 

Louth s us s s us us s 

Maynooth s us s s us s s 

Moneypoint 400 kV s us s s us s s 

Moneypoint s us s s us s s 

Moy 110 kV s us s s us s s 

Mullingar 110 kV s us s s us s s 

North Wall s us s s us s s 
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Oldstreet 400 kV s us s s us s s 

Oldstreet s us s s us s s 

Poolbeg s us s s us s s 

Portan 400 kV s us s s us s s 

Prospect s us s cs us s s 

Raffeen s us s s us s cs 

Shannonbridge cs us s s us s s 

Tarbert s us s cs us s s 

Trien 110 kV s us s s us s s 

Woodland 400 kV s us s s us s s 

Woodland s us s s us s s 
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Table 7.10: Detailed stability results of all cases with high renewables and reduced load 

 PE level 
(SG loading) 

71.5 % 
(46.5 %) 

80.0 % 
(49.6 %) 

89.4 % 
(56.3 %) 

GF WP share 
(No. of GF WPs) 

GF WP share 
(No. of GF WPs) 

GF WP share 
(No. of GF WPs) 

Fault location 0.0 % 
(0) 

0.0 % 
(0) 

36.2 % 
(9) 

42.0 % 
(11) 

0.0 % 
(0) 

42.0 % 
(11) 

47.3 % 
(13) 

Aghada us us s s us cs cs 

Arklow us us s s us s s 

Athea 110 kV us us us s us s s 

Ballynahulla us us us us us s s 

Carrickmines us us us s us s s 

Cashla us us s s us s s 

Clashavoon us us s s us cs s 

Clonee us us us s us s s 

Corduff us us s s us s s 

Cullenagh us us us us us s s 

Dunstown 400 kV us us us s us s s 

Dunstown us us s s us s cs 

Finglas us us us s us s s 

Flagford us us us s us s s 

Glanagow us us s s us cs cs 

Gorman us us us s us s s 

Gortawee 110 kV s us us s us s s 

Great Island us us us us us s s 

Inchicore us us s us us cs cs 

Irishtown us us s us us s s 

Killonan 110 kV us us s s us s s 

Kilpadogge us us s s us cs s 

Knockraha us us s s us cs cs 

Knockranny 110 kV us us s s us s s 

Lodgewood us us us us us s s 

Louth us us s s us s s 

Maynooth us us us s us cs s 

Moneypoint 400 kV us us s s us cs s 

Moneypoint us us s s us cs s 

Moy 110 kV cs us us s us s cs 

Mullingar 110 kV us us us s us s s 

North Wall us us us s us s s 
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Oldstreet 400 kV us us us s us cs s 

Oldstreet us us s s us cs s 

Poolbeg us us us s us s s 

Portan 400 kV us us us s us s s 

Prospect us us s s us s s 

Raffeen us us s s us cs cs 

Shannonbridge us us us s us s s 

Tarbert us us s s us s s 

Trien 110 kV cs us s us us s s 

Woodland 400 kV us us s s us s s 

Woodland us us s s us cs s 
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Table 7.11: Detailed stability results of all cases with few renewables and high load 

 PE level 
(SG loading) 

70.6 % 
(71.3 %) 

72.8 % 
(75.7 %) 

GF WP share 
(No. of GF WPs) 

GF WP share 
(No. of GF WPs) 

Fault location 0.0 % 
(0) 

0.0 % 
(0) 

11.4 % 
(2) 

11.2 % 
(7) 

Aghada s s s s 

Arklow s cs s s 

Athea 110 kV s s s s 

Ballynahulla s cs s cs 

Carrickmines s cs cs us 

Cashla s cs s cs 

Clashavoon s cs s s 

Clonee s us cs s 

Corduff s cs cs s 

Cullenagh s s s s 

Dunstown 400 kV s us us s 

Dunstown s cs s cs 

Finglas s us cs us 

Flagford s s s s 

Glanagow s cs s s 

Gorman s s s s 

Gortawee 110 kV s cs s s 

Great Island s s us s 

Inchicore s cs cs cs 

Irishtown s cs cs cs 

Killonan 110 kV cs cs s s 

Kilpadogge s s s cs 

Knockraha s cs s s 

Knockranny 110 kV s s s s 

Lodgewood s cs s s 

Louth s s s s 

Maynooth us us cs cs 

Moneypoint 400 kV s cs s s 

Moneypoint s cs s cs 

Moy 110 kV s cs s s 

Mullingar 110 kV s cs s s 

North Wall s us cs s 
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Oldstreet 400 kV s us s s 

Oldstreet s us s s 

Poolbeg s cs cs cs 

Portan 400 kV s cs cs cs 

Prospect s cs s s 

Raffeen s s s s 

Shannonbridge s s s s 

Tarbert s s s s 

Trien 110 kV s cs s s 

Woodland 400 kV s cs cs cs 

Woodland cs cs cs cs 
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8 Annex B: Results of the ENTSO-E survey 
In order to facilitate the new direction of task T1.8, WP1 conducted a survey among ENTSO-E TSOs 

with the aim of identifying any unclear requirements originating from the Connection Network 

Codes (RfG, HVDC and DCC). The CNC's Code Assessment Team, on behalf of the ENTSO-E TSOs, 

responded to the survey. The responses are given below. 

 

............................................................................................................................................................ 

 

Acronym: MIGRATE – Massive InteGRATion of power Electronic devices 

Grant Agreement Number: 691800 

Horizon 2020 – LCE-6: Transmission Grid and Wholesale Market 

Funding Scheme: Collaborative Project 

  

............................................................................................................................................................ 

 

 

 

 

MIGRATE Questionnaire 

Inventory of Requirements from RfG, 

DCC and HVDC 

 
 

 

Contact: Sven.Rueberg@tennet.eu  

 

  

mailto:Sven.Rueberg@tennet.eu
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Introduction 
ENTSO-E, with the guidance from ACER, drafted a set of network codes to facilitate the 

harmonisation, integration and efficiency of the European electricity market. Each network code is 

an integral part of the drive towards completion of the internal energy market. 

 

The focus of this questionnaire is on the connection codes, i.e. the Network Code on Requirements 

for Generators (RfG), the Network Code on High Voltage Direct Current Connections (HVDC) and 

the Demand Connection Code (DCC). 

 

Within these network codes, at several instances TSOs are allowed to specify technical 

requirements for new generators, HVDC connections, or demand facilities. TSOs, however, might 

not always know how to properly design these requirements. 

 

 

The aim of this questionnaire is to make an inventory of such technical requirements from the 
before mentioned connection codes. Based on this inventory, the MIGRATE work package 1 

members will select one or more of these requirements for developing a methodology that should 
help TSOs to properly define them. 

 

This inventory will be very beneficial for the MIGRATE project as well as TSOs. 

 

This questionnaire contains three sections, one for each connection code. It is possible that 
sections are filled in by different colleagues/departments. In that case, kindly mention their contact 
details in the appropriate sections.   

Example 

Article 14 (synthetic inertia) of the HVDC code states: 

1. If specified by a relevant TSO, an HVDC system shall be capable of providing synthetic 

inertia in response to frequency changes, activated in low and/or high frequency 

regimes by rapidly adjusting the active power injected to or withdrawn from the AC 

network in order to limit the rate of change of frequency. The requirement shall at 

least take account of the results of the studies undertaken by TSOs to identify if there is 

a need to set out minimum inertia. 

2. The principle of this control system and the associated performance parameters 

shall be agreed between the relevant TSO and the HVDC system owner. 

 

TSOs do not always know how to define these requirements, control principles and performance 
parameters in a systematic way, due to the novelty of technologies involved. 
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Network Code RfG 
 

Name ENTSO-e WG Connection Network Code / Code Assessment Team 

Job Title  

Department  

E-mail  

Company  

 

According to your knowledge, which technical requirements stated in the RfG network code need 
further research on how to define them? Please elaborate on the aspects that are unclear (kindly 
also mention the Article number). 

 

Article 13.4 Admissible active power reduction from maximum output with falling 
frequency 

 

The technological limitations and the dynamics of the requirement should be further detailed. 
System needs are indeed different in very short-term, transient and steady-state. Some first 

ideas have been explored in the IGD (Implementation Guiding Documents) issued by ENTSO-e. 

 

 

Article 20.2.b fast fault current 

 

Much freedom has been given at national level to specify the requirements related to fast fault 
current injection. Interaction with the operation of protection and Fault Ride Through capabilities 
in case of weak grids or nearby faults should be carefully looked at. A comparison of the 
different national implementation would be desirable to identify possible gaps, inconsistencies 
and need for further investigations to achieve an equitable understanding and implementation of 

this requirement. 

Article 13.1.b ROCOF withstand capability 

 

Several approach exist to define ROCOF withstand capability, e.g. size of measurement windows 
could be different. A common understanding on frequency measurement criteria and 

measurement parameters needs to be achieved. IGD has also investigated the possibility to 
define, instead or in complement to ROCOF a frequency ride through profile. Further 
investigation on the benefit and drawback of the approach to secure system needs and be in line 
with inherent capability of generating units would be needed. 

Article 21.2.a Synthetic Inertia 

 

The concept of synthetic inertia deserves more explicit specifications to fulfil system needs. First 
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*Please feel free to add more rows if needed.  

of all a common understanding/definition of the term synthetic inertia vs. emulation of true 
inertia is needed and the system needs shall be investigated further. Depending on the outcome, 

the corresponding requirement needs to be refined and enhanced. This must be performed 
without limiting manufacturer’s design freedom. Some first ideas have been explored in the IGD 
(Implementation Guiding Documents) issued by ENTSO-e 

 

Related article for compliance testing, simulation & monitoring of such article would also deserve 
further consideration. 

 

Article 42 & 
subsequents 

Compliance testing, simulation & monitoring 

Much freedom has been given at national level to specify the requirements related to compliance 
testing, simulation & monitoring. The NC could benefit from more specific requirements to 
ensure in a cost effective manner the robustness of the power system.  

 

 

Article [New?] Fault Ride Through of DSO connected units & Islanding detection Scheme 

 

Interaction with system needs for robustness of DSO connected units to stay connected during 

disturbance in the transmission system and need of DSO system to detect, as fast as technically 

possible islanding of this distribution grid is getting increasingly complex. Clarification of 
methodologies and concept would benefit the proposal for methods to cover both needs. 
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Network Code HVDC 
If the contact details are the same as before, you may leave this box empty. 

Name ENTSO-e WG Connection Network Code / Code Assessment Team 

Job Title  

Department  

E-mail  

 

According to your knowledge, which technical requirements stated in the HVDC network code need 
further research on how to define them? Please elaborate on the aspects that are unclear (kindly 

also mention the Article number). 

 

 

Article 14 Synthetic Inertia 

 

See comment in RfG questionnaire 

 

 

Article [New?] Robustness versus DC fault 

 

Requirements on DC fault ride through is out of scope from the current version of the NC. 

However, some needs & benefit could be seen to such requirement in either NC or national grid 
codes. 

 

 

Article [New?] Propagation of fault in the system 

 

The behaviour of an HVDC link at one converter station during nearby AC fault has impact on 
the behaviour of the other converter station. Intrinsically there is therefore the risk to propagate 

Article 12 ROCOF withstand capability 

 

See comment in RfG questionnaire 

 

Article 19.1 Fast Fault Current 

 

See comment in RfG questionnaire 
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the fault. Are there some scheme that could be proposed to mitigate the risk? Is it the 
consequence to accept in order the support the zone affected by the fault?  

 

 

Article 29.1 & 
29.3 

Interaction studies and model specification for model exchange (also in RfG) 

 

Content of interaction studies and model specification for model exchange could benefit from 
clearer and more detailed specifications. In particular advice on aggregated models for exchange 
of otherwise confidential data between competitors for the interaction studies is needed. 

 

 

 

 

Article [New?] Bi-directionnal FSM and FSM for embedded links 

 

 

ENTSO-e has published some document on “Overview: Operational Limits and Conditions for 
Frequency Coupling” and IGD on frequency control for HVDC links. 

 

Some potential services have been defined as illustrate in the figure below. 
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However, connection requirements including compliance tests would benefit for more detailed 

specifications. 

 

 

Article 67 Compliance testing, simulation & monitoring 

 

See comment in RfG questionnaire 

 

 

*Please feel free to add more rows if needed.  
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Network Code DCC 
If the contact details are the same as before, you may leave this box empty. 

Name ENTSO-e WG Connection Network Code / Code Assessment Team 

Job Title  

Department  

E-mail  

 

According to your knowledge, which technical requirements stated in the DCC need further 
research on how to define them? Please elaborate on the aspects that are unclear (kindly also 

mention the Article number). 

 

Article [New?] Islanding detection Scheme 

 

See comment in RfG questionnaire 

 

 

*Please feel free to add more rows if needed. 


