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Acronyms 
 

Abbreviation Meaning 

AIE / EAIE Area Inertia Estimation / Effective Area Inertia Estimation 

EFCC Enhanced Frequency Control Capability project 

EMS Energy Management System 

GB Great Britain 

GMT Greenwich Mean Time 

GNSS  Global Navigation Satellite System 

GPS Global Positioning System 

HVDC High Voltage Direct Current 

KPI Key Performance Indicator 

LER Load Effect Removed 

OSM Oscillatory Stability Management, an application of WAMS 

PDC Phasor Data Concentrator 

PE Power Electronic 

PMU Phasor Measurement Unit 

POD  Power Oscillation Damping 

PSS  Power System Stabiliser  

RMS Root Mean Square 

ROC Rate of Change  

RoCoF Rate of Change of Frequency 

RTU Remote Terminal Unit 

SCC Short Circuit Capacity 

SPEN Scottish Power Energy Networks 

SSO Sub-Synchronous Oscillation 

TO Transmission Owner 

TSO Transmission System Operator 

UFLS Under-Frequency Load Shedding 

UTC Co-ordinated Universal Time or “Universal Time, Co-ordinated” – similar to Greenwich Mean 
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WAMS Wide Area Monitoring System 

WP Work Package 
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1 Executive Summary 

Deliverable 2.3 of the MIGRATE project draws the lessons learned from the pilot testing of a 

number of solutions for the monitoring and forecasting of Key Performance Indicators (KPIs) 

enabling TSOs to assess the impact of Power Electronic penetration in the network. Monitoring used 

the existing base of substation devices among Work Package 2 partners, with a focus on the 

synchrophasors technology, and newly developed software solutions.   

 

The research on KPIs to monitor the impact of power electronic penetration in WP2 has focused on 

measurable effects which can be identified from the system, and on how these effects may be forecast. 

There are three areas in which KPIs were investigated: 

1. Effective inertia of areas of the grid 

2. System strength (or system impedance) in non-faulted conditions 

3. Oscillations in areas with high power electronic penetration  

KPIs Area Inertia System Strength / 

Impedance 

Oscillations 

Threat Frequency load shedding 

Local RoCoF (ride-through, 

loss-of-mains) 

Stability constraints 

System separation 

Stability of mitigation 

measures 

Low system strength 

(high impedance) can 

lead to HVDC-LCC 

commutation failure and 

HVDC-VSC control 

instability. 

Series compensation, rotor 

shaft and power electronic 

converters can interact 

unpredictably, potentially 

causing plant damage. 

 

New oscillation patterns 

due to sparse inertia. 

Resolution Speed required for 

frequency response 

System constraints (inertia 

vs. largest loss) 

Settings for frequency 

control methods 

Constrain-on generation 

only when required 

 

Support planning 

decisions, and assess 

needs for new solutions 

Early warning signs of sub-

synchronous oscillations 4-

46Hz with interpretation. 

 

Identifying locations of 

sources of oscillations and 

participating plants.  

MIGRATE Task 2.3 

TRL: 2  6 

Task 2.5 

TRL: 2  6 

Task 2.4 

TRL: 7-8 ** 

Table 1: KPIs to manage low inertia, high power electronic transition  

** Real-time oscillation monitoring and analysis of lower frequencies is already TRL9. The oscillation analysis under 

MIGRATE refers to higher frequency phenomena relevant to power electronic penetration (TRL7) and oscillation 

source location (TRL8).  
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Effective Area Inertia 

The traditional view of power system inertia and frequency response is no longer fit for purpose for 

grids where inertia is reducing and the remaining inertia is sparsely distributed. It is important to 

change the understanding and measurement of inertia in power systems for various reasons: 

1. Reducing physical inertia in renewable-rich areas can degrade the stability of these areas and 

their connection to the wider interconnection.  

2. Constraints based on ROCOF containment, frequency containment, infeed loss and grid 

stability are increasingly needed and can involve costly market intervention. Accurate 

knowledge of inertial behaviour is needed to apply least cost constraints with the greatest 

effect. Constraints may be a temporary measure until services for mitigation can be applied. 

3. Mitigation strategies based on fast-acting control have the potential to increase or degrade the 

stability of the network. Transient and oscillatory stability need to be considered, and not only 

the overall system frequency containment. 

4. The cost of mitigation control strategies can vary widely. Better knowledge of the practical 

inertia problem can greatly reduce the cost by incorporating response from existing plant 

rather than deploying dedicated equipment (see MIGRATE WP2 Deliverable D2.4).  

5. Reducing inertia in areas can increase risk of islanding, and the ability to ride through 

islanding events depends on the inertia within these areas.   

 

It has been shown in the MIGRATE project that power systems can no longer be considered to act as a 

single centre of inertia, but rather as several interconnected clusters of inertia1. Historically, the power 

system has been considered effectively to have a single frequency, and local deviations from the mean 

frequency were short-term, e.g., 0.5-1 second. Frequency control measures were traditionally based 

on slow-acting governor control at large plants, and the short-term frequency variations could be 

neglected. With more power electronic penetration and reducing inertia, there is an increased need for 

faster control.  

 

Power electronic interfaces also offer the physical capabilities for faster responses, and so there are 

new opportunities to use these capabilities to resolve the problems with reducing inertia. However, the 

application of fast acting frequency control has the potential to improve or degrade the stability of the 

grid, depending on the location of the triggering disturbance and the response, which influences the 

likelihood of system splits. It is therefore important to observe the system in terms of the “area inertia” 

and apply mitigation measures in the context of distinct centres of inertia that can be sparsely 

distributed. 

 

It has been observed in the project that the effective relationship between power disturbances and 

frequency changes involves many contributions, not only the physical inertia of rotating machines. 

Many grid-connected loads and non-synchronous machines will show some power deviation during a 

disturbance, which may contribute positively or negatively to containing the frequency deviation, by a 

natural or controlled response. The MIGRATE project team therefore investigated the use of “effective 

area inertia” as an estimation to capture the relationship between power imbalance and the 

actual rate of change of frequency in response to a disturbance. In general, it was observed 

                                                
1
 Clusters are mostly defined by electrical distances and can change if the topology changes significantly.  However, 

if this topology change is expected, it could be taken into account. 
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that the effective inertia was larger than the physical inertia of large rotating plants, and that the 

difference can be strongly influenced by load voltage dependence. 

 

Two methods of deriving the KPI of Effective Area Inertia were developed, one based on disturbances 

with significant loss of generation or load, and the other based on system identification using ambient 

perturbations of the grid, so that continuous measures of effective area inertia can be obtained. These 

methods were trialled on the power systems represented in the consortium. Subsequently, a third 

method was introduced for continuous inertia estimation, requiring the same measurement 

infrastructure as the event-based method instead of the more extensive PMU monitoring requirements 

of the system identification approach. 

 

Research was carried out on forecasting inertia, to complement the measurement approaches. Some 

work was done on forecasting using measured effective inertia results, in parallel with academic 

research using model-based forecasting methods.  

 

Learning from applying the measurement process includes: 

1. Effective area inertia is indeed measurable using PMUs 

a. The approach trialled works well on small to medium size interconnections (including 

Iceland, GB and Nordic interconnections) 

b. The approach can be applied with some adaptation to large interconnections such as 

central Europe 

2. The event-based measure has been shown in extensive tests on the GB system to apply to 

relatively small disturbances, typically occurring 2-3 times per week. Significant correlations 

between effective inertia and both load and rotating inertia were observed, proving that 

forecasting is feasible. 

3. The event-based approach can be applied without a large-scale deployment of PMUs, and is 

therefore feasible in the near-term. Likewise, the extension to continuous inertia measurement 

uses the same practical implementation.  

4. The signal processing based continuous approach requires a much greater penetration of PMU 

monitoring, which is feasible in the medium to longer term.  

5. The effective area inertia values can be significantly different from the known rotating inertia, 

and in most cases effective inertia is greater. The main non-rotating contribution is thought to 

be due to the passive load-voltage effect, not distribution-connected inertia as previously 

expected. 

6. In the real measurement data studied from different networks, ROCOF was consistently 

smaller than would be expected if rotating inertia was the only factor relating power imbalance 

and frequency. There is potential to avoid over-conservative mitigation measures by capturing 

the effective inertia.  

 

 Further steps to derive practical benefits from the MIGRATE developments and trials include: 

1. Further testing of the extension to continuous inertia estimation without requiring extensive 

PMU deployment.  

2. Testing the applicability of the above continuous method for very large interconnections 

such as continental Europe. 
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3. Applying advanced machine learning techniques to measurement data for accurate and 

stable estimates and forecasting capability. Machine learning also provides observability of 

the factors influencing effective area inertia, and the potential operational response options.  

4. Further development of software tools to incorporate the functionality in TSO’s WAMS/EMS 

platforms, noting that measurement and forecasting requires access to both PMU and EMS 

information.  

5. Usability enhancements, including development of appropriate user interfaces integrated in 

WAMS/EMS platforms, and simplification of the configuration parameters.  

6. Information exchange between effective area inertia measurement tools and mitigation 

control capabilities such as the system described in WP2 D2.4. 

7. Establishing a strategy to define boundaries between area inertia centres and roll-out of 

PMUs to measure key transmission boundaries. 

8. Operational guidelines for area-based infeed loss, accounting for area inertia and the 

strength of connections between areas. 

 

It is concluded that the MIGRATE project has shown that “effective area inertia” is a valuable and 

practically measurable KPI. Further development to increase the TRL from a research tool to an 

operational facility is achievable and the PMU deployment requirements are modest. The further 

development is considered worthwhile, given the significance of the issues addressed.  

 

System Strength, System Impedance 

The voltage at a bus in the power system changes in response to changes of active and reactive 

loading. As the penetration of power electronic interfaces increases compared with synchronous 

generation, the characteristics of voltage support also change.     

 

There has been an ambiguity in the industry in referring to “Short Circuit Capacity” for two 

fundamentally different characteristics: 

1. Current that would flow into a fault at the given bus 

2. Change of voltage in response to P/Q load changes with no fault, at near-nominal voltage 

 

These characteristics have never been identical, however it is increasingly important to recognise the 

distinction with the increase in power electronics. In this report, Chapter 4 focused on system strength 

as this is what can be measured without the occurrence of a fault.  However, chapter 5 uses SCC from 

fault calculations for the forecasting method. 

 

It is recommended that the terminology is reviewed, and that the term “Short Circuit Capacity” is no 

longer used in the context of the system strength at near-nominal voltage. In other words, “Short 

Circuit Capacity” is not an appropriate terminology to refer to system characteristics with no short 

circuit. The effective impedance of the system is significantly different in the fault and non-fault 

conditions.  
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It is therefore proposed that the following terminology should be used for the non-fault, near-

nominal voltage characteristics: 

1. System Impedance (in Ohms or per unit) 

2. System Strength (in MVA) 

 

System Strength at a selected bus is inversely proportional to the impedance from the bus into the 

grid. By measuring voltage and current deviations subject to certain criteria, it is possible to measure 

the System Impedance from a bus to the grid and report the System Strength. Relatively small 

deviations occur quite frequently, either due to naturally occurring disturbances or due to intentional 

operator action. In a strong area of a network, voltage changes will be small for relatively large active 

and/or reactive power changes.  

 

Power electronic converters help to support voltage while the network voltage is near its nominal 

value. However, during a fault, power electronic converters can supply no more than their current 

ratings, and the current they supply during a fault will be much smaller than a synchronous machine 

of similar rated capacity. Thus, a power electronic converter will provide very little contribution to 

Short Circuit Capacity in the faulted system.  

 

The system strength at near-nominal voltage is measurable from relatively frequent events. However, 

the impedance during a 3-phase fault is very rarely observable. The measurement-based approach is 

restricted to measuring the System Impedance (or System Strength).   

 

One use case of the System Strength measurement tool is to ensure that the System Strength is 

sufficiently high in the proximity of an HVDC-LCC terminal to avoid commutation failure. Similarly, the 

stability of voltage control for an HVDC-VSC link is dependent on the System Strength, and in cases 

where the system is weakened, it may be necessary to change the HVDC-VSC control mode to avoid 

instability.  If TSOs are required to publish values of the expected System Strength within the process 

of grid connection (currently expressed under the “short circuit” terminology in the Network Codes for 

Connections), a methodology will need to be agreed.      

 

A tool to measure System Strength was developed in the MIGRATE project to investigate whether it 

can be consistently estimated from measurements and investigate how variable the value can be as 

system conditions change. This report discusses the findings from applying this tool to measurements 

in power systems.  

 

It was found that results were good for switching of reactive power loads. Such events are frequent at 

HVDC terminals due to filter switching that typically occurs several times per day. TSOs can also 

normally create a reactor or capacitor switching event if a System Strength estimate is required. Thus, 

it is feasible to apply the measurement approach to measure the System Strength at an HVDC 

terminal, and use the measurement to determine if more voltage support is needed (i.e., it is 

necessary to constrain-on items of plant), or if the HVDC transfer level should be constrained within 

the limits of the AC system.  

 

The possibility of using System Strength as a conservative measure for ratings of breakers and other 

equipment was considered, but rejected since it cannot be guaranteed that System Strength is always 

lower than SCC (fault).  
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Oscillations in systems with High Power Electronic Penetration 

Increasing penetration of power electronics that displaces much of the conventional generation has a 

profound effect on the dynamics of the system, in a wide range of natural frequencies of oscillation.  

 

At the very low frequency end of the spectrum, (below 0.1 Hz), the stability of system frequency is 

influenced by primary frequency control systems that relate power to frequency. Traditionally, this 

was done by governor controls of large generators with long time delays for response. As inertia 

reduces and becomes more variable, a number of changes occur: 

1. Grid frequency changes become larger and faster 

2. The system becomes more responsive to controls – as inertia reduces, a greater frequency 

change results from the same power change, and there is a greater tendency to oscillate 

3. There is the capability for power electronic devices to respond faster than conventional 

governors, with the potential for positive or negative impacts on the stability of the grid 

frequency 

4. The impact of islanding on frequency stability becomes more severe and frequency control in 

the event of islanding is a significant challenge 

In the mid-frequency range, (0.1-2 Hz), the issue of electromechanical oscillations is still important. 

As centres of inertial generation become sparser, with greater distances separating machines, and 

lower inertia in the areas, the frequency, amplitude, damping and geographic patterns of oscillations 

in the grid will change, and becomes more uncertain. While there has always been a potential for 

electromechanical oscillations to become unstable, the uncertainty needs to be managed. 

 

At higher frequencies, (above 4 Hz), there is an increasing likelihood that power electronic devices 

may interact with each other, creating control interactions across the grid, and oscillations that are 

larger and less well damped than expected. 

 

Tools for observing and analysing the behaviour across all of these frequency ranges have been 

developed and enhanced in the course of the project and applied to real power system measurements. 

This document reports on the technology developments required to achieve the level of observation 

and analysis, and on examples of results obtained. 

Forecasting KPIs 

In addition to pilot testing monitoring techniques to improve visibility of the distance to an instability 

event, efforts were also made to forecast the KPIs Effective Area Inertia and System Strength2. The 

work on forecasting is intended to reduce the uncertainty related to the monitoring approaches. A 

methodology based on Artificial Neural Networks was developed and tested on a simple model.   

 

Forecasting effective area inertia relies on power system variables such as total power generation of 

synchronous machines, total PE generation/PE penetration and total dynamic load in the area and 

leads to effective forecasting.  

 

                                                
2
 Avoiding confusion with the term ‘Short Circuit Capacity’ 
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Forecasting system strength uses total power generation of synchronous machines, total PE 

generation/PE penetration, voltage magnitude of significant buses and total dynamic load in the 

system as variables. 

 

The focus of the forecasting work using Artificial Neural Networks was on exploring methods in a 

model-based environment. The models used did not incorporate the complexity of a real system, and 

the trials did not make the distinctions between effective inertia and rotating inertia, nor short circuit 

capacity and system strength. However, it can be a starting point for applying data science to the 

measurable performance indicators, for the purpose of forecasting. 

 

Parameter estimation for mixed loads 

Load modelling is an important task in power system stability analysis and control. Real time access to 

accurate load model parameters would allow power system operators or automatic controllers to make 

intelligent decisions about where best to implement/incentivise load response actions. Moreover, 

representative load modelling improves the interpretation of load behaviour and the capability of 

reproducing transient events on power systems. Taking these into account, the measurement-based 

methodology, enabling the real time estimation of load model parameters of mixed PE and 

synchronous loads using wide area measurement system (WAMS) data, has been developed and 

tested in Task 2.6 (on-line parameter estimation for mixed PE and synchronous loads). Further, this 

task will exploit existing data concentration and processing tools, i.e. a platform created at UoM. 
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2 Introduction  

 Motivation 2.1
 

With the changes in generation profile, the performance of the power system has already experienced 

significant changes, and the trend is continuing. The historic prevalence of synchronous machines for 

most of the power generation led to some basic assumptions in control and protection that need to be 

challenged. For example: 

1. Frequency can change more rapidly in a low inertia power system, so control of frequency 

must be applied sufficiently fast to accommodate it. 

2. Frequency stability can no longer be considered independently of transient angle stability, as 

both occur in the same timescale and are now closely inter-related. The historic assumption 

that frequency control was too slow to interact with angle stability is no longer valid [1]. 

3. Short circuit capacity was considered to be similar in a fault condition and in near-nominal 

voltage. This is no longer the case as power electronic converters cannot supply fault current 

beyond rated current capacity, and as yet, there is no requirement to be rated and controlled 

to do so. Traditional protection relies on fault current to detect faults, and there may be 

challenges with too little fault current. 

4. The oscillations and dynamic interactions between plants are changing. The frequencies, 

damping and underlying phenomena of concern are changing because of the increasing 

potential for power electronic controllers to interact across the grid at frequencies that have 

not previously been a concern. Conventional electromechanical oscillations and very low 

frequency oscillations are still present, but with more variable behaviour. 

 

Without the inertia of synchronous machines, sources linked by power electronic converters have the 

capability to change output state much more rapidly than synchronous machines. This can be used to 

advantage, as there are opportunities to use fast-acting capability to stabilise the grid. It is preferable 

in the longer term to address the changes in grid behaviour through new control methods, rather than 

attempting to recreate the behaviour of the traditional grid using power electronic resources. Along 

with the inherent flexibility of grid connected power electronics, greater potential to use advanced 

sensing, synchronisation and communication within the power grid enables many new control 

capabilities that can significantly change the way in which power grids are operated.   

 

The changes in power system performance are starting to be recognised in grid codes and practices 

around the world. However, there is not yet an obvious consensus on the services and requirements 

for power systems to achieve very high penetration of power electronic resources. Examples of 

emerging requirements and service include: 

1. ENTSO-E guidelines for Network Code implementation3 state rate of change of frequency 

(RoCoF) ride-through requirements that appear to anticipate islanding scenarios, and would 

represent significant challenges for existing technologies, stating: „The power generating 

modules shall stay stable and connected to grid if the rate of change of frequency is 

                                                
3 Available online: 

https://www.entsoe.eu/Documents/Network%20codes%20documents/NC%20RfG/IGD_RoCoF_withstand_capability_final.pdf  

https://www.entsoe.eu/Documents/Network%20codes%20documents/NC%20RfG/IGD_RoCoF_withstand_capability_final.pdf
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cumulatively equal or less to the following values in respect to their moving average time 

window: „ 

a. ±2Hz/s for moving average of 500ms window 

b. ±1.5Hz/s for moving average of 1000ms window  

c. ±1.25Hz/s for moving average of 2000ms window“  

2. Great Britain operates a 0.125Hz/s constraint on the whole-system RoCoF, which will be 

raised to 1Hz/s following full roll-out of loss-of-mains relay settings in distributed generation. 

This constraint balances the allowable RoCoF with the largest infeed loss. There is also 

requirement to avoid reaching the first threshold of under-frequency load shedding (UFLS) at 

49.2Hz. A first tranche of fast frequency response was introduced, contracting 200MW of 

battery capability to provide the service. Furthermore flexible response services are envisaged, 

and the EFCC innovation project offers novel approaches to addressing the need for 

incorporating flexible resources and co-ordinating these for a fast, grid-sensitive control. 

3. Ireland has placed constraints on System Non-Synchronous Penetration (SNSP). Until 

recently, SNSP was limited to 50%, but has been raised to 65% [2]. New requirements for 

RoCoF ride-through have been issued and new ancillary services have been defined to 

address low inertia performance. Furthermore, an operational limit of minimum 23,000 MW.s 

all island inertia is in place. 

4. Iceland uses the flexibility of existing grid connected generation and load to address 

frequency stability and network separation challenges. 

5. Australia has long transmission distances, and the reduction of inertia in South Australia 

(with large wind resources) has prompted attention to the issue of regions of low inertia. 

Large grid-scale battery storage facilities have been connected, with the capability to respond 

rapidly to frequency changes. New control approaches and services are emerging. 

 

This report addresses the work done by the MIGRATE consortium in Work Package 2 to address the 

needs for measurement and analysis tools to support the transition to low inertia grids with high 

power electronic penetration. The tools utilise standard synchrophasor data, and where necessary, 

extensions of the synchronised measurement technology philosophy. The report covers the results of 

applying the trial analysis tools to real power system data, and discusses the findings in terms of 

learning related to power system behaviour as well as the potential to apply the capability to various 

practical use cases. 

 

 Relationship between WP1 Stability Concerns & KPIs and WP2 2.2

Measurement-based identification 
 

Under WP1 task 1.1, a questionnaire was issued to all MIGRATE TSOs and the majority of TSOs within 

ENTSO-E. The results obtained from the TSO questionnaire were complemented by a literature survey. 

Based on these two sources, eleven power system stability issues were identified and described in 

detail. In order to prioritise the identified issues, a second questionnaire was issued to all TSOs within 

the MIGRATE consortium. The stability issues were assessed with respect to three dimensions of 

impact: severity, probability and expected timeframe. As a result of these ratings, the issues were 

ranked with respect to their overall impact on power system stability. Rank 1 identifies the issue with 

the largest overall impact. The ranking results are shown in Table 2. 

 



REPORT 
 

This project has received funding from the European Union’s Horizon 2020 

research and innovation programme under grant agreement No 691800.  

 

Table 2  Ranking and categorisation of identified stability issues.  

Rank Stability category Issue 

1 Frequency stability Issue 3: Decrease of inertia 

2 Not classified Issue 11: Resonances due to cables and PE 

3 Rotor angle stability Issue 2: Reduction of transient stability margins 

4 Frequency stability Issue 4: Missing or wrong participation of PE-connected 

generators and loads in frequency containment 

5 Not classified Issue 10: PE controller interaction with each other and passive 

AC components 

6 Voltage stability Issue 5: Loss of devices in the context of fault-ride-through 

capability 

7 Voltage stability Issue 7: Lack of reactive power 

8 Rotor angle stability Issue 1: Introduction of new power oscillations and/or reduced 

damping of existing power oscillations 

9 Voltage stability Issue 8: Excess of reactive power 

10 Voltage stability Issue 6: Voltage-dip-induced frequency dip 

11 Voltage stability Issue 9: Altered static and dynamic voltage dependence of loads 

 

Following from these stability issues, task 1.2 proposed Key Performance Indicators (KPI’s) for 

estimating the distance to instability and the maximum PE penetration.  KPIs were proposed to 

address the following issues: 

 

1. Frequency Stability 

2. Transient stability 

3. Voltage stability 

4. Controller Interactions 

 

In WP2, the same stability challenges were observed practically in real networks, and measurable and 

controllable characteristics of the stability issues were experienced in practice. The WP2 KPIs were 

established to extract information using dynamic measurements that were existing or could readily be 

installed in the near future, where there is a path to include the KPI in automated control action or 

human intervention.  

The table below describes the KPIs developed in MIGRATE relating to dynamic performance and 

stability, and comments on the experience in WP2 of measurement-based processes to identify the 

KPIs. While the WP1 KPIs were developed from the perspective of indicators extracted from modelling 

simulation together with various measurement sources such as EMS/SCADA and synchrophasor 

measurements, the experience from WP2 reveals some issues that may arise with implementation and 

introduction to service of the theoretically proposed KPIs, and WP2 introduces a perspective that is 

based on measurement through interpretation and control. WP2 also provides some insights into 

network insights that can validate and improve the KPIs that are reliant on dynamic models.  



REPORT 

This project has received funding from the European Union’s Horizon 2020 

research and innovation programme under grant agreement No 691800.  

Family Indicator / KPI Key concept of KPI Practical measurability and operational value 

Frequency 

Performance 

RoCoF 

 

WP1 proposed measuring 

RoCoF for the centre of 

inertia of a power system 

over a defined window for 

events. 

 

RoCoF for centres of inertia is measured in WP2, using a similar weighted 

averaging of distributed measurements as described in WP1. In WP1, it is 

assumed that the whole system acts as a single centre of inertia. In WP2 

grid measurements have shown that RoCoF varies substantially across the 

grid, indicating that the grid is better represented as multiple linked centres 

of inertia. Therefore, the WP2 work focused on calculating frequency and 

RoCoF for COI of multiple areas of the grid. 

Reserves  

WP1 KPI 

The Reserves KPI is related 

to the spinning reserve and 

primary frequency control 

to contain frequency. 

The spinning reserve is a measurable value available in an EMS and not 

derived from synchrophasor data. The physical mechanism for a link 

between spinning reserves and RoCoF performance is unclear. The WP2 

correlations on real data identified rotating inertia and load level to be 

predictors of inertia, and these relationships have physical explanations. 

The WP2 work on frequency response does not support the use of a 

frequency performance KPI based on spinning reserve.    

However, the wider perspective of reserves for frequency stability 

(including fast-acting non-conventional response) is very important for low 

inertia systems or areas. In WP2, the “frequency response envelope” was 

developed in the context of fast frequency control to relate the 

inertia/RoCoF performance of the grid and the required locational fast 

frequency reserve, as described in D2.4.   

NADIR Nadir or zenith are the 

minimum/maximum values 

that frequency reaches 

during a disturbance. It is 

dependent on the specific 

event. 

The time and value of Nadir/Zenith are captured in standard WAMS 

offerings and are recognised as useful measures of the impact of 

disturbances. However, it is noted that the values are event-specific, and 

not a system characteristic. Some further work is proposed in WP2 on the 

prediction of nadir/zenith, given known inertia and characteristics and 

disturbance size. 

Area Inertia 

WP2 KPI 

Effective area inertia 

captures the relationship 

between power exchange 

The WP1 discussion on inertia focuses on physical rotating inertia, while 

real observations have shown that other factors influence the power-RoCoF 

relationship, e.g. load. Thus, an effective inertia measure is required that 
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across an area boundary 

and the RoCoF of the COI 

within the area. This applies 

to large disturbances 

initiated outside the area, 

and to small ambient power 

penetrations.   

accounts for natural and controlled response from devices other than 

synchronous generators. 

Furthermore, it was found in WP2 that effective inertia is measurable by 

area, capturing the geographic distribution of inertia. This formed one of 

the KPIs that was emphasised in WP2. 

Large-

disturbance 

transient rotor 

angle stability 

Maximum angle 

difference 

 

COI-Referred 

Rotor Angles 

 

Power-Angle 

Based Stability 

Margin - WP1 

KPI 

The largest angle deviation 

between any two 

synchronous machines is a 

proposed KPI for transient 

power-angle stability. As 

described, this KPI would 

apply to the whole network. 

 

The COI-Referred Rotor 

Angles modifies the 

approach by aggregating 

angles of areas of the grid, 

but is still based on the 

largest angle deviation 

between any area. 

 

The power-angle stability 

margin applies rules to 

determine a % margin to 

instability.  

The largest angle deviation is highly dependent on the size and network 

impedance of the network. The largest angle deviation would be more 

relevant and measurable between neighbouring area centres of inertia 

rather than across the whole network.  

The ability to measure rotor angle stability as maximum deviation is limited 

because the defining contingencies occur very rarely, so an implementation 

must depend either on simulations or on extrapolation of actual 

disturbances. The WP1 KPIs are addressed in terms of rotor angles, not 

synchrophasors in the network, and few TSOs have PMU coverage of all 

major generation sources, or rotor angle measurements, nor do they share 

such detail between partners.  

Given the practical and theoretical challenges, a PMU-based 

implementation is not recommended as described. However, it is still 

necessary to gain insights into angle stability through a KPI.     

In WP2, it was observed that transient stability is affected by inertia of 

connected areas, and that the observed frequency, angle and RoCoF 

differences. Therefore, the area inertia KPI is a practical and measurable 

indicator, with the potential for further research on measures of the 

network strength between the area inertia centres, which together with the 

area inertia, would provide system transient characteristics from 

continuously observed behaviour. 

It is recognised in WP1 that further data analytics is valuable for 
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forecasting behaviour. In WP2, this concept has been explored further in 

relation to the WP2 KPIs. Continuous estimations of the area inertia KPI 

provides much greater statistical confidence than raw data depending on 

rare events.    

Small-

disturbance 

voltage stability 

Normalised 

Voltage 

Instability 

Sensitivity Index  

(N-VISI)  

WP1 KPI 

N-VISI indicates the long 

term voltage stability by 

voltage change (V/V0) for 

the weakest bus(es) and 

the loadability margins 

associated.  

The proposed methodology uses a given system state and applies 

simulated loading changes to find the margin. For practical implementation, 

the base case scenario would need to include both the current state (from 

the state estimator solution) and critical contingencies. The loadability 

margin is then calculated by simulating increasing load. This would be 

implemented on SCADA/EMS and model-based contingency analysis 

without the necessity of PMU measurements.  

System Strength 

WP2 KPI 

Using PMU measurements, 

small disturbances in 

downstream reactive 

power, the equivalent  

impedance of the source 

network can be identified. 

This yields a measure of the 

system strength, distinct 

from conventional SCC.   

WP2 addressed a practical goal of measuring the strength of voltage 

support through PMU data for selected buses. 

A distinction is made between Short Circuit Capacity for fault behaviour and 

System Strength for voltage control and stability is made. System strength 

is measurable by PMUs, while SCC is seldom, if ever, available from a 

specific bus of interest since full 3-phase faults at a given bus are 

extremely rare. 

      

Subsynchronous 

controller 

interactions 

Distance to 

Controller 

Interaction  

WP1 KPI 

Look-up tables from pre-

event model-based studies 

of PE and grid reactance 

used to alert the control 

room to proximity of SSCI. 

 

 

 

 

WP1 uses a simulation based predictive approach, which relies strongly on 

correct model-based representation of the network and the PE controllers 

providing the negative resistance at the SSCI frequency. The method is not 

implementable as described based on PMUs or the WP2-proposed extension 

of faster data. However, the “distance to controller interaction” KPI could 

be made more reliable if resonance issues that are not initially captured in 

the model were identified and incorporated in the models or resolved in the 

physical controllers. 
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Oscillation 

frequency, 

damping & 

amplitude 

WP2 KPI 

Using fast streamed 

measurements, oscillation 

stability parameters are 

identified in the SSCI 

frequency region and 

presented in real-time, 

highlighting the onset of 

weak or strong resonance. 

Controller interactions can result in undamped oscillations as shown in 

WP1. D2.3 section 6 addresses measurement-based monitoring of 

wideband oscillations in the range from 0.002 to 46 Hz. An extension of 

standard PMU measurements (200Hz waveform measurements) has been 

successfully applied that captures the frequency ranges in a way that 

resonance phenomena including SSCI can be extracted. The approach 

draws from well-established experience in real-time detection and analysis 

of oscillation stability parameters previously applied to lower frequency 

modes. The experience has shown several cases of relatively small 

resonance that can be identified and resolved by a controller without large 

unstable oscillations being experienced. This includes controller malfunction 

or misconfiguration that the models cannot be relied on to reproduce. The 

measurable KPI in WP2 is complementary to the model based KPI in WP1 

by providing coverage of phenomena not included in the model, and as a 

resource to validate the models.  
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 Structure of the Document 2.3
 

The document is structured as follows: 

Chapter 3 covers estimation methods for effective inertia of areas of the power system. It 

describes the trials in the TSO partners’ networks and investigates the influences on the observed 

inertia. 

Chapter 4 reports on system strength estimation, focusing on the measure of strength of voltage 

support in near-nominal conditions. 

Chapter 5  covers the forecasting of effective area inertia and system strength. 

Chapter 6 reports on measurement of oscillations from very low frequency common-mode 

oscillation from 0.002Hz, through electromechanical and control mode oscillations through to 

higher frequency sub-synchronous oscillations. 

Chapter 7 describes techniques for model parameter estimation in mixed power electronic and 

synchronous generation networks.  
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3 Monitoring the Effective Area Inertia 
 

 Background – inertia as a concern 3.1

In the case of a traditional power system where synchronous generation is much larger than 

infeeds from power electronic converters, the inertia of the power system limited the rate at which 

the system frequency changed. When there was a loss of generation or load in the power system 

leading to an imbalance of power, the deficit or excess energy caused deceleration or acceleration 

of the power system. In other words, excess energy in the network was converted into kinetic 

energy in the large rotating masses connected to the system. The energy imbalance was 

counteracted by generator governing control that responded in proportion to the deviation of 

frequency from nominal, and the power system reached a new point of power balance, but at a 

different frequency. The frequency changes were relatively slow when the inertia was large, and in 

the GB system, there was typically 9-10 seconds available to governing control systems to adjust 

the mechanical power to balance the loss of generation or load. Given the available time, and the 

slow rate of response of governors, it was possible to separate the problem of frequency 

containment to a system-wide issue addressed by generators regardless of location. More rapid 

localised speed deviations between generators distributed around the system could be considered 

separately and addressed by AVRs and PSSs, and mitigation was addressed in terms of stability of 

transients and oscillations. 

 

With inertia reducing in power systems, the same loss of generation or load will cause a much 

more rapid change in frequency, and there is much less time available to compensate the gain or 

loss of generation or load before Under Frequency Load Shedding (UFLS) or Over Frequency 

Generation Shedding (OFGS) acts. This means that responses must be significantly faster, however 

the faster response means that control intended for frequency containment may participate in 

dynamics that were traditionally regarded in the domain of transient or oscillatory stability. These 

dynamic issues can no longer be separated on the basis of response rate. 

 

A low inertia power system may be understood as having dispersed centres of inertia, coupled 

through the transmission system. The strength of the coupling depends on the network 

impedances. A large load or generation loss in one area of the grid can cause that area to diverge 

in frequency from neighbouring areas, and in severe cases it can cause separation. This effect is 

clearly observed in the Icelandic system where there are remote centres of inertia separated by 

long transmission distances, but the same effect can also be seen in frequency measurements in 

other power systems such as GB where there are areas with very low inertia. 

 

As a consequence, frequency can no longer be considered as a single system-wide measure of the 

power balance. Frequency is different across the power system, as shown in the GB example in 
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Figure 1, and this also implies that Rate-of-Change-of-Frequency (RoCoF) can be substantially 

different across the grid. Furthermore, frequency differences between neighbouring areas 

implies that the phase angle difference between voltage waveforms are diverging. Larger and 

faster frequency changes and deviations across the power system cause more significant phase 

angle deviations, resulting in new transient (or phase angle) stability concern and higher risk of 

islanding. It is also a concern that larger values of RoCoF can lead to cascading loss of generation 

resources, either because the physical plant cannot ride through rapid changes in frequency, or 

because loss-of-mains protection interprets the local response of the grid as a loss of grid 

connection.  

 

Figure 1: Frequency disturbance in the GB power system, showing spread of frequency in a disturbance measured from 
southern England to southern Scotland (SPEN area)

4
 

Figure 2 shows RoCoF values observed in various locations in the GB power system. Although the 

RoCoF of the system as a whole remains within the required limits of 0.125Hz/s, the peak values of 

RoCoF occur at different times between the north and south of the country, and the extremities of 

the power system experience the greatest RoCoF values. 

                                                
4 Data from National Grid & SPEN, VISOR project 
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Figure 2: RoCoF measurements across the GB system following a disturbance in southeast England, showing regional 
measurements crossing a 0.125Hz/s threshold in some locations, at different times 

Fortunately, power electronics penetration also brings some useful features. The increasing share 

of power electronic interfaces gives rise to greater flexibility and speed of control. 

Reducing inertia means that faster frequency control is required, but this is balanced by greater 

capability to perform fast control using the inherent controllability of power electronic converters. 

This will be elaborated further in Deliverable 2.5.  

 

The purpose of the development of the MIGRATE tools is to assist TSOs in understanding the 

variations and influences on the effective inertia of the power system. This leads to improved 

decisions on: 

 The time available for frequency response to be deployed following a disturbance 

 What volume of fast response capacity is required, and how this should be distributed 

around the system 

 What frequency and RoCoF ride-through requirements are practically required for intact 

and islanded scenarios  

 What control strategies should be applied to ensure that frequency containment is applied 

while improving (or at least not degrading) the risk of out-of-step or islanding 

 

Conventional inertia estimation techniques have been based on the amount of inertia in 

rotating machines connected to the transmission network. This estimate can be modified to 

improve the estimate using experience relating observed RoCoF in events where loss of generation 

or load is known. For example, National Grid System Operator uses a factor based on the value of 

transmission load to uplift the rotating inertia estimate (see Section 3.4.7.2). However, there is a 
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concern that the approximation may become increasingly uncertain as the rotating inertia reduces 

and the influences of non-synchronous and distributed resources becomes proportionally greater. 

Direct estimation would be valuable. Furthermore, it is apparent that the distribution of inertia 

around the power system is important, and it would be valuable to have a view of the distribution 

of inertia around the grid, influencing the needs for arming fast response in particular areas. 

 

 Concepts and Definitions 3.2

The inertia measurement tools developed in MIGRATE WP2 are not intended to estimate the 

inertia of the rotating masses of the system. This value is generally quite well captured as 

generator inertia is well known. Instead, the tools are intended to capture the more general 

relationship between power imbalance and frequency that incorporate various other 

contributions, and defines the response time and volume requirements for active control. As the 

amount of rotating mass inertia becomes smaller, the contributions of other elements in containing 

frequency become more significant, and a measure of the actual system behaviour in response to 

disturbances becomes increasingly important. 

 

Indeed, there are various contributions to power imbalance within an area which will occur during a 

disturbance, such as: 

 

 Voltage dependence of load  
 Voltage dependence of power electronic conversion of generation, storage and 

interconnections 
 Frequency dependence of load 
 Controlled response of renewable generation, HVDC, storage etc., including synthetic 

inertia and rapid frequency controls 

 Governor frequency control of large generation 
 Motor load control 

  

Several of these responses are always present in the grid following disturbances and will generally 

slow the frequency gradient. Thus, they form part of the grid’s natural resilience to frequency 

disturbances. When a TSO defines how much fast frequency response is required, and how quickly 

it should be deployed, these sources of frequency mitigation should be accounted for. Neglecting 

these sources and using only an estimate of physical spinning mass as the inertia leads to a 

conservative volume of frequency control, which may be costly and lead to overshoot of the 

response. 

 

 

 

4 

Power rises until gen speed  

crosses the rest of system  

frequencies, then falls. 

Studied gen has no governor-
frequency response. Natural 
response shown. 
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Effective Area Inertia 

Therefore we define the “Effective Area Inertia” He as the constant of proportionality between 

power imbalance and RoCoF following a disturbance that best fits the assumed model: 

 

∆𝑃 =
2𝐻𝑒

𝑓0

𝑑𝑓

𝑑𝑡
 

 

Where: 

∆P is the power imbalance of the area of the grid where the estimation is applied 

f0 is the nominal frequency 

f is the aggregated frequency of the region  

Natural damping of the system is neglected 

 

The effective inertia for an area characterises the movement of frequency of an equivalent centre 

of inertia in response to a change of power at its border. Conversely, if the equivalent inertia is 

known in advance, the power imbalance can be estimated from measurement of df/dt.    

 

It may be noted that the above equation is applicable at any time, but the measurable power 

imbalance of an area is an approximation. The penetration of measurements at the boundary and 

of the infeeds and outfeeds of power influences the observability of the identification approaches. 

 

 Use cases of Monitoring Effective Area Inertia 3.3

3.3.1 Great Britain 

Inertia is a constraining factor on the GB network, and measuring the effective inertia of the grid 

would minimise the impact of the constraint.  

 

There is an inertia estimation method in place (see Section 3.4.7.2), based on the transmission-

connected synchronous generation, uplifted by a factor related to the load, however a measure 

that is more directly related to the actual inertial response including distribution effects would be of 

benefit. 

 

There are two main drivers relating to the need for inertia estimation in the GB network: 

 

1. RoCoF containment to avoid loss-of-mains relay tripping 

2. Frequency containment to avoid UFLS and OFGS relay tripping 

There are also other drivers to consider, including the physical capability of plants to ride through 

large RoCoF and frequency disturbance, and the effects of regional inertia on inter-region transient 

stability limits. However, this discussion focuses on RoCoF and frequency containment. 
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At present, RoCoF must be limited to 0.125Hz/s over a 0.5s window as loss of mains tripping of 

distributed generation is historically set to 0.125Hz/s. There is a process of changing all RoCoF loss 

of mains relays to 1Hz/s, but this is likely to take two to three years to complete. Once completed, 

lower inertia values and larger infeed losses could be accommodated with the addition of rapid 

frequency response services. 

 

The RoCoF limit of 0.125Hz/s results in a constraint on system operations to balance inertia and 

the single largest contingency. There are already situations where the inertia is low and the system 

must be constrained either by increasing the connected inertia or reducing the single largest 

contingency. As illustrated in Figure 3, the system has encountered conditions where the largest 

loss is around 700MW, much less than the unconstrained value, currently around 1200MW.  

 

By 2025/26, it is expected that the largest loss will be 1800MW and inertia will be around 75GVA.s, 

which would result in a maximum RoCoF of 0.6Hz/s which means only 1.3s5 for the system to 

reach UFLS load shed limits unless rapid frequency response measures are required. 

 

The inertia is expected to drop significantly in all scenarios between 2016/17 and 2020/21 (Figure 

4), to levels at which rapid frequency response is required. Given that 100GVA.s inertia is possible 

in all scenarios by 2020/21, and the largest loss of 1400MW interconnection capacity is expected in 

2021 (in two scenarios), then a global RoCoF of >0.3Hz/s is possible, and there will be around 3 

seconds from the event available for rapid frequency response before UFLS triggers.  

 

                                                
5
 The 1.3 seconds is not an exact calculation of the amount of time to reach the load shedding frequency of 

49.2.  It is meant to demonstrate the timeframe required for fast frequency control to avoid load shedding and 
assumes a pre-event frequency of 50 Hz.  Frequency in GB is typically between 50 +/- .2 Hz in normal 
operation.  For a pre-event frequency of 49.8, it only takes 1 second to reach 49.2 with a ROCOF of 0.6 Hz/s 

Present day RoCoF limit 

0.125Hz/s to avoid 

disconnection of distributed 

generation 

7 Aug 2016 135 GVA.s 

Expected max loss 

1800MW by 2025, limiting 

RoCoF to 0.6Hz/s and 

inertia to 75GVA.s  

 

 

 

7 Aug 2016 Infeed limit under 800MW 
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Figure 3: GB System instantaneous system RoCoF, relationship between absolute loss size and inertia (Source: National 
Grid SOF) (annotations added) 

 

Figure 4: Inertia forecasts from National Grid SOF 

Historically, there have been cases of loss of mains tripping even when the global RoCoF is 

expected to be below 0.125Hz/s. These have generally been seen towards the edges of the system. 

Typically, the largest RoCoF values are seen in the same event at the north and south of the 

network, not in the centre. In the chart of RoCoF values at different locations in Figure 5, it may be 

noted that RoCoF is larger than 0.125Hz/s at SELL in the south, and around 0.6s later at TEAL in 

the north, while smaller RoCoF is observed in the network in between. 
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Figure 5: Observed RoCoF for a disturbance on the GB system 

This demonstrated regional nature of RoCoF means that there is a need to know the effective 

inertia of regions of the grid, distinct from the global inertia of the grid. Also, it is necessary to 

consider the regional requirements for rapid frequency response. 

 

The GB grid use case therefore requires effective inertia estimates for: 

1 Real-time constraints balancing the grid effective inertia and the largest allowable loss 

2 Determining the volume and time to deploy of rapid frequency response required in real 

time 

3 Determining planning requirements for rapid frequency response capacity. 

 

3.3.2 Iceland 

The Icelandic system has low inertia due to its size, and the inertia is located in inertial centres 

that are separated by long and relatively weak interconnections. The grid has a tendency to 

separate into islands when the largest loads (aluminium smelters) trip.  

 

To address this, fast frequency response is deployed through wide area control that 

provides sensitivity to the location of the triggering disturbance, and proportionality to the severity 

of the event. The fast frequency response mechanisms and experience are described in more 

details in Deliverable 2.4. 

 

The earliest measure of the severity of the event is RoCoF, as frequency takes time to change 

during a disturbance. It is therefore valuable to trigger a response using RoCoF, as this increase 

the speed of deployment compared with using the frequency directly.  
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In order to use RoCoF in event triggering, it is necessary to relate the RoCoF in each centre of 

inertia of the grid to the generation or load loss. The wide area control scheme will therefore 

deploy resources in a disturbance in proportion to the multiple of inertia and RoCoF. 

 

It is also necessary to accommodate islanding due to the recurrence of these events. If the system 

islands in the course of a disturbance, it is necessary to adapt the inertia in order that power 

gain/loss estimation (inertia x RoCoF) is correct when some of the inertia has been split away from 

the system. 

 

The Icelandic grid must therefore be considered as multiple areas of inertia. An inertia estimate 

must be associated with each area. The wide area measurements identify which areas are 

connected or are split, and combine this with the information on measured effective inertia of the 

areas.  

 

The inertia estimation applications were used to identify the effective inertia of the areas of the 

network that may disconnect from each other. The application results were used:  

1. To determine the effective inertia of the connected areas, i.e. the sum of the areas 

synchronously connected with the controlled resource 

2. To determine RoCoF thresholds (or more precisely Hs x SRoCoF, where Hs and SRoCoF are 

the connected system inertia and System RoCoF) to ensure that the discrete fast step 

responses were slightly smaller than the triggering load or generation loss. 

 

In Iceland, the overall system inertia is relatively constant due to the generation mix of hydro and 

geothermal power, and the high proportion of continuous energy-intensive industrial load. Since 

the areas do not experience large changes of inertia, it is not necessary to update the inertia 

estimates continuously in real-time. A record of area inertia values estimated over several 

disturbances is sufficient for the Icelandic use cases.  

 

3.3.3 Large Interconnection 

In large interconnections, separation of a part of the system can result in very much greater 

RoCoF than there would be in the interconnected situation. Without careful design of frequency 

control for both interconnected and islanded scenarios, separation of an area of the interconnection 

is likely to lead to blackout of the separated area. To mitigate the risks, it is useful to have a 

measure of the inertia of areas of the system in which islanding is credible. 

 

While an area is operating within the synchronous area, the frequency deviations are small and the 

generation and load affecting the system balance of power are seen (beside flow redistributions) 

mainly as oscillations in frequency that ringdown to a new frequency value that deviates 

from the pre-event value by a small shift. The frequency oscillations are not the same across the 
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entire interconnection, but can be coherent across a large area of the grid, and can involve 

opposing phase patterns across the interconnection. 

 

The inertia of areas of the system affects the stability of the grid. A low inertia area which is 

connected by a relatively weak transmission interconnection will experience larger and faster 

frequency and phase angle swings in comparison to a scenario with larger inertia and the same 

power imbalance. Inertia influences the capability of the area to remain in synchronism with the 

wider interconnection, and the risks of out-of-step and islanding will be affected. Moreover, with 

voltage support supplied from power electronic devices in the connecting corridors, an angle 

divergence due to loss of generation or load can lead to a sudden point of voltage collapse in the 

corridor. The problems of angle, frequency and voltage stability are linked more closely in a high 

power electronic/low inertia power system than in traditional power systems. 

 

If an area does separate, then the effective inertia of the area is critical, along with the power 

imbalance of the area, to determine whether the area will remain live or will blackout. In order to 

keep the area live, it is necessary to take one or more of the approaches described in Table 3. 

The implications for the need for an effective area inertia estimate are also described.  



REPORT 
 

 

Page 36 of 218 

 

 

 Countermeasure to keep islanded area 

with low effective inertia live 

Need for effective area inertia estimate 

1 Constrain the largest contingency, accounting 

for a disturbance inside the area and the area 

boundary transfer 

The largest allowable contingency depends on the 

effective inertia of the area, and better knowledge of 

the inertia allows more precise definition of the 

constraint. 

2 Maintain or increase inertia by generation 

constraints, to withstand the single largest 

power imbalance contingency 

If a target inertia is identified, then the constraint 

should uplift the effective area inertia to the 

appropriate level. The effective area inertia should be 

known to avoid the expense of over-constraints.   

3 Define ride-through capabilities such that large 

RoCoF and frequency deviations can be 

withstood without blackout 

If the generation resources in the area have high ride-

through capabilities, the constraints on the largest loss 

and/or inertia can be relieved. However, not all 

technologies can readily achieve high ride-through 

capabilities. A record of effective area inertia is 

required for planning the capability required and 

possibilities for derogations. 

4 Implement fast-acting emergency controls that 

will contain the power imbalance at an early 

stage of the event 

The most cost-effective approach to defence of an 

area may be to apply fast acting control to contain 

RoCoF and frequency deviation. Effective area inertia 

is required to plan, configure and deploy fast acting 

control. 

 

Table 3: Methods for containing frequency and ride through separations in an area of a large interconnection 

There is an ENTSO-E proposal that equipment should be capable of riding through large values of 

RoCoF that is currently under discussion. The guideline for grid codes are described in the proposal 

as follows6:  

 

“The power generating modules shall stay stable and connected to grid if the rate of change of 

frequency is cumulatively equal or less to the following values in respect to their moving 

average time window:  

±2Hz/s for moving average of 500ms window  

±1,5Hz/s for moving average of 1000ms window  

±1,25Hz/s for moving average of 2000ms window” 

 

These values of RoCoF are only likely to be seen in an islanded condition. However, it is very 

challenging and expensive for some technologies, such as thermal generation, to ride through such 

                                                
6https://www.entsoe.eu/Documents/Network%20codes%20documents/NC%20RfG/IGD_RoCoF_wit

hstand_capability_final.pdf 
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large values of RoCoF. A better knowledge of area inertia is helpful for defining the practical needs 

without overly conservative requirements.   

 Event-based Effective Area Inertia estimation technique and results 3.4

3.4.1 Summary of Method 

Estimation of Effective Area Inertia involves relating changes in the power imbalance of the 

network to the movement of frequency within the area. This method introduced the concept 

of inertia measurement relating to areas of the grid, rather than treating the power system as a 

single equivalent centre of inertia. 

 

Prior to MIGRATE, previous inertia measurement methods assumed a known step change in power, 

and related this power change to the gradient of frequency7. Underlying the assumption that a 

single frequency record approximated the overall “system frequency”, there is an assumption that 

the system approximates a single centre of inertia, influenced uniformly by the disturbance. This 

assumption of uniform frequency behaviour is not valid in large interconnected power 

systems, nor is it valid in smaller power systems where there is low inertia, or where inertial 

centres are separated by high impedance transmission corridors8.   

 

The event-based Effective Area Inertia estimation approach within MIGRATE WP2 took two 

important steps in addressing the estimation of frequency: 

1. Treating power imbalance as time-varying function rather than a discrete step of power 

allowed a more general use of disturbances in power to measure inertial effect.  

2. Sectionalising the problem into multiple interacting areas allows identification of the 

effective inertia of the individual areas which are small and meshed enough to closely 

approximate a single centre of inertia. 

   

The approach is made possible by synchronised Phasor Measurement Units (PMUs) to 

measure the sum of power exchange crossing the boundary around each area, as well as 

measuring a geographically averaged frequency representing the area. Given a sufficiently large 

disturbance, an area inertia estimation can be derived for every area apart from the area 

containing the disturbance source, through measuring the deviation of power through the boundary. 

 

                                                
7 References: 

T. Inoue, H. Taniguchi, Y. Ikeguchi and K. Yoshida, "Estimation of power system inertia constant and capacity 
of spinning-reserve support generators using measured frequency transients," in IEEE Transactions on Power 
Systems, vol. 12, no. 1, pp. 136-143, Feb. 1997.doi: 10.1109/59.574933. 

D. P. Chassin, Z. Huang, M. K. Donnelly, C. Hassler, E. Ramirez and C. Ray, "Estimation of WECC system inertia 
using observed frequency transients," in IEEE Transactions on Power Systems, vol. 20, no. 2, pp. 1190-1192, 
May 2005. doi: 10.1109/TPWRS.2005.846155. 

 
8
 This assumption is only valid in the case of a strongly coupled network.  
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Figure 6 illustrates the measurement infrastructure around an area of the grid to measure the 

inertia of the area. Since the boundary power measurements are accurately time synchronised, 

they can be used to compile a total net power swing into or out of the area. Similarly, multiple 

frequency measurements can be combined to reduce local generator or load dynamics and retain 

the significant frequency deviation and inter-area oscillations. A total net power swing and centre 

of inertia frequency movement are determined in order to calculate the area inertia. It is also 

possible to create an area-wide voltage deviation measure, which can be used where there is an 

interest in the influence of voltage.   

 

Figure 6: Synchronised power and frequency measurement for a bounded area of the grid 

The approach integrates power deviation from the point of the disturbance to time t, 

representing the energy added or removed from the area through the boundary, up to time t. This 

energy relates to the change in frequency from the pre-event value. Thus, the increasing energy 

deviation can be related to an increasing change in frequency. During a period when the system 

approximates an inertial response, the integrated power deviation and frequency shift will 

be linearly related. Slower responses such as governor control will influence the response and 

cause the response to be non-linear. There is also non-linearity in the early stage of the 

disturbance where load and non-conventional generation may be significantly affected by the fault. 

These non-linear ranges are discarded.  

 

The implementation of the method allows the user to define inputs of PMU measurements of power 

flow at the boundaries of the area as well as frequency measurements inside the area (as per the 

inputs listed in Table 4). The changes in power and frequency following the disturbance are used to 
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estimate the effective inertia of the area. In addition to the measurements required for estimating 

the effective inertia, there is also a facility for investigating the influence of load voltage through 

the use of an aggregated load model for the area. Table 5 lists the outputs provided for each event. 

Further detail is provided in the user documentation provided with the tool. 

 

Input Description 

Fi Up to 100 Frequency Measurements per area 

Pi Up to 100 Boundary Power Measurements per area 

Vi Up to 100 Voltage Measurements per area 

Table 4: Event-based Area Inertia Estimation method Inputs 

 

Output Description 

Timestamp Event timestamp 

Effective Area Inertia Estimated area inertia in MW.s² or MW.s (user defined) 

Effective Area Inertia, 

load effect removed 

As above, MW.s² or MW.s (user defined), but with a component of power 

balance accounting for load power effect due to voltage. 

Max. RoCoF Maximum Rate of change of frequency in Hz/s 

F Dev. Maximum Frequency Deviation in Hz 

Table 5: Event-based Area Inertia Estimation method outputs 

The process of applying the AIE method is outlined in the Figure 7, and the results are illustrated in 

Figure 8. 
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Figure 7: Overview of Event-based Area Inertia Estimation Process 
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Figure 8: Examples of Results Logging and Charting 

 

3.4.2 Event detection 

The event-based area inertia tool must first detect that there is a disturbance in frequency in the 

area(s) being investigated. This is implemented in the tool for the feasibility study as a process 

running on a WAMS data archive, either as a review of a long-term history of data or as a regular 

update from recent data. The detection of events involves reading frequency data from the WAMS 

archive and determining the times when there is a significant frequency disturbance. 

 

Events are found by retrieving batches of data from one designated frequency signal for each area 

investigated, and calculating the RoCoF over a moving window, typically 200ms, but user settable. 

A frequency event will be detected by comparing the RoCoF value with a user-defined threshold 

and detecting a large positive or negative value. Once an event is detected, the tool will download 

data from all configured frequency and power measurements for the period around the event 

trigger. 

 

3.4.3 Area Inertia Estimation Calculation 

The calculation of area inertia requires two main parameters: rate-of-change-of-frequency (RoCoF) 

and change in net power across the area boundary. The relationship between the change in power 

and RoCoF and the unit derivation is given by Equation (1) below. 

∑ Boundary Power 

Mean Freq of Area 

RoCoF 

Inertia function 

Red sections pass linearity test 

 Results selection 

Results log 
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 𝑑𝑓

𝑑𝑡
=  

∆𝑃

𝐼𝑛𝑒𝑟𝑡𝑖𝑎
    Units:  [

𝐻𝑧

𝑠
] = [

𝑀𝑊

𝐼𝑛𝑒𝑟𝑡𝑖𝑎
] 

     [𝐼𝑛𝑒𝑟𝑡𝑖𝑎 ∗ 𝐻𝑧] = [𝑀𝑊𝑠] 

 

    𝐼𝑛𝑒𝑟𝑡𝑖𝑎 𝑈𝑛𝑖𝑡𝑠 = [
𝑀𝑊𝑠

𝐻𝑧
] = [

𝑀𝑊𝑠
1

𝑠

] = [𝑀𝑊𝑠2] 

 

(1) 

Where:  

 𝑓 is the aggregated frequency of the region
9
 

 Inertia is equal to 
2𝐻

𝑓𝑁𝑜𝑚𝑖𝑛𝑎𝑙
 , and 

𝐻𝑖 =  
Kinetic energy in MJ at rated speed

Machine rating in MVA
, where Hi is the generator inertia constant 

 ΔP is the difference between mechanical and electrical power (Pm - Pe) 

It is assumed that Pm remains at the same level as it was pre-event and therefore ΔP is replaced 

with -ΔPe which is the difference between the total power flow out of/into the area before and after 

the event. Practically, this means that an estimation can be carried out without the loss of 

generation, load or interconnection being directly monitored.  

The approximation of constant Pm is reasonable where there is no trip of generation or load 

within the area, so the calculation is carried out only in cases where falling frequency (system 

generation or infeed loss) is accompanied by a net change of power flowing out of the area. 

Similarly, events of rising frequency (system load or outfeed loss) is accompanied by net change of 

power flowing into the area. 

However, it is known that Pm within the area does vary, and that these variations can have a 

positive effect to reduce RoCoF. Influences within the area that act to limit the RoCoF will be 

represented as contributions to inertia. Thus, the measured “effective inertia” can be interpreted as 

the relationship between power changes into or out of an area and RoCoF of the area. Practical 

experience of using this measure is addressed in the results reported in later sections.  

From Equation (1) above, it may be noted that inertia could be derived directly by comparing 

RoCoF and ∆P, however in practice, more stable results are obtained by integrating both sides, as 

shown in Equation (2). 

 

 

∆𝒇 =  
𝟏

𝑰𝒏𝒆𝒓𝒕𝒊𝒂
 ∫ −∆𝑷𝒆𝒅𝒕

𝒕

𝒕𝟎

 
(2) 

                                                
9
 The area frequency is calculated using a weighted average of the frequency measurements.  The weights are user 

configured and should ideally reflect the amount of inertia near each of the measurements.   
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Where t0 is the pre-event time, and ∆f and ∆Pe are obtained by subtracting frequency and power at 

time t0. 

The integral is calculated for all time samples from the pre-event time to a configured maximum 

window.  The inertia is calculated as a function of time as shown in equation (2) and Figure 9.  The 

algorithm finds the time samples with low variation in inertia and selects the minimum inertia value 

from those samples. 

 

 
Figure 9: Variation of Inertia Estimate with time 

 

3.4.4 Quality Indicator 

A quality indicator is calculated for effective area inertia results.  The lower the value of the 

indicator, the higher the accuracy of the estimated inertia. The quality indicator takes into 

account the following factors: 
1. Deviation in the inertia estimates   

2. Pre-event power changes 
3. Frequency deviation 

 
The quality indicator value is designed to aggregate the relative influence of various uncertainties: 

1. A longer period of stable inertia estimation, i.e., more contiguous samples that conform to 
the criteria of “Maximum Inertia Deviation (%)“, up to the “Maximum Window Length” 

setting. The quality indicator is lower for a longer period of selected inertia results. 

2. Stable pre-event power is required to estimate the zero-point for power deviation. If there 
is a high degree of variability in the boundary power flow before the event, the estimate of 
the power deviation may be offset. A stable and accurate zero-point is important for the 
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calculation. The quality indicator is lower if the spread of pre-event power is small 
in comparison with the power change during the event. 

3. A larger frequency deviation during the estimation reduces the relative error. The quality 
indicator is lower for larger frequency changes.   

 
The quality indicator is a relative value, and can be used to rank the results in terms of greater or 
lesser confidence in the results. It can be used to filter results and select results that should be 

considered or rejected in further review. It should not be interpreted as a direct measure of 
accuracy of the results.  

 

3.4.5   Load voltage dependence 

The voltage magnitude will change following a loss of generation or loss of load event.  This change 

affects the load.  The change in load will typically help reduce the rate of change of frequency, i.e., 

the load will decrease for a generation loss event and will increase for a load loss event.  This will 

result in a larger ΔP/ROCOF, or effective inertia.   

In addition to effective inertia, the tool provides the value of effective inertia with the load effect 

removed.  This is referred to as Inertia Load Effect Removed (LER).  The load is modelled a 

combination of constant power, constant current and constant impedance.  The change in load is 

calculated as 

𝛥𝑃𝐿𝑜𝑎𝑑 = 𝑃0 (𝑎1

𝑉

𝑉0
+ 𝑎2 (

𝑉

𝑉0
)

2

) 

Where: P0 is the pre-event load, V0 is the pre-event voltage, V is the voltage during the event, a1 is 

the proportion constant current load, and a2 is the proportion of constant impedance load. 

The change in load change can be included in the calculation of ΔP and therefore result in an 

estimated inertia that does not include the effect of load voltage dependence. 

 
 

3.4.6 Simulation-based testing 

3.4.6.1 Simulation trials on Nordic system for Finnish area estimation  

The Area Inertia Estimation (AIE) tool was applied to simulated events in the Nordic grid, with a 
focus on estimating the effective inertia in the Finnish grid. The key findings of these tests were: 
 

1. With voltage dependence of load accounted for, estimated inertia (“load effect removed”) 
matches the expected rotating inertia well.  

a. As inertia is calculated from in the first 2 seconds following the event, governor 
response has a negligible effect. Furthermore, as the frequency will not have 
dropped by much during the same period which means that frequency dependence 
is also negligible.  This was true in the simulation cases and load model provided 
by Fingrid. 
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2. There is a substantial difference between the estimated effective inertia and the rotating 
inertia. The effective inertia characterises the actual frequency/power relationship better 

than the rotating inertia. It should be noted that: 

a. The ZIP parameters were obtained from the Fingrid model.  This was only used for 
the simulation cases to validate the tool.  In real systems inertia LER does not 
have much use since rotating inertia is mostly known from Scada data. 

b. The idea of effective inertia is to lump all these complex interactions into a simple 
linear relationship between ROCOF and ΔP.  It is expected that there will be 

differences in effective inertia based on the specifics of the disturbance, e.g., size 
and location.  Voltage control and system strength are also expected to have an 
effect. Results in table 5 show differences in effective inertia depending on 
whether the disturbance was a Norway HVDC trip or a Sweden Generator trip for 
the same pre-event scenario and the same rotating inertia.  If these differences 

are within an acceptable range, e.g., +/-10%, it is still possible to define control 
requirements based on effective inertia. 

c. The ROCOF and ΔP relationship is almost linear for a short period after the 

disturbance (typically 1-2 seconds).  

3. The load voltage-power dependence significantly reduces RoCoF, and thus appears as 

additional “effective inertia”. This is consistent with observations in other simulations and 
real system observations, where load tends to mitigate the effects of reducing rotating 
inertia. 

4. While the load voltage-power relationship is known in the simulations, it is not known in 
detail in the real system. The value of the inertia estimation is in identifying the effective 
relationship between frequency and power, which includes voltage effects, rather than 

determining a value of rotating inertia. 

Nordic simulation cases 

Test cases were provided by Fingrid as part of the exploration of the use of the AIE tool. The full-

scale dynamic model of the Nordic power system was used to create the test cases. This model is 

used for planning purposes and comprises 1900 generators, 3300 loads, 7900 buses and 6000 
branches. Load is modelled as static ZIP loads. 
 
Four event scenarios were tested, including two loading scenarios and two trip events: 
 

1. Summer scenario: Norway HVDC trip 
2. Summer scenario: Sweden Generator trip 
3. Winter scenario: Norway HVDC trip 
4. Winter scenario: Sweden Generator trip 

 
The network, estimated areas and trip event locations are shown in Figure 10. 
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Figure 10: Nordic grid showing Finland-North and South Areas and disturbance locations 

 

Results of Nordic simulation cases 

The results of the simulation tests are summarised in Table 6. The AIE tool outputs are in the 

column “Estimated Effective Area Inertia”. It is clear that the effective inertia estimates are 

significantly higher than the rotating inertia from the model. With the effect of load removed, 

however, the inertia estimates are close to the rotating inertia expected from the model. 

FI-N 

FI-S 

HVDC 

GEN 
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Table 6 also shows the RoCoF that would be expected if the frequency responded to power change 

with purely inertial response. This provides a comparison of which inertia value more accurately 

reflects the actual relationship between power change and frequency. 

 

Relating the same ΔP value to rotating inertia and effective inertia values, it may be noted that the 

rotating inertia produces a larger (and therefore conservative) value of RoCoF, while the effective 

inertia relates ΔP and RoCoF very closely. This is further illustrated in Figure 11 where the 

simulated frequency is plotted together with the expectations using the rotating inertia and 

effective inertia.   

 

Scenario Rotating 

Inertia 

from 

model 

(GWs) 

Estimated 

Inertia 

with Load 

Effect 

Removed 

(GWs) 

Estimated 

Effective 

Area 

Inertia 

(GWs) 

Max 

boun-

dary 

ΔP 

Obser-

ved  

Max 

RoCoF 

Expected 

RoCoF 

based on 

rotating 

inertia & 

ΔP 

Expected 

RoCoF 

based on 

Effective 

Inertia & 

ΔP 

  

Rotating 

Inertia: 

RoCoF 

error 

(%) 

Effective 

Inertia: 

RoCoF 

error (%) 

Summer 

HVDC 

42.3 39.8 74.7 -305 -0.110 -0.180 -0.102 63.6% -7.3% 

Summer 

Gen 

42.3 42.7 

 

70.0 402 0.136 0.238 0.144 75.0% 5.9% 

Winter 

HVDC 

65.9 69.3 113.6 -362 -0.086 -0.137 -0.080 59.3% -7.0% 

Winter 

Gen 

65.9 74.3 101.1 512 0.113 0.194 0.126 71.7%% 11.5% 

Table 6: Results of Nordic System simulation case tests 

In Figure 11, the system frequency response is shown for tripping events. The red dotted line is 

the frequency expected from power gain/loss across the boundary, combined with the rotating 

inertia value from model. This is significantly different from the actual frequency movement after 

the disturbance. The black dotted line shows the frequency expected from the power change 

related to the estimated effective inertia. In all cases, the frequency movement is better 

represented using the effective inertia. This demonstrates the value of calculating effective inertia 

from measurements, as opposed to using rotating inertia from the model, which would be very 

conservative.   

 

The frequency regulation is modelled by turbine governors on (selected) generating units and 

voltage control elements are modelled by AVRs on generating units and also SVC models are 
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included. In the simulated cases momentarily voltage changes as large as 15 kV (in 400 kV 

voltages) were seen. 

 

Figure 11: Frequency response for tripping events. Comparison of ΔP and expected RoCoF with rotating inertia (red 
dotted line) and effective inertia (black dotted line), together with simulated frequency response 

It may be concluded that the AIE tool provides a useful characterisation of the power and 

frequency relationship. The effective inertia should not be considered as an estimate of the rotating 

inertia, but instead represents a characteristic of the power system that includes the loading effect 

that mitigates RoCoF to an extent. It is clear that load can have a significant positive effect on 

frequency behaviour, even though the exact extent is dependent on complex real load behaviour, 

and may not be as simple as the ZIP models used in the simulations. 

 

The AIE results in which the load effect is removed also helps to build confidence in the results 

obtained. Since removing the effect of load results in estimated values are consistent the rotating 

inertia, it may be concluded that the AIE tool is performing in alignment with a model-based 

expectation. The output of the inertia with load effect removed is not intended to be an end result 

in itself, but rather a means to validate the method on models with known expectation, and to 

explore the possible influence of voltage. 

 

Summer Gen Trip 

Winter Gen Trip 

Summer HVDC Trip 

Winter HVDC Trip 
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3.4.6.2 Simulation trials on the Continental ENTSO-E system for Italian area 

estimation  

The cases provided by Terna and Ensiel are different from the test cases in GB, Nordics and 

Icelandic grids because of the size of the interconnected system. In the smaller systems, the 

system mean frequency deviation is much greater than the electromechanical oscillations, and the 

steady-state frequency after primary frequency control is significantly different from the event start. 

In the Mainland Europe network, the electromechanical oscillations are the largest part of 

the frequency disturbance, and the steady-state frequency change is very small. The underlying 

approach is expected to work in both cases, provided the area acts mainly with coherent frequency 

oscillations. However, there may be some influences such as damping control and local oscillations 

that may influence the behaviour in some situations.  

 

The different frequency behaviour in the two systems are illustrated in Figure 12 and Figure 13. In 

the GB case, there is a common decline of all frequencies in the first 10 seconds, arrested by 

primary frequency control. The frequency settles to a new steady state at about 40s from the 

disturbance, as a result of the droop frequency control settling to a new value. The climb in 

frequency after about 130s is due to secondary control to restore the frequency to 50Hz. By 

contrast, the Mainland European response is a damped oscillation at 0.37Hz. It is expected that 

there will be an approximately opposite phase oscillation at a distant part of the system, but very 

little steady-state change of frequency because of the size of the network. The very small common 

frequency change will be restored by Automatic Generation Control (AGC) through resolving the 

Area Control Error.  

 

It emerges from these tests that for an oscillating frequency, it is advisable to take results from the 

first frequency half-cycle, rather than from subsequent swings. After the frequency swings back 

across the pre-event (near-50Hz) value, there may be further values produced, but the integration 

will include a greater offset for subsequent swings and the inertia values will be less reliable. 

 

In the GB case the ROCOF oscillations are superimposed on a system wide average ROCOF.  
This system average ROCOF is ΔP/Hsys.  In the event shown in Figure 2, the GB system 
had an average ROCOF of about 0.1 Hz/s.  As the algorithm works on frequency deviation, 
this means that there is a measurable deviation of about 0.2 Hz after 2 seconds.  

In contrast Hsys for continental Europe is much larger, even for a loss of 1000 MW, system 

average ROCOF is almost negligible.  This means that there is very little frequency 

deviation.  This is reflected in Figure 12 and Figure 13. 

 

The cases are summarised in Table 7. 
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Figure 12: Measured Frequency Disturbance in GB Power System 

 

 

Figure 13: Simulated Frequency Disturbance in the Mainland Europe Grid 
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Case code Case Comment 

AIE1GSIC Trip of generation outside 

area 

Trip of thermal generation 

external to the area, close to the 

boundary. 

AIE1GFSIC Trip of generation outside 

area with fault 

3-phase fault and line 

disconnection of a radial line to a 

thermal plant. 

AIE1GFSIC 

(variation) 

Trip of generation outside 

area with fault – fault P 

spike removed. 

As AIE04SIC, but with power 

values during fault changed to 

immediate post-fault values. 

AIE3LSIC Trip of area boundary and 

islanding 

Disconnection of all transmission 

lines crossing the boundary, 

560MW import loss.  

Table 7: Simulation Cases provided by Terna/Ensiel 

In all cases, the generation capacity mix within the area is: 

Thermal 4569 MW 

Hydro 718 MW 

Solar 1359 MW 

Wind 1814 MW 

Other 84MW 

TOTAL 8545 MW 

 

In the test cases, the rotating inertia extracted from the model was 405MWs2. 

 

As part of the validation of the method, spot-checks were carried out at points in time after the 

triggering events. These spot-checks involved checking df/dt against the deviation of power from 

pre-event power. Using df/dt and power change is an independent estimation compared with the 

AIE method of integrating power comparing with frequency, but both are estimates of the effective 

inertia.  
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Table 8: Table of results of simulation trials on Central ENTSOE system 

From Table 8, the following observations may be made: 

1. Inertia with load effect removed matches the rotating inertia within about 10% in the cases 

where it is available. 

2. In the interconnected case (AIE1GSIC) where the response is oscillatory and relatively small, 

voltage has little effect and the estimates with and without the load effect are similar. There 

was an increase in voltage at the start of the disturbance which explains why inertia LER was 

higher than effective inertia in this case. 

3. In the islanded case (AIE3LSIC), effective inertia is higher than the “load effect removed” 

estimate, which is consistent with other cases elsewhere. In a larger frequency disturbance and 

islanding, the voltage effect of reducing RoCoF is greater, compared with the small frequency 

deviation and oscillation case of the intact system 

4. In the islanded case, the estimate accounting for load voltage effect is a good estimate of the 

rotating inertia. 

5. In the case of fault and disconnection (AIE1GFSIC), the inertia is overestimated. This is 

because the fault period is included in the integration of power. The assumption that 

mechanical power stays constant is true for the synchronous generators, but probably incorrect 

for load and non-synchronous generation. Removing the spike in power during the fault in 

AIE1GFSIC (variation)improved the estimation, and is within the boundaries of the spot-

checked values. Some further improvement in handling faults may be of interest, but in real 

networks, full 3-phase short-circuit faults are rare, so this may not be a major problem in 

practice.  

 

 

 

 

                                                
10

 N/A denote a case where no result was returned. 

Case Rotating 

inertia 

from 

model 

(MWs2) 

Effective 

inertia 

estimate 

(MWs2) 

Inertia 

with 

load 

effect 

removed 

Effective 

inertia 

spot-

checks 

AIE1GSIC 405 421 438 658,   

453 

AIE1GFSIC 405 672 N/A10 611,   

411 

AIE1GFSIC 

(variation) 

405 493 N/A 611,   

411 

AIE3LSIC 405 569 445 569 
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Sensitivity studies to configuration parameters were carried out, and it was concluded that: 

1. The time window for RoCoF event detection was best set to 0.2s, rather than the original 

default of 0.5s. This improves the ability to detect events, and also improves detection of the 

start time of the event.  

2. Large changes in the parameters for linearity checks could result in significant changes in 

results. This was found to be due to different sections of the inertia function being selected, 

and in particularly the choice of periods in the second or later half-cycles of oscillation 

responses. 

3. The above finding led to the conclusion that event-based inertia estimation should only be 

carried out on the first oscillation half-cycle, and no further estimation should be attempted 

after frequency re-crosses 50Hz. 

4. Other than selection of the correct half-cycle, the estimation was relatively insensitive to the 

linearity checking parameters.  

 

3.4.6.3 Conclusions from simulation-based testing 

It was concluded from the simulation based testing that the AIE tool is acceptably representing the 

observed frequency behaviour of an area in response to power imbalance changes. The effective 

inertia is distinct from rotating inertia, and characterises the actual movement of the power system 

in response to disturbances.  

 

The deviations between model-based rotating inertia and the effective inertia are consistent with 

real system experience, in which the effective inertia is larger than rotating inertia. In other words, 

the load effect acts to reduce RoCoF and helps to mitigate the effects of reducing synchronous 

generation. A finding of the simulation testing is that there is a significant effect due to voltage, 

and that compensating this effect can produce estimates close to rotating inertia. It is clear that 

the load-voltage relationship can be known with certainty in a simulation case, but not in reality. 

However, the purpose of the load-voltage compensation is validation of the approach and the 

values of interest for the use cases are the effective inertia estimates.  

 

The simulation cases in the Nordic grid differed by almost a factor of two depending on whether the 

load effect was included or excluded. By excluding the load effects, the inertia estimates from the 

AIE tool matched the expected rotating inertia from the model very well. This showed that the AIE 

tool was performing as expected, and illustrated that voltage dependence of load is a major 

contributor to RoCoF mitigation. 

 

It was shown from the simulations about Continental Europe that the AIE tool produces credible 

results in the case of areas of a large interconnected system where load and generation 

disconnections are observed mainly as oscillations, with very little global frequency movement. In 

the case of damped oscillations, it is better to consider areas of mainly coherent interarea 

oscillations where the frequency movement is approximately coherent (i.e., the dominant 

frequency oscillations are observed throughout the area, approximately in-phase). The results 
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from the first half-cycle of oscillation are the most reliable, and subsequent cycles should not 

be included in estimation.   

 

The load-voltage effect was small in the case of an intact large interconnection where the 

dominant disturbance response is oscillatory. In this case, the effective inertia with and without the 

load voltage dependence were similar and generally consistent with rotating inertia. In the case 

where the same area is islanded, voltage effect is greater and the effective inertia is 40% greater 

than the rotating inertia. Load voltage dependence tends to reduce the absolute RoCoF value in the 

“large interconnection” use case of area separation. The conservative estimates obtained when 

the system is intact can therefore be used for determining the speed and volume of response with 

a safety margin. 

 

Cases were compared with and without a 3-phase fault that strongly influenced the voltages 

in the area. While the mechanical power of a synchronous generator remains constant through a 

fault, this is not the case with the energy source or sink of non-synchronous generation and load. 

There is greater confidence in the results without a fault, as the fault and voltage recovery period 

are thought to influence the power infeeds from non-synchronous resources. An experiment 

removing the power spike from the boundary power flow showed more consistency with other 

estimations of the area than the case where the rapid change of power during the fault-on period 

was included in the power integration. Treatment of faults may require some further work in later 

commercial development of the estimation approach. Three-phase short-circuit faults close to the 

area boundary are rare in practice and may not present a practical limitation on the use of the tool. 

 

3.4.7 Trials on Real System Data 

3.4.7.1 Landsnet, Iceland  

The Icelandic grid has much lower inertia than most other European networks, and also 

experiences large load losses resulting from trips of energy intensive loads. The number and 

relative severity of disturbances occurring on the grid in terms of both overall frequency changes 

and the angle stability of the system means that the value and distribution of inertia are important 

for system operation and protection. 

 

The Icelandic power system has relatively constant inertia, as a high proportion of load is energy 

intensive industry, and all generation is synchronous from hydro and geothermal resources. The 

variations in inertia are smaller than in networks where the generation mix is strongly affected by 

variable generation sources. This means that trials of the AIE tool can be expected to produce 

relatively constant values of inertia for each region, and a consistent pattern over time give an 

indication that the method is giving reliable results.  

 

The main interest in Iceland in knowing the inertia of areas is to define parameters relating 

observable RoCoF in an area to the size of loss, in order to trigger wide area control 
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proportionately. A second issue is to improve knowledge of the response time required for 

containing frequency within each area.    

 

Figure 14: Areas defined in the Icelandic grid for area inertia estimation 

The areas studied in the Icelandic review of area inertia are shown in Figure 14. These areas 

correspond to the areas that are liable to form islands that would be sustainable. There are many 

PMUs installed in the Icelandic network, and the boundaries between the areas shown are all 

monitored. Since the most severe disturbances are caused by smelters in the West region splitting, 

these loads are excluded from the West region by including the load power in the area boundary. 

 

The results of the inertia estimation are shown in Table 9. The largest number of estimates are 

available for West region, with 30 events where estimates could be derived over the 9-month 

period of data studied. The results from each estimate in the West region are shown in Figure 15 

and Table 10. There are a few outliers, but most results lie around the mean at 305MWs2.  

 

The results of other areas are consistent with the expected relative values. The East 1 & 2 regions 

in combination contain six 110MW hydro generators which make up about a third of the generation 

capacity of the country. The effective inertia is approximately in this proportion. The two East 

regions are divided because there is a protection mechanism to separate five hydro units and the 

main smelter potline from the remaining hydro unit and smelter auxiliaries. The change in inertia in 

the area must be accounted for in the wide area control approach, so it is necessary to confirm the 

expectation that the East 1&2 areas sum to the total EastFLJ, and also to investigate the effective 

inertia of each area. It is noted that East 1, which includes various loads in the east, has effective 

inertia that is significantly higher than the proportion of large hydro units (1 of 6) contained in the 

region.   
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It was possible to obtain estimates for the smaller inertia regions in the North and in Westfjords. 

The Westfjords area has very low inertia compared with other areas. This is consistent with the 

expectation, as there is no major generation resource in the area. The Westfjords region has a 

smart grid scheme to improve the security of supply using backup generation during times when 

the grid connection is disrupted, and this scheme is designed with frequency control for the low 

inertia observed in Westfjords. This scheme re-establishes supply in about 2 minutes from an area 

blackout, which would otherwise have required transmission repairs. Since the damage is often 

storm related, the grid connection may take several days to restore.  

 

Area Average Inertia  

MWs
2

 

Std Dev Inertia  

MWs
2

 

# estimates 

West 304.5 41.5 30 

East1 23.4 2.1 17 

East2 81.4 21.9 25 

EastFLJ  
(East1 & East2) 

100.6 27.8 25 

North 33.3 7.1 24 

Cut3E 153.1 29.2 17 

Westfjords 5.5 2.2 6 

TOTAL SYSTEM 463 -- -- 

Table 9: Aggregated results of effective inertia estimates per area 

 

 

Figure 15: West area effective area inertia estimates, August 2016 to April 2017 
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In a further test, the quality indicator was included in estimates made using the east/west inertia 

boundary shown in Figure 14, which can be compared with the tests of the continuous inertia 

estimator trials on the Icelandic system in Section 3.5.2. The results in Table 10 show the west 

area inertia estimates clustered around 300MWs2, and east around 170MWs2, and the quality 

indicator ranging between 0.1 and 0.6. The outlier inertia values generally have higher quality 

numbers, suggesting that the quality value is reflecting the confidence in the estimate, and can be 

used as intended to filter less reliable results.  

 

Event Date Area Rotating 

Inertia 

MW.s² 

Effective 

Inertia 

 

MW.s2 

Quality RoCoF 

 

Hz/s 

Freq 

deviation 

Hz 

Power 

deviation 

MW 

1 25.02.2017 

20:06 

West 294 288 0.103 0.30 1.31 -106.8 

1 25.02.2017 

20:06 

East_3B 151 158 0.213 0.27 1.30 -65.7 

2 23.12.2016 

16:16 

West 276 274 0.109 0.30 1.09 -127.2 

2 23.12.2016 

16:16 

East_3B 141 154 0.222 0.32 1.11 -80.9 

3 19.12.2016 

00:00 

West 293 277 0.099 0.3 1.12 -122.1 

3 19.12.2016 

00:00 

East_3B 143 178 0.173 0.30 1.12 -78.7 

4 18.12.2016 

19:17 

West 275 427 0.506 0.27 1.33 -109.0 

4 18.12.2016 

19:17 

East_3B 143 227 0.510 0.28 1.34 -75.6 

7 11.02.2017 

20:19 

West 

304 

     

7 11.02.2017 

20:19 

East_3B 

150 

171 0.134 0.83 1.57 -190.5 

8 13.02.2017 

11:13 

West 

303 

302 0.142 0.17 0.79 -83.2 

8 13.02.2017 

11:13 

East_3B 

151 

156 0.348 0.15 0.79 -42.9 

9 14.02.2017 

08:56 

West 

303 

339 0.136 0.28 1.20 -106.4 

9 14.02.2017 

08:56 

East_3B 

151 

176 0.265 0.25 1.21 -69.4 

10 05.12.2016 West 273 334 0.339 0.31 1.38 -113.7 



REPORT 
 

 

Page 58 of 218 

 

01:25 

10 05.12.2016 

01:25 

East_3B 

149 

230 0.525 0.29 1.38 -82.6 

12 14.03.2017 

13:44 

West 

303 

     

12 14.03.2017 

13:44 

East_3B 

151 

74 0.581 0.15 0.79 24.4 

13 21.02.2017 

17:33 

West 

311 

     

13 21.02.2017 

17:33 

East_3B 

144 

145 0.400 0.14 0.86 37.6 

15 11.04.2017 

14:12 

West 

291 

309 0.172 0.26 1.16 -100.5 

15 11.04.2017 

14:12 

East_3B 

148 

167 0.232 0.22 1.17 -56.9 

16 11.04.2017 

15:08 

West 

291 

307 0.150 0.26 1.07 -93.9 

16 11.04.2017 

15:08 

East_3B 

148 

187 0.200 0.24 1.07 -60.8 

17 11.04.2017 

17:41 

West 

291 

305 0.133 0.27 1.00 -101.3 

17 11.04.2017 

17:41 

East_3B 

148 

188 0.153 0.22 1.00 -55.9 

18 11.04.2017 

20:10 

West 

291 

312 0.153 0.25 1.01 -97.2 

18 11.04.2017 

20:10 

East_3B 

148 

184 0.158 0.20 1.00 -57.6 

19 11.04.2017 

22:08 

West 

291 

298 0.386 0.19 0.65 -85.9 

19 11.04.2017 

22:08 

East_3B 

148 

167 0.288 0.15 0.65 -44.9 

Table 10: Analysis of West and East inertia events, including Quality Indicator  

A further analysis was carried out to illustrate the influence of the large smelter loads on the 

effective inertia of the west area. In general, the larger events in the west area are due to a trip of 

one of the two smelter loads. In previous results, the boundary of the West region excluded the 

two smelters so that the events could be classified as “external” and estimates could be derived in 

the west. Since it is unlikely that both smelters contribute to the disturbance, it is possible to 

investigate the effect of the remaining smelter on the effective inertia. The results in Table 11 show 

that the effective inertia is consistently higher when a smelter is included in the area inertia 

estimation. Considering the better quality results, the increase in effective inertia is 10-13% when 

one smelter is included in the inertia estimation. 
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Event 

Single load 

Inertia 

MW.s2 

 

Quality 

Base 

Case 

Inertia 

MW.s2 

 

Quality 

 

ΔInertia 

MW.s2 

 

δInertia 

% 

1 320 0.158 288 0.103 32.4 10% 

4 434 0.378 427 0.506 7.03  1.6% 

8 349 0.255 302 0.142 46.8 13% 

9 378 0.158 339 0.136 38.5 10% 

10 460 0.263 334 0.339 126 27% 

15 343 0.221 309 0.172 34.3 10% 

16 347 0.100 307 0.150 40.8 12% 

17 350 0.218 305 0.133 44.8 13% 

18 344 0.190 312 0.153 32.3  9.4% 

19 360 0.338 298 0.386 62.1 17% 

2 305 0.072 274 0.109 30.3 10% 

3 306 0.058 277 0.099 28.6  9.4% 

Average     46.6 12% 

Table 11: Results in West area including one smelter that is not disturbed, compared with Base results with smelters 
excluded from inertia estimation, showing contribution of smelters to effective inertia in the area. 

The values of inertia reported in Table 9 were applied in the wide area control scheme described 

in MIGRATE Deliverable D2.4. This scheme uses the inertia values in a number of ways: 

1. A system frequency value is derived using a weighted average of frequency in each region. 

The relative inertia values are used to define weightings of the regions.  

2. The overall system inertia is used to relate a measured system RoCoF to a value of MW 

gain/loss, and fast frequency response resources are applied in proportion with the 

estimated MW gain/loss. Each resource is triggered using a specific system RoCoF setting. 

3. Similarly, when the inertia is reduced by islanding, the proportionality between inertia and 

system RoCoF is adapted using the sum of inertia of areas that are connected with the 

resource. 

 

In general, it is noted that without mitigation of any fast frequency response, the system will reach 

52Hz at about 4 seconds from a disturbance of 350MW (typical of the largest load losses in the 

West) if the system does not split in that time. However, splitting at 2 seconds after the event will 

reduce the time to reach 52Hz in the West to just over 3 seconds, but this value varies with the 

pre-event load-flow in the network. This gives an indication of the time available for fast frequency 

response. It is noted that response applied early in the event will reduce RoCoF and increase the 

time available for slower responses to be utilised. 
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It is interesting to note that the time available for fast response in Iceland is similar to the time 

that is expected to be available in the GB system as inertia reduces. RoCoF values in GB are 

expected to reach 0.3Hz/s in the near future, and the underfrequency load shed limit of 49.2Hz 

means that there is 2.7 seconds available to apply fast response. Despite the difference in peak 

loading of the Icelandic and GB networks, the Icelandic grid can be very instructive for other grids 

experiencing reducing inertia.  

 

3.4.7.2 SP Energy Networks, UK 

The SP Energy Networks (SPEN) system includes the transmission system in southern Scotland, 

which can be considered as an area in the wider Great Britain (GB) transmission system for the 

purpose of inertia estimation. Figure 1 in Section 3.1 shows a spread of frequency results that 

arises from the distribution of inertia around the system. In the case shown, a disturbance in 

England takes around half a second to propagate to southern Scotland. During the initial period 

before the frequencies cross (at about 0.75s), the difference in phase angles of voltage is 

increasing. If the frequency divergence and angle differences were to become more severe, for 

example due to reducing inertia in Scotland, it could lead to more severe constraints based on 

network stability. Furthermore, the constraints may occur across different transmission boundaries 

than the boundaries that have historically been identified as stability limited. 

 

The differences in frequency as a disturbance propagates through the GB system is also seen in 

terms of RoCoF. RoCoF is an important variable in the GB network, as distributed generation 

applies loss-of-mains protection based on RoCoF. A large loss of generation in the GB system can 

lead to large RoCoF in certain areas of the power system, which could lead to loss of multiple 

distributed generation resources, thus making the disturbance more severe. The RoCoF setting 

applied until recently was 0.125Hz/s, corresponding to the largest system-wide value expected, but 

spurious triggering has been a problem. The RoCoF triggering limit has been increased to 1Hz/s for 

units greater than 5MW, but rolling out the change to thousands of distributed generators under 

5MW is expected to take some years, and the GB system is still operated to a limit of 0.125Hz/s. 

 

The area inertia effect is illustrated by RoCoF values observed in a disturbance in Figure 2 in 

Section 3.1 above. While the RoCoF of the centre of inertia of the system as a whole (i.e., a 

weighted average of the RoCoF values) is well within the 0.125Hz/s limit, both the south and the 

north of the system show values above the threshold. This leads to a risk of common-mode 

tripping of distributed generation together with loss of infeed, even when the system is operated 

within the apparent system-wide limits of inertia and infeed.  

 

The MIGRATE contributions in the GB system to improving inertia estimation are: 

1. To determine the distribution of inertia in areas of the power system, beyond the current 

practice of estimating only a single GB wide value. 

2. To extend the number of events in which inertia can be estimated. 
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3. To prove that it is possible to use event-based measures along with statistical analysis to 

maintain a continuous measure of inertia. 

 

Long-term Data Review 

Effective area inertia was calculated over a period of 9 months, from 1st June 2017 to 1st March 

2018, applying the approach to: 

1. SPEN transmission area, south Scotland 

2. Scotland transmission area 

 

The SPEN area has a boundary towards the south with National Grid and towards the north with 

SHE Transmission (Figure 17). The southern boundary is well monitored by PMUs that capture the 

total power. The northern boundary has more lines, and requires some approximations for parallel 

paths and the quality of the data is lower. AIE for the Scotland area requires only the power 

crossing the southern SPEN area (Figure 16).  

 

Figure 16: SCOTLAND area in light AND dark green, with 
power in 4 circuits at the southern border  

 

Figure 17: SPEN area in light green, with power in 4 
circuits at the south border and 10 circuits in the 
northern border  

The event detection settings were set to be sensitive, so that many events were identified. The 

statistical review could then be used to identify suitable threshold values to remove smaller and 

poorer quality results using the outputs of the AIE tool. It was found that the scatter of results was 

significantly reduced if the following two filters were used: 

 Event size  RoCoF>0.03 Hz/s 

 Quality Quality Indicator <1.5 
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Over a 9-month period, there were: 

 Scotland area: 

o 103 events in total 

o 67 events filtered 

 SPEN area 

o 123 events in total 

o 56 events filtered 

 

The results of the inertia estimation are shown in Table 12. According to established National Grid 

Electricity System Operator practices for estimating the global system inertia, the expected 

effective inertia is uplifted by demand.  

 

 Number 

of 

events 

Mean 

Effective 

Area 

Inertia 

(MWs2) 

Standard 

Deviation 

(MWs2) 

Rotating 

Inertia 

Range  

(MWs2) 

Expected 

Range*  

(MWs2) 

Scotland 

Area 

67 996 240 405-693 474-

1024 

SPEN 

Area 

56 707 174 336-567 N/A 

* Expected range calculated according to present GB practice (∑RotatingInertia + 0.072*Demand), using Scotland demand  

** The available GB demand data does not have a split between SPEN area and northern Scotland.  Therefore, it was not 

possible to apply the present GB practice. 

Table 12: Effective Area Inertia results from Scotland and SPEN areas 

Forecasting Techniques applied to SPEN Data  

A statistical analysis11 was carried out using available data to achieve two goals: 

1. To validate effective area inertia results through consistency with known influences on 

inertia 

2. To explore the sensitivity of the inertia estimates to various predictor values 

 

Several predictor variables were investigated, detailed in Table 14. These values were selected 

based on data availability and the learning from the simulation studies.  The selected variables 

included the sum of rotating inertia in the area, which would be expected to be correlated to the 

estimated value. It is emphasised that the rotating inertia is not the “expected value” and the 

differences between effective inertia and rotating inertia should not be equated to an error.   

 

                                                
11

 This analysis would have ideally been performed for other areas such as Iceland or Italy, however this was 
not possible with the available data. 
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Tests were carried out to determine the statistical significance of relationships between each 

predictor variable and the dependent variable (area inertia estimates) using the ANalysis Of 

VAriance (ANOVA) method. Two criteria may be investigated: 

1. Correlation coefficient, R: Values closer to +/-1 indicate a significant correlation, while a 

value of zero indicates no statistical significance. 

2. P-value: Determines how likely it is that the null hypothesis is true, i.e., that there is no 

relationship between them. If p<0.05, it is normally assumed that the null hypothesis is 

unlikey, and therefore the variable has an effect on the dependent variable.  

 

a) Scotland Area 

 

 

Sum 
Rotating 
Inertia Demand ∆V ∆F 

Non-Sync 
SourcesT 

Non-Sync 
SourcesD 

Demand 
* ∆V 

Demand 
* ∆F 

R 0.45801 0.3999 -0.031 
-
0.0893 0.0177 0.06938 -0.1614 -0.2578 

p-value 9.73E-05 0.0008 0.802 0.4723 0.887 0.57691 0.1921 0.03519 

 

b) SPEN Area 

 

Sum 

Rotating 
Inertia Demand ∆V ∆F 

Non-

Sync 
SourcesT 

Non-

Sync 
SourcesD 

Deman
d * ∆V 

Deman
d * ∆F 

R 0.3655 0.2203 -0.164 -0.17 0.13776 0.1758 -0.1863 -0.2203 

p-value 0.0056 0.1028 0.2261 0.212 0.3113 0.195 0.1692 0.1028 

Table 13: Results of tests for statistical significance of correlation between predictor variables and dependent variable 
(estimated inertia) 

It was found that from all of the predictor variables tested, only two variable show statistically 

significant relationships: 

1. Sum of Rotating Inertia 

2. Area Demand 

There is a less significant correlation with Area Demand * ∆F, but the inclusion of ∆F does not 

improve the significance in comparison with Area Demand alone. Therefore, the composite 

variables (Area Demand*∆F) and (Area Demand*∆V) can be discounted. 

Since there is only an Area Demand available for Scotland, not SPEN, it is not surprising that 

the relationship is more significant for the Scotland results. 
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Table 14: Candidate statistical predictor variables for effective area inertia 

Having identified statistically significant relationships, a linear model was obtained using Matlab’s 

multivariate linear regression13.  The model calculates the coefficients for each of the predictor 

variables as well as the p-value which can be used as a measure of confidence in the result. 

                                                
12

 https://www.bmreports.com/bmrs/?q=actgenration/actualgeneration 
13

 The Matlab function filtm was used for the linear regression.  For reference, see 

 https://uk.mathworks.com/help/stats/fitlm.html. 

Variable Name Description 

Sum of Rotating 

Inertia 

The sum of inertia of synchronous machines connected to the transmission system.  

The operating state of the units is derived from Balancing Mechanism half-hourly reports12 

and PMU data where available, combined with inertia values.  

Area Demand 

(Scotland) 

Transmission-level demand in the area, treating distributed generation as negative load. 

Half-hourly demand data is available for the whole GB system and for England & Wales, 

and the Scotland data is the difference.    

Area Demand is not available for SPEN, but for the purpose of analysis, it is assumed to 

be proportional to Scotland Area Demand. 

∆V Voltage drop during event. 

Voltage deviation is estimated by the Area Inertia processing for each event, aggregating 

voltage magnitude from the PMUs within the area. 

∆F Frequency drop during event 

Frequency deviation is estimated by the Area Inertia processing for each event, 

aggregating the maximum frequency deviation during the event from the PMUs within the 

area. 

NonSyncSources_T Estimated Generation from Non-Synchronous Sources (Transmission) 
Half-hourly estimates of transmission-level infeed from wind, solar and HVDC, derived 
from the difference between outfeeds (export & demand) and conventional generator 
infeeds: 

Area Export – Area Synch Gen + Area Demand  

Area Export Sum of power of AC lines (from PMUs) + HVDC interconnection  

Area Synch Gen Sum of MW output of generators within the area 

AreaDemand National Demand (ND) – England & Wales Demand 

NonSyncSources_D Generation from Non-Synchronous Sources (Distribution) 

Half-hourly estimates of non-synchronous generation sources in the distribution network, 

including wind and solar. Only available as National values, so area data assumed 

proportional to national. 

Area Demand * ∆V Load-Voltage Effect 

Included to investigate if demand and voltage change jointly influenced the effective 

inertia. Derived by multiplying the two factors above. 

Area Demand * ∆F Load-Frequency Effect 

Included to investigate if demand and voltage change jointly influenced the effective 

inertia. Derived by multiplying the two factors above. 

https://uk.mathworks.com/help/stats/fitlm.html
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As shown in Figure 18, the area inertia results for Scotland are around 1000 MWs2, and there is a 

clear pattern between the estimated and fitted values.  The chart also shows inertia values 

calculated using the National Grid approach.  The fitted values are closer to the mean. The 

difference between the fitted values and the estimates is due to errors in the estimates as well as 

other factors that were not included in the two predictor values.  
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 Intercept a0 ∑Rotating Inertia a1 Area Demand a2 

Estimate 246 0.999 0.0594 

p-value 0.172 0.0047 0.0016 

Figure 18: Scotland Area Inertia Estimates (RoCoF > 0.03Hz/s, Quality Indicator <1.5) and Predicted Values of Sum-of-
Rotating-Inertia and Area-Demand 

Similarly, applying the methodology to the SPEN Area, in this case comparing the hypotheses that 

the linear regression should pass through the origin (Model 2), and if a non-zero intercept is 

applied (Model 1). It appears in the SPEN case that better results are obtained with a zero value 

for the intercept.  

 

Model 1 (with intercept) 
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Model 2 (without intercept) 

 

 Intercept a0 ∑Rotating Inertia a1 Area Demand** a2 

M
o
d
e
l 
1
 Estimate 131 0.951 0.043 

p-value 0.493 0.0183 0.0296 

M
o
d
e
l 
2
 

Estimate N/A 1.172 0.0464 

p-value N/A 0.0000 0.0075 

**Area Demand for Scotland was used, as SPEN area was not available. Assumes that SPEN demand is proportional to Scotland 

Figure 19: SPEN Area Inertia Estimates (RoCoF > 0.03Hz/s, Quality Indicator <1.5) and Predicted Values of Sum-of-
Rotating-Inertia and Area-Demand, with and without Intercept value. Top graph: Model 1 (with intercept); Bottom 
graph: Model 2 (without intercept). 

These results show consistency between the effective inertia estimates and the operational state of 

the system, and thereby increasing confidence that the approach is responding as expected 

relative to known influences. They also show that forecasting effective inertia is possible using 

measurement data. Forecasting using more theoretical techniques is presented in Chapter 5 on 

simulated data, showing that there is potential to apply data science to the inertia forecasting 

question. Further work in this domain is recommended to trial novel data science methods to 

measurements of real system data, thus deepening the understanding on the influences on the 

power-frequency relationship and leading to practical forecasting methods.  

Comparison with Existing Practice 

As mentioned above, National Grid currently estimates an inertia value for the whole GB system, 

based on historical experience and checked when measurable disturbances occur. The current 

approach does not have any geographic sensitivity. It is used in the application of a constraint on 

the largest loss which is determined by the system inertia, with the goal that the global system 

RoCoF should be within +/-0.125Hz/s. 

 

The system inertia constant is expressed in GVAs as: 

 

∆𝑃 =  
2𝐻

𝑓0

𝑑𝑓

𝑑𝑡
 ie,  𝐻 =  

2

𝑓0
(

𝑑𝑓
𝑑𝑡⁄

∆𝑃
) H in GVA.s 

 

The measure used by National Grid is: 

 

  H = ∑RotatingInertia + 1.8 * Demand   H and RotatingInertia in GVA.s 

        Demand in GW 

 



REPORT 
 

 

Page 68 of 218 

 

Converting to the units of MWs2 used in this document, the  

  H = ∑RotatingInertia + 0.072 * Demand  H and RotatingInertia in MWs2  

        Demand in MW 

 

By comparing the inertia expressions between the GB whole system estimates and the SPEN and 

Scotland areas, there is a consistency in both the form of the statistical relationship and in the 

correlation values obtained. The National Grid practice assumes an offset of zero, so the Model 2 

values from the statistical analysis are used for a like-for-like comparison. 

 

In particular, it should be noted that the contribution of Area Demand in the Scotland and SPEN 

areas is similar to the values obtained by National Grid for the whole system. An exact match is not 

expected, as the composition of load is different in the areas, but there is a strong similarity. 

 

It may also be noted that in the National Grid GB practice, the contribution of rotating inertia is 

fixed to unity. In the MIGRATE statistical relationship, it was assumed that there could be a 

proportion of unobserved inertia (rotating or other) that is proportional to the synchronous 

generation, and distinct from the demand-related contribution. 
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 ∑Rotating Inertia 

a1 

Area Demand 

a2 

National Grid GB  
Current practice 

1 0.072 

S
P
E
N

 

A
re

a
 

M
o
d
e
l 
2
 Estimate 1.172 0.0464 

p-value 0.0000 0.0075 

S
c
o
tl
a
n
d
 

A
re

a
 

M
o
d
e
l 
2
 Estimate 1.424 0.0565 

p-value 0.0000 0.0220 

Table 15: Comparison of Effective Area Inertia estimates with existing practice for GB Whole System Inertia 

It should be noted that the predictors are always measurable for an area, and can be 

forecasted. Therefore, it is possible to use these predictors for a continuous estimate of 

area inertia. Furthermore, the statistical relationships can be tuned as new events occur, and 

therefore the correlation coefficients can be kept up to date as the system changes.  

 

3.4.7.3 Terna, Italy 

The AIE tool was tested by Terna and Ensiel on the Italian system, which is connected to the large 

Mainland European interconnected system. In a very large interconnection, frequency behaviour is 

significantly different from a smaller system such as the GB, Nordic and Icelandic grids. In the case 

of a very large interconnection, a disturbance will cause local and regional oscillations in frequency, 

but the steady-state change in frequency is negligible. In the example of a frequency simulation in 

Figure 13, the frequency signals in the study area show a common-mode oscillation ringdown that 

is initially more than ten times larger than the steady-state frequency change. By contrast, in a 

smaller system, the oscillations will tend to be much smaller than the global frequency deviation in 

a disturbance.  

 

The Italian tests comprised both simulated examples and real system disturbances, for areas 

comprising a generation mix of synchronous and non-synchronous sources. The results are 

summarised in Table 16. In general, it was shown that there is consistency between the known 

rotational inertia of the system and the observed effective inertia, however it is recognised that the 

rotating inertia and effective inertia are not intended to be equivalent.  

 

It is challenging to assess the accuracy of the effective inertia estimation, since the rotational 

inertia cannot be considered as the “expected value” of the effective inertia. The rotational inertia 

is included in Table 16 as a reference to compare with the effective inertia estimate, but the 

difference is not a measure of error.  
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Case 

code  Description 

Type of 

case 

Rotational 

inertia of 

synchronous 

generators 

(MWs2) 

Load 

(MWs2) 

Effective inertia 

AIE tool (MWs2) 

AIE1LSIC 
Trip of transmission line connecting two 

areas and consequent are islanding 
Real 810 2094 718 

AIE1LCON 
Trip of transmission line connecting two 

areas and consequent area islanding 
Real 6200 37608 7960 

AIE2LSIC 
Trip of two transmission lines connecting two 

areas 
Simulated 758 1579 no value 

AIE2LCON 
Trip of two transmission lines connecting two 

areas 
Simulated 7040 31263 7725 

AIE1GSIC 
Trip of a generator outside the study area, 

close to the boundary 
Simulated 405 2035 420 

AIE1GFSIC 

Trip of a generator outside the study area 

due to fault and trip of the connecting 

transmission line 

Simulated 405 2035 671(493) 

AIE3LSIC 
Area islanding due to trip of all the 

interconnections 
Simulated 405 2035 445 

Colour code: 

Success 
Success with 

reservation 
Reservation 

Failure / 

misrepresentation 
No result 

Table 16: Test Cases for Area Inertia Estimation provided by Terna/Ensiel on the Italian system 

In the cases where there is a close match of the estimation results, the case is considered 

„Success“. In cases where there is a greater deviation between rotational inertia and effective 
inertia estimation, the case is either marked „Success with reservation“ or „Reservation“, as there 
is no known expectation for the non-synchronous contributions to the effective inertia. 
 
The example of Case AIE1LCON is marked as a „Reservation“, as the effective inertia is 28% higher 

than the rotating inertia. This would be broadly consistent with the experience in the GB system, 
both within the MIGRATE project and in previous work which has shown that 30-40% uplift of the 
effective inertia compared with rotating inertia is expected. Similarly, the model-based tests in the 
Nordic system indicate 30-40% contribution from load voltage dependence. This result may in fact 
be a valid outcome, however since there is no known value for comparison, it cannot be validated.  
 
It is interesting to note that the cases AIE1LSIC shows lower effective inertia than rotating inertia. 

This is unusual, since the other results from Italian and elsewhere generally show larger effective 
inertia than rotating inertia. The study area in this case is much smaller than the AIE1LCON case, 

and possible explanations include: 
 

1. Greater proportion of non-synchronous generation to load than in other cases.  
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2. Influence of active controls such as PSS on load voltage dependence. 
3. Estimation errors related to the specific case.  

Observations from the Italian Test Cases  

The following observations may be drawn from the testing on the Italian system: 

1. Effective Area Inertia Estimation is feasible in a large interconnection. The method 

has been shown to apply to large interconnections. There are some additional technical 

challenges to applying the method on a large interconnection (as described below), but the 

underlying concept is applicable. 

2. Generally positive results. The outcome of the tests has been that credible results have 

been obtained. It is not possible to quantify errors, since it is not possible to extract a 

directly equivalent value which can be used as an expectation. However, detailed reviews 

of the results show consistency between the observed power deviations and the frequency 

behaviour. 

3. Need to detect more events. In comparison with the GB and Iceland system evaluation, 

relatively few events were detected. This is mainly due to the assumption in the AIE tool’s 

event detection process that an event can be detected as a sustained RoCoF, which is not 

the case in a large interconnection. A more sophisticated event detection process using 

boundary power and area frequency may be possible that would not require very large 

disturbances to trigger an estimation. 

4. Fault influence. Events where a short circuit fault strongly influences the voltage in the 

study area may not be suitable for estimation. A near-zero voltage will lead to very 

different power response between synchronous machines and power electronic sources 

during and immediately after the fault. The assumption used in the tool that the 

mechanical power within the area remains constant through the fault is appropriate for 

synchronous machines, but not for non-synchronous elements. 

5. Error sensitivity considerations. The same underlying concept can be applied in two 

ways:  

a. Integrating power deviation and relating to frequency change from pre-disturbance 

level 

b. Relating power deviation (without integration) to RoCoF. 

In cases from smaller power systems where the frequency deviation is significant, the 

integration method (a.) has been found to be more robust. However, in a large 

interconnection, the latter approach (b.) may prove to be more robust against errors 

because of the small deviation of frequency.      

 

Overall, it is concluded that there is good potential to apply the approach in the European context. 

Further work is required to address some of the technical challenges identified in the trials of the 

tool, but the results are credible, and the measure produced has a practical relevance.    
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3.4.7.4 Fingrid, Finland 

Fingrid ran field tests of the AIE tool to estimate the effective inertia using five events that 

occurred outside the Finnish system. The results are shown in Table 17.  

Table 17: Effective area inertia estimates from field tests in Finland, compared with rotating inertia of transmission and 
distribution connected generators 

Time of event fmin/fmax  

 

(Hz) 

AIE tool 

Quality 

indicator 

Effective 

inertia by 

AIE-tool  

(MWs) 

Rotating Inertia 

calculated from 

SCADA data  

(MWs) 

03-Oct-2016 21:21:02 50.32 0.2703 72398 36000 

08-Oct-2016 23:14:51 49.64 0.1435 71014 37000 

26-Nov-2016 17:47:29 49.69 0.6598 51172 46000 

13-Jun-2017 04:55:18 50.36 0.3083 60811 32000 

27-Jun-2017 22:33:31 50.35 0.2477 45186 30000 

 

Different configuration settings were tested, including the RoCoF threshold (Hz/s) for event 

detection14 . The results reported in Table 17 were obtained with the default tool parameters, 

except for the RoCoF threshold set to 0,02 Hz/s. In all five cases the estimated effective inertia 

was higher than the rotating inertia calculated from SCADA data (which considers transmission and 

distribution connected generators).  This is an expected result given that effective inertia includes 

load voltage dependence and any other factors that influence the relation between a change in 

power and the rate of change of frequency. 

Calculating RoCoF from the effective inertia 

Figure 20 through Figure 24 show the measured RoCoF and the predicted RoCoF calculated from 

the change in power (ΔP) and the effective inertia (H) for two selected events.  The predicted 

RoCoF is calculated as follows: 

𝑅𝑂𝐶𝑂𝐹 =
−50 ∗  Δ𝑃

2𝐻
 

The values calculated from the effective inertia match well with the measured RoCoF, for all cases 

except 26/11/2016 (Figure 22).  The corresponding data quality value in Table 17 is significantly 

larger (poor quality) and RoCoF smaller on 26/11/2016 than in the other cases, so there is an 

indication that a poorer match would be expected than in the other cases.  

                                                
14

 The RoCoF threshold selection is system specific and the selection process is described in detail in SPEN trials 
in Section 3.4.7.2. The Nordic system shows low frequency oscillations following events, which can lead to two 
estimates, but only the first is a valid result. Such issues can be addressed with the research tool through 
configuration settings, but it also provides learning for future commercial solutions.   
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The effective inertia gives a better prediction of RoCoF than the rotating inertia values obtained 

from the model. This indicates that the relationship between power imbalance and RoCoF is better 

characterised by the effective inertia than by the rotating inertia.  

 

Figure 20 RoCoF for the Fingrid event on 3/10/2016 

  

Figure 21 RoCoF for the Fingrid event on 8/10/2016 
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Figure 22: RoCoF for the Fingrid event on 26/11/2016 (poor quality of the effective inertia estimate) 

 

Figure 23 RoCoF for the Fingrid event on 13/6/2017 

 

Figure 24: RoCoF for the Fingrid event on 27/06/2017 (good quality of the effective inertia estimate) 

 

Removing the load effect to illustrate the possible influence of load  

In the simulation-based studies reported in Section 3.4.6.1, the non-rotating-inertia contribution 

seemed to be mainly due to voltage dependent load. This could be verified in the model by 

removing the known load-voltage effect. In the field tests, however, the level of demand is known 

from SCADA but the actual load characteristics are not known.  Uniform weighting was applied for 

simplicity, rather than determining individual weightings to measurements depending on their 

position relative to large load centres.   
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The objective is to show that the difference between effective inertia and rotating inertia could be 

explained using an area demand that is comparable to the total demand in Finland, and reasonable 

load model parameters.  

Using an area demand that is comparable to the total demand in Finland, and a reasonable choice 

of load model parameters, it was shown, using actual voltage measurements to model the load 

effect on the power imbalance, that the difference between effective inertia and rotating inertia 

could be explained mainly by the load voltage effect. The total load within the area was set to 8000 

MW. The proportions of constant power, constant current and constant impedance were set to 30%, 

40% and 30%.   

For example, for the event of 8 October 2016, the results for the inertia with load effect removed 

was around 39.4 GWs which is very close to the expected value or the rotating inertia (37 GWs).  

In this case rotating inertia accounts for only 52% of the effective inertia. This highlights the 

importance of measuring effective inertia.   

3.4.7.5 Other Experiences from AIE Trials  

The following observations have been reported by MIGRATE partners trialling the inertia estimation 

application: 

1. In mainland Spain, like Italy, few events were recorded. To detect any events using the 

current approach, thresholds had to be set to be very sensitive, and the quality of the 

results with small events was not sufficient. A different approach to event detection may be 

valuable for mainland Europe, and the alternate form for deriving the inertia result may be 

more applicable to reduce error sensitivity for large interconnections.  

2. In the Spanish islands, more results were obtained, and they showed greater consistency 

and confidence in situations where there is greater frequency deviation. 

3. In the Elering system in Estonia, which is also in a large interconnection, eight events were 

detected, of which 5 had a Quality Indicator less than 1.5. One of these results showed a 

small RoCoF and frequency deviation and a large inertia estimate, while the other four 

showed reasonably good consistency, as illustrated in Figure 25.   

4. The addition of a Quality Indicator for results helped in evaluating results. Combining the 

Quality Indicator with thresholds on the event size allows the user to filter results with 

higher confidence. 

5. Further enhancements were proposed and logged for future development of the 

application, including: 

a. Creating a more intuitive quality indicator, and other diagnostic information 

b. Improvements to the user interface 

c. Usability for importing event data 

d. Guidance and defaults for parameter settings  

e. Greater flexibility for assessing potential load model effects 
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Figure 25 Elering (Estonia) Inertia Estimates plotted against Generation 

 

3.4.8 General Observations on the Event Based Inertia Method 

The observations from the trials on the event based AIE are the following: 

 The trials in the Icelandic system – characterised by a rather constant inertia distribution, 

allowed:  

o gathering confidence in the consistency of the estimates 

o confirming the use of the Quality Indicator as a filtering parameter 

 The trials in Scotland showed an improvement in the inertia estimates with respect to 

current day GB practices through: 

o determination of the distribution of inertia in areas of the power system, beyond 

the current practice of estimating only a single GB wide value 

o a higher number of events over which the inertia can be estimated 

o proof that it is possible to use event-based measures along with statistical analysis 

to maintain a continuous measure of inertia 

 Learnings from trials in larger interconnections were as follows: 

o results were credible and show that application of the method to larger systems is 

perfectly possible 

o while RoCoF and ∆F also enable filtering of results with higher confidence, they 

limit the number of detected events in large systems, and a more sophisticated 

event detection process is required   
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 Continuous Effective Area Inertia estimation technique and results  3.5

The MIGRATE project addresses the feasibility of determining effective area inertia measurements 

continuously. The concepts of effective inertia and the representation of the system as multiple, 

linked centres of inertia were introduced in the event-based Effective Area Inertia estimation 

method. While event-based effective inertia estimation can be turned into a continuous estimate 

with the use of predictors, another method using system identification is investigated here. This 

method was the object of a paper journal15.  

 

3.5.1 Summary of Method 

The approach to continuous effective inertia estimation researched in the MIGRATE project uses a 

system identification approach. The main complication in estimating inertia is that during 

normal operation, the inertial response of the system cannot be distinguished from frequency 

control, voltage control, electromechanical dynamics, and stabilizing actions. The proposed 

approach identifies a combined model of inertial response and primary control from 

measured ambient dynamics, circumventing this limitation16.  

 

The inertia estimates are found by fitting a model to the observed dynamics and extracting 

parameters corresponding to inertia from the model. There is a single effective inertia esitmate 

that can be used with a disturbance size to estimate the corresponding RoCoF. During training 

(system identification), the measured power flows and frequencies gathered over several minutes 

are used. The trained model can be updated in steps with new sets of measurement data, gathered 

on a continuous basis, but the model will not be continuously updated in real-time. The identified 

model can output a predicted frequency response to a given input load variation signal, but this 

does not happen continuously. There is an inherent approximation in fitting the complex nonlinear 

behaviour of a power system to such a model, however, the simplification provides practically 

useful information for contracting and deploying frequency controls, including fast frequency 

response. The method assumes that the instantaneous inertial response is linear. The estimated 

effective inertia would depend on the size of the frequency deviation only when there would be an 

instantaneous non-linear response. As long as non-linear effects (e.g. a control when frequency 

exceeds a threshold, etc.) have a delay (time to measure frequency and actuate a control) the 

estimated effective inertia should not be affected. 

 

The method is based on applying system identification in terms of a multi-input multi-output black 

box model, where each input–output pair corresponds to changes in load and frequency of an area 

                                                
15

 K. Tuttelberg J. Kilter, D. Wilson, and K. Uhlen, “Estimation of power system inertia from ambient wide area 
measurements,” in IEEE Transactions on Power Systems, accepted for publication. 
16

 It should be noted that Voltage dependence of load is inherently included in the approximated load 
variations. Voltage is not used as a separate input, but the effect that voltage variations have on load is 
included in the model. 
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of the power system. Several time periods (spanning a few minutes) of ambient data are measured 

and models identified from the measurements. The discrete time high order models are then 

converted and reduced to continuous time lower order transfer function models, which reveal the 

values of effective inertia in the identified dynamics. The fitting of the models is based on well-

established system identification methods. 

 

The measurement of frequency deviations can be achieved with a few correctly placed PMUs per 

area, aggregated with weightings to reduce local deviations. Determining load variations in the 

areas is more challenging, and is addressed assuming a relatively good coverage of PMU 

measurements and some simplifications and approximations. The PMU coverage should be 

sufficient to approximate changes in power generation and export of the areas. Additionally, 

information about generator set-point changes in the system are needed (e.g. from SCADA/EMS). 

 

The schematic in Figure 26 (a) illustrates the main components of an individual unit—the governor, 

the turbine, and the generator, represented by corresponding transfer functions HG(s), HT(s), HM(s) 

and R is the droop of the governor. The inputs ∆PR and ∆PL specify changes in the power set-point 

reference and load respectively. The output is the frequency deviation ∆f = f −fn.
17 

 

With a set of simplifications, an area including part or all of a power system can be modelled 

similarly. In this case, the inertia of all rotating machines (and the frequency dependence of load) 

is lumped into a single area block and different governor–turbine systems are summed as parallel 

branches and lumped together by evaluating an equivalent droop. A model for a multi-area 

interconnected system can be obtained by including tie-line elements of the power exchanges 

between the areas. Figure 26 (b) shows the case of a 2-area system, where ∆PRi are the changes 

in power set-point values and ∆PLi changes in load of each area. 

 

This model can be simplified further when we include only primary frequency control in the analysis 

and exclude any secondary control influence. In this case, the power set-point values of generators 

remain unchanged and the corresponding inputs in the control system can be disregarded, which 

can be achieved in practice by excluding periods of time when set-point changes are dispatched. A 

schematic of the model following that is given in Figure 26 (c). In this simplified analysis of the 

dynamics of inertial response and frequency control, the multi-area system becomes a multi-input 

multi-output system with load changes as inputs and frequency changes as outputs.  

 

The described model treats each area as a single node with aggregated load, generation, and 

control loops and a unified value of frequency. In such a model it is important to define areas that 

on a system level can be aggregated. The described treatment is also dependent on the possibility 

of analyzing the system in a period of time when the power set-points of all of the generators 

                                                
17

 Note that the control system schematics are only given for illustration purposes. The estimation is based on 
black-box system identification and it is up to the system identification algorithm to structure the model. 
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remain unchanged or change very little. This can be achieved in practice by selecting periods of 

measurement during which no setpoint change commands have been issued for the area. 

 

 

   

Figure 26: (a) Droop frequency control of a single unit. (b) Dynamic model of the frequency control of a two-area power 
system. (c) Dynamic model of frequency control of a two-area power system with generator set-point changes disabled. 
The red box represents the case where focus is on a single area, with measurements only available for this area. 

The identification of inertia is carried out in a number of stages, as follows: 

1. Input pre-processing: Determine the power imbalance that acts to accelerate or 

decelerate the area being estimated. 

2. Output pre-processing: Weighted average frequency for the areas, and subtract nominal 

frequency, to achieve frequency deviation of the area centre of inertia. 

3. Time window selection: Select periods of time of required time (typically 3-6 minutes) 

for system identification, in which there is little or no setpoint change applied.  

4. System identification: Identify a model using ARMAX technique, with various model 

orders, expressing the relationship between inputs (load variations), outputs (frequency of 

area centres of inertia) and noise terms. Successfully identified systems are checked or 

stability and unstable solutions discarded. 

5. Inertia estimation: Identified models are reduced to lower order, transformed from 

state-space to continuous time representation. Determine impulse response and use the 

gradient at the point of the impulse to define the effective inertia. 

6. Combining model orders: Multiple models are identified for a given time window for 

different model orders in the system identification. Remove outliers and determine a robust 

statistical estimate from the multiple estimates. 

7. Combining time windows: The process is applied to multiple independent time-windows, 

combined to form an estimate for a period in which inertia is expected to be approximately 

stationary (typically 30-60 minutes).  
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3.5.2 Trials on Real System Data in Iceland 

The Icelandic power system is extensively instrumented with PMUs, and Landsnet (the Icelandic 

Transmission System Operator) made this data available for inertia estimation. The power system 

has a natural transmission boundary between west and east, and inertia estimation can be applied 

assuming a 2-area topology. Frequency deviations between areas is clearly observed during 

disturbances and sometimes results in system splitting. The power system has a peak load of 

2250MW and annual energy supply of 17.7GWh, with energy entirely from renewable resources. 

The overall system inertia is relatively low due to the size of the system.  

 

The general testing method is to apply the estimation to a period up to the point of a significant 

disturbance. The continuous method gives a measure of the effective inertia from the pre-event 

ambient noise. For the testing process, the disturbance event is known, and the estimated inertia 

is used to predict how the system would be expected to respond to the event. The difference 

between the predicted RoCoF and the RoCoF from the response of the real system in the event is 

used as a measure of the accuracy of the estimation.   
 

 

Figure 27: Schematic of the Icelandic power system. Black labels denote substations directly monitored by PMUs, blue 
generator symbols are indirectly monitoring. Total rated MVA of generators at each plant given next to symbol. Purple 
dashed line denotes West/East area boundary on schematic and geographic diagrams. 

The pre-processing and window selection illustrated in Figure 28 shows the extraction of the 

frequency deviation signals for one or more areas, which is the output of the system for 
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identification. The lower chart shows the estimation of the total load deviations in each area. 

Independent non-overlapping 4-minute time windows are selected that do not contain active 

dispatch changes from the AGC or by manual operator intervention. Also, the dataset must be 

complete, and some periods are excluded due to missing data. This results in six periods to apply 

the system identification approach over a 40-minute window.  

 

 

Figure 28: Selection of time windows for system identification with complete data throughout system, excluding periods 
with AGC action or other dispatch actions  

The system identification process is applied to each selected section of data using various model 

orders, which yields a set of estimates. Some outlier results can be excluded from the analysis at 

this stage (the outlier cases varied between 10-40% of the results). In the cases for testing the 

method, it is possible to compare what the models would predict as frequency behaviour compared 

with the actual disturbance of the system that follows. As illustrated in Figure 29, there is some 

spread of results, but the prediction based on the average of results is close to actual system 

behaviour in the disturbance.  
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Figure 29: Results of multiple model order identification results applied to a single time window before a disturbance. 
Step responses of each model and the average of all 12, compared with the recorded frequency from the disturbance 

Having derived a single estimate from time window, a further aggregation is carried out across 

time windows, as shown in Figure 30. The time window aggregation further improves the quality of 

the estimate, and the step response of the resulting model corresponds closely to the recorded 

frequency.  

 

 

Figure 30: Average results over six measurement windows leading up to a disturbance. Step response of model 
compared with recorded area frequency deviation from the disturbance. 
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The performance of the method was then assessed on a set of 16 system disturbances that were 
experienced in the Icelandic system, for which PMU data was available. The fitting or training was 

all carried out when the system was in normal operating conditions. The disturbances occurred 
right after the periods the models were fitted for. Disturbances were only used for validating the 
results obtained from ambient data. 

 

The results in Figure 31 show a close alignment between the predicted behaviour of the western 

area and the overall system based on pre-event effective inertia estimates, compared with RoCoF 

extracted from frequency measurements in the appropriate area for the first second of each event. 

The variance shown in  Figure 31 relates to two standard deviations of all inertia samples used to 

create the pre-event inertia result producing the aggregated estimate (‘o’ in the figures).   

 

 

 

Figure 31: RoCoF based on pre-event inertia estimation and system loss, compared with RoCoF extracted from recordings 
of frequency in the disturbances. West area and entire system results shown. 

WEST 

SYSTEM 
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It may be concluded from the trials on the Icelandic system that the continuous effective area-

inertia method accurately captures the inertial behaviour of the system in all 16 test periods. 

 

3.5.3 Trials on Real System Data in SP Energy Networks 

The differences between the Icelandic and Scottish system were already presented, the latter 

having a high penetration of renewable and power electronics, especially at the distribution level. 

The application of the method in this trial required a few modifications compared to the trial with 

data from Iceland. However, the general principles of the method being the same, the report will 

focus mostly on the results. 

 

In the GB system, measurement data was only available from the SPEN area. Thus, it was not 

possible to identify models corresponding to the entire system and another approximation had to 

be introduced. What is more, suitable events in the SPEN area were not available for the validation 

of results. The results obtained from ambient measurements were compared to the results of the 

event-based Effective Area Inertia estimation instead. The SPEN area that was observed in the trial 

was specified in Figure 17. 

 

When focusing on a single area, the identified system was assumed to have a single output and 

multiple inputs (MISO model). The aggregated area frequency deviation was assumed to be the 

output, while the first input was the approximated change in load as in the multi-area MIMO case. 

As an alternative input (or multiple inputs), the change in power flow between the observed area 

and rest of the system was introduced. This was also illustrated in Figure 26 (c) with the part of 

the model bounded by the red line. In this trial, the changes in power flows between the area and 

the rest of the system were all aggregated into one additional input. Where possible, power 

measured at the outer end of the boundary transmission corridor was used (i.e. further away from 

the SPEN area). 

 

For this trial, information about generator set-point changes was not available. The system 

identification was carried out without this information, which could have introduced errors in the 

results. Apart from that, the measurement data was processed similarly to the trial in Iceland. In 

the calculation of inertia, another change was introduced. The values of effective inertia were 

obtained from calculated step responses of the identified models, not from their parameters. 

 

The comparison of results was carried out based on events detected by the Effective Area Inertia 

estimation (EAIE) method. For each event, ambient measurement data of approximately 50 

minutes preceding the event was gathered. From this data, six measurement periods, five minutes 

in length, were further selected by the algorithm. Effective inertia was estimated from the ambient 

measurement data preceding the event and compared to the value of effective inertia estimated 

from the event using the EAIE method. 
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Results of the comparison over 27 events are given in Figure 32 and Figure 33, where the results 

of the ambient measurement based method are presented as a box plot. The boxes represent the 

spread between the first and the third quartile and the dot gives the median; the whiskers extend 

to the minimum and maximum values that were not discarded as outliers. In the first figure, the 

results were combined over the six measurements, while in the second figure results were taken 

from the last measurement that gave usable estimates. EAIE results are denoted by the diamond 

markers. 

 

Figure 32: Comparison of effective area inertia results obtained with the EAIE method and ambient measurement based 
method over 27 events. Diamond markers represent EAIE estimates, while smaller circled black dots denote the 
estimates from ambient data based on six measurements. 

Event 
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Figure 33: Comparison of effective area inertia results obtained with the EAIE method and ambient measurement based 
method over 27 events. Diamond markers represent EAIE estimates, while circled black dots denote the estimates from 
ambient data of a single measurement period. 

The results give a general indication that the method can also be applied on a single area of a 

larger power system without monitoring the entire system. As could be expected, the method 

performed somewhat less reliably than in the case where the entire system was observed. 

However, the continuous monitoring of effective area inertia is feasible. Despite the missing 

information about generator set-point changes, the method performed consistently on the majority 

of the analysed data. 

 

Further development and refinement of the method could be carried out. In this trial, generator 

set-point changes were not considered resulting in a potential source of errors. The trial showed 

that the quality of frequency measurements from different PMUs can vary significantly and affect 

the performance of the method. The effects of different frequency calculation algorithms 

implemented in PMUs should be investigated further. Additionally, the use of frequency 

measurements from the outer areas (areas not monitored) should be investigated as this could 

potentially improve the accuracy of the system identification procedure. 

 

 Conclusion and discussion on findings about Effective Area Inertia 3.6

Effective inertia captures the relationship between power imbalance and the rate of change of 

frequency in response to a disturbance. It is therefore more accurate in determining system 

frequency response requirements than the rotating mass inertia; undoubtedly effective inertia is to 

be used by TSOs as an indicator for system performance and as a design input for system stability 

controls and services. Effective inertia is larger than rotating mass inertia, which turns out to be a 

positive thing when designing controls in a cost-effective manner.  

Event 
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Rotating inertia of transmission connected generation is generally well known and does not need to 

be estimated. Rotating inertia of load tends to have quite a limited effect – industrial process 

control tends to negate the inertial effect of the rotating machinery.  

 

On top of the rotating masses, other factors are important among which the load voltage 

dependence. The voltage within the area will be affected by the disturbances, which in turn 

changes the load power in the area. The effect is greater close to the source of the disturbance 

where the voltage deviations are greater. Voltage dependence acts as an additional contribution to 

the effective inertia and significantly contributes in mitigating the steep RoCoF that might be 

expected from reducing inertia. Other, smaller contributions come from frequency and voltage 

dependence of various controlled devices, including power electronic interfaces. The different 

factors that influence effective inertia will result in some variation that is disturbance dependant 

and could not be explained by pre-event operating conditions.  However, it has been observed that 

effective inertia is largely consistent with operating conditions such as the rotating inertia and 

demand.   

 

Effective inertia is a measurable quantity. The MIGRATE WP2 demonstrated two methods and has 

given an indication of the necessary penetration of measurements. The first, event-based method 

estimates effective inertia during the “near linear” section of response to a disturbance, after the 

initial non-linear effects (angles and frequency at locations distant from inertial centres changing 

abruptly) and before non-linear controls intervene (e.g., governor, tap changers). The quality of 

the estimate depends on the stability of the estimate over the “linear period” as well as the length 

of time during which it is linear.  

There is potential to use the inertia estimation results together with predictor variables to produce 

a self-tuning continuous area inertia estimation, as described in the GB case. 

 

To ensure accurate outcomes - especially in large interconnections where disturbances tend to 

spread through oscillations rather than pronounced RoCoF, there are some limitations requiring 

further research, e.g., identification of the exact starting point of the disturbance, finding the pre-

event level of f & P, how big an event is required, is the relative quality indicator sufficiently 

intuitive. 

   

The application was developed under MIGRATE as a research tool, with all configuration 

parameters accessible to the user to experiment. It was important at this stage to be able to adapt 

the event triggering criteria to determine how the size of disturbance influences the number of 

results obtained and the confidence in the results. Window length and inertia variation parameters 

were also exposed that define the stability of the inertia signal and result selection, enabling the 

user to make a trade-off between the number of results and the confidence. In a business-as-usual 

implementation, there would be much less user configuration, through the use of appropriate 

defaults and where necessary, the use of automatic configuration selection.    
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The second, ambient measurement-based method delivers directly a continuous estimate of the 

effective inertia. This provides the capability to obtain a measured value of effective inertia at any 

moment it is required. The method requires more measurement points in the system, but as the 

trials have showed, the available infrastructure in some systems is already sufficient for a usable 

implementation.   

 

This second method has been tested on two relatively small systems (Iceland and Scotland) and its 

application on larger interconnections would require further trials and research. It is not simple to 

estimate effective inertia from ambient dynamics and some measurements result in estimates with 

either large errors or large variances. The method would benefit from improvements in detecting 

such erroneous estimates. Additionally, the selection of measurement time periods used in the 

system identification step should be further investigated in order to obtain more accurate and 

consistent results. 

Technology Readiness Level (TRL) 

Prior concerns were expressed about inertia, for example, in Great Britain and in the Nordics, and 

some practices were deployed to monitor the situation and mitigate the impacts. However, the 

concept of Effective Inertia as a more appropriate indicator came during project MIGRATE. The TRL 

progress came therefore from level 2 “technology concept formulated” to a level 6 “technology 

demonstrated in relevant environment”.  
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4 Monitoring “System Strength” or “System 
Impedance” 

 Background 4.1

The voltage at a bus in the power system changes in response to changes of active and reactive 

loading. Traditionally, planning of transmission networks relies on the short-circuit capacity (SCC) 

to assess the voltage support in case of disturbances delivered mainly by synchronous machines. 

The SCC should be low enough to avoid damaging equipment, but high enough for correct 

protection operation and to ensure quick recovery of the voltage. As the power system 

incorporates a greater proportion of power electronic conversion, the conventional definition of SCC, 

and the approximation that the value represents fault and post-fault conditions is less reliable. 

During system faults, the contribution of PE-connected units to fault current significantly differs 

from that of synchronous generators, due to the current ratings of the semiconductors in the 

converters, compared with the inherent fault current contribution from synchronous generation. 

 

Power electronic converters help to support voltage while the network voltage is near its nominal 

value. However, during a fault, power electronic converters can supply no more than their current 

ratings, and the current they supply during a fault will be much smaller than a synchronous 

machine of similar rated capacity (in absence of any explicit grid code requirements, each model of 

converter delivers a short-circuit current of its own). Thus, a power electronic converter will 

provide very little contribution to Short Circuit Capacity in the faulted system. 

 

Therefore, we can no longer use a common terminology for two fundamentally different 

characteristics: 

1. Current that would flow into a fault at the given bus (the short-circuit capacity) 

2. Change of voltage in response to P/Q load changes with no fault, at near-nominal voltage 

 

It is proposed that the following terminology should be used for the non-fault, near-nominal 

voltage characteristics: 

1. System Impedance (in Ohms or per unit) 

2. System Strength (in MVA) 

 

 Concepts and Definitions 4.2

ZSYS is the effective impedance of the network from power sources to the load bus. This is 

traditionally expressed as Short Circuit Capacity (SCC) in units of MVA, as an ideal voltage source 

(VS) multiplied by the current that would flow from the network into a fault at the bus being 

assessed.  
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In general, an equivalent impedance ZSYS and the associated System Strength18 in MVA is a useful 

measure of the ability to maintain a stable voltage at the load bus. Changes in active and reactive 

power of the load will influence the load bus voltage less when ZSYS is small and the System 

Strength is high, compared with a larger influence on the voltage when ZSYS is high and the System 

Strength is low. However, using an equivalent impedance is a very simplified representation of a 

complex and non-linear power system, and in reality the Thevenin equivalent parameters in Figure 

34 vary with the condition of the power system. This non-linearity is becoming more significant as 

synchronous generation is displaced by power electronic converters.  

 

 

𝑍𝑆𝑌𝑆 =  − 
∆𝑉

∆𝐼
 

 

𝑆𝑦𝑠𝑡𝑒𝑚 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ =  
3𝑉𝑆

2

𝑍𝑆𝑌𝑆
 

 

 

 

 

Figure 34: Thevenin equivalent model representing the System Strength 

When the power sources were predominantly synchronous generators, it was reasonable to assume 

that the power system could be approximated by a voltage source behind an impedance, and that 

the sub-transient impedances of generators would lead to a conservative assumption of the system 

impedance. The Short-Circuit Capacity was then extracted using this approximation, and assumed 

to apply interchangeably between a fault state and non-fault state. However, power electronic 

converters may be controlled to support voltage and approximate a voltage source during non-fault 

operation, but during faults, they can produce no more than the rated current of the inverters, and 

act more like a current source than a voltage source. In terms of the model in Figure 34, the fault 

current contribution from a power electronic converter can be considered either as a greatly 

reduced source voltage VS or much larger ZSYS (greatly reduced Short Circuit Capacity).  

 

In a power system with largely synchronous generation sources, the network impedance and 

source voltage are sufficiently similar during faults and during normal operation that the “Short 

Circuit Impedance” could be interchangeable with normal operating impedance, at least as an 

approximation. There has been no differentiation of the values obtained.  

  

                                                
18

 Note: Australia (AEMO) has started using “System Strength” as a collective term for stability related 
information.  

https://www.aemo.com.au/-
/media/Files/Media_Centre/2017/South_Australia_System_Strength_Assessment.pdf 

https://www.aemo.com.au/-/media/Files/Media_Centre/2017/South_Australia_System_Strength_Assessment.pdf
https://www.aemo.com.au/-/media/Files/Media_Centre/2017/South_Australia_System_Strength_Assessment.pdf
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As the proportion of power electronics increases, the “System Strength” during non-fault 

conditions is defined by a voltage source and an equivalent impedance as before. However during 

a fault, the source is no longer an ideal voltage source, and the fault current will be limited by the 

ratings of the power electronic converters. If the same model is assumed during a fault, it would 

act as though there was a much larger fault impedance (ZFault) during the fault than the system 

impedance (ZSYS) when there is no fault. 

  

It is clear that a new terminology is needed to differentiate the strength of the system during 

normal conditions, distinct from the measures defining the fault current. In this report, the 

following terminology is used: 

 

System Strength, designating the capacity in MVA to support voltage at near-nominal voltage, 

but not representing fault behaviour. 

 

Short Circuit Capacity (Fault), designating the capacity in MVA to supply fault current and 

support voltage that would be observed during a 3-phase short-circuit fault at the bus. 

 

The System Strength is generally measurable in the course of normal operation, and is the focus of 

the research in MIGRATE WP2. By contrast, 3-phase short circuit faults at a specific load bus are 

extremely rare, and therefore the SCC Fault parameters cannot be consistently measured, and 

have to be identified using models.   

 

 Use Cases of Monitoring System Strength 4.3

4.3.1 HVDC Terminal Voltage Support 

An HVDC terminal requires a certain level of voltage support to operate successfully. Both Line 

Commutated Converter (LCC) type and Voltage Source Converter (VSC) type have dependencies 

on the System Strength, although the potential mechanism of failure is different for the two 

families of HVDC technology. 

 

An HVDC-LCC terminal inherently requires a voltage source at the inverter end in order to switch 

off the thyristors in the correct time and sequence. If there is insufficient strength of voltage 

source, the HVDC terminal may experience commutation failure. This results in collapse of the 

converter power and severe, rapid fluctuation of power. An example of commutation failure on two 

bipoles of an HVDC link in the UK are shown in Figure 35. 
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Figure 35: Example of HVDC-LCC Commutation Failure in the GB Power System
19

 

 

HVDC-VSC technology is theoretically capable of supplying power with little or no voltage support 

at the receiving end. However, the converter control is designed for a certain range of System 

Strength, and outside this range, the control may become unstable. For continued operation of the 

HVDC link, the AC system must either sustain a minimum System Strength level, or specific control 

measures must be taken to accommodate an abnormally low System Strength scenario.    

  

If the System Strength is low at the point of connection of an HVDC terminal, it is necessary to 

constrain on synchronous generation that will increase the strength of the system, or else constrain 

or switch off the HVDC link. These actions to constrain the system incur a high cost, and it is 

important to apply the actions only at times when it is necessary.  

 

Conventional model-based assessment of SCC have significant uncertainty in scenarios with 

high renewable and power electronic penetration for two main reasons: 

                                                
19 PPA Energy: “NIC Competition Final Interrogation Report, South East Smart Grid, submitted by National Grid 

Electricity Transmission PLC”, submitted to Ofgem, 6/10/2014. https://www.ofgem.gov.uk/ofgem-

publications/91442/redactednicfinalinterrogationreportsesg.pdf 

 

https://www.ofgem.gov.uk/ofgem-publications/91442/redactednicfinalinterrogationreportsesg.pdf
https://www.ofgem.gov.uk/ofgem-publications/91442/redactednicfinalinterrogationreportsesg.pdf
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1 The current practice focuses on the “Fault” perspective, and may not account for the 

greater contribution of power electronic converters during non-fault conditions. 

2 In real-time, it is not common for the transmission owner/operator to have sufficient 

information on the contribution of distributed generation to system strength. There 

may also be some uncertainty over the contribution of transmission connected 

generation. 

 

It is therefore useful for a system operator to be able to determine a measured value of System 

Strength. When the value is outside the acceptable range, the operator can then dispatch 

synchronous generation that will increase the System Strength, but if the measured value is 

adequate, this constraint can be avoided. 

  

The concept of carrying out reactor switching at an HVDC terminal in order to estimate System 

Strength was published by Pedersen, in relation to HVDC terminal operation in Denmark20. This 

was further developed to be implemented using synchrophasor measurements and applied as an 

operational process whereby operators can switch a reactor element at the HVDC connection and 

obtain a System Strength estimate. On this basis, the operator will choose whether more System 

Strength support is required. 

 

The MIGRATE project extends the Danish use case as follows: 

1 While the Danish use case required specific reactor switching events initiated by the 

operator to create a System Strength estimate, the MIGRATE approach generalised 

the approach by identifying general network switching events that met necessary 

criteria. 

2 The MIGRATE approach enables Transmission Network Owners that do not have 

switching decision authority to collect a dataset of measurements. 

3 On-going operation of the system yields a statistical record of System Strength 

estimates that can be used to determine the natural variations of System Strength in 

the system, and can be related to influences, thus providing planning information as 

the generation profile changes.  

 

4.3.2 Stability Control Design 

Other control design depends on knowledge of the System Strength value and range. For example, 

the design of Power System Stabilisers (PSS) and Power Oscillation Dampers (POD) require a 

measure of the network impedance. The availability of a record of System Strength values over 

time, indicating the spread in different operating conditions, can be very valuable for designing 

damping control. 

 

                                                
20 K.O.H. Pedersen, A.H. Nielsen and N.K. Poulsen: “Short-circuit impedance measurement”, IEE Proc-Gener. 

Transm. Distr. Vol 150, No 2, Mar 2003 
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It may be noted that PSS and POD always apply in conditions when there is no fault in the network, 

and therefore the “System Strength” values are relevant, not the “Fault” values. 

 

 System Strength measurement based estimation techniques and results 4.4

The proposed tool uses PMU measurements of small disturbances to determine the system strength. 

The calculation assumes a Thevenin equivalent of the power system as seen from the point of 

measurement.  Figure 34 shows the Thevenin model and the variables used in the equations. 

The System Strength is calculated when the load is switched in or out of the network resulting in a 

step-change in voltage and current. The voltage and current magnitude are required for this 

calculation. 

The System Strength is estimated as follows: 

 
𝑆𝑦𝑠𝑡𝑒𝑚 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ =  

3 × 𝑉 𝑝𝑟𝑒
2

𝑍𝑆𝑌𝑆
 [𝑉𝐴]  

Where, 𝑉𝑝𝑟𝑒 is the phase voltage of the bus before the switching operation and 𝑍𝑆𝑌𝑆 is the system 

impedance. The system impedance is defined as the quotient of change of voltage and current 

 
𝑍𝑆𝑌𝑆 =  −

∆𝑉

∆𝐼
=  −

𝑉𝑝𝑜𝑠𝑡 − 𝑉𝑝𝑟𝑒

𝐼𝑝𝑜𝑠𝑡 − 𝐼𝑝𝑟𝑒
 (2.2) 

Where: 𝑉𝑝𝑟𝑒 and 𝑉𝑝𝑜𝑠𝑡 , are the bus voltage before and after the disturbance; 𝐼𝑝𝑟𝑒and 𝐼𝑝𝑜𝑠𝑡  are the 

measured current before and after the disturbance. 

The System Strength calculation is possible without measurement of the current.  In this case the 
current is calculated from the MVAr rating  of the switched reactor or capacitor. 

The application can be configured to be used for three application cases described below: 

AC1. The application calculates sub-transient System Strength from switching events of 

capacitors and reactors.  It also requires the digital status of the breaker to detect 

the switching event.  The digital status is sent as part of the PMU stream.  

AC2. Calculation of System Strength where voltage/reactive current step changes are 

performed by fast-response shunt-connected equipment, e.g.  Static VAR 

Compensator (SVC), or reactor/ capacitor bank. In this use-case, there is no digital 

status trigger available, and events are identified automatically.  

AC3. A location where a “downstream” disturbance is caused by naturally occurring 

events on radially connected lines, loads, HVDC or other connections that are not in a 

meshed topology. In this use-case, there is no digital status trigger available. In 

contrast to AC2, the switching event may have an active power component. 
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Figure 36 shows an example of a simple power system, where the System Strength at Bus 4 can 

be calculated by switching the shunt capacitor.  The application requires measurement of the 

voltage at Bus 4 and the capacitor current.  If the breaker status is available, this case becomes 

AC1.  Without the breaker status, the event is detected from the change in Voltage and Current 

(AC2).  

  

The same event can be used to calculate the System Strength at Bus 3 using the voltage V3 and 

the current I3.  This is because Bus 4 is radially connected to Bus 3.  This case is an example of 

AC3.  Another example of AC3 is a change in the load at Bus 4 (assuming that the load is radially 

connected to bus 4) being used to calculate the System Strength at Bus 3. 

 

 

Figure 36: Example of a Power System topology and application cases to estimate the System Strength from 
measurements 

The calculation of the Thevenin equivalent impedance is based on measuring the response to a 

downstream disturbance.  The calculated source impedance is for the upstream part of the system.  

The separation between upstream and downstream is defined by the voltage and current 

measurements used in the calculation.  For the above example of a switching of the capacitor at 

bus 4, we have the following possibilities: 

1.  Measuring V4 and I4, will give the short circuit capacity at bus 4, since the downstream 

region only includes the capacitor and the response of the entire system is measured at 

bus 4. 

2. Measuring V3 and I3, will lump the capacitor and load at bus 4 into the downstream 

impedance.  Any sources within the load at Bus 4 will not be included in the system 

strength at Bus 3, i.e., the system strength at Bus 3 could be underestimated if there is 

distributed generation at bus 4. 

3. Measuring any of the circuits at Bus 1 or Bus 2 cannot be used for system strength 

calculation.  This is due to the presence of at least one another path between the 

downstream and upstream sections.  Measuring all circuits at either bus 1 or 2 will result in 
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the system strength contribution of the generation at that bus only and the rest of the 

system will be considered downstream. 

 

The process of System Strength estimation is illustrated in Figure 37. The application can either 

connect directly to a GE WAMS system using an SQL interface, or the user can load data as CSV 

text files.   

 

 

Figure 37: System Strength Estimation Process 

 

Voltage sources that rapidly react to a disturbance (e.g. in less than 100ms) will appear as a fixed 

voltage source behind an impedance.  For example, an SVC with fast voltage control will contribute 

to the voltage support of the system and will increase the calculated System Strength using this 

algorithm. As illustrated in Figure 38, events are detected as a step change in voltage, unless 

there is a digital status trigger. A real voltage step is not instantaneous, and algorithm will discount 

samples during the change. 

 

Four samples just before and just after the event are selected. The duration of the step is variable, 

identified by the application, but typically around 4 samples (80ms) as illustrated in Figure 38. 
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Figure 38: Selection of samples around a voltage step event for System Strength calculation 

The following results are reported by the tool, for each event identified: 

1. Event Date & Time 

2. System Strength Process name identifier (normally the bus name) 

3. System Strength Magnitude estimation (MVA) 

4. System Strength Angle estimation (°) 

5. Confidence Value (MVA) 

6. Graphical presentation of voltage and current phasors for the event 

 

The System Strength result is derived as a complex number from voltage and current phasors. 

Since the network is mostly inductive, the impedance ZSYS is expected to have an angle around 

90°. The angle result can be used to reject estimates where the disturbance is not downstream.  

The application allows the user to define the acceptable impedance angle range.  This could be 

defined from the X/R ratio for a given network and voltage level.   

 

A "Confidence Value" is also determined from all possible System Strength results based on 2 

(out of 4) pre-event and 2 post-event samples.  The minimum and maximum System Strength 

results using two samples are compared with the System Strength result from 4 samples pre- and 

post-event.  The maximum difference (absolute) is identified as the confidence value (MVA). For 

example, if the System Strength  from all 4 samples is 6000, and the min/max from two samples is 

5900/6050, the final result is given as 6000 ± 100 MVA. A large Confidence Value compared with 

the System Strength estimate indicates that the estimate from the particular event is not reliable. 

 
Taken together, the System Strength Angle estimation and Confidence Value can be used to 
determine which estimates can be used. 

 
The results of the System Strength Estimation tool are illustrated in Figure 39.  The figure shows a 
row from the results table which includes the values described above, in addition to voltage 
magnitude and angle charts for a period of 2 seconds around the event time. 
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Figure 39: Results of System Strength Analysis tool 

 Trials on Real System Data 4.5

4.5.1 SP Energy Networks, UK 

Estimating System Strength at Bus 4 

 

An extensive data review was carried out on SPEN data using 9 months of measurement data at 20 

buses, identified in Figure 40 below. Auchencrosh (AUCH) was the most significant location in the 

study as it is the terminal of the Moyle HVDC link from Scotland to Northern Ireland. It 

directly relates to the use case for System Strength monitoring described in Section 4.3. There 

were several capacitor switching events occurring per day, leading to a large data set for study. 

 

STR STR 
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Figure 40: Locations of System Strength Trials on the SPEN network 

It was also noted that there were many triggering events detected near AUCH at the windfarms at 

AREC A, AREC B and COYL2. Most (but not all) of the events observed near AUCH were related to 

the reactive power switching events at AUCH. This was useful to examine the validity of estimates 

obtained from remote disturbance, and helped to explore ways of discriminating good quality 

results from poor quality. 

 

The Auchencrosh results were filtered to remove lower quality estimates, on the basis of the 

System Strength Angle (>50°) and Confidence (<50). The events were classified into capacitor 

switching in or out, or power flow reversal on the HVDC interconnector. 

 

The filtered Auchencrosh results are shown in Figure 41. Analysis of these results provides the 

following insights: 

1. The System Strength results are relatively similar to model-based SCC at this location. 

The mean system strength from all events around 2261MVA, while the model-based 

maximum SCC was for this bus is 2834. 

2. There are many events providing frequent System Strength results at the HVDC 

terminal. These occur on a daily basis, so there is always a relatively recent value, and 

a good longer-term record of the System Strength is obtained. 

3. There are observable trends in the data, for example:  

 a. Lower summer value June-October, higher winter value October-March  

 b. Periods of reduced System Strength for several days in October and January 

4. Clustering of higher System Strength results during downward voltage steps (Cluster 1 

- capacitor switching out) and lower System Strength results during upward voltage 
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steps (Cluster 2 - capacitor switching in). This is due to the System Strength result 

depending on Vpre
2 which is higher prior to capacitors switching out and lower prior to 

the capacitor switching in. The impedance ZSYS, revised to calculate based on voltage 

magnitude and reactive power change, is shown in Figure 42 (a) and shows less 

variation. Similarly, expressing System Strength with fixed nominal voltage in Figure 

42 (b) in the same units and scale as System Strength shown in Figure 41 shows less 

variation in periods ❶ and ❷, but still shows marked periods of low System Strength 

/ high impedance in ❸ and ❹.  

5. Cluster 3 (cyan in Figure 41) is a smaller set of events during change of HVDC power 

flow direction. These events were not clean reactive/capacitive switching events, and 

were less reliable than the capacitor switching.  

 

It is important to note that the System Strength value is frequently observed, and appears to be a 

relatively accurate and stable result. The variation is also important, as it shows that there is a 

value to measuring the System Strength quantity, as there may be changes that may not be 

known from model-based studies. 
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❶ June-Sept lower System Strength 

 

❷ Oct-March higher System Strength  

 

❸ & ❹ Several days’   reduced System Strength 

 

 

Figure 41: Auchencrosh results by event types, showing System Strength patterns over 9 months
21

 

 

  

                                                
21

 The two MVA levels denote two levels of System Strength identified in periods 1 and 2 respectively. 
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a) 

 

b) 

  

Figure 42: Auchencrosh results presented as a) System Impedance and b) System Strength with Nominal voltage 
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Estimating System Strength at Bus 3 

 

There were many events detected at AREC A & B and COYL2, but many of these were triggered by 

capacitor switching at AUCH. The events where an event at AUCH triggers COYL2 estimation are 

described as radial connections in Section 4.4 where System Strength is estimated at Bus 3 for a 

switching event at Bus 4 (Figure 36). Since AUCH is radially fed from COYL2, the reactive power 

switching events at AUCH in many cases yielded good results at COYL2.  

 

However, this is not the case at AREC A & B, so the AUCH switching events are not useful for 

estimating AREC A & B. Only 3 events at AREC A and 2 events at AREC B could be used for System 

Strength estimation, and all of the AUCH capacitor switching triggers must be excluded.  

 

The observable changes are compared between Bus 3 and Bus 4 in Figure 43. At Bus 4, the current 

change is measured as the magnitude of a reactive current and a significant voltage change. The 

data for estimation at COYL2 (“Bus 3” in the figure) is less clean than at AUCH (“Bus 4”), however 

there are many results with reasonably high confidence. It may be concluded that the System 

Strength can be estimated with reasonable accuracy in this example of a disturbance on a 

radially connected bus.  

 

 

 

Figure 43: Error Sensitivity for a Remote Capacitor Switching Event (estimating System Strength at bus 3 from an event in 
bus 4) 

It was also found that reactive power changes were much more reliable than active power 

changes for identifying System Strength, as illustrated in Figure 44. A reactive power change is 

normally measurable directly as a change in the magnitude of current in quadrature with voltage. 
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The voltage change in response to the capacitor or reactor switching is generally large enough to 

be measurable, particularly in a location where the System Strength is low enough that it is 

necessary to measure.  

 

By contrast, the effect of an active power change is mainly on the angle of the bus voltage. The 

angle change is normally extremely small, typically a fraction of a degree, and difficult to measure 

given the practical limitations of synchrophasor measurements. It is therefore unusual in practice 

to find cases where an active power step can be used to return a reliable estimate of System 

Strength.  

 

 

 

Figure 44: Comparison of System Strength measurement from reactive and active power steps 

Due to the above limitations on SCC estimation from remote events and active power 

changes, there were few estimates obtained from the locations shown in blue in Figure 40, and 

the most significant results were identified from the HVDC terminal at Auchencrosh.  

 

Table 18 shows the System Strength results, compared (in the last column) with the fault levels 

(Sk”) from the 2017/18 transmission network model, configured to produce maximum fault levels. 

Actual levels will depend on conditions and should be below this maximum level in the vast 

majority of cases. Value with (*) depend on the splitting topology. The two substations with the 

most valid results (Auchencrosh and Coylton) are shown in bold.  The comparison shows that 

system strength values are lower than the maximum fault level, and that the system strength at 

different locations generally follows the maximum fault level.    
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Bus Nominal 

voltage 

kV 

No of valid 

results 

Mean value System 

Strength 

MVA 

Maximum Fault Level 

(model) 

MVA 

AREC A  33 kV 3 314 642 

AREC B  33 kV 2 335 643 

AUCH 

(UC2) 

400 kV 1069 2261 2834 

CLYN 275 kV 14 2449 3631 

COAL (UC2) 400 kV 9 12322 14576 

CRUA 275 kV 0   

CRYR (UC2) 400 kV 2 12092 15065 

ELVA (UC2) 400 kV 11 13767 18724 

FALL 400 kV 1 9421 13351 

GLRO 275 kV 0   

HARE 132 kV 4 1728 1880 

COYL2 

(UC2) 

275 kV 1397 4878 8170 

MOFF (UC2) 400 kV 12 11249 15427 

TORN (UC2  

Reactor 

switching) 

400 kV 4 12337 17569 

TORN 

DUNBAR 

132 kV 0   

STHA-HUER  

(Line 

switching) 

400 kV 44 10021 15139 or 17417* 

STHA-TORN  

(Line 

switching) 

400 kV 0   

Table 18: Estimated System Strength in the SPEN network 
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4.5.2 Terna, Italy 

Terna and Ensiel performed tests of the System Strength tool in the Italian network on simulations 

and measured data. The cases analyzed with the System Strength tool are summarized in  

Table 19.  

The table includes  the values provided by the tool and, for comparison, the fault level values 

obtained from  a  model-based  approach  considering  the  IEC909  Standard,  as  well  as  from  a  

rough approximation that applies the very simplified formula 3V2/(ΔV/ΔI), in which ΔV and ΔI are 

respectively the phase voltage variation and current variation when the event occurs, and V is the 

pre-event phase voltage. 

 

It should be noted that the measured approximation 3V2/(ΔV/ΔI) will approximate either the 

System Strength value or the SCC (fault) (or some value between the two) depending on the 

initiating disturbance. Thus, it is important to note that there can be valid differences between the 

values.  
 

Table 19: System Strength tool tests in the Italian network 

ID code Description Type of 

measure-

ment 

System 

Strength 

estimate 

(MVA) 

Fault 

level  

IEC 909 

(MVA) 

Approxi-

mation** 

3V2/(ΔV/ΔI) 

(MVA) 

SCC01SA2 Commutation failure of  

HVDC radially connected  

to the monitored bus 

Real 13341 & 6759  

(2 events) 

4550 4775 & 

6882 

SCC02ER0 Shunt reactor trip Simulated 6132 6667 6586 

SCC03VA0 Shunt reactor trip Simulated 10311 10466 10292 

SCC04AN0 Shunt reactor trip Simulated 5037 5349 5203 

SCC05RB0 Shunt reactor trip and 

successive energization 

Simulated 7261 & 7135 

(2 events) 

6340 7060 

** Approximation of the apparent MVA capacity for the particular event for the same locarion, not necessarily equivalent to 

System Strength or SCC (3-phase fault). 

 

The HVDC commutation failure disturbance case showed a significant difference between System 

Strength and Fault Level. There were two events in Case SCC01SA2, Event 1 was interruption of 

the DC power, and Event 2 was probably a capacitor trip without real power interruption. 
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SCC01SA2 Event 2 

 

This event shows a drop in voltage and a step change in current. Applying the sanity check of the 

“Approximation” method as described using the magnitude (not angle) values, reading values from 

the graphics, produces a result: 

 

3V2/(∆V/∆I) =   3x 233.22 / ( (234.8 – 231.6) / (272 – 137) ) = 6882 MVA 

 

This is similar to the System Strength calculation result of 6759 MVA. 

 

The value obtained from measurement is significantly higher than the fault level SCC from the 

model-based impedance. This difference is related to the distinction that was made from the outset 

of the project between the “System Strength” (i.e., the stiffness of voltage at near-nominal 

voltage) compared with the “fault” value of SCC. Since the real system probably has power 

electronic interfaces that support voltage in near-nominal conditions, but would provide little or no 

fault current in faults, it is not surprising that the System Strength tool and Approximation results 

of System Strength are higher than the model-based IEC 909 value which is the impedance that 

would be seen in a fault condition. 

 

For understanding, the main differences between SCC calculation and system strength are: 

1.  SCC is typically calculated for the subtransient fault current, while system strength is 
calculated in the transient timeframe due to the limitations of PMU measurements.  
Therefore, SCC is expected to be larger. 

2.  System strength takes into account other sources that support the voltage, but do not 
supply much current during a fault condition.  This leads to system strength being higher. 

The simulated cases are expected to be more consistent because the same model used for the SCC 

calculation is also used for the system strength calculation.  However, for the real events such as 

SCC01SA2, the SCC calculation is carried on the model, while the system strength is calculated for 

the measurements.  It is expected that there are inconsistencies between the model and the real 

system. 

 

We can conclude that Event 2 is providing results that are consistent with real system behavior.  

 

SCC01SA2 Event 1 

 

The System Strength tool estimate in this case is very large, and the uncertainty is also large. The 

approximation based on the voltage and current magnitude change shows some consistency with 

the model based result, but the System Strength calculation using magnitude and angle of V and I 

results in a very much larger System Strength estimate. While it is not possible to give a definite 

explanation without more detailed information about the topology and data, there are a number of 

contributing factors.  
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It is noted in this event that the current changes from 530  ̸  100°  A to 275  ̸  -170° A. The voltage 

is around 233  ̸  -80° , so referencing the current to voltage (ie applying 80° offset) give current 

values of 530  ̸  180°  A to 275  ̸  -90° A.  The angle shift of around 90° indicates a change from 

mainly real power to mainly reactive power, which may be explained by the converters tripping but 

the filters remaining in service. The change in active power in this event is significant. 

 

The theory behind System Strength represents the system as an infinite bus behind an impedance. 

The downstream disturbance is not expected to affect the angle or frequency of the “infinite bus” 

significantly. However, it may be noted in Figure 45 that there is a significant change to the 

gradient of the voltage angle in the course of the event, which indicates a change in frequency 

during the event. The generation in the area of the HVDC terminal that define the short circuit 

capacity are therefore not acting as an infinite bus, but the rotor angles are changing in the course 

of the event. The fact that the machines are accelerating implies that the machines are influenced 

by the disturbance and a component of power is flowing into the machines from the point of the 

disturbance.  

 

 

Figure 45 HVDC trip event 
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Event 1 can therefore not be classified purely as a “downstream event”. Although the trigger is 

downstream, it is clear from frequency and voltage angle behavior that the upstream system is 

being influenced by the disturbance in the area around the bus being identified. 

 

Therefore, the System Strength tests at Terna led to the following conclusions: 

• Good performance for reactive switching near HVDC terminal (from simulation tests) 

• Poor performance on active power change because: 

1. Power events rely on small angle changes, large relative errors 

2. Large power events interfere with upstream system (e.g. frequency change), so 

cannot be treated purely as a “downstream event”  

 

 Conclusion and discussion of findings about estimating System Strength 4.6

In the performed pilot tests, the System Strength tool has been shown to produce results 

consistent over time, and with the maximum values of fault level from modelling. Capacitor 

switching events tend to be frequent at HVDC terminals, meaning that the strength of the system 

can be identified regularly at a location where there is a clear need for the information. Elsewhere, 

the number of suitable events from naturally occurring disturbances is quite small.   

 

Table 18 gives a summary of System Strength estimates for the events in the SPEN network that 

have been validated as described above. The summarised results show consistency of the System 

Strength estimates, confirming the tool results.  

 

Detailed analysis of the results at Auchencrosh HVDC terminal in the SPEN network provided 

the following insights:  

 The System Strength results are relatively similar to the SCC “fault” values from the model 

at this location, around 2500MVA. 

 There are many events providing frequent System Strength results at the HVDC terminal. 

These occur on a daily basis, providing a good longer-term record of the System Strength 

at that location. 

 Events triggered by change of power direction yielded less reliable System Strength 

estimates and should therefore be discarded. In general, it was found that changes in 

reactive power provide better results compared to changes in active power.  This is due to 

the difference in accuracy of measuring voltage magnitude change vs. voltage angle 

change, since: 

o Very small angle changes associated with the common active power disturbances 

have high relative error 

o Large active power disturbances influence the frequency and angles of the 

upstream system and the assumption of a stable upstream system is not valid.  

 The tool uses pre-event voltage to calculate System Strength from system impedance.  

The calculated System Strength is proportional to V².  For a voltage magnitude variation of 
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5%, this would result in a variation of 10% in the estimated System Strength.  To remove 

the effect of pre-event voltage, the System Strength was recalculated from the system 

impedance using nominal voltage.   

 Clear trends over time of the System Strength data have been observed, for example 

o Lower summer value June-October, higher winter value October-March 

o Periods of reduced System Strength for several days in Oct’17 and Jan’18 

 The range of estimated values at Auchencrosh between 1700 and 2900 MVA (see Figure 

42) is consistent with the expected range of values identified in modelling studies. 

 

Conventional analysis of the maximum fault level is not an “expected value”, but is a useful 

comparison to show similarities or to identify and analyse significant differences. In all cases in 

Table 18, the estimates are lower than the maximum fault level, and in the same order of 

magnitude. The System Strength values are lower than the maximum SCC (fault) due to: 

 

 SCC (Fault) is the maximum value for a scenario that may not be observed in reality 

 SCC (Fault) reflects synchronous generator sub-transient reactance, appropriate for faults, 

while the System Strength timeframe accounts for transient reactance of machines. Thus, 

the contribution from synchronous generation to System Strength can be lower than the 

contribution to SCC (fault). 

 System Strength incorporates contributions from power electronic converters, but in this 

situation the power electronic contribution does not fully compensate the two influences 

above.   

 

Auchencrosh is a use case for monitoring System Strength at HVDC terminals to avoid 

commutation failures and control instability. The presence and frequent switching of filtering and 

reactive support elements at an HVDC terminal means that there are many events to trigger 

System Strength estimation, and a valuable record of System Strength levels and changes is 

feasible.  

 

For other locations, the report has shown that the tool can produce results that are consistent for 

smaller and noisier events than the ones observed at the HVDC terminal.  The tool allows the 

user to configure validity ranges for System Strength magnitude and angle, but it is still possible 

for some upstream events to produce System Strength results that are not automatically 

excluded in the current prototype implementation.  Further development an automated validation 

of results to verify that events are suitable for the System Strength calculation.  

 

Where events do not occur as frequently, it is still possible to trigger an event by changing the 

set-point of a FACTS device or switching a reactive power element and get a System Strength 

value on demand.  

 

The results show that the tool could be used to monitor System Strength at the HVDC terminals 

from naturally occurring events also.  The results are self-consistent.  
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The recommendations on the use of System Strength are: 

1. Review commonly used terminology, and propose removing reference to “Short Circuit”, 

so that the distinction of system strength in non-fault conditions is understood by users 

and the wider technical community. 

2. Incorporate System Strength estimates for the HVDC use case in WAMS systems 

3. Set up alert/alarm thresholds to notify operators of low System Strength values at 

HVDC terminals, such as Auchencrosh for SPEN 

4. Investigate the use of statistical relationships with SCADA/EMS variables for 

prediction, potentially leading to a continuous System Strength measure 

5. If TSOs are required to publish values of the expected System Strength within the process 

of grid connection (currently expressed under the “short circuit” terminology in the 

Network Codes for Connections), a methodology will need to be agreed.  

 

Some further improvements in the process for future business-as-usual implementation 

compared with the MIGRATE research tool would be beneficial: 

6. Enhanced filtering results to improve and automate the selection of events where reliable 

results can be obtained, in place of user-defined parameter settings. Confidence level 

settings, acceptable System Strength angles and an improved method of determining 

upstream / downstream classification, especially in complex interactive events. 

7. Remove the dependence on pre-event voltage, possibly using ZSYS as primary measure, 

rather than System Strength. 

 

 

An outcome of the MIGRATE work is that the impedance in near-nominal voltage and in fault 

conditions can be significantly different, and there would be a value in reviewing practice to 

differentiating impedance in the fault and non-fault scenarios. There are different use cases in 

which these distinct values are appropriate. 

 

As a general rule, we expect the system impedance to be lower in nominal conditions, since power 

electronic converters contribute to normal voltage control, but provide little or no fault current, and 

converters usually block during a fault. Thus, we expect SCC in a fault situation to be less than 

System Strength in a nominal condition. Using the terminology “Short Circuit Capacity” for both 

may be misleading as the divergence becomes more marked. 

 

However, it is possible for measured System Strength results in near-nominal conditions to be 

lower than the fault level values from models because the measured System Strength reflects the 

transient reactance of remaining synchronous generators, not the larger sub-transient reactance in 

the SCC (fault) values. The possibility of using System Strength as a conservative measure for 

ratings of breakers and other equipment was considered, but rejected since it cannot be 

guaranteed that System Strength is always lower than SCC (fault).  
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Technology Readiness Level (TRL) 

The work done previously in Denmark had a high TRL, since it was applied operationally by 

Energinet. However, it was only limited to the specific use case where System Strength estimates 

were obtained from a shunt reactor bank being switched intentionally by the operator. Within 

MIGRATE, a more generalised approach was proposed (starting TRL 2) with outcomes reaching TRL 

5 “technology validated in relevant environment” (where naturally occurring events are used to 

estimate the System Strength ) or 6 “technology demonstrated in relevant environment” (where 

switching events happen frequently, leading to reactive power changes). 
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5 Forecasting Inertia and Short Circuit Capacity 
In this chapter, we focus on forecasting KPIs (effective inertia and short circuit capacity) by using 

predictor variables that are measurable. This is achieved by applying mathematical approaches 

trialled using network models.  

 

Statistical work relating measurement-based effective area inertia results to measured predictor 

values was presented in Section 3.4.7.2 for the case of Scotland. It was shown that the sum of 

rotating inertia and area demand can be used to successfully as predictors for the effective area 

inertia. The approach was compared with the current practice at National Grid, showing 

improvements in the estimates. In this section, the possibility of applying an Artificial Neural 

Network (ANN) is explored to investigate if inertia and short circuit capacity can be forecast using 

artificial intelligence from known and predictable states of the system. 

 

Since the forecasting work was applied to a dynamic model, rather than a real power system, it 

was practical to test the approach using conventional rotating inertia of the whole system, and 

short circuit capacity derived from fault behaviour as the target values.  The reason for using Short 

circuit capacity calculation instead of system strength is that the tool to measure system strength 

was not available at this stage in the project.  Standard SCC calculations in DIgSILENT were used 

instead.  It is expected that SCC and system strength are strongly correlated, and that the 

forecasting method would work for system strength.  It is recognised that a real system has 

greater complexity in both respects, and it was not feasible to replicate the non-conventional 

influences on the target quantities or the real measurement KPIs. The research is intended purely 

to prove the feasibility of applying an ANN to the forecasting problem.      

 

In the simulation environment, the pilot testing of inertia and short-circuit capacity forecasting 

tools has been undertaken in two stages:  

 In the first stage, using computer simulation (DIgSILENT) [3], an appropriate Artificial 

Neural Network (ANN) based inertia and SCC forecasting tools have been trained. The 

training was based on a large volume of the data (in terms of 1672 operating points for 

each scenario in case of IEEE 9 bus system and it may vary for other topology) processed. 

Further, the volume of data required to train the ANN tools for a real system depends on 

the different factors such as the number of penetration levels considered, number of 

synchronous generators replaced by a PE based generators and number of dynamic 

induction motor loads in the system etc. Moreover, the ANN tool can be trained with any 

volume of data and the efficiency of the tool will be increased with a large volume of data. 

This is discussed in Section 5.1.1.  

 In the second stage, the functionality of the “trained” ANN based area inertia and SCC 

forecasting tools have been validated using UOM’s RTDS setup. By this, identical test 

networks have been used in DIgSILENT and RTDS. This is discussed in Section 5.1.2. 
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Following this, the results are discussed in Sections 5.2 and 5.3. 

 Summary of the KPI Forecasting Method 5.1
 

5.1.1 Stage I: DIgSILENT-based preparation of a ANN-based forecasting 

tool 

Stage I of designing the forecasting tools was prepared as follows: 

1. Modelling of a standard test system (i.e. IEEE 9-busbar, described in Appendix A) in 

DIgSILENT. 

2. Performing power flow and dynamic simulations, for the operating conditions given in 

Table 20, to identify the best system attributes/variables for inertia and SCC forecasting 

tools, respectively. In the simulations, all power system variables that can be measured by 

phasor measurement units (PMUs) and wide area monitoring systems (WAMS) have been 

recorded 22 . The power system variables can also be obtained with the optimal PMU 

placement as well. Therefore, it is possible to forecast inertia and SCC subjected to the 

availability of required power system variables with the optimal level of PMUs deployment.   

3. Then, using correlation analysis between the system attributes/variables with the 

forecasting variables (i.e. area inertia and SCC), the best system attributes/variables 

that can be nominated as inputs for the forecasting tools were identified. 

4. The three best variables found using the trial model were total power generation of 

synchronous machines, total dynamic load in the system and total PE generation/PE 

penetration, which have highest correlation with inertia. Therefore, these three variables 

have been selected as inputs to ANN based area inertia forecasting tool. Whereas, six best 

variables i.e., total power generation of synchronous machines, total PE generation/PE 

penetration, total dynamic load in the system, and voltage magnitude of significant buses 

i.e., Bus 7, Bus 8 and Bus 9 have highest correlation with SCC. Therefore, these six 

variables have been selected as inputs to ANN based SCC forecasting tool.  

5. Preparation of a large dataset including various displacement scenarios for synchronous 

machine with renewable energy source (RES) based generation i.e., wind farm. 

Displacement scenarios were done in steps for instance 5% in DIgSILENT so that we could 

produce higher number of operating points associated with different penetration of PE-

based sources in the system and dynamic loads operating form minimum to maximum 

loading. All of the displacement scenarios have been generated to make sure that the 

forecasting tools learn the higher number of operating points corresponding to various 

displacement scenarios for synchronous machine with RES based generation as well as 

dynamic loads operating form minimum to maximum loading. 

                                                
22

 Power system variables consist of active and reactive power of all synchronous generators, active and 
reactive power of all PE-based generation, voltage magnitude and angles of all bus bars, active and reactive 
power of loads and active, reactive power and loading of all lines. 



REPORT 
 

 

Page 115 of 218 

 

6. Finally, using MATLAB, where our forecasting tool has been developed, the dataset was 

broken into training and testing dataset (normally the dataset divides randomly into 

70% and 30% as for training and testing, respectively) to assure that the ANN-based 

forecasting tools predict area inertia and short-circuit capacity well using the suggested 

inputs. 

 

Table 20: Operating conditions considered for simulations of inertia and SCC forecasting tools 

 Inertia SCC 

 Power Flow Dynamic Simulations 

Disturbance N/A Method i) 3-phase  short Circuit 

Fault aiming to Calculate Max 

Short-Circuit Currents 

Short Circuit Duration: 

Break time : 0.1 sec 

Fault clearing time : 1 sec 

Fault impedance: 0+j0 at all the 

bus bars 

Method ii) IEC 60909 standard 

Measured Variables -Total power generation of 

synchronous machines, 

-Total PE generation/PE 

penetration. 

-Total dynamic load in the 

system (if there is any 

information available in the 

grid with respect to this) 

 

-Total power generation of 

synchronous machines, 

-Total PE generation/PE 

penetration, 

-A set of voltage magnitude of 

critical bus bars, i.e., those with 

highest absolute values of 

correlation with SCC (The 

numbers of chosen bus bars 

may vary network by network). 

-Total dynamic load in the 

system (if there is any 

information available in the grid 

with respect to this), 

Simulation Duration N/A i) 15 Sec 

Time-Step N/A Automatic in DIgSILENT 

5.1.2  Stage II: Evaluating the forecasting tool using RTDS  

The forecasting tools were then tested using RTDS inputs using the following methodology:  

 

1. Modelling of the same test system in the RSCAD (RTDS) software including cross 

checking of all parameters considered in the DIgSILENT software.  

2. Acquiring an on-line phasor data stream from the RTDS setup, as shown in Figure 46, and 

send it to forecasting tools of area inertia and short-circuit capacity in MATLAB, as shown 

in Figure 47.  
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3. OpenPDC receives and time-synchronizes phasor data from multiple phasor measurement 

units (PMUs) through the Microsoft SQL server.  

4. OpenPDC produces a real-time and time-aligned output data stream in IEEE C37.118 

format.  

5. These real-time and time-aligned output data streams in IEEE C37.118 format are 

processed using MATLAB based tool i.e., synchro-measurement application development 

framework (SADF) tool [4] for monitoring, control and protection applications.  

6. The result of forecasting tools of area inertia and short-circuit capacity have been 

compared with their actual values and the percentage error (shown in Equation 1) with 

respect to the actual value, calculated by using following formula, has been reported.  

 

 

Percentage Error= 
𝐹𝑜𝑟𝑒𝑐𝑎𝑠𝑡𝑒𝑑 𝑉𝑎𝑙𝑢𝑒−𝐴𝑐𝑡𝑢𝑙𝑎 𝑉𝑙𝑎𝑢𝑒

𝐴𝑐𝑡𝑢𝑎𝑙 𝑉𝑎𝑙𝑢𝑒
 *100  

Equation 1: Percentage Error 

 

 

Figure 46: University of Manchester’s RTDS Setup Used for the Pilot Testing 

 

 



REPORT 
 

 

Page 117 of 218 

 

 

Figure 47: Conceptual View of the Testing Platform used for Stage II of Pilot Testing 

5.1.3 Dataset Preparation and Training of ANN Tool 

In the Stage I, we have performed power flow and dynamic simulations to prepare the large 

dataset for area inertia and SCC forecasting tools, respectively. In the simulations, we have 

recorded all power system variables that can be measured by phasor measurement units 

(PMUs) and wide area monitoring systems (WAMS) in practice.  

These consist of active and reactive power generation from each synchronous generator, total 

active (PTotalGen) and reactive (QTotalGen) power generation from all synchronous generators, active 

and reactive power generation from each PE-based generation, total active (PTotalRESGen) and 

reactive power (QTotalRESGen)  generation from all renewable sources (wind farm), total dynamic load 

in the system (PTotalIMLoad) and voltage magnitude of all busbars, as shown in the Appendix A.  

 

Four scenarios have been considered for the IEEE 9-Busbar Test System and are described in more 

details in Appendix A: 

 

 Scenario 1:  G2 Displaced with Wind Farm: In this scenario, generator G2 has been 

replaced with the wind farm in steps of 5% and power system variables are measured.  

 Scenario 2: G3 Displaced with Wind Farm: In this scenario, generator G3 has been 

replaced with the wind farm in steps of 5% and power system variables are measured.  
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 Scenario 3: G2&G3 Displaced with Wind Farm, simultaneously: In this scenario, 

generators G2 and G3 have been replaced, simultaneously, with the wind farm in steps of 

5% and power system variables are measured 

 Scenario 4: G2 Displaced with Wind Farm with G3 already displaced: In this scenario, 

generator G3 has already replaced with the wind farm, whilst, generator G3 has been 

replaced with the wind farm in steps of 5% and power system variables are measured.  

It is worth mentioning that the synchronous generator’s rotating inertia is considered in the 

simulation of the above four scenarios. Therefore, it is maintained as a constant value 

throughout the simulation i.e., the inertia of G2/G3 maintained constant throughout the 

simulations until PGen2/PGen3 reaches Pmin. Further, the inertia of that particular 

synchronous generator was removed from the model when synchronous generator was 

completely displaced by the PE-based generator (wind farm) i.e., zero generation from the 

synchronous generator and 100% generation from the PE-based generator (wind farm). 

Further, the percentage PE penetration is mainly related to the fraction of generation output 

that is displaced from synchronous to windfarm at a particular bus when single synchronous 

generator displaced with the wind farm (Scenario 1 and Scenario 2). Whereas, in case of 

multiple synchronous generators displaced by windfarms (Scenario 3 and Scenario 4), the 

percentage PE penetration is related to the fraction of total generation output that is displaced 

from multiple synchronous generators to windfarms at different buses.    

 Results of Inertia Forecasting 5.2

5.2.1 Results of Stage I: Training of ANN-based Area Inertia Forecasting 

Tool 

Figure 48 shows the view of the function fitting neural network for inertia forecasting tool. It can be 

seen that there are three inputs, one output and three layers i.e., input, hidden and output layers, 

as described in the following.  

 

• Number of inputs: 03  

• Input 1: Total power generation of synchronous machines (PTotalGen),  

• Input 2: Total PE generation/PE penetration (PTotalRESGen)) and 

• Input 3: Total dynamic load in the system (PTotalIMLoad). 

• Number of outputs: 01 (Area inertia) 

• Number of hidden neurons: 10 

• Hidden Layer function: Sigmoid function  

• Output Layer function: Linear function 

• Training Algorithm: Levenberg–Marquardt (LM) back-propagation algorithm  
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Figure 48: View of the Function Fitting Neural Network (Inertia Forecasting ANN Tool). 

Regression (R): It measures the correlation between outputs and targets. An R value of 1 means 

a close, functional relationship, 0 a random relationship. It can be seen from Figure 49 that R is 

approximately equal to 1 i.e., close relationship between models’ outputs and targets. 

 

Figure 49: Regression Plot (Inertia Forecasting ANN Tool) 
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5.2.2 Results of Stage II: Inertia Forecasting Evaluation  

In the Stage II, the forecasted inertia values (HForecasted) have been compared with the actual 

inertia values (HActual) and the percentage error with respect to the actual inertia values have been 

reported, as shown in Figure 50-Figure 57. It is worth mentioning that two case studies have been 

considered to show the difference between the generation inertia and total rotating inertia.  

 Case 1: Excluding demand side inertia (generation inertia) 

 Case 2: Including demand side inertia (total rotating inertia) 

In the case 1, it was assumed that total dynamic load information was not available. Therefore, 

only two inputs such as total active power generation from synchronous machines and total active 

power generation from PE based generators were considered to train and validate the tool. 

Whereas, in the case 2, it was assumed that total dynamic load information was available. 

Therefore, three inputs such as total active power generation from synchronous machines, total 

active power generation from PE based generation and total dynamic load in the system were 

considered to train and validate the tool 

 

Scenario 1: G2 displaced with Wind Farm  

 

Figure 50: Inertia Forecasting Evaluation under Generator G2 Displaced with the Wind Farm. (a) Case 1: Generation 

inertia. (b) Case 2: Total rotating inertia. 

Figure 50 shows the evaluation of inertia forecasting tool under the Scenario 1 i.e., Generator G2 

displaced with the wind farm for Case 1 and Case 2. It can be observed that the error between 

forecasted inertia (HForecasted) and actual inertia (HActual) values is almost zero for PE penetration up 

to 10%, whilst there is positive error for PE penetration more than 10%. Further, the forecasted 

values are greater than their actual values. This can be verified from the percentage error plot, 

shown in Figure 51. Moreover, the percentage error for the Case 2 is lesser than that of Case 1. 
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Figure 51: Error in Inertia Forecasting under Generator G2 Displaced with the Wind Farm. (a) Case 1: Generation inertia. 
(b) Case 2: Total rotating inertia. 

 

Scenario 2: G3 displaced with Wind Farm  

 

Figure 52: Inertia Forecasting under Generator G3 Displaced with the Wind Farm. (a) Case 1: Generation inertia. (b) 
Case 2: Total rotating inertia. 

Figure 52 shows the evaluation of inertia forecasting tool under the Scenario 2 i.e., Generator G3 

displaced with the wind farm. It can be seen that the error between forecasted inertia (HForecasted) 

and actual inertia (HActual) values is almost zero for PE penetration up to 10%, whilst there is a 

negative error for PE penetration more than 10%.  Further, forecasted values are lesser than 

actual values. This can be verified from the percentage error plot, shown in Figure 53. Moreover, 

the percentage error for the Case 2 is lesser than that of Case 1.  
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Figure 53: Error in Inertia Forecasting under Generator G3 Displaced with the Wind Farm. (a) Case 1: Generation inertia. 
(b) Case 2: Total rotating inertia. 

Scenario 3: G2 & G3 displaced with Wind Farm, simultaneously  

 

Figure 54: Inertia Forecasting Evaluation under Generators G2 & G3 Displaced with the Wind Farm simultaneously. (a) 
Case 1: Generation inertia. (b) Case 2: Total rotating inertia. 

Figure 54 shows the evaluation of inertia forecasting tool under the Scenario 3 i.e., Generators G2 

& G3 displaced with the wind farm, simultaneously. It can be observed that the error between 

forecasted inertia (HForecasted) and actual inertia (HActual) values is almost zero for any PE penetration. 

Further, the percentage error varies alternatively and randomly, as shown in Figure 55. Moreover, 

the percentage error for the Case 2 is lesser than that of Case 1.  
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Figure 55: Error in Inertia Forecasting under Generators G2 & G3 Displaced with the Wind Farm, Simultaneously. (a) 
Case 1: Generation inertia. (b) Case 2: Total rotating inertia. 

Scenario 4: G2 displaced with Wind Farm with G3 already displaced  

 

Figure 56: Inertia Forecasting Evaluation under Generator G2 Displaced with Wind Farm with G3 already displaced. (a) 
Case 1: Generation inertia. (b) Case 2: Total rotating inertia. 

Figure 56 shows the evaluation of inertia forecasting tool under the Scenario 4 i.e., Generator G2 

displaced with wind farm with G3 already displaced.  It can be seen that the error between 

forecasted inertia (HForecasted) and actual inertia (HActual) values is almost zero for PE penetration 

greater than 40%, whereas, the percentage error varies from negative to positive for PE 

penetration 0-100%, as shown in Figure 57.  Moreover, the percentage error for the Case 2 is 

lesser than that of Case 1. 



REPORT 
 

 

Page 124 of 218 

 

It can be observed that the %error follow different direction in the above four scenarios.  This is 

due to the fact that the machine learning based tools (ANN tool) may provide forecasted values bit 

lesser or greater than the actual values.  

 

Figure 57: Error in Inertia Forecasting under Generator G2 Displaced with Wind Farm with G3 already displaced. (a) Case 
1: Generation inertia. (b) Case 2: Total rotating inertia. 

5.2.3 Conclusion and discussion on Inertia Forecasting Pilot Testing 

We can summarise the pilot testing of the area inertia forecasting tool as follows: 

• The ANN tool has been trained with three inputs i.e., total power generation of 

synchronous machines, total PE generation/PE penetration and total dynamic load 

in the system. These inputs have been selected from the correlation analysis. It was 

observed from the correlation analysis that the above three inputs have highest correlation 

with the total rotating inertia. Therefore, these three variables have been selected as 

adequate inputs to the ANN based inertia forecasting tool.   

• With the above two or three inputs, regression (R) is approximately equal to 1 i.e., 

functional relationship between models’ outputs and targets.  

• Further, it can be also seen from the evaluation of inertia forecasting tool under all four 

scenarios that the proposed tool forecasts efficiently with these inputs.   

• It was observed that the accuracy of inertia forecasting tool and the regression have been 

improved with the consideration of total dynamic load (demand side inertia) in the system 

as an input for the training of ANN tool.  

• It is worth mentioning that this tool is completely topology dependent and can be 

developed to real system by performing correlation analysis, Stage I and Stage II tests for 

a particular system.   

• Accuracy of the training tool depends on the operating points considered in the training. It 

should be suggested to train the ANN tool with all possible operating points corresponding 
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to various displacement scenarios for synchronous machine with RES based generation as 

well as dynamic loads operating from minimum to maximum loading.      
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 Results of Short-Circuit Capacity Forecasting  5.3

5.3.1 Results of Stage I: Dataset Preparation and Training of ANN Tool 

In Stage I, we have performed dynamic simulations to prepare the dataset for SCC forecasting tool. 

In the simulations, we have recorded all power system variables that can be measured by PMUs 

and WAMS in practice. These consist of active and reactive power of synchronous generators (PGen1, 

PGen2 and PGen3), total power generation (PTotalGen), active and reactive power of all PE-based 

generation (PRes1 and PRes2), total power generation from renewable sources (wind farm) 

(PTotalRESGen) and total dynamic load in the system (PTotalIMLoad). In addition to the above variables, 

SCC forecasting tool also considers another three variables i.e., voltage magnitude of significant 

buses (in terms of having highest correlation with SCC) i.e., Bus 7, Bus 8 and Bus 9, as shown in 

Figure 58. It can be seen that there is no significant change in their values since the synchronous 

generators are displaced by wind farms at the same location. However, these variables have 

highest absolute values of correlation with SCC.    

 

 

Figure 58: Voltage Magnitude of Significant Buses i.e., Bus 7, Bus 8 and Bus 9 

Figure 59 shows the view of the function fitting neural network for SCC forecasting tool. It can be 

seen that there are five inputs, one output and three layers i.e., input, hidden and output layers, 

as described in the following.  

• Number of inputs: 06  

• Input 1: Total power generation of synchronous machines (PTotalGen),  

• Input 2: Total PE generation/PE penetration (PTotalRESGen)  
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• Inputs 3, 4 &5: Voltage magnitude of significant buses i.e., Bus 7, Bus 8 and Bus 9 

• Input 6: Total dynamic load in the system (PTotalIMLoad) 

• Number of outputs: 01 (SCC of each Bus) 

• Number of hidden neurons: 10 

• Hidden Layer function: Sigmoid function 

• Output Layer function: Linear function 

• Training Algorithm: Levenberg–Marquardt (LM) back-propagation algorithm.  

 

Figure 59: View of the Function Fitting Neural Network (SCC Forecasting ANN Tool) 
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Figure 60: Regression Plot (SCC of Bus 2 Forecasting ANN Tool) 
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Figure 61: Regression Plot (SCC of Bus 3 Forecasting ANN Tool) 

Regression (R): measure the correlation between outputs and targets. An R value of 1 means a 

close relationship, 0 a random relationship. It can be seen from Figure 60 & Figure 61 that R is in 

the range of 0.9 to 0.95 i.e., good relationship between models’ outputs and targets.  
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5.3.2 Results of Stage II: Evaluation of Short-Circuit Capacity Forecasting 

Tool 

 

Figure 62: Actual Values of SCCs under four scenarios 

Figure 62 shows actual values of SCC of all buses for all four scenarios. It can be seen that there is 

a significant change in SCC of bus (Bus 2 and Bus 3) at which conventional synchronous generation 

(G2 or G3) was displaced with the wind farm. Therefore, SCC at Bus 2 and Bus 3 have been chosen 

for evaluation in the Stage II. Further, the forecasted SCC values of Bus 2 and Bus 3 have been 

compared with the actual SCC values of Bus 2 and Bus 3 and the percentage error with respect to 

the actual SCC values have been reported, as shown in Figure 63-Figure 70. It is worth mentioning 

that two case studies have been considered to show the difference between the inclusion and 

exclusion of total dynamic load in the system.  

 
 Case 1: Excluding total dynamic load in the system (5 inputs) 

 Case 2: Including total dynamic load in the system (6 inputs) 
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Scenario 1: G2 Displaced with Wind Farm  

In this, SCC of Bus 2 is the most significant since G2 is connected at the Bus 2.  Therefore, the 

forecasted SCC values of Bus 2 (Bus2_SCCForecasted) and the actual SCC values of Bus 2 

(Bus2_SCCActual) have been plotted for Case 1 and Case 2, as shown in Figure 63. Further, the 

percentage error is shown in Figure 64.  

It can be seen from Figure 63 that the error between forecasted SCC (Bus2_SCCForecasted) and 

actual SCC (Bus2_SCCActual) values is increased for the Case 1 as PE penetration increasing from 

5% to 100%. Whereas, the error between forecasted SCC (Bus2_SCCForecasted) and actual SCC 

(Bus2_SCCActual) values is varying randomly for the Case 2 as PE penetration increasing from 5% to 

100%.  It can be observed from Figure 64 that the percentage error varies from 0-35% for the 

Case 1 and 0-20% for the Case 2. Thus, the percentage error for the Case 2 is lesser than that of 

Case 1.  

 

Figure 63: SCC Forecasting Evaluation under Generator G2 Displaced with the Wind farm. (a) Case 1. (b) Case 2. 
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Figure 64: Error in SCC Forecasting under Generator G2 Displaced with the Wind farm. (a) Case 1. (b) Case 2. 

Scenario 2: G3 Displaced with Wind Farm   

In this, SCC of Bus 3 is the most significant since G3 is connected at the Bus 3. Therefore, the 

forecasted SCC values of Bus 3 (Bus3_SCCForecasted) and the actual SCC values of Bus 3 

(Bus3_SCCActual) have been plotted for Case 1 and Case 2, as shown in Figure 65. Further, the 

percentage error is shown in Figure 66.  

 

Figure 65: SCC Forecasting Evaluation under Generator G3 Displaced with the Wind farm. (a) Case 1. (b) Case 2. 
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Figure 66: Error in SCC Forecasting under Generator G3 Displaced with the Wind farm. (a) Case 1. (b) Case 2. 

It can be seen from Figure 65 that the error between forecasted SCC (Bus3_SCCForecasted) and 

actual SCC (Bus3_SCCActual) values is increased for the Case 1 as PE penetration increasing from 

5% to 100%. Whereas, for the Case 2, the error between forecasted SCC (Bus2_SCCForecasted) and 

actual SCC (Bus2_SCCActual) values is increased for PE penetration 5% to 90% and decreased for 

PE penetration 90% to 100%. It can be observed from Figure 66 that the percentage error varies 

from 0-40% for the Case 1 and 0-25% for the Case 2. Thus, the percentage error for the Case 2 is 

lesser than that of Case 1.  

Scenario 3: G2&G3 Displaced with Wind Farm simultaneously   

In this scenario, SCC values of Bus 2 & 3 are the most significant since G2 & G3 are connected at 

the Bus 2 & 3, respectively. Therefore, the forecasted SCC values of Bus 2 & Bus 3 

(Bus2_SCCForecasted & Bus3_SCCForecasted) and actual SCC values of Bus 2 & Bus 3 (Bus2_SCCActual & 

Bus3_SCCActual) have been plotted for Case 1 and Case 2, as shown in Figure 67. Further, the 

percentage error is shown in Figure 68.  
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Figure 67: SCC Forecasting Evaluation under Generators G2 & G3 Displaced with the Wind Farm, simultaneously. (a) 
Case 1. (b) Case 2. 

 

Figure 68: Error in SCC Forecasting under Generators G2 & G3 Displaced with the Wind Farm, Simultaneously. (a) Case 1. 
(b) Case 2. 

It can be seen from Figure 67 that the error between forecasted SCC (Bus2_SCCForecasted & 

Bus3_SCCForecasted) and actual SCC (Bus2_SCCActual &Bus3_SCCActual) values is varying non-uniformly 

for both the cases. It can be observed from Figure 68 that the percentage error corresponding to 

SCC of Bus 2 (Bus2_SCC_Error) and Bus 3 (Bus3_SCC_Error) varies differently for different PE 

penetration.  Moreover, the percentage error varies in between -15% to +15% for the Case 1, 

whereas, for the Case 2, it varies in between -10% to +10%.  
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Scenario 4: G2 Displaced with Wind Farm with G3 Already Displaced  

In this, SCC values of Bus 2 & 3 are the most significant since G2 & G3 are connected at the Bus 2 

& 3, respectively. Therefore, the forecasted SCC values of Bus 2 & Bus 3 (Bus2_SCCForecasted & 

Bus3_SCCForecasted) and actual SCC values of bus 2 & bus 3 (Bus2_SCCActual & Bus3_SCCActual) have 

been plotted for Case 1 and Case 2, as shown in Figure 69. Further, the percentage error for both 

the cases is shown in Figure 70.  

 

Figure 69: SCC Forecasting Evaluation under Generator G2 Displaced with Wind Farm with G3 Already Displaced. (a) 
Case 1. (b) Case 2. 

It can be seen from Figure 69(a) that the error between forecasted SCC (Bus2_SCCForecasted & 

Bus3_SCCForecasted) and actual SCC (Bus2_SCCActual &Bus3_SCCActual) values is large for PE 

penetration 5-60%, whereas, it is small for PE penetration 60-100%. Further, it can be observed 

from Figure 69(b) that the error between forecasted SCC (Bus2_SCCForecasted & Bus3_SCCForecasted) 

and actual SCC (Bus2_SCCActual &Bus3_SCCActual) values is large for PE penetration less than 20%, 

whereas, it is negligible for PE penetration greater than 20%.  

 

It can be observed from Figure 70(a) that the percentage error corresponding to SCC of Bus 2 

(Bus2_SCC_Error) varies from -10% to 0% for PE penetration 5-100%, whereas, the percentage 

error corresponding to the SCC of Bus 3 (Bus3_SCC_Error) decreases from 40-0% for PE 

penetration 5-100%.  Further, it can be seen from Figure 70(b) that the percentage error 

corresponding to SCC of Bus 2 (Bus2_SCC_Error) varies in between -5% to 0% for PE penetration 

5-100%, whereas, the percentage error corresponding to the SCC of Bus 3 (Bus3_SCC_Error) 

varies randomly from 15%-0% for PE penetration 5-100%  
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Figure 70: Error in SCC Forecasting under Generator G2 Displaced with Wind Farm with G3 Already Displaced. (a) Case 1. 
(b) Case 2. 

5.3.3 Conclusion and discussion on the Pilot Testing of the SCC Forecasting 

Tool 

We can summarise the pilot testing of the SCC forecasting tool as follows: 

• It is worth mentioning that the ANN tool has been trained with five inputs for the Case 1 

(Excluding total dynamic load in the system) and six inputs for the Case 2 (Including total 

dynamic load in the system). These inputs are total power generation of synchronous 

machines, total dynamic load in the system, total PE generation/PE penetration and voltage 

magnitude of significant buses i.e., Bus 7, Bus 8 and Bus 9 (selected from the correlation 

analysis).   

• With five inputs, R is equal to 0.7-0.9 i.e., good relationship (but not close) between 

models’ outputs and targets. However, with six inputs, R is equal to 0.9-0.95 i.e., close 

relationship between models’ outputs and targets.  

• It can be concluded from the evaluation of SCC forecasting tool that the proposed ANN tool 

forecasts SCC of bus 2 and bus 3 with random variation of error between actual and 

forecasted values.  

• It can be also concluded that the accuracy of SCC forecasting tool and the regression have 

been improved with the consideration of total dynamic load in the system as in input for 

the training of ANN tool.  

• It is worth mentioning that this tool is completely topology independent and can be 

developed to real system by performing correlation analysis, Stage I and Stage II tests for 

a particular system.   

• Accuracy of the training tool depends on the operating points considered in the training. It 

should be suggested to train the ANN tool with all possible operating points corresponding 
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to various displacement scenarios for synchronous machine with RES based generation as 

well as dynamic loads operating form minimum to maximum loading.      
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6 On-line wideband oscillation (0.002Hz – 46Hz) 
monitoring and management 

 

 Introduction  6.1
 

Within MIGRATE WP2, the target of Task 2.4 was to disseminate and deepen the knowledge gained 

from other projects across Europe. While oscillations are a well-known issue and certain 

characteristics have been observed and managed for many years, there are new issues emerging 

from reducing inertia, as well as co-ordination issues where oscillations cross TSO or national 

borders. Therefore, the MIGRATE project focused on:   

 Assessing the feasibility of providing guidance on what corrective actions can be brought in 

case of early warning for oscillations (Sub-Task 2.4.1) 

 Proposing a framework to manage oscillations in large multi-party, meshed 

interconnections (Sub-Task 2.4.2) 

The most recent and advanced findings in Europe on this topic come from Project VISOR23, an 

innovation demonstration project in Great Britain (GB) focused on demonstrating the tangible 

benefits of WAMS technology to the efficient and reliable operation of electricity transmission 

networks. The platform incorporates 3 regional WAMS servers (one at each Transmission Owner - 

TO) feeding a central WAMS “Data Hub” server at the System Operator (SO). These integrate data 

from existing local systems as well as from new monitoring deployed under the project. This 

provided a view of the evolving behaviour of the GB system, revealing dynamic interactions and 

events that led to further investigation and corrective actions being taken to improve system 

performance.  

 

Detection and alarming on poorly damped “low frequency” (LF) electromechanical oscillations, 

typically in the 0.1-2Hz range, has been well established in GB, but there was a need for extended 

and enhanced monitoring of power system oscillations – particularly in the following areas: 

 Tools for identification of the sources of oscillations – in both real time and study 

domains – to ensure effective correcting action and efficient investigation of issues. 

 Extended observability and alarming on oscillations in the 0.002-0.1Hz governor or “Very 

Low Frequency” (VLF) range, driven by changing system inertia and frequency control 

services. 

 New monitoring of the 4-46Hz range, commonly termed “sub-synchronous oscillations” 

(SSO). This is motivated by the risk of interaction between new series compensation, 

power electronic controls, and generator shafts. 

 

                                                
23 VISOR, Visualisation of Real-Time System Dynamics Using Enhanced Monitoring, is a collaboration between 
all three GB transmission owners (TOs), the system operator (SO), technology vendors and academia. The 
project is funded through the “Network Innovation Competition” mechanism awarded by Ofgem (the GB 
regulator). 
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 Concepts and Definitions 6.2
 

The oscillations in the power system are categorised according to the type of behaviour pattern: 

size of the involved area, whether these areas oscillate as one rigid body or against each other, 

and what active elements are involved. In most case, each type has a corresponding frequency 

range. 

 

Common mode: These oscillations happen in the region of 0.002-0.1Hz (“very low frequency”, 

VLF). In these oscillations, a number of generators increase and subsequently decrease generation 

at the same time. This affects the system frequency and means that it will swing in the same 

phase. 

 

Electromechanical mode: Oscillations involve rotors of machines oscillating in speed, and 

interacting across the network. With conventional generation becoming sparser in the network, the 

electrical distances between generators is increasing, potentially degrading the damping of 

oscillations. This “low frequency“ (LF) mode happens in the region of 0.1-1Hz for interarea effect 

and 0.7-2Hz for more local modes and can mostly be observed in frequency, voltage phase angle 

and active power between the “sources” and “sinks” of the oscillations. Such modes are affected by 

network and generator parameters, and the performance of governor and AVR/PSS controllers. 

Any number of machines in an interconnected power system can participate in oscillations. Local 

oscillations involve a single generation unit or plant, while widespread interarea modes can involve 

the whole interconnected area. The more widespread interarea modes tend to be particularly 

difficult to manage because of the uncertainty in modelling a large system. 

 

Sub-synchronous oscillations: The range 4-46 Hz is commonly referred to as the sub-

synchronous range, in alignment with literature dealing with various forms of sub-synchronous 

resonance. Sub-synchronous resonance is related to interactions between natural frequencies of 

oscillations of elements of the power system which may draw close in frequency and interact form 

raised amplitude, poorly- or negatively-damped oscillations that are potentially damaging if the 

amplitude becomes significant. The practical problems have been categorized in literature 

according to the involved elements:  

 Sub-synchronous Resonance (SSR): interaction between generator shaft torsional 

oscillations and the natural frequency of series compensated transmission lines,  

 Sub-synchronous Torsional Interaction (SSTI): Interaction between generator shaft 

torsional oscillations and other equipment connected to the network, notably power 

electronics including HVDC converters, SVC and FACTS),   

 Sub-synchronous Control Interaction (SSCI): Interaction between series compensation and 

control systems of equipment connected to the network, notably fast-acting power 

electronic controls of windfarms, HVDC terminals, SVC and FACTS. Note that “Control 

Interaction” involving any power electronic controls can also occur within the SSO 

frequency range, without series compensation. 
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Management of wide band oscillations includes: 

o Monitoring Aspects: include detection/monitoring, analysis and identification of 

damping sources.   

o Mitigation Aspects: include support to mitigating actions in real-time (in case of 

early warning), at the operational planning stage and design of controls 

Appendix B provides an overview of monitoring techniques for the various categories of oscillations. 

 

The wideband oscillation range considered here covers all three types of oscillations presented 

above, i.e. from 0.002 to 46 Hz. Detecting oscillations from measurements is however insufficient 

to manage them, especially in a large, multi-party system. Identifying contributions to oscillations 

damping is useful to resolve oscillations.   

 

Oscillation source location:  The oscillation source location method24 uses the property that, for 

a generator, the sign of the active power component in phase with speed causes damping when 

positive and negative damping when negative.  

 

Figure 71: Oscillation phase relations for a single machine. Power (P) and angle (δ) lag speed (ω) by about 90°, 
determined by damping. P and ω in phase relate to positive damping contribution, while P and ω out of phase relate to 
negative damping contribution. 

In a multimachine system, the relative phase of the power and the angular position can be used to 

determine which generators contribute the damping: within a coherent group the most leading 

generator, i.e., where δ is the most in advance with respect to P, is the “oscillation source“.  The 

lagging generators are the “sinks“. The phase relationships of oscillations between coherent groups 

also shows which group is providing greater or less damping contribution. These observable phase 

differences in the oscillations can be used to identify which coherent group shows better or worse 

damping contribution, and within the group, which generator or area contains the most significant 

contributors to a problem.    

 

                                                
24

 N. Al-Ashwal, D.H. Wilson, M. Parashar, “Identifying Sources of Oscillations Using Wide Area Measurements”, 
Cigré USA, Grid of the Future Symposium, 2014. 
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Figure 72: Damping contributions in a two machine example. Left: equal damping contribution. Centre and right: more 
damping contribution from generator 1. The lagging generator contributes more to damping than the leading generator.  
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 Management of wide band oscillations in large, meshed power systems 6.3

The system owners and operators in the GB system have been observing and investigating new 

oscillation issues. Since the early work in GB on oscillation identification and power system 

stabiliser installation and tuning, the 0.5Hz mode between Scotland and England has been largely 

resolved. However, other modes of oscillation have been observed with light damping. Furthermore, 

technology recently introduced into the GB network, such as series compensation and STATCOMs, 

and the shift to power electronic converters have changed the oscillation behaviour, and some 

aspects of oscillation behaviour are not well understood without dynamic monitoring.      

 

The GB-wide visibility and new oscillation source location tools, have allowed oscillation modes to 

be characterised through long-term direct observation, to a level not achieved before. This has 

included baselining normal characteristics and detecting instances of degraded behaviour. These 

observations can then be compared against predictions from the system model, and will also 

inform future operational procedures and monitoring arrangements. 

 

6.3.1 Very low frequency oscillations (0.002 – 0.1 Hz) and local/inter-area 

oscillations (0.1 – 4 Hz) 

Management of oscillations emerging under uncommon operating conditions 

An anonymised example of an event triggering investigation is shown in Figure 73. This involved a 

brief oscillation observed in active power within a segment of the GB system. The oscillation was 

detected in real time, an alarm was triggered in the WAMS software, and source location 

information was available both in real-time and for post-event replay. This source location display 

correctly pointed to the region containing the source of the oscillation (bright red). 

    

Figure 73: Example (anonymised) of a significant oscillation event observed in active power (left) and real-time source 
location display (right) for the relevant segment of the GB network. The reported “contribution to oscillation” can take 
any value in the range -1:1, and is derived relative to the mean contribution across all observed locations. 

Analysis of the oscillation data in this identified region for the time of the event highlighted specific 

conditions correlated with occurrence of the mode. This was consistent with a more detailed 
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manual investigation using digital fault recorder (DFR) data, and the source was identified as a 

specific grid user in the region indicated. Extensive data sets were passed to the end user, who 

used this in developing a solution. This issue is now expected to be resolved, and on-going 

monitoring will determine if there is a recurrence. 

 

Validating performance and models 

Continuous, wide-area, high-speed visibility has also enabled capture of the system response to 

events (Figure 74). This can be valuable in validating the performance of plant, such as power 

system stabilisers, as well as system models. 

 

Figure 74: Capture of voltage angle behaviour during major oscillation event: showing oscillation source, generator units 
(GEN X U1/U2) and generator transmission grid connection points (GEN X GRID). Y-axis scales have different offsets but 
the same range, except for the source (x5 larger scale) 

  

(s) 
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Characterising system-wide oscillatory modes 

Figure 75 shows two examples of modes characterisation, as seen in the oscillation source location 

application. These two examples do not correspond to unstable or otherwise problematic scenarios 

– the oscillations in question are known expected system modes at low amplitude. However, such 

instances do help system analysts to characterise the behaviour observed and see if it agrees with 

models. It also helps operational procedures to be formed, so that in the event of an unstable 

oscillation, the same tool can be used to highlight the source region. In such situations, comparison 

with the normal characteristic previously identified can also be useful. 

 

The example shown on the left of Figure 75 indicates the involvement of two opposing regions – 

with the north of GB, led by South Scotland/North England (strong red), oscillating against South 

England led by the Kent/London region (strong blue). The oscillation is observed as opposing-

phase swings in frequency in the two regions – which can be considered as two ends of a 

metaphorical see-saw – and in power flows between them. The example shown on the right of 

Figure 75 suggests only one, GB-wide group – led by the Humber/Midlands region. 

 

It should be noted that these characterisations are based on the present observability of the GB 

system which could be extended further to ensure that all areas of the grid have at least a high 

level coverage.  

 

 

Figure 75: Two examples of the oscillation source location analysis, applied to different known GB inter-area modes. Left: 
two groups are observed, with the largest contributions coming from South Scotland / North England and from Kent. 
Right: one group is observed, with the largest contribution coming from the Humber/Midlands region. 
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Multi-party management of oscillation events 

The GB monitoring demonstrated the benefits of multi-party data sharing for the monitoring and 

analysis of oscillations in GB. The chosen setup with a central hub at the System Operator National 

Grid was designed to meet clear, common project goals. However, there are multiple ways of data 

sharing: 

 Parties can share raw PMU data, each party performing its own analysis on it.   

The data shared can be: 

o All available data at the highest available rate, from all monitored locations 

o Only measurements selected by the data owner are shared 

o Aggregated measurements may provide effective shared summary information, 

such as Regional Angle and Regional Frequency (approach promoted in wide area 

control, as described in Deliverable D2.4) 

 Parties can share analysed information between TSOs and Regional Security Coordinators, 

enabling the TSOs and/or security co-ordinators to apply the appropriate platforms and 

applications for their role.  

 A mixture of the two previous models: e.g., the RSC acts as a hub, and TSOs subscribe to 

the desired raw data and application views, depending on their needs.  

 

 

 

Influence of PMU performance 

There is an advantage for PMUs to conform with the IEEE C37.118.1-2014 standard for 

synchrophasors to achieve good definition of oscillation source location results. The data is 

produced with sufficient signal quality to detect relatively small phase shifts between oscillations 

due to algorithmic delays in the PMU. Some legacy devices, such as older Digital Fault Recorders 

(DFRs) with added PMU functionality may not conform to the standard or may conform to the older 

C37.118-2005 version without strict dynamic performance requirements. Without standards 

compliance, further type testing is required to determine whether a specific model will be 

appropriate for oscillation source location.        

   

 

6.3.2 Higher frequency oscillations (4 – 46 Hz)  

Visibility and pre-emptive investigation of interactions before they present a problem 

The bandwidth of PMUs to measure oscillations is limited to 10 or 12Hz, determined by the IEEE 

Standard for Synchrophasors, which is reflected in modern practical implementations of 

synchrophasor algorithms for 50 or 60Hz sampling rate. There is little benefit in terms of oscillation 

bandwidth in increasing the sampling rate, as the bandwidth is limited by the windowing applied to 

calculate phasors and frequency. Therefore, Waveform Measurement Unit (WMU) data 
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processing is required, which does not apply a window to calculate a phasor. A WMU is a device 

capturing point-on-wave synchronised data at a rate at least twice of the nominal frequency that is 

used to cover a frequency range including sub-synchronous oscillations.  

 

In practice, 200Hz or 240Hz waveform sampling was used for 50 or 60Hz systems respectively, 

with anti-aliasing filtering configured with a cutoff of 80 or 96Hz to cover frequencies up to and 

beyond the nominal frequency of the grid. 

 

 

Figure 76: Assessment of sub-synchronous oscillations with synchronised data capture from current and voltage 
waveforms at (at least) 100 Hz. Where possible, generator speed measurements (synchronised) can be used also.  

Within the GB VISOR trials, most of the many modes observed in the 4-46Hz “SSO” range were 

low in amplitude and visible over a limited area, but there were cases where interactions were 

observed and the amplitude of oscillation was raised above its normal behaviour. An example is 

shown in Figure 77, where there is see a variable-frequency mode moving close to a known plant 

mode, and a corresponding degradation in mode damping and amplitude of the oscillation at the 

plant and in the network. 

 

All events observed were low-level, well below values which would trigger any generator stress 

protection. By capturing these minor interactions however, they can be investigated, their risk 

assessed and any necessary action taken – before they might become a problem under different 

grid conditions. It also helps to prevent longer-term issues with the equipment lifetime by 

identifying issues that if left unresolved could reduce the lifetime of the equipment. 
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Figure 77: Example of very low-level sub-synchronous interaction observed (anonymised). 

Extending the provisions of the C37.118 standard to higher frequencies 

The IEEE C37.118 standard was published in 2011 and amended in 2014 to deal with dynamic 

performance. The standard only mandates sampling to be up to the nominal frequency, however 

there is provision in the standard that manufacturers may offer higher sampling rates.  

 

Next to standards, IEEE produces Guides dedicated to users: for example, the IEEE Guide for 

Phasor Data Concentrator Requirements for Power System Protection, Control, and Monitoring 

(IEEE Std C37.244-2013) 25  describing performance, functional, and communication needs of 

phasor data concentrators (PDCs) for power system protection, control, and monitoring 

applications.  

 

Given the growing importance of sub-synchronous oscillations, it is appropriate that a guide be 

issued to describe how the C37.118 Standard can be applied for higher frequency oscillations. In 

this way, the same hardware, plant connections and infrastructure could be used for normal PMU 

functions and for higher frequency SSO monitoring.      

 

6.3.3 A Novel control strategy for SSR mitigation 

Within MIGRATE, some simulation work was performed to explore and test an alternative method 

for mitigating SSR phenomena.  
 

                                                
25 Available online : https://standards.ieee.org/findstds/standard/C37.244-2013.htm  

https://standards.ieee.org/findstds/standard/C37.244-2013.htm
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6.3.3.1 SSR mitigation strategy 

For a high Impact but low probability event like SSR, large capital investments for protection or 

mitigation may be difficult to justify for specific projects. Monitoring based solutions, which exploit 

the existing infrastructures, are promising to create a low-cost solution for SSR mitigation. 

According to the observation made in 9.4 about the impact of motor loads on torsional oscillations, 

it appears that SSR oscillations can be properly managed through suitable control measures with 

the help of induction motor loads. Thus a novel damping controller has been proposed naming as 

Auxiliary Damping Controller (ADC) [5]. This control strategy utilises the existing 11 kV variable 

frequency drive (VFD) interfaced auxiliary power plant loads to achieve the mitigation purpose. The 

turbine output power is received as the input signal in power plant control rooms and is available 

locally, without the need for additional measurement and/or communication infrastructure. This 

feature makes it a simple yet effective means of providing local control of SSR with minimal 

additional cost. 

The proposed ADC is a linear feedback compensator, designed according to the residue based pole 

placement technique. The idea is to use controller to recognise the oscillation from the generator 

turbine output, and then adjust the speed reference of the motor load, in response to the 

deviations identified from the input power signal. The modification of the speed reference is 

achieved by adding an auxiliary speed signal to the VFD closed control loop. 

 

Variable Frequency Drive (VFD) 

VFD based motor loads, though currently have not been widely deployed as the DOL type loads, 
are expected to have a great share in the near future, as they are able to maintain a constant 
maximum torque whilst operating over a quite wide speed range. The motors cooperated with the 
controller are using closed loop control design of VFD only, as the open loop control does not have 

the essential input for ADC design, the speed feedback signal. 
The closed loop VFD control strategy implemented for this study keeps track of the motor speed 

explicitly. The actual shaft speed rw  is measured and compared with the pre-defined speed 

reference rsetpw , accordingly, a speed error errorw  can be produced, as shown in Figure 78. An 

additional slip speed slipw  control loop is introduced to help maintain the motor slip within a 

specified range. Once the motor speed deviates from its nominal value and lead to a larger slip the 

motor speed error will be updated to a new value 
*

errorw  which is then passed through the PI 

controller to get the inverter adjusted while keeping the V/f ratio constant [2]. 
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Figure 78: Closed Loop Motor Drive Control 

Auxiliary Damping Controller (ADC) 

The ADC continuously receives the input control signal from generator turbine, and accordingly 

inject an auxiliary speed signal to the motor speed reference in the closed control loop of the VFD.  

Figure 79 shows how the ADC applied to the existing load feedback system, integrating a 

compensator represented by H(s) into the feedback path, which is a part of the original control 

system, consisting of an open loop transfer function G(s), and a negative feedback control transfer 

function K(s). The general structure of the ADC is composed of a gain, a low pass filter (LPF), and a 

washout block followed by several compensation blocks, as in Figure 80. 

Δuk(s) G(s)

K(s)

+

-

Δyj(s)

Compensator 

H(s)

+

-

 

Figure 79: Negative Feedback Control Loop with Compensator in the Feedback Path 
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Figure 80: Typical Linear Feedback Compensator 

In the proposed ADC, the output of the damping controller directly works on the frequency control 

loop inside the VFD inverter, while simultaneously maintaining the constant V/f ratio via varying 

the modulation index. The auxiliary speed signal comes out from the feedback compensator is sent 

into the addition block, along with the set point rsetpw , to determine the speed reference refw  for 
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the VFD motor. The entire structure of the closed loop VFD motor after the integration of ADC block 

is shown in Figure 81. 
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Figure 81: Feedback Compensator Incorporated into the Frequency Control Loop of the VFD Closed Loop Control to 
Derive the Auxiliary Speed Signal 

The results for IEEE FBM and IEEE 68 bus system tests show that the ADC control method 

introduces larger transients (compared to the case with no VFD) during first few cycles of the 

oscillation. As time goes by, the damping effect gradually becomes better and the amplitude of the 

torsional oscillations can be contained to a very small value, for both TI and TA forms of SSR 

problems, whilst without ADC, the amplitude continuous to increase over time. 

As the controller applied to the existing auxiliary power plant motor loads, and only requires 

turbine output power as its single input signal, which is locally available at the power plant control 

room, there is no need for additional communication devices, which entails it to be deployed at 

minimum cost.  

The solution is rather practical and economical, however, the above results and conclusions are 

established based on the relatively simple power system benchmark models. Further studies, 

based on more realistic system models, are still required to examine the effectiveness of the 

method and also to improve the controller, as it needs to be separately tuned for different shaft 

modes. Furthermore, a limit of the proposed controller has been identified. When the VFD is 

heavily loaded, the transients during initial few cycles are likely to cause high currents, which 

excess the ratings, and damage the drives. 

 

6.3.3.2 Simulation Results and Discussion 

Test system 

The IEEE First Benchmark Model (FBM) was chosen as the test system. This system consists of a 

conventional synchronous generator, a transmission line compensated by a series capacitor, and 

an ideal voltage, representing the rest part of the network. Figure 82 shows the simplified diagram 
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of the testing system, in which a red circle has spotted the capacitor terminal at transmission line 

side, the measuring location from which the voltage phasor is taken. 

Tr

Line 

Source G

MV 

C

Bypass
HV 

HV_net 

 

Figure 82: IEEE First Benchmark Test System Diagram 

As for turbine output power, which is regarded as the main signal for the monitoring task, 

alongside the shaft section speeds, are both collected from the multi-mass rotor, which, due to the 

limitation of single line diagram, cannot be seen from the global system graph. Thus, the details of 

the masses have to be presented separately in Figure 83, which further split generator rotor into 6 

masses: 

 HP – High pressure shaft speed  

 IP – Intermediate Pressure 

 LPA – Low Pressure A 

 LPB – Low Pressure B 

 Exciter  

HP IP LPA LPB Gen Excitor

 

Figure 83: IEEE First Benchmark Test System Diagram 

In this section, the turbine output power, tP , is the signal processed for analysis, and this signal is 

a combination of the power output from each section of these masses, as obtained from the 

simulations in DIgSILENT Power Factory software.  

Results for Different Compensation Levels 

For first scenario, since the SSR phenomena results from the series capacitors connected in the 

transmission line, the impacts of compensation level have been studied in this subsection. The 

compensation level of the system was varied from 10% to 90% of the line reactance, among which 

the values selected as representatives for comparison are 30%, 42%, 58%, and 60%. 
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Figure 84: Turbine Power vs Time Curve under 30%, 42%, 58% and 60% Compensation Case 

Figure 84 shows the variation trend of turbine output power in per unit value, with respect to time, 

under four different compensation levels respectively. The initial fluctuations appear right after 0 

second, which have an absolute value that close to 0.4 p.u., are caused by the initialisation of the 

simulation. For the 30% compensation case, the amplitude of turbine power variation dropped 

down after about 0.5 second, due to the end of initialisation process, to around 0.25 p.u., and 

keeps decaying until it reaches 0.2 p.u. When increasing the compensation level to 42%, from 

Figure 84 (b), it is obvious that the amplitudes of the oscillation become larger, so that the 

fluctuations at the initial stage are no longer distinct. Apart from that, the oscillatory curve is 

divergent in this case. The amplitudes gradually grow from 1 p.u. to 2 p.u. at 15 seconds and 

might continue to become worse over time. As the compensation level further rises to 58%, a 

dramatic change occurs in the amplitude of the oscillation as shown in Figure 84 (c). The power 

curve no longer climbs at a steady speed, instead, it goes up exponentially until reaches around 50 

p.u. at about 5 seconds. It is worth mentioning that the power curve actually still ascends with the 

same tendency after 5 seconds, however it does not display due to the algorithm limitation of the 

software. In the case of 60% of compensation, it can be seen from Figure 84 (d) that the change in 

the amplitude still rises in an exponential speed, but the curve is very flat compared to the 58% 

compensation case. The turbine power starts to grow at a slow pace right after the initialisation. 

The ascending velocity becomes higher and higher until after 10 seconds the ascending trend 

begins to become distinct, and the oscillation amplitude rises from about 10 p.u. to 35 p.u. in just 

5 seconds. Though from the previous observation, it seems that the higher compensation level will 

lead to faster changing speed of oscillatory amplitude, the comparison between this case and the 

58% compensation case has proven that there is no direct relation between the two variables.  
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Figure 85: (a) FFT of Turbine Power under 60% Compensation Case (b) Partial Enlarged Graph of FFT under 60% 
Compensation Case 

Since the per unit value of power cannot reflect characteristics of the harmonic components 

contained in the signal intuitively, the frequency domain analysis has to be performed for further 

observation. Accordingly, the above measurements can be decomposed using FFT or the 

parametric method mentioned in the previous section. Based on their FFT results, the dominant 

components of 30% and 42% cases appear at 32 Hz, whilst the frequencies of the dominant 

components in the 58% and 60% cases are both 25 Hz. Figure 85 gives the FFT decomposition 

result of the 60% case as an example. It is obvious that besides the 25 Hz dominant harmonic, 

there are also other harmonic and interharmonic components. However, as their amplitudes are 

comparatively small, with differences to 25 Hz at about three orders, the impacts of them can be 

neglected. 

We conclude from the above observations: 

 The compensation level, although affecting the system response to SSR phenomena, is 

not a direct factor to the system behaviour. It only influences the natural frequency of 

the electrical network. The impact factors for SSR damping, however, requires further 

analysis on aspects such as eigenvalues. 

 The 30% and 42% compensation cases, though vary in different ways, their power curves 

share the similar linear variation trend. Same situations for the 58% and 60% cases, which 

both have exponentially growing curves. By preliminary observation, the shape of the 

curve is dependent on the frequency of the dominant harmonic component. 
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 The variation speed of the oscillation in the first two cases, where the 32 Hz component 

dominates the shape of the power curve, is too slow to perform further case studies due to 

the difficulty of comparing the variation trend in curves of different cases. In the of 58% 

compensation level, on the contrary, the curve changes too fast to observe any slight 

influence. The 60% compensation case, with an intermediate changing speed is just 

appropriate for the following analysis.  

Impacts of Load Modelling 
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Figure 86: Schematic Graph of FBM with Load Bus 

Several simulation tests have been conducted in the previous scenario, targeting on the FBM 

system itself. The graphical results, though not specifically showing the relations between the 

compensation level and the high frequency oscillations, indeed have suggested that the SSR 

phenomena exist in the test system.  

As the impacts of loads are usually neglected in the SSR study, in this scenario, the simulation 

work was performed in a modified FBM system, where an aggregate load bus is connected to the 

high voltage bus adjacent to the ideal source that represents the external network. A schematic 

diagram of the modified FBM network is given in Figure 86. As can be seen, four different types of 

loads are included: a) constant impedance; b) constant current; c) direct on-line (DOL) motor and 

d) variable frequency drive (VFD) based motor load. The constant impedance and constant current 

loads connect in parallel to comprise the aggregated static load, while the DOL and VFD motors 

together representing the aggregated dynamic load.  

The dynamic response of the unloaded system has been proven, in the previous scenario, to be 

naturally unstable with 60% series compensation due to torsional interaction type of SSR. All the 
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simulation work presented in this section is, therefore, carried out based on this very compensation 

level. 

In this study, SSR oscillations are monitored using the turbine output power, the same signal as 

before. Different load compositions at the load bus have been considered for the study, as listed in 

Table 21. These cases are not necessarily designed based on realistic situations, but only regarded 

as representatives for addressing the importance of including detailed load models in SSR studies. 

 

Table 21: List of Load Compositions Considered in the Test 

Load Type Description 

Type 1 Loads neglected 

Type 2 100% Const. Impedance 

Type 3 
50% DOL 
50% VFD based Motor loads 

Type 4 100% DOL connected Motor load 

Type 5 

30% Const. Impedance 

30% Const. Current 
40% DOL connected Motor load 

Type 6 
50% Constant Impedance 

50% DOL connected 

 

Since the previous test has revealed the composition of the SSR, Figure 87 displays the results for 

six different load types altogether, in order to simplify the comparison of their effects. It is clear 

that including load models in the system has the ability to affect the effective damping for torsional 

interactions to an extent where tremendous changes could happen to the dynamic response. In the 

figure, load composition type 1 and 2, which are normally adopted as standard system 

configurations, show typical unstable response features with divergent curves. Though, it can be 

seen that the static loads have a mild function of improving damping effect on SSR, the influence is 

very limited. On the other hand, the results for composition type 3, 4, 5 and 6, which all have 

dynamic motor loads involved, demonstrate that the motor loads have the ability to help render 

the system stable. However, the comparison between type 3 and other curves in the graph also 

suggests that the participation of motors is not the only factor that affects the SSR damping 

performance. The varying proportion of the mixed static and dynamic loads might play an 

important role as well. Nevertheless, such a result shows how conservative in most past research 

work, where no load or only classical static load models were built for SSR analysis, may have 

significant impact on decisions made at the planning stage and during operation. 
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Figure 87: Damping Comparison of Different Load Model 

This case study clearly reveals the importance of accurate load modelling for reliable and precise 

system dynamic performance alongside SSR risk assessment. 

ADC Performance Testing Results for a Modified IEEE FBM 

Now that the impact of load on SSR damping has been confirmed, the next thing is to make this 

impact as controllable as possible. The proposed auxiliary damping controller (ADC) is tested for 

the IEEE FBM. Figure 88 shows the modified IEEE FBM with a passive front end drive interfaced 

auxiliary power plant load connected at the generator bus. This network is used to evaluate the 

ADC performance when it experiences torsional oscillations (e.g. SSR) at 25 Hz for 60 % 

compensation of the line. 
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Figure 88: Modified IEEE FBM with VFD Auxiliary Power Plant Motor Load 25Hz Mode with Torsional Interaction (TI) 

The natural unstable torsional oscillations can be seen in the turbine output power, as given in 

Figure 89. The figure also presents the results for uncontrolled VFD-based load, alongside the 

impact of the VFD interfaced auxiliary load with its inherent VFD closed loop speed control. 
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Figure 89: Torsional Oscillations Seen in the Turbine Power 

 

Table 22: Eigen Values for 60% Compensation in the IEEE FBM 

Mode 

(Hz) 

Eigenvalues 

No VFD VFD VFD-AD 

47.45 -0.0439±j298.18 -0.086±j298.18 -0.3903±j298.18 

31.96 -0.0555±j200.83 -0.068±j200.83 -0.2185±±j200.83 

25.40 0.0926± j159.60 0.0097±j159.60 -0.6207±±j159.60 

20.17 0.0005±j126.78 -0.0048±j126.78 -0.0473±±j126.78 

15.53 -0.0301± j97.62 -0.0555±j97.62 -0.3723±±j97.618 

 

The VFD motor load improves the damping performance but the interaction is still unstable. The 

oscillations can equally be seen in the typical shaft section speeds, both without VFD and with VFD, 

as shown in Figure 90 (b) and (c) respectively.  

The Eigen values for the torsional modes of the IEEE FBM are given in Table 22 for the cases with 

no VFD, a VFD and a VFD-AD. Please note that the ADC is referred to as VFD-AD at times in the 

results section to clearly distinguish its behaviour from the behaviour of a classical VFD. The Eigen 

values further confirm that the inclusion of the VFD improves the damping of the torsional modes 

but the 25 Hz mode is still unstable for 60 % compensation of the line for this network. This 

phenomenon is an illustration of the Torsional Interaction type of SSR where the system exhibits 

unstable torsional range oscillations when the electrical resonant frequency complement (21 Hz) is 

close to one of the fixed mechanical modes of the generator.  

The result of adding the ADC to the VFD control (VFD-AD) in the IEEE FBM can be seen in Figure 

90 (a) and (d). The ADC damps out the oscillations (Torsional Interaction (TI) type of SSR) seen in 

the turbine output power, tP  and the shaft section speeds (high pressure, h, intermediate pressure, 

i, low pressure A, la, low pressure B, lb, and exciter sections, e). The Frequency spectrum in Figure 

90 (e) shows how the ADC damps out the 25 Hz mode over time. It is noted that the 32 Hz or the 

other torsional modes (15 Hz and 20 Hz) that appear to be sustained in the frequency spectrum 

have very low amplitudes (of the order of 1e-4), as shown in Figure 90 (f). 
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Figure 90: Auxiliary Damper Performance for No Fault Scenario (TI At 60 % Compensation for The Unstable 25 Hz Mode) 
for (A) Turbine Output Power (B) Unstable SSR In Turbine Shaft Section Speeds (C) Turbine Shaft Section Speeds in the 
Presence Of VFD Motor (D) Stable Shaft Speed Oscillations with ADC (E) Frequency Spectrum Seen in Turbine Output 
Power with VFD-AD (F) FFT Amplitude Spectrum for Pt From 13-14.5 Sec for No VFD And with VFD-AD 

25 Hz Mode with Torque Amplification (TA)  

Figure 91 presents the ADC performance for TA type of SSR interaction for the IEEE FBM when 

subjected to a 50 ms self-clearing 3-phase short circuit fault at the HV bus after 2 seconds when 

the line is 60 % compensated.  

The ADC is shown to effectively reduce the increasing SSR oscillations seen in the turbine active 

power tP  Pt and the high pressure turbine speed h . Figure 91 (b) further illustrates the VFD 

rectifier operation pre, during and post fault, both in the presence and absence of the ADC.  

The ADC operation is clearly seen in the first few seconds where the active and reactive power 

output of the rectifier is seen to vary to provide stable SSR-LI responses. The current and DC link 

voltage excursions induced by the ADC during the fault are similar to the natural response of the 

VFD, which ensures that the sizing and ratings of the existing converter elements will suffice and 

no additional calibrations will be required to accommodate the ADC. 
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Figure 91: Auxiliary Damper Performance under Fault Scenario (TA At 60 % Compensation) For (A) Turbine Output Power 
and (B) High Pressure Turbine Section Speed   

6.3.3.3 Conclusion 

This section focuses on introducing a novel controller for damping sub-synchronous oscillations 

caused by fixed series compensators installed at transmission lines. The proposed ADC uses the 

existing auxiliary power plant 11 kV VFD interfaced induction motor loads that are available locally, 

right at the generation centre. The required damping is achieved through minor modifications to 

the control loop of those motors’ speed control system, which merely incurs little to no additional 

costs and ensures easy deployment. It does not need additional communication or dedicated 

monitoring ensuring straightforward maintenance. 

Several simulation scenarios were tested under IEEE FBM system to compare the influence of 

integrating series compensation at different levels on sub-synchronous oscillations, and accordingly 

select 60% as the proper compensation level for further testing on ADC performance. Different 

load combinations have been considered to confirm the damping effect that induction motor loads 

have on SSR. The results suggest that accurate load modelling does play a significant role in the 

SSR problem analysis and justify the feasibility of the idea to utilise motor loads to mitigate the 

torsional oscillations in the power system. The performance of the proposed controller has been 

evaluated by comparing the situations with and without ADC. It can be seen from the results that 

the SSR damping has been better realised through precise control upon speed control system of 

VFD-based motor loads, for both TI and TA types of SSR phenomena.  
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 Summary and discussion on findings 6.4

Through experimenting a GB-wide set of tools for the monitoring and analysis of wideband 

oscillations, project VISOR demonstrated successfully: 

 Validation of the oscillatory performance of the system or grid users, and of the corresponding 

models 

 Characterisation of system-wide oscillatory modes, in order to improve understanding and 

follow their evolution  

 Management of oscillations emerging under uncommon operating conditions, through the 

identification of the oscillation source and appropriate action (controller tuning), in order to 

prevent worsening with the system evolution 

 Visibility and pre-emptive investigation of interactions in a wide frequency spectrum before 

they present a problem 

 

The results can be reproduced and extended to other synchronous areas if an appropriate 

framework is deployed.  

 

1. It is acknowledged that oscillation issues in the power system are complex and handling in 

real-time by control room operators requires proper training, alarms and guidance. There 

are some obvious cases for which straightforward procedures can be established, for 

example, a large amplitude sub-synchronous oscillation near a generator and series 

capacitor; a generic procedure can be written to switch off the capacitor. Long-term, 

permanent monitoring of modes serves the characterisation of modes (triggering conditions, 

contributing grid users) and must be understood from operators before they are able to 

apply tools online.  

2. While most of the work is performed offline - Occurrences and evolution of the modes are 

analysed over time, models validated and controllers tuned – it is likely that an increasing 

number of issues will not be reflected by TSO models. Guidelines addressing clear, specific 

issues (a particular category of oscillations, identified with online tools) must therefore be 

proposed to provide control room operators with countermeasures to mitigate the risks 

related to oscillations.      

3. The collection, analysis and visualisation of WAMS data across an entire synchronous area 

requires a common understanding of objectives and commitments between parties. The 

potential achievements are influenced by the absence of data in some regions, for example.  

4. The appropriate granularity of data to be transmitted at the highest supervisory level can 

be tailored according to the agreed responsibilities and autonomy of the “synchronous area 

level” analysis. Within Continental Europe, for example, it could be proposed that Regional 

Security Coordinators take this role (currently not listed among the services of RSCs under 

the ENTSO-e agreement). 

5. It was shown that the performance of PMUs under dynamic conditions influences the ability 

to properly locate oscillations sources. While more and more IEDs are synchronised and 
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used as PMUs, performance testing and compliance with the latest standard for 

synchrophasors are recommended to ensure consistency in the analysis.  

6. In relation to items 1 and 5 above, there is currently no formal European-wide platform for 

exchanging experience on WAMS and PMUs, and coordination of WAMS data exchange. EU 

parties rely on bilateral exchanges and on information available from informative-only 

international bodies, such as Cigré and NASPi (the North American SynchroPhasor 

initiative).   

 

 Lessons learned from deploying synchronized measurement technology 6.5

and data sharing 

The following seeks to capture the learning gained by the University of Manchester as a key 

academic party which has been involved in multiple past projects which have involved the 

deployment of synchronised measurement technology and data sharing.  

 

The learning has been summarised four key areas below: 

 

1. IT system architecture.  

a. Robust, reliable and future-proof communications architecture is vital to facilitate the 

increased WAMS data transfer and analysis requirements whilst adhering to cybersecurity 

policy.  

b. For cybersecurity reasons, the security level of the WAMS architecture may need to be 

consistent between SO and TOs when data is shared.  

c. Bandwidth requirements are proportional to the number of monitoring devices, and 

overloading systems will have negative effects on application performance, but regional 

data centres can optimise data throughput to other data centres.  

 

2. Investigation of planning rules for the mitigation of Sub-Synchronous Resonance  

a. The role of WAMS in the mitigation of SSR is to complement, not replace, the existing 

planning based studies and measures. Therefore, an aspect of the research in VISOR has 

been the study and evaluation of the existing planning based methods and tools for the 

assessment of the SSR threat.  

b. A key outcome of this research is that the electrical damping should be considered in 

more detail as part of SSR studies and during the creation of screening rules. 

 

3. Optimal placement for monitoring Sub-Synchronous Oscillations  

a. A methodology is required for the optimal placement of synchronised measurement 

devices to guarantee efficient and effective installation.  

b. UoM have developed an approach that prioritises monitoring points using a combination 

of linear and non-linear studies to identify critical generators that therefore may be 

vulnerable to SSR.  
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4. Comparison of Hybrid State Estimation (HSE) techniques 

a. HSE is a method for creating a quicker and more accurate state estimator by 

including synchronised measurements of voltage and current phasors (magnitude and 

angle) in the state estimation procedure that has traditionally used unsynchronised 

measurements of voltage magnitude and active/reactive flows and injections.  

b. The main challenge faced when creating HSE is determining how to combine the 

synchronous and asynchronous measurements during the state estimation procedure 

without a loss of accuracy or robustness.  

c. UoM studied the various HSE methods, and found that the integrated approach 

provided optimum accuracy, resilience to gross errors, and reliability (relative to 

measurement placement) 

 

6.5.1.1 Recommendations for WAMS deployment  

 

Furthermore, the University of Manchester When designing a WAMS, there are four main 

components to consider: 

 

 Infrastructure 

o Physical infrastructure: monitoring and data processing equipment 

o Communication infrastructure: from monitoring device to local or regional phasor 

data concentrators (PDCs) to system level PDC. 

 Applications: 

o Data processing and analysis software running on PDCs (e.g. PhasorPoint and 

associated analysis modules). 

 Process 

o Data reporting mechanisms, data security and access, overall system maintenance. 

 Cost 

 

These have been explained in more detail below: 

 

Infrastructure 

The major infrastructure comprising of measurement devices, communication channels and data 

centres on which the WAMS analysis layer is built. To be able to determine the required underlying 

infrastructure, however, the overall purpose or desired application(s) of the WAMS deployment 

must first be established.   

 

Physical infrastructure: Monitoring and Data Processing equipment  

The two primary objectives such as monitoring of SSO and boundary constraints can be met by 

installing monitoring devices at substations connecting HVDC links, large generation plant, and 

along the boundary corridor. 
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The primary objective is to provide full system observability, the location of monitoring devices 

installed would have been quite different. Recognising the importance of appropriate placement of 

monitoring devices for a WAMS to achieve the desired outcome, the University of Manchester 

(UOM) led a study into the optimal placement of monitoring devices for observability of every 

system bus to support state estimation. To accomplish this, UoM developed a PMU placement tool 

capable of determining the minimum cost solution to achieve full observability (through 

measurement or calculation) of a system, based on variable inputs of network topology and 

existing monitoring status of each bus. The findings of this study can be found in the paper entitled, 

VISOR Project: PMU Placement for GB Transmission System, (Jin, Wall, & Terzija, Dec 2016). 

 

Another key consideration in terms of infrastructure is the chosen system architecture of the WAMS. 

The key decisions to be made relates to the use of “local PDCs” for data aggregation and the 

degree of redundancy. Local PDCs can offer greater control and management of data traffic and 

additional data archiving options however at a cost of increased servicing and maintenance.  

Long established 50Hz PMU devices are typically used to provide measurement data in WAMS. One 

of the primary purposes of the WAMS is to observe the natural frequencies of oscillation and 

interactions between devices connected to the network. Traditional PMU based WAMS utilise 

synchronised phasor measurements transmitted via the IEEE C37.118 protocol at up to 50 frames 

per second – i.e. once per cycle.  

 

Two key factors influence the observable bandwidth from PMU measurements: 

• The need to ensure adequate attenuation of aliased components: this means filter roll-off must 

begin lower than the theoretical Nyquist limit (25Hz). 

• The window employed for phasor calculation: this is typically taken over multiple cycles, which 

provides greater accuracy at the cost of attenuating higher frequency content. 

 

Reducing the calculation window increases bandwidth but adds measurement noise and errors. 

These factors result in an observable range up to about 10Hz, which is sufficient to capture many, 

but not all, frequency modes of oscillation. To maximise learning, in addition to the PMU 

measurements, the infrastructure should also incorporates new WMU monitoring devices which 

provide time-synchronised point-on-wave measurements of both voltage and current at 200 

frames per second thereby extending the observable bandwidth up to 46Hz. The use of 200Hz 

devices which provide the same functionality as conventional 50Hz PMU devices but also offers 

greater SSO monitoring capabilities, extending both lower and upper-frequency ranges to 0.002Hz-

46Hz (typical PMU range limited to 0.1Hz-10Hz). Currently, the only 200Hz device available is 

supplied by GE, the RVP311. 

 

The additional capabilities offered by the 200Hz device mean the communication requirements are 

greater than conventional PMU devices, as illustrated in Table 1. It should also be noted that the 

WMU device (Reason RVP311) does not currently support TCP. UDP has been used for the purposes 
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of the VISOR project but the use of UDP in the future productionised system may require further 

consideration as a potential compromise between security and bandwidth.   

 

 

Table 23 Data transfer rate comparison between typical PMU and the RPV311 WMU 

Device Bandwidth 

Device -> PDC PDC -> PDC 

(based on 20 devices) 

PMU (50fps, +ve seq) 34 kbps UDP 200 kbps TCP 

WMU RPV311 PMU stream (50fps, 3-phase) 50 kbps UDP 460 kbps TCP 

WMU stream (200fps, +ve seq) 125 kbps UDP 470 kbps TCP 

 

The introduction of WMU data highlighted a security versus performance issue; typical PMU data 

stream sampling at 50 Hz requires approximately 45 Kb/s using Transmission Control Protocol 

(TCP) packets, however, a WMU providing both 200 Hz and 50 Hz data streams, requires nearer 

130 Kb/s using User Datagram Protocol (UDP) packets. UDP has performance advantages over TCP 

as it is a connectionless method of communication that sends data to a defined Internet Protocol 

(IP) address without error checking or verification of successful communication. As a result, the 

protocol has very little information overhead. However, it also means that if a packet does not 

arrive the data is lost.  

 

Conversely, TCP is a connection-oriented transport method that will open a socket or a connection 

between the two IP addresses and will provide error checking and packet receipts to ensure all the 

packets have arrived and resent where required. This subsequently introduces information 

overhead in a TCP datagram, but it does provide greater reliability in the data transmission. 

 

The use of UDP causes an issue with the configuration of the firewall and is currently not 

acceptable in cases where data security is paramount.  As it is a connectionless transport protocol, 

it means that the UDP ports need to be opened up on the firewalls so that it allows data inbound to 

the data centre from the substation.   As TCP is connection oriented, the TCP socket can be 

initiated from the WAMS server out to the WMU at the substation. This is achieved by configuring 

firewall rules at the data centre to allow connections initiated outwards from the data centre, but 

not connections initiated inwards to the data centre.  

While the WMUs are communicating with systems that are outside of the critical infrastructure UDP 

transmission is not an issue.  However, if the project were to move the WAMS servers into the 

operational network area, the security would be much more rigorous, and a UDP hole in the firewall 

from the substations would not be acceptable. There are a number of potential solutions to address 
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this, such as the use of intermediate proxy servers (this is already used in some production-level 

WAMS), or the implementation of TCP support within the WMU. GE Grid Solutions have indicated it 

may be possible to develop the WMUs to transmit over TCP, but this would require further 

development. 

 

Communication Infrastructure 

The chosen system communication channels will vary between the operators, based on their 

individual IT security practices. Adequate communications and GPS coverage is one the most 

significant costs affecting installation and operational costs and, in most cases, has greater 

transmission and data quality requirements than traditional monitoring systems. WAMS 

measurement data must adhere to the IEEE C37.118 standard for data acquisition and 

transmission. Both Internet Protocol Security (IP Sec) and Multiprotocol Label Switching (MPLS) 

techniques can be successfully used to transmit data between PDCs. For other potential 

deployments, the use of a high-speed and high-reliability link (such as MPLS) may be most 

appropriate, or even necessary, depending on its application.  

 

Applications 

There is a wide array of applications within PhasorPoint. The table below lists the applications 

specifically developed and demonstrated through VISOR. 

 

Table 24: Current suite of PhasorPoint applications developed through VISOR and available to GB WAMS 

# Application Data Rate 

(Minimum) 

Measurement 

Type 

Device Type 

1 0.002Hz - 0.1Hz Very Low Frequency 

Oscillation Detection & Location 

10Hz Phasors PMU  

2 0.1Hz - 4Hz Low-Frequency 

Oscillation Detection & Location 

10Hz Phasors PMU  

3 4Hz - 46Hz Sub-Synchronous 

Oscillation Detection 

200Hz Analogs     

(point-on-wave) 

WMU 

4 Disturbance Management Detection & 

Location 

10Hz Phasors PMU  

5 Power-Angle Boundary Constraint 1Hz (any) Phasors PMU  

6 Line Parameter Estimation 10Hz Phasors PMU  

 

With reference to the table above, Applications 1-3 form the Oscillation Stability Management 

(OSM) package and address oscillatory behaviour, which is a key aspect of power system 
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performance assessed by VISOR. These PhasorPoint applications are capable of detecting 

oscillation across different frequency ranges (or “modes”) from 0.002-46 Hz.  

 

The visibility provided by the new oscillation source location tools has allowed these modes to be 

better characterised through long-term direct observation, to a level never achieved before. This 

has included baselining of normal characteristics and the capture and analysis of several instances 

of degraded behaviour (such instances are often expected, due to changes in network topology, 

new active technologies like HVDC or generator running arrangements). These observations can 

then be compared and validated against system model predictions allowing for fine-tuning, where 

necessary, and will also inform future operational procedures and monitoring arrangements. 

 

The ability to characterise and assess the behaviour of these modes is considered critical as the 

power system continues to evolve; becoming more complex, with new plant being connected and 

old conventional generators being decommissioned, and the network itself undergoing continuous 

development to accommodate these changes. 

 

The capabilities of the remaining applications listed in Table 3 are briefly summarised below: 

•Disturbance Management Detection & Location, provides alarming and reporting capabilities for 

the detection, location, and characterisation of disturbances.   

•Power-Angle Boundary Constraint, provides a measure of regional power-angle based on 

aggregation of measurements within a defined area. 

•Line Parameter Estimation, calculates the impedance of circuits using synchronised measurements 

where WAMS monitoring is present at each end of a circuit. 

 

These applications have been selected in accordance with the primary objectives of the project and 

would therefore likely differ from the requirements of other deployments. 

 

The applications trialled by the project have been restricted to those available through the GE, who 

retain the IPR for the application modules trialled through VISOR; however alternative applications 

are offered by other technology providers.  

 

Process 

Appropriate data analysis and reporting mechanisms must be established to create valuable and 

actionable information from WAMS, both in terms of the new insight offered by WAMS and also the 

performance of the WAMS system itself. 

 

When first establishing a WAMS, it is important to closely monitor the performance of the overall 

monitoring system to identify issues affecting performance. Regular reports proved that 

documenting performance statistics such as connection drops per PMU and data quality (as 

reported by PMU/WMU) is highly valuable during the initial stages of live monitoring. Once 

satisfactory performance was achieved, the frequency of reporting could be reduced although 

system health is constantly monitored. 
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Finally, power system engineers and operators must also be trained to use the applications and 

tools made available by the WAMS.  

 

Cost 

The cost of implementing a WAMS will depend on the application and the scale along with a variety 

of additional factors all of which impact the number of monitoring devices, the data storage and 

data processing requirements, the communication infrastructure and bandwidth, data and 

cybersecurity, and redundancy. It would be impractical to provide a factual estimate of the cost of 

implementing a WAMS. 
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7  Parameter estimation for mixed PE and 
synchronous loads  

 Introduction 7.1

The goal of Task 2.6 (on-line parameter estimation for mixed PE and synchronous loads) was to 

develop and test a methodology enabling the real time estimation of load model parameters using 

WAMS data (in relation to WP1/Task 1.3, i.e. modelling for mixed PE and synchronous loads). The 

existing level of uncertainty regarding the exact composition of the load served will not be 

acceptable in future power systems (with higher penetration of PE-based loads), as loads will be 

expected to actively contribute to system operation (either through management or participation) 

rather than simply being a mostly passive element that generation must match itself to. In addition, 

real time access to accurate load model parameters would allow system operators or automatic 

controllers to make intelligent decisions about where best to implement/incentivise load response 

actions. 
 

Therefore, this task will aim to study the use of WAMS data to perform measurement based 

estimation of load model parameters and will exploit existing data concentration and processing 

tools, i.e. a platform created at UoM. Our platform will enable in depth assessment of the 

performance of the platform from the latency and bandwidth perspective.  

 UoM’s SynchroHub platform for the estimation of load model 7.2

parameters  

As the use of synchronised measurement technology (SMT) becomes more pervasive within smart 

grid applications, there is a need to develop a high technical readiness solutions for processing PMU 

data in a time efficient and scalable manner. This section explains the development of a vertically 

integrated platform for monitoring load dynamics in real time, based on PMU data from both 

simulations and/or real substation measurements. This kind of monitoring is particularly important 

for system studies such as stability, security and protection.  

 

The first effort made at UoM resulted in developing a general purpose identification platform [6]. 

The platform uses a unique communication infrastructure, with OpenPDC the underlying layer for 

concentrating the information from data received with heterogeneous reporting rates; the core of 

the architecture is a Java EE7 application that extends OpenPDC and represents the environment 

for extracting, managing and processing the data.  

 

In the case of modelling based on the real-time PMU measurements, a communication 

infrastructure capable of sending the synchrophasor data to a central location for processing 

purposes is the first concern. The lack of internet access in most substations, which are not having 

a communication infrastructure for real-time estimation of load model parameters, has been 
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identified as the first barrier to overcome in that study. Furthermore, because the technical details 

of the measurement chain are specific to each measurement setup deployment, additional 

functionalities have to be embedded within the PDC. Also, in order to increase data availability for 

concurrent access required by various signal processing applications, the need of a universally 

available data repository with certain features (like .CSV files extraction, time alignment, filtering, 

etc.) is crucial in such applications. A conceptual view of the generic platform is demonstrated in 

Figure 92. The communication infrastructure and the load modelling platform developed within this 

platform are not limited to the 4G wireless communication medium and can be retrofitted on 

existing networks or niche communication technologies, like Power Line Communication. 

 

The proposed communication architecture uses Linux enabled routers as flexible communication 

nodes. Each PMU has a corresponding router as a communication proxy. The router is installed at 

the same location with the PMU, ensuring that the PMU is not directly visible within the 4G 

communication network. This enables the router to act as an intermediate layer, providing 

important cyber-security functionality like strict firewall rules, authentication and encryption. A 

more detailed view of the cybersecurity aspects enabled at the router level is provided in Figure 93. 

The Phasor Data Concentrator is also not visible directly within the 4G network, as it can be seen 

from both Figure 92 and Figure 93. The PDC is instead connected through a Virtual Private Network 

(VPN) server. VPN is a communication link created over the Internet, through which the internal 

network of an organization or individual can be accessed.  

 

 

Figure 92: Conceptual view of the platform 
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Figure 93: Detailed view of router enabled functionality 

For the case depicted in Figure 92, the University of Manchester network where the PDC resides is 

the network to which the routers connect. The choice of the router connecting to the PDC network 

is not arbitrary. Such choice of communication architecture ensures the usage of only one public IP 

address, corresponding to the VPN server. This limits the number of potential backdoors into the 

system. In order to establish a secure VPN connection between the server and the routers, the TLS 

protocol has been used, with an OpenVPN implementation. For authentication purposes, a 

certificate authority has been created, for signing certificates residing on both the VPN server and 

the routers. A certificate authority represents an entity that distributes digital certificates. A digital 

certificate is an electronic endorsement of a third party’s identity. In order to understand the 

concept of digital certificates, one needs to grasp the concept of public key cryptography. Public 

key cryptography uses advanced number theory to generate pairs of exceptionally large integers, 

called keys, with two remarkable mathematical properties: 

1. The information that is encrypted with one key can be decrypted with the other key in the 

pair.  

2. It is impossible (considering the present computational technologies and resources) to 

deduce or guess the whole key pair by knowing just one key.  

In public key cryptography, each entity has one key pair assigned. One key, called private key, is 

kept secret and it is only known to the entity itself. The other key is made public to whoever 

wishes to send encrypted information to the entity and it is naturally called public key. According to 

property 1 of the key pair, information encrypted with an entity’s public key can be decrypted with 

the entity’s private key, hence only the entity is able to decrypt a message intended for it. By 

applying property 1 in reverse, the concept of electronic signature can be attained, as also detailed 

by the following example: 
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If entity A wishes to send a message to entity B, entity A will encrypt the message with public key 

B. However, to show B the expediter of the message, A adds a signature at the end of its message 

encrypted with private key A. B receives the message, decrypts it private key B and also decrypts 

the signature with public key A, in order to examine the authenticity of the expediter. 

 

Based on the public key cryptography paradigm detailed above, it is now straightforward to define 

digital certificates. Digital certificates represent digital signatures from trusted third parties, 

endorsing the identity of the public key owner. This prevents falsification of public keys. An edifying 

example is the HTTPS protocol, which is used by most email service providers. 

 

The digital signature process ensures that a router/PMU trying to connect to the PDC is indeed one 

of the planned and approved PMU deployments, not an attacker trying to make his/her way into 

the system. The encryption algorithm used is AES256 with cypher block chaining. Cypher block 

chaining is a technique of periodically shifting the information that needs to be encrypted. The 

message is split into blocks of equal size, and their order is rearranged. This is a particularly 

important procedure when the message to be encrypted contains a sequence of bits that appears 

frequently. The repeating sequence of bits within the input is at risk of mapping into a repeated 

sequence of bits in the encrypted output. This can represent a pattern that can be detected and 

exploited by a potential attacker. The rearrangement of the input conceals such feature and 

therefore makes the encryption more difficult to crack. 

 

Furthermore, rigorous firewall rules ensure that all traffic is blocked except relevant C37.118 data 

streams and instructions necessary for router and PMU configurations. A good example for the 

harshness of the firewall rules imposed is provided next: when working on installing the router and 

PMU combination within a substation, the technician does not even have Internet access by 

connecting to the router’s LAN or wireless interface, only the connection to the PDC via the secure 

VPN communication channel is available. 

Mean values of time delays within the communication architecture, depicted in Figure 92, being 

approximately 700 ms and 250 ms for the TCP and UDP communication protocols, respectively. 

These delays have been measured over a distance of approximately 100 km, between PDC in 

Manchester and PMU installed in a substation near Nottingham. Such delays can be reduced by 

investing in the communication link. Dedicated fibre optics connection, for example, can reduce the 

latency of the communication infrastructure to a few tens of milliseconds. 

 

When comparing all aforementioned communication delay values:  700 ms for TCP, 250 ms for 

UDP, 20 ms as a possible value for fibre optics latency, one can see that the PDC data processing 

delays of 200 ms represent a significant addition to the overall latency of a Wide Area 

Measurement System. Consequently, the delay introduced by the PDC building block within Figure 

92 needs to be taken into account and reduced.  

 

Another important aspect of the system depicted in Figure 92 is its flexibility. The communication 

infrastructure employed within this platform has been optimized for the task at hand: real time 
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estimation of dynamic load model parameters, but it can also be adapted to the needs of most 

applications, except protection, for example, where instantaneous response times are required. 

Considering the recent trend of implementing the Information Centric Network (ICN) paradigm 

within communication systems for smart grid applications, compatibility with ICN is briefly 

discussed next. The ICN philosophy is to build an abstract communication layer that hides the 

details and implicitly the complexity of dealing with the IP layer. This abstract layer is built with the 

help of the so called “Rendezvous Points” (RP) which represent nodes within the ICN network. A 

part of the RP nodes publishes measurements labelled with a particular topic, while other nodes 

subscribe to measurements of certain topics. This communication model is called the publish 

subscribe paradigm. The architecture in Figure 92 can be moulded into an ICN network by 

configuring the Linux enabled routers as “Rendezvous Points”. The routers are running an 

operating system for embedded devices, namely the TomatoUSB Linux distribution, hence a 

lightweight version of the Phasor Data Concentrator can be installed in their memory, if needed. 

And by using one of the several data exchange protocols that are supported by the newly 

developed PDC, C37.118 data can be transmitted without any direct knowledge of the IP 

communication layer. Java Messaging Service represents an enterprise implementation of the 

publish subscribe paradigm, for example, and can be easily set up within the routers depicted in 

Figure 93.  

 

Once the communication infrastructure is up (for real-time applications) and running, data from 

the PMUs is concentrated within a server running OpenPDC (subject to the IEEE C37.118 standard). 

OpenPDC is a Phasor Data Concentrator and thus has limited processing capabilities. Therefore, in 

order to implement more complex tasks in real time, OpenPDC had to be extended. The choice to 

implement the extension has been the development of an enterprise application developed 

according to the Java EE7 standards, as shown in Figure 94. 

 

As it can be seen in Figure 95, the coupling between OpenPDC and the Java EE7 application in the 

platform is achieved in two ways: using a REST web service [6] to extract archived measurements 

and automatically querying the MySQL database to detect installed PMUs, measured quantities, etc. 

In the former way, the Java EE7 application requests the state of an object, which represents sets 

of measured data for a particular PMU and time interval. In the latter, the Java EE7 application 

searches through Open PDC’s settings and automatically creates new entities and synchronises 

their state with what is readily configured within the concentrator. The proposed methodology in 

the platform is non-invasive in respect to the data concentrator and enables the development of a 

flexible and scalable environment for processing synchronised measurements in real time. The 

reliability of the PDC is therefore maintained with such approach. Even if an accidental error makes 

the Java EE7 application crash, the PDC will still run in the background, archiving measurements 

received from PMUs. The Java EE7 application has been developed aiming for security, scalability, 

portability, concurrent access, and large data processing.  
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Figure 94: Methodology for extending OpenPDC 

The general platform was extended with important contributions related to simulation data and 

load modelling. All contributions have been implemented according to the strict requirements of 

the Java EE7 set of standards (as explained above), ensuring a high level of reliability, security, 

and scalability for the load dynamics monitoring application. Figure 94 shows the resulting 

improved architecture of the identification platform, capable of handling both simulated and 

substation measurements. Simulated network disturbances are sent via a newly developed virtual 

PMU functionality as input to a server running OpenPDC. 

 

Note that the virtual PMU functionality converts simulated measurement samples to an IEEE 

C37.118 (see Standard 2011) compliant data stream, while OpenPDC serves as the basic data 

concentrating layer, for the Java EE7 application estimating dynamic load model parameters. Both 

simulated data, and substation measurements can be sent to the platform through the router-

enabled 3G/4G communication infrastructure, to coexist as an input for the load modelling 

functionality. Furthermore, a newly developed procedure for automatically detecting network 

disturbances stores the associated measurement samples in a separate database. Such 

methodology enables additional flexibility that can allow different types of applications, like load 

modelling, asset management, monitoring of sub synchronous and low frequency oscillations, to 

interface only with the relevant information extracted, rather than the whole data concentrator 

archive. 
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Figure 95: Improved architecture for real and simulated data. 

In particular, the platform in Figure 94 can be simplified as Figure 95 when the identification 

platform is focused upon the application of the load model parameters estimation. A detailed view 

of the data flow between substation and Java EE7 load modelling application can also be viewed in 

Figure 96.  

 

The platform estimates the parameters of a load model based on power and voltage measurements, 

i.e. according to the measurement based approach depicted in Figure 97. To achieve real time 

operation, we use a Nonlinear Least-Squares approach with a Levenberg–Marquardt 

implementation. It can be seen that the estimation is based on the whole batch of measurements 

acquired during a relevant disturbance. The vector comprising all measured voltage samples is 

used as input to the differential equations describing the load model. The active power vector 

representing the model response computed using these equations is then compared to the vector 

of measured active powers. Based on the second order norm of this vector difference, a new 

parameter vector is computed, which will implicitly change the model’s active power response. The 
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estimation continues iteratively, until one of certain thresholds is reached, e.g. second order norm 

of the vector describing the difference between measured and estimated active power, maximum 

number of iterations, etc.  
 

 

Figure 96: From substation measurements to load model parameter estimation using the platform. 

 

 

 

Figure 97: Measurement based approach for estimation of dynamic load model parameters. 
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 Results and Discussion 7.3

To show the efficacy of the proposed platform, the results of SSR event (extracted from 

PhasorPoint) and voltage events (extracted from UOM’s platform) have been studied for the load 

model parameters estimation, as shown in Figure 98 - Figure 107. It should be noted that the 

exponential recovery load (ERL) model fit has been used for estimation of load model parameters 

[7]. The ERL model is one of the load models that have been used in the literature and aims to 

capture the load restoration characteristics with an exponential recovery process expressed as an 

input–output relationship between powers (real and reactive) and voltage. This model is mostly 

used to approximate loads that recover slowly over a time period, from several seconds to tens of 

minutes.  Furthermore, ERL models can be developed using a set of measurements obtained at one 

specific operating condition and can be applied to other power system operating conditions with 

satisfactory results. This is an important advantage, because measurements for load modeling can 

be obtained from normal operational disturbances, and then additional and harmful disturbances 

are not strictly required for the development of accurate load models. Therefore, ERL model has 

been preferred to represent each of those mixed PE and synchronous loads.  

 

The ERL model decouples the active and reactive powers and requires separate sets of parameters 

for both. These can be obtained easily in an estimation process since the model contains only three 

unknown parameters for each. The three parameters to be estimated for the ERL model include T 

is a time constant quantifying how fast active power consumption stabilizes to a new steady state; 

S and  T  are exponents quantifying the static and transient dependence of the model active 

power on the input voltage. The two parameter vectors namely 
 

T

S T T 
 and 

 
T

SQ TQ q
T 

, can be estimated using the same algorithm and have completely independent 

component values. Hence, when analysing such symmetrical load models, most of the discussion 

within this report is focused on the active power set of mathematical expressions. The analysis and 

testing of load model equations are provided throughout the report for active power, because 

mathematical expressions of load model equations for reactive power are identical to their 

counterparts for active power. Furthermore, oscillations occur mostly within the active power 

response of induction machines, hence active power signals are more difficult to model and more 

suitable for testing the limits of load models analysed within this report.  

The error analysis focuses mostly on the error of fit, which is the relative error between the 

measurement vector and the vector of the estimated load model response, as given below: 

 

(X) measured

measured

Y Y
Error

Y




 

 

where X represents the parameter vector; Y(X) is the model output in vector form; Ymeasured is the 

measurement data set in vector form; and the notation 
X

 represents the second order norm of 

vector X. The expression for the average error is provided below: 
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where n is the number of measurement samples; X is the parameter vector; 
(X)iY

and 
_i measuredY

 

are respectively the i-th samples of the homonymous variables Y(X) and Ymeasured; and the notation 

|x| represents the absolute value of variable x. The definition of the maximum error is provided 

below: 

 
_

max
1

_

(X)
max

n
i i measured

i
i measured

Y Y
Error

Y

  
  

    

 

 

 

Figure 98: Magnitude of Measured Voltage Phasors 
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Figure 99: Measured Three phase Active Power 

Figure 98 and Figure 99 show the measured voltage and active power, respectively, for SSR event 

(extracted from PhasorPoint). It can be seen that there is no sudden changes in voltage or power. 

Figure 100 shows measured power (Pmeasured), voltage (Vmeasured) and estimated model 

response (PD). The estimated load model parameters and other values are given in the following 

Table 25.  

Table 25: Estimated load model parameters for SSR event 

Para-

meter 

αS αT  T (sec) Estimatio

n error 

(2nd 

order 

norm) 

Averag

e error 

Maximu

m error 

Runnin

g time 

(sec) 

Samplin

g rate 

(Hz) 

Value

s 

2.07

3 

8.4483

9 

2.4635

5 

0.00232 0.00197 0.00598  0.044 50 
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Figure 100: Measured Power (Pmeasured), Voltage (Vmeasured) and Estimated Model Response (PD). 

 

Figure 101: Single-line diagram of the measurement configuration. 
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Figure 102: Measured power and voltage at the load bus 

Figure 101 depicts the single line diagram to show where voltage and active/reactive power 

measurements are captured. The single line diagram can be applicable for any substation system 

and simulation environment. As shown in diagram, load comprising of static, dynamic and PE 

based loads (mixed PE and synchronous loads), while HV network indicates programmable voltage 

source and rest of power system network for simulation environment and substation, respectively. 

Figure 102 shows the measured voltage and active power at the load bus, shown in Figure 101, for 

voltage fluctuations event (example 1) data recorded at “Holwell Primary Substation” on 22nd 

December 2015. It can be seen from Figure 102 (lower one) that load disturbance was applied at 

0.5 sec. Due to this disturbance,  there was a voltage drop at  0.5 sec, as shown in Figure 102 

(upper one). Figure 103 shows measured power (Pmeasured), voltage (Vmeasured) and estimated 

model response (PD). The estimated load model parameters and other values are given in the 

following Table 26.  

Table 26: Estimated load model parameters for load event 1 

Para-

meter 

αS αT  T (sec) Estimation 

error (2nd 

order 

norm) 

Average 

error 

Maximum 

error 

Running 

time 

(sec) 

Sampling 

rate (Hz) 

Values 0.20841 1.39799 0.06455 0.00594 0.00413 0.02846 0.044 50 
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Figure 103: Measured Power (Pmeasured), Voltage (Vmeasured) and Estimated Model Response (PD). 

 

 

 

Figure 104: Measured Power and Voltage at the load bus 
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Figure 104 shows the measured voltage and active power at the load bus, shown in Figure 101, for 

voltage fluctuations event (example 2). It can be seen from Figure 104 (upper one) that the 

voltage was reduced at 0.5 sec using the transformer’s tap changers. Due to this disturbance, 

there was a power drop in that disturbance period, as shown in Figure 104 (lower one). Figure 105 

shows measured power (Pmeasured), voltage (Vmeasured) and estimated model response (PD). 

The estimated load model parameters and other values are given in the following Table 27. 

Table 27: Estimated load model parameters for load event 2 

Para-

meter 

αS αT  T (sec) Estimation 

error (2nd 

order 

norm) 

Average 

error 

Maximum 

error 

Running 

time 

(sec) 

Sampling 

rate (Hz) 

Values 0.21458 4.61955 0.16908 0.0113 0.0067 0.08185  0.022 50 

 

 

 

Figure 105: Measured Power (Pmeasured), Voltage (Vmeasured) and Estimated Model Response (PD) 
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Figure 106: Measured Power and Voltage at the load bus. 

Figure 106 shows the measured voltage and active power at the load bus, shown in Figure 101, for 

voltage fluctuations event (example 3). It can be seen from Figure 106 (upper one) that the 

voltage was increased at 0.5 sec using the transformer’s tap changers. Due to this disturbance, 

there was an increment in power in that disturbance period, as shown in Figure 106 (lower one). 

Figure 107 shows measured power (Pmeasured), voltage (Vmeasured) and estimated model 

response (PD). The estimated load model parameters and other values are given in the following 

Table 28.  

Table 28: Estimated load model parameters for load event 3 

Para-

meter 

αS αT  T (sec) Estimation 

error (2nd 

order 

norm) 

Average 

error 

Maximum 

error 

Running 

time 

(sec) 

Sampling 

rate (Hz) 

Values 0.00357 25.15573 2.74502 0.00535 0.00359 0.02281  0.024 50 
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Figure 107: Measured Power (Pmeasured), Voltage (Vmeasured) and Estimated Model Response (PD). 

The effectiveness of the proposed SynchroHub platform has also been validated using the real-time 

transient voltage events data provided by the EirGrid, the state-owned electric power transmission 

operator in Ireland. PMUs data recorded at two data centers in Ireland (Cloghran 110kV and 

CLonee 220kV) in response to a fault on a 220kV circuit as follows: 

 At 19:12 hours on Thursday 12 July 2018, the Killonan - Shannonbridge 220 kV line 

tripped, re-closed and tripped for a single phase to ground fault (SE) followed by another 

single phase to ground fault (TE). The fault clearance times were approximately 85 ms, 

160 ms and 60 ms. 

 The PMU recorders are located at the HV side of the customer’s transformers. 

 It is worth mentioning that the reactive power is considered since it matches with voltage 

fluctuations. 
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Figure 108: Measured Power and Voltage from the event at Cloghran 110kV (Terminal 123). 

Figure 108 shows the measured voltage and reactive power from the event at Cloghran 110kV 

(Terminal 123). It can be inferred that there are fluctuations at two intervals due to tripping, re-

closing and tripping of the Killonan - Shannonbridge 220 kV line for a single phase to ground fault 

(SE) followed by another single phase to ground fault (TE). Figure 109 shows the measured 

reactive power (Qmeasured), voltage (Vmeasured) and estimated model response (QD). The 

estimated load model parameters and other values are given in the following Table 29.  

Table 29: Estimated load model parameters for load event 3 

Para-

meter 

αS αT  T 

(sec) 

Estimation 

error (2nd 

order 

norm) 

Average 

error 

Maximum 

error 

Running 

time 

(sec) 

Sampling 

rate (Hz) 

Values 3.94012 5.21933 0.2411 0.00495 0.0021 0.06876 0.068 50 
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Figure 109: Measured Reactive Power (Qmeasured), Voltage (Vmeasured) and Estimated Model Response (QD). 

 

From the above Figure 98-Figure 109, it can be concluded that the proposed platform is efficient 

and can be used for the load model parameters estimation. Also, observe that time horizons in the 

historical load data (or on-line stream) are useful for us to determine which voltage (frequency) 

change occurs in them. Due to such changes, the system load exhibits a time-dependent response 

to reach the new equilibrium (based on the system voltage/frequency at the final stage).  

 

 Conclusions 7.4

According to the simulation results presented and discussed in the above, it appears that the 

following points are important for on-line parameter estimation for mixed PE and synchronous 

loads: 

 

• It can be concluded from the results that the proposed platform estimates load model 

parameters effectively.   

• It is worth mentioning that exponential recovery load (ERL) model fit has been used for 

estimation of load model parameters. However, the proposed platform can also estimate 

parameters with other model fits i.e., exponential recovery load frequency (ERLF) and 

genetic algorithm (GA) based approaches etc.   
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• A validation test is also carried out to check load model responses under different 

disturbances. The cross-validation technique is applied to validate the load models in order 

to obtain a better estimate of their performance.  

• In this cross-validation, using the three calculated parameters, load model responses and 

their comparisons to the real load behaviour have been observed. It has been concluded 

from the cross-validation for each load that the ERL model accurately adjusted to load 

response under different disturbance scenarios.  

• Moreover, the validation error results (average and maximum errors, given in Table 26-

Table 28) of load models reveal that load models are acceptable in modelling real power 

behaviours.  

• Thus, exponential recovery load models are accurate in representing load response of 

power system for both steady state and transient conditions. However, this response is 

limited when voltage variations are greater than 20% with respect to nominal voltage. This 

is due to the fact that when the voltage drops to about 0.8 p.u, the risk of stalling from 

induction motor increases, and large percent of load may be disconnected due to under 

voltage protection. The nonlinear behaviour of the active/reactive power is then 

accentuated due to tripping and motor stalling. Moreover, the restoration of the load after 

severe voltage dips is a complex process (cold load pick-up) since it involves different 

individual loads, whose characteristics are active in different time scales.     
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8 Appendix A: KPIs forecasting – description of 
system and scenarios 

 

 IEEE 9-Busbar Test System 8.1

In order to prepare a training dataset including various displacement settings for synchronous 

machines with renewable energy source (RES) based generation i.e., wind farm, the following four 

scenarios were considered for the IEEE 9-Busbar Test System.  

 

1.  Scenario 1:  G2 Displaced with Wind Farm: In this scenario, generator G2 has been 

replaced with the wind farm in steps of 5% and power system variables are measured.  

2. Scenario 2: G3 Displaced with Wind Farm: In this scenario, generator G3 has been 

replaced with the wind farm in steps of 5% and power system variables are measured.  

3. Scenario 3: G2&G3 Displaced with Wind Farm, simultaneously: In this scenario, 

generators G2 and G3 have been replaced, simultaneously, with the wind farm in steps of 

5% and power system variables are measured 

4. Scenario 4: G2 Displaced with Wind Farm with G3 already displaced: In this scenario, 

generator G3 has already replaced with the wind farm, whilst, generator G3 has been 

replaced with the wind farm in steps of 5% and power system variables are measured. 

 

Figure 110: IEEE 9 Bus Test Power System 
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 Scenarios 8.2

Scenario 1: G2 Displaced with Wind Farm  

 

Figure 111: Active Power Generations under Generator G2 Displaced with the Wind farm 

In this scenario, generator G2, shown in Figure 110, has been replaced with the wind farm in 

steps of 5% and power system variables are measured and shown in Figure 111. It can be 

seen that power generation from G2 (PGen2) and total synchronous power generation (PTotalGen) 

have been reduced from maximum to minimum, whilst, power generation from wind farm or 

PE penetration (PRes) has been increased from minimum to maximum when the PE penetration 

(%) is varying from 5-100%. Here, the percentage PE penetration is mainly related to the 

fraction of generation output that is displaced from synchronous to windfarm at a particular 

bus when single synchronous generator displaced with the wind farm (Scenario 1 and Scenario 

2). Whereas, in case of multiple synchronous generators displaced by windfarms (Scenario 3 

and Scenario 4), the percentage PE penetration is related to the fraction of total generation 

output that is displaced from multiple synchronous generators to windfarms at different buses.    
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Scenario 2: G3 displaced with Wind Farm  

 

Figure 112: Active Power Generations under Generator G3 Displaced with the Wind farm 

In this scenario, generator G3, shown in Figure 110, has been replaced with the wind farm in steps 

of 5% and power system variables are measured and shown in Figure 112. It can be seen that 

power generation from G3 (PGen3) and total power generation (PTotalGen) have been reduced from 

maximum to minimum, whilst the power generation from wind farm or PE penetration (PRes) has 

been increased from minimum to maximum when the PE penetration (%) is varying from 5-100%.  
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Scenario 3: G2 & G3 displaced with Wind Farm simultaneously  

 

Figure 113: Active Power Generations under Generators G2 & G3 Displaced with the Wind Farm simultaneously 

In this scenario, generators G2 and G3, shown in Figure 110, have been replaced, simultaneously, 

with the wind farm in steps of 5% and power system variables are measured and shown in Figure 

113. It can be seen that power generation from G2 (PGen2), G3 (PGen3) and total power generation 

(PTotalGen) have been reduced from maximum to minimum, whilst, power generation from PE-based 

generation (PRes1 and PRes2) and total power generation from renewable sources (wind farm) 

(PTotalRESGen) have been increased from minimum to maximum when the PE penetration (%) is 

varying from 5-100%.  
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Scenario 4 : G2 displaced with Wind Farm with G3 already displaced  

 

Figure 114: Active Power Generations under Generator G2 Displaced with Wind Farm with G3 Already Displaced 

In this scenario, generator G3 has already replaced with the wind farm, whilst, generator G3 has 

been replaced with the wind farm in steps of 5% and power system variables are measured and 

shown in Figure 110. It can be seen from Figure 114 that power generation from G2 (PGen2) and 

total power generation (PTotalGen) have been reduced from maximum to minimum, whilst, power 

generation from PE-based generation 2 (PRes2) and total power generation from renewable sources 

(wind farm) (PTotalRESGen) have been increased from minimum to maximum when the PE penetration 

(%) is varying from 5-100%.  
It should be noted that power generation from generator G3 was zero, whereas, power generation 

from PE-based generation 1 (PRes1) was maximum. This was due to the reason that generator G3 

has already been replaced with the PE-based generation 1 (PRes1) and it will be switched off once it 
has already been “replaced” by a wind farm. 

.  
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9 Appendix B: Oscillations analysis techniques 
and mitigation measures 

This appendix provides an overview of monitoring techniques and mitigation measures. Due to the 

characteristics of the different categories of oscillations, they are addressed separately. 

 Monitoring low frequency oscillations  9.1

9.1.1 Very Low Frequency Oscillations (0.002-0.1Hz) 

Phase Locked Loop (PLL) 

This is a typical feedback control circuit. The frequency and phase of the internal oscillation signal 

of the loop are controlled by reference signals from external input. It can realize the automatic 

tracking of the input signal frequency by the output signal frequency. It is generally used for closed 

loop tracking circuit. It is a stable method of frequency in radio transmitting, mainly VCO (voltage 

controlled oscillator) and PLL IC (PLL). The VCO gives a signal, part of which is output, and the 

other part compares the local oscillator signal generated by PLL IC by frequency division. In order 

to maintain the same frequency, the phase difference is not changed. If there is phase difference, 

the voltage of the output voltage of PLL IC will change to control VCO until the phase difference is 

restored, so as to achieve the purpose of phase locking. A closed loop electronic circuit that 

enables the frequency and phase of the controlled oscillator is determined in relation to the input 

signal. 

 

Wavelet Transform 

Wavelet transform is also a tool for time-frequency localization, where the frequency is replaced by 

the scale factor to a basic frequency that a small wave (that is why it is called wavelet) has.  

This way to time-frequency localization for a wavelet transform is that the window width can be 

automatically adaptive to the frequency to be localized. For example, if we want to localize the high 

frequency, “a” is selected smaller, and if we want to localize the lower frequency, the scalar “a” 

needs to be set as a larger number. The wavelet will be scaled with parameter “a”, for high 

frequency localization, it becomes very thin, and for low frequency localization, it becomes fat. 

 

9.1.2 Local/Inter-Area Oscillations (0.1-4Hz) 

Newton-Type Algorithm  

In the first algorithm stage, the unknown signal parameters are estimated. As a result, voltage and 

current signals are processed independently of each other. Signal frequency is considered as an 

unknown signal parameter and unknown amplitude and phase harmonic and fundamental 

components. Thus, the developed nonlinear recursive estimator has realized the important 

characteristics of insensitivity to frequency changes. In the second algorithm phase, the unknown 
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PQ exponents, such as the root mean square (RMS), the power factor (PF), the total harmonic 

distortion factor (THD), the power component and the distortion power, are calculated by using the 

appropriate definition given in the IEEE standard 1459 - 2000. 

Recursive numerical algorithm is more effective in computation than non-recursive algorithm. They 

avoid recurring the so-called normal matrix. In order to improve the dynamic characteristics of 

IrNTA, a new forgetting factor tuning method is designed and implemented by introducing 

appropriate tuning functions. Instead of setting the forgetting factor as a specific constant value 

(for example, 0.99), the factor is tuned to system dynamics elicitation, thus providing an algorithm 

with faster convergence and better accuracy. 

This method is quite common and can be applied to other recursive algorithms. IrNTA can be 

directly applied to simultaneous frequency and spectrum estimation. Based on frequency and 

spectral estimation, the PQ index of 1459 to 2000 according to the IEEE standard was successfully 

estimated in the second algorithm stage. A large number of algorithm tests show that the new 

algorithm can be used as a reliable PQ monitoring tool. The effectiveness of the method is verified 

by computer simulation and indoor experiments. Better performance is reported through 

comparison with the FFT method. The new IrNTA can be successfully used to monitor slow and fast 

transients in power systems such as local/inter-area oscillations. 

Prony’s method 

Prony’s method tries to fit a sum of exponential terms to the uniformly sample data. It can extract 

oscillating modes from a given signal, such as oscillating frequency or active power. Some power 

companies use the Prony’s method combined with new technologies, such as phasor measurement 

unit (PMU), to monitor the power system oscillation in real time. The purpose of this study is to 

compare oscillatory modes from eigenvalue analysis and Prony’s method. This will help to provide 

reliable power system oscillation parameters for real-time wide area monitoring protection and 

control (WAMPAC). 

The Prony’s method uses the z-transform to measure the signal as the output of a linear system. 

The poles of the system are determined by the zero input response of the system. Furthermore, 

the oscillation frequency and attenuation are determined. 

Prony’s method also can be used to determine the frequency and the damping ratio of the inter-

area oscillations from the time response of the power system monitored variables suggested by the 

eigen-analysis. The information provided by the participation factors may be also used for 

suggesting both the placement of PMUs and the power system variables to be measured with the 

aim of monitoring properly the inter-area mode of interest.   

Novel Dominant Mode Estimation Method 

This method uses a phasor measurement unit (PMU) for monitoring the new method of estimating 

the interregional oscillation dominant mode in the China Southern Grid (CSG) and the dynamic 

conditions under the environment. A data driven stochastic subspace recognition (data SSI) 

algorithm is used to identify the state space model. First, the weighted projection matrix of data 

SSI is constructed by canonical variable algorithm. Then, the model order selection criterion is 

established, and the order of the model is estimated. A linear model of power system is established 
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by using data SSI. The dominant oscillation mode is calculated by eigenvalue analysis. In order to 

identify the dominant mode accurately, the repeated results are calculated by the order change of 

the model, and then the dominant mode and the ordinary model are distinguished by clustering 

analysis and gradual refinement to improve the estimation accuracy. The field measurement data 

collected by PMU are used to verify the proposed algorithm in CSG. The comparison between the 

existing pattern estimation techniques and the proposed method shows its accuracy and 

robustness under ringing and environmental conditions. 

In summary, online modes estimation of power system can be depicted as follows. A series of field-

measurement response is gathered, and then a matrix A is estimated to fit the response well. At 

last, the power system dominant modes are obtained by using eigenvalues of matrix A. 

A significant improvement over the existing methods is that it can handle robust ringing data and 

environmental data. Compared with the Prony’s method, the proposed method can identify the 

accurate dominant mode more accurately. In addition, the influence of measurement noise on 

estimation results is studied and discussed. Compared with the Prony’s method, the proposed 

method can maintain the recognition performance and estimation accuracy at low SNR. Compared 

with Monte Carlo method, this method also has higher computational efficiency. Finally, the optimal 

system order can be obtained by the mean value of the model order determination process based 

on the singular value. It can avoid neglecting the main mode. It can be used as a general criterion, 

not limited to the application of the power system, and is used for the order determination of 

subspace identification. 

 Mitigating low frequency oscillations  9.2

9.2.1 Very Low Frequency Oscillations (0.002-0.1Hz) 

 

In HVDC transmission systems, very low frequency oscillations are prone to occur. Theoretically, 

the damping of low frequency oscillation can also be enhanced by power system stabilizer (PSS). 

However, it is difficult to adjust PSS in very low frequency. Further research is needed. Further 

analysis shows that the damping of excitation system and PSS at low frequency is very small. 

If the negative damping in the control system is greater than the positive damping provided by the 

load system, the system damping may tend to be negative. And then it will cause the oscillation. At 

present, extremely low frequency oscillations have occurred in systems with high DC power and 

high proportion of hydropower. One of the reasons is that the DC transmission power is equivalent 

to the load with zero frequency adjustment coefficients, which reduces the damping provided by 

the load. Moreover, the phase lag of the turbine is larger than that of the turbine, and it is more 

prone to produce negative damping. The joint action of these two things reduces the damping of 

the system. 

In the very low frequency oscillation, the amplitude of the mechanical power is larger than the 

amplitude of the electromagnetic power. It shows more mechanical oscillation characteristics, 

which is also a significant difference in contrast to low frequency oscillations. 
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Positive damping characteristics 

Very-low frequency oscillation is usually closely related to the negative damping provided by the 

speed governing system. Therefore, to solve the problem of very-low frequency oscillation, it is 

necessary to provide positive damping characteristics to the system. If the system is sufficiently 

damped, the very low frequency oscillations will soon subside. There will be no impact on the 

system operation. If the system lacks the necessary damping, it will cause sustained oscillations. 

As for the suppression of very-low frequency oscillation in power system, additional excitation 

control can be adopted. 

Power System Stabilizers (PSSs) 

At present, power system stabilizer (PSS) constitutes an economical and effective damping method 

for electromechanical oscillations. The purpose of PSS is to provide the excitation system input by 

voltage control signals and provide additional damping torque for synchronous generator rotors. 

The selected input signal can change to PSS and is usually the choice of local signal. Selection 

involves generator rotor speed deviation (which is mainly used), generator active power or 

generator terminal frequency. PSS seems to be very effective in stabilizing the local 

electromechanical mode. If tuning is also done to a certain extent, it will cross regional mode. The 

main challenge for PSS to fully solve interregional oscillations involves the fact that interregional 

modes cannot be fully observed in local signals of generators. 

Static Var Compensator 

SVC is a parallel connected static var compensator, originally designed to establish the voltage of 

its connected bus to keep close to the reference value. The word "static" means that unlike 

synchronous generators, there is no rotating part associated with SVC. The SVC-POD controller can 

significantly improve damping of electromechanical power oscillations faced by the power system. 

In addition, other devices, like flexible DC converter, that can provide positive damping properties 

can also be used to suppress very-low frequency oscillations in power systems. 

 

9.2.2 Local/Inter-Area Oscillations (0.1-4Hz) 

 

Inter-area oscillation phenomena have always been a matter of concern for Transmission System 

Operators (TSOs) and power system engineers as very often form the root for system’s poor 

performance. This is a result of the persistent low-frequency electromechanical oscillations taking 

place in system, which very often lead to undesired phenomena such as cascading events and 

catastrophic blackouts. 

A considerable research has been developed identifying feasible and effective ways to adequately 

compensate inter-area electromechanical oscillations through supplementary damping provision 

targeting critical inter-area oscillatory modes of concern. Solutions involved the traditional 

applications of Power System Stabilizers (PSSs), which primarily developed for addressing local 

mode oscillations. Despite that, when appropriately tuned could also obtain considerable damping 

on inter-area mode oscillations to some extent. This method demonstrated restricted potentials in 
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providing sufficient damping on inter-area modes, as local input signals utilized by PSSs had 

limited observability information of the inter-area modes. 

Recent approaches involved implementation of power electronics based technology, such as 

Flexible AC Transmission Systems (FACTS) and High Voltage DC (HVDC) links once appropriately 

combined with Wide Area Monitoring Systems (WAMS). The use of this technology seemed to be a 

viable solution in establishing effective damping of inter-area electromechanical oscillation 

phenomena. The proposed methodology is based on implementation of a single FACTS device or 

HVDC link reinforced with a supplementary Power Oscillation Damping (POD) controller. The POD 

controller provides a stabilizing input signal to FACTS device or HVDC link, assisting towards the 

damping action on inter-area oscillations. The application of FACTS devices and HVDC links once 

appropriately equipped with POD controllers, demonstrated an effective way of improving the 

damping of critical inter-area modes and therefore contributing towards the security of system’s 

wide-area stability.  

Power System Stabilizers (PSSs) 

Currently power system stabilizers (PSSs) constitute a cost-effective method for electromechanical 

oscillations damping. Purpose of PSS is to provide additional damping torque on synchronous 

generator’s rotor through voltage control signal provision to excitation system input. Selected input 

signals to PSS may vary and is usually a choice of local signals. Choices involve generator’s rotor 

speed deviation (which is predominantly used), generator’s active power or generator’s terminal 

frequency. The PSS seems to be very efficient in stabilizing local electromechanical modes and if 

optimally tuned also inter-area modes to some extent. The major challenge faced by PSS to 

adequately address inter-area oscillations relates to the fact that inter-area modes are not 

sufficiently observable in generator’s local signals. 

 

Power Oscillation Damping Control with SVC 

A SVC is a shunt-connected static reactive power compensation device originally designed to 

establish the voltage of the bus it connects to be held close to a reference value. The term “static” 

refers to the fact that there are no rotational components associated with SVC unlike synchronous 

generators. The structure of a typical SVC is shown in Figure 115, comprising of a shunt capacitor 

bank C connected in parallel with a shunt thyristor controlled reactor L. 

C

Shunt Capacitor 

Bank

Reactor

Thyristor 

Pair

L

V

I

 

Figure 115: Structure of a Typical SVC 
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For the purpose of power flow and system stability studies the effect of thyristor operation can be 

neglected and a SVC can be modelled as shown in Figure 116. The model represents an ideal SVC 

consisting of a fixed capacitor connected in parallel with a variable reactor. Appropriate control 

over the reactor results into dynamic generation or absorption of reactive power by the SVC 

ensuring the voltage of the bus it connects to maintain within a desired range. 

C

ReactorL

V

I

Q Q

 

Figure 116: Ideal Model of a SVC for Power System Stability Studies 

The block diagram of basic SVC control is provided in Figure 117. For steady state conditions the 

SVC controller compares the voltage deviation between reference and measured values and is used 

to determine the necessary adjustments in reactive power output ( )SVCQ  of the SVC. The 

adjustments in reactive power output act to maintain the bus voltage close to a reference value. 

The SVC also contributes in the improvement of system small signal stability when suitable 

controller parameters are chosen. In addition a supplementary damping signal from a POD 

controller may also considered to assists small signal stability via dynamic modulation of voltage 

reference reflecting in appropriate adjustments in SVC’s reactive power output. 
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Figure 117: Block Diagram of Basic SVC Control 

The SVC-POD controller can significantly improve damping of electromechanical power oscillations 

faced by the power system. 

System Performance without SVC-POD Controller 

A modal analysis is performed during system’s steady state conditions to locate the system’s 

oscillatory modes. The eigenvalues (with positive real part) related to the obtained oscillatory 

modes are shown in Figure 118. As can be seen, all eigenvalues have negative real parts depicting 

stability of the system. Nevertheless, a relatively low damping ratio is shown by the inter-area 
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mode ( 0.066 3.539)i   nter-area j  having a value of 1.877%  , which is lower than the 

minimum required ( 5%)   meeting the minimum requirements for practical power system 

operation. 

 

Figure 118: Oscillatory Modes of the Two-Area Test Power System with A SVC 

Detailed properties of the three electromechanical modes exhibited by the power system are 

provided in Table 30. 

 

Table 30: Electromechanical Oscillatory Modes of the Two-Area Test Power System with A SVC 

Mode Description 
Eigenvalue 

(1/ sec, rad / sec)i  

Frequency

 Hzf
 

Damping Ratio

 %
 

Local 

Area 1 

Local mode between G1 

and G2 
0.472 6.304j 

 1.003  7.463  

Local 

Area 2 

Local mode between G3 

and G4 
0.473 6.509j 

 1.036  7.241 

Inter-

area 

Inter-area mode 

between all generators 
0.066 3.539j 

 0.563  1.877  

 

Following modal analysis, non-linear time domain simulations are applied to visualize the shape of 

the inter-area mode under which generators in area 1 swing together against generators in area 2 

following disturbances. The disturbance introduced to excite the inter-area mode is represented by 

a mechanical torque change of generator 2 which is increased by +0.01 p.u. and a corresponding 

mechanical torque change of generator 4 which is reduced by -0.01 p.u. at 0 s. Figure 119 

presents the responses of generators’ rotor speed deviations to this small disturbance. The shape 

of the inter-area mode is clearly observed as the changes of generators’ rotor speed deviations in 



REPORT 
 

 

Page 202 of 218 

 

area 1 (G1 and G2) occur always in anti-phase with the corresponding changes of generators’ rotor 

speed deviations in area 2 (G3 and G4). 

 

Figure 119: Generators’ Rotor Speed Deviation Responses to the Small Disturbance without SVC-POD Control 

Figure 120 illustrates the electrical frequency response of the system at area 1 and area 2 having 

the measurements obtained at bus 7 (area 1) and bus 9 (area 2) respectively. The corresponding 

inter-area active power flow response of the system as recorded on inter-tie line 3 is shown in 

Figure 121. Both figures confirm the oscillatory nature of the inter-area mode as observed in 

generators’ rotor speed deviation responses. 

 

Figure 120: System Frequency Response to the Small Disturbance without SVC-POD Control 

 

Figure 121: Inter-Area Active Power Flow (As Recorded On Line 3) Response to the Small Disturbance without SVC-POD 
Control 
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Residue Based SVC-POD Controller Design 

The block diagram of SVC supplementary POD controller is provided in Figure 122. The selected 

input signal to POD controller is the electrical frequency deviation between area 1 and area 2 as 

demonstrated in Figure 120. The output of the POD controller is used to modify the local voltage 

reference of the primary SVC control. 
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Figure 122: Block Diagram of SVC Supplementary POD Control 

For SVC-POD controller design process the method is applied to estimate the phase angle of the 

residue corresponding to inter-area mode. At the beginning, the feedback POD controller is 

incorporated in the system comprising only of a low-pass filter and a washout filter without any 

phase-compensation blocks considered. Modal analysis is performed for 0dK  and 100dK . 

Figure 123 manifests the locations of the eigenvalues related to inter-area mode. Utilizing the 

eigenvalue shift i , the residue’s phase angle is calculated to be 12.331 R . 

100, 0.06587906 3.538824final
d erK j    int

12.331R 

0, 0.06642344 3.538705initial
d erK j    int

 

Figure 123: Residue’s Phase Angle Estimation for SVC-POD Controller Design 
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Implementation of an ideal feedback POD controller requires introduction of phase compensation 

blocks to establish the targeted phase shift of ( ) 167.669 H s  at 0.563 Hz (frequency of inter-

area mode). The controller’s parameters delivering such a phase shift are calculated to be 

0.22749 secleadT  and 0.35104 seclagT . The final form of SVC-POD feedback controller is 

given in the following equation:  

1 10 1 0.22749
( )

1 0.1 1 10 1 0.35104

   
    

     
d

s s
H s K

s s s
 

System Performance with SVC-POD Controller 

Modal analysis on the test system equipped with SVC-POD controller is initially concerned here. 

The obtained oscillatory modes of the system are displayed in Figure 124 exhibiting 9 oscillatory 

modes present in the system. Participation factor analysis suggests the new oscillatory mode is 

associated with SVC control mode. Figure 124 presents the variations taking place in system’s 

oscillatory modes as the gain dK  of the SVC-POD controller changes. The changes in dK  mostly 

affect the inter-area mode and SVC control mode, whereas the rest of system’s modes remain 

relatively unaffected. According to Figure 124, as dK  increases the poorly damped inter-area 

mode moves to the left whereas the SVC control mode moves to the right. At the point where

83150dK , maximum damping on inter-area mode is exerted reaching a value of 21.197%  . 

Gain values beyond this point cause the inter-area mode to start moving backwards to the right 

with the associated damping ratios start taking smaller numbers. 

 

Figure 124: System’s Oscillatory Modes against the Gain KD of the SVC-POD Controller 

Non-linear time domain simulations are involved in the assessment process of SVC-POD controller 

to adequately damp inter-area power oscillations experienced by the system. The small-signal 

disturbance used to excite the non-linear power system dynamics is represented by a mechanical 

torque change of generator 2 which is increased by +0.01 p.u. and a corresponding torque change 
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of generator 4 which is reduced by -0.01 p.u. at time 0 s. Figure 125 shows the responses of the 

generators’ rotor speed deviations to the small disturbance under the implementation of local 

control, such as excitation systems, governors, PSSs and basic SVC control, as compared to 

supplementary POD controller when is integrated on SVC. The obtained results highlight SVC-POD 

controller’s potential in effectively damping inter-area oscillations observed in the system. 

Furthermore, Figure 126 depicts the corresponding inter-area active power flow response of the 

system as measured on inter-tie line 3 to the small disturbance under both control scenarios. 

Likewise, the obtained results certify that the SVC-POD controller can significantly improve 

damping of electromechanical power oscillations faced by the power system. 

 

Figure 125: Generators’ Rotor Speed Deviation Responses to the Small Disturbance with SVC-POD Control 

 

Figure 126: Inter-Area Active Power Flow (As Recorded On Line 3) Response to the Small Disturbance with SVC-POD 
Control 

The performance evaluation process of the SVC-POD controller is extended to include the case of a 

large-signal disturbance experienced by the system. At 0.1 s, a permanent three-phase short-

circuit fault is initiated in the middle of line 6 and 100 ms following the fault the line is 
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disconnected. The responses of the generators’ rotor speed deviations to the transient disturbance 

with implementation of local and supplementary POD control schemes are presented in Figure 127. 

As can be deduced, the SVC-POD controller demonstrates a robust damping of inter-area 

oscillations during transient disturbance conditions. Figure 128 shows the corresponding inter-area 

active power flow response of the system as measured on inter-tie line 3 to the transient 

disturbance when both control scenarios are considered. As before, the supplementary SVC-POD 

controller heavily participates in enhanced damping performance of the power system during 

transient periods. 

 

Figure 127: Generators’ Rotor Speed Deviation Responses to the Large Disturbance with SVC-POD Control 

 

Figure 128: Inter-Area Active Power Flow (as Recorded On Line 3) Response to the Large Disturbance with SVC-POD 
Control 

Power Oscillation Damping Control with HVDC Link 

The fundamental control principle adopted by VSC-HVDC system is based on the vector control 

methodology. This considers a rotating dq-reference frame for AC currents and voltages at which 
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its rotational speed matches the speed of AC current and voltage phasors ( 2 ) f . This allows 

voltage and current variables to appear as constant vectors and therefore simplified control 

mechanisms can be implemented to control dq-currents ( , )d qi i  and through these the rest of 

system variables 1 2( , , , , )VSC VSC dc acP Q Q V V . The HVDC system considered in this study utilizes 

Proportional Integral (PI) controllers to generate appropriate reference signals ( , )ref ref
qdi i  for dq-

currents by monitoring a selection of system variables as illustrated in Figure 129 - Figure 131. 
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Figure 129: VSC-HVDC System: DC Voltage Control 
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Figure 130: VSC-HVDC System: Active Power Control 
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Figure 131: VSC-HVDC System: Reactive Power Control 

The designed VSC-HVDC system integrated in the test network is configured to control the DC link 

voltage ( )dcV  through the rectifier and active power transmission ( )P  over the DC link through 

the inverter. Both VSC converters are also configured to control reactive power injections 

1 2( , )VSC VSCQ Q  between their adjacent AC networks (area 1 & area 2).  

 

System Performance without VSC-HVDC POD Controller 

For steady state conditions, modal analysis is performed to locate the oscillatory modes inherent in 

the system. It is evident that all eigenvalues have negative real parts indicating stability of the 
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power system. However, the eigenvalue related to inter-area mode ( 0.067 3.475)inter-area    j  

exhibits a damping ratio of 1.939%  , which is less than the minimum allowed ( 5%)   for 

meeting the minimum requirements of practical power system operation. 

 

Figure 132: Oscillatory Modes of the Two-Area Test Power System with a VSC-HVDC Link 

Table 31 presents analytical details associated with the electromechanical oscillatory modes 

inherent in the power system. 

 

Table 31: Electromechanical modes of the two-area test system with a VSC-HVDC link 

Mode Description 
Eigenvalue 

(1/ sec, rad / sec)i  

Frequency

 Hzf
 

Damping Ratio

 %
 

Local 

Area 1 

Local mode between G1 

and G2 
0.478 6.294j 

 1.002  7.574  

Local 

Area 2 

Local mode between G3 

and G4 
0.475 6.506j 

 1.036  7.284  

Inter-

area 

Inter-area mode 

between all generators 
0.067 3.475j 

 0.553  1.939  

Having the modal analysis completed, non-linear time domain simulations are performed to 

highlight the shape of the inter-area oscillatory mode under which generators in area 1 swing 

together against generators in area 2 following disturbances. As an attempt to excite the non-

linear dynamics of the power system, a small disturbance is initiated. This is represented by a 

mechanical torque change of generator 2 which is increased by +0.01 p.u. and a corresponding 

torque change of generator 4 which is reduced by -0.01 p.u. at 0 s. Figure 133 shows the 

responses of generators’ rotor speed deviations to the small disturbance. The shape of the inter-

area mode can be clearly seen as the changes of generators’ rotor speed deviations in area 1 

(G1 and G2) occur always in anti-phase with the corresponding changes of generators’ rotor speed 

deviations in area 2 (G3 and G4). 
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Figure 133: Generators’ Rotor Speed Deviation Responses to the Small Disturbance without VSC-HVDC POD Control 

Figure 134 presents the electrical frequency response of the system to the small disturbance as 

recorded in area 1 and area 2, having the measurements obtained at bus 7 (area 1) and bus 9 

(area 2) respectively (see Figure 134). In addition, Figure 135 demonstrates the inter-area active 

power flow response of the system to the small disturbance as recorded on inter-tie line 3. Both 

figures validate the shape and oscillatory nature of the inter-area mode as seen in generators’ 

rotor speed deviations. 

 

Figure 134: System Frequency Response to the Small Disturbance without VSC-HVDC POD Control 

 

 

Figure 135: Inter-Area Active Power Flow (as Recorded On Line 3) Response to the Small Disturbance without Vsc-Hvdc 
Pod Control 
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Residue Based VSC-HVDC POD Controller Design 

The VSC-HVDC supplementary POD controller is shown in Figure 136. The selected input signal to 

POD controller is the electrical frequency deviation between area 1 and area 2 as demonstrated. 

The POD controller’s output is used to modify the DC active power reference point of the inverter. 
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Figure 136: Block Diagram of VSC-HVDC Supplementary POD Control 

In order to develop the supplementary VSC-HVDC POD controller, the method is applied to 

calculate the residue’s phase angle associated with the inter-area mode. As a first step, the 

feedback POD controller is integrated in the system comprising only of a low-pass filter and a 

washout filter. No phase compensation blocks considered at the moment. Modal analysis is 

executed with 0dK  and 100dK  with Figure 137 exposing the locations of the eigenvalues 

associated with the inter-area mode. Utilizing the shift experienced by the eigenvaluei , the 

residue’s phase angle is calculated to be 135.539  R . 

135.539  R

44.461

0, 0.06739079 3.47481initial
d interK j    

100, 0.07243991 3.469855final
d interK j    

 

Figure 137: Residue’s Phase Angle Estimation for VSC-HVDC POD Controller Design 
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In this particular case, a positive feedback control is used to represent the feedback POD control 

configuration as opposed to a negative feedback composition used earlier. A phase shift of 

( ) 135.539 H s  at 0.553 Hz (frequency of inter-area mode) is required to be introduced by the 

corresponding phase compensation blocks. The POD controller’s parameters delivering such a 

phase shift are estimated to be 0.05654 secleadT  and 1.46479 seclagT . The feedback POD 

controller obtains the final form shown in the following equation: 

1 10 1 0.05654
( )

1 0.1 1 10 1 1.46479

   
    

     
d

s s
H s K

s s s
 

System Performance with VSC-HVDC POD Controller 

The damping performance of the power system incorporating a VSC-HVDC POD controller is initially 

assessed through modal analysis. The obtained results illustrating system’s oscillatory modes are 

displayed in Figure 138. There are 9 oscillatory modes identified in the system denoting an extra 

oscillatory mode has been introduced. Application of participation factor analysis suggests the new 

oscillatory mode is a VSC-HVDC control mode related. Figure 138 underlines the variations suffered 

by system’s oscillatory modes as the gain dK  of the VSC-HVDC POD controller takes different 

values. As can be noticed, the inter-area mode and VSC-HVDC control mode are the most 

influenced to the changes in dK
, whereas the remaining system’s modes are left almost 

unaffected. It is seen that as dK
 increases, the weakly damped inter-area mode directs to the 

left whereas the VSC-HVDC control mode heads to the right. As soon as 
394dK 

, maximum 

damping on inter-area mode is achieved reaching a value of 
24.163% 

. Gain values higher 

than this result the inter-area mode to start moving backwards to the right with the associated 

damping ratios to start to decline. 
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Figure 138: System’s Oscillatory Modes against the Gain KD of the VSC-HVDC POD Controller 

Following modal analysis, non-linear time domain simulations are involved in the evaluation 

process of VSC-HVDC POD controller’s damping assistance when it comes to inter-area 

electromechanical oscillations observed in the system. In order to excite the system’s non-linear 

dynamics a small disturbance is initiated. The disturbance is represented by a mechanical torque 

change of generator 2 which is increased by +0.01 p.u. and a corresponding torque change of 

generator 4 which is reduced by -0.01 p.u. at 0 s. Figure 139 outlines the responses of the 

generators’ rotor speed deviations to the small disturbance under the implementation of local 

control involving excitation systems, governors, PSSs and local HVDC control, as compared to 

supplementary VSC-HVDC POD control when is integrated in the system. The obtained results 

verify that the VSC-HVDC POD controller actively participates in system’s improved damping 

performance against inter-area oscillations introduced after the small disturbance. Figure 140 on 

the other hand, shows the corresponding inter-area active power flow response of the system to 

the small disturbance as recorded on inter-tie line 3 with implementation of both control schemes. 

Likewise here, the results signify the VSC-HVDC POD controller’s optimal contribution in system’s 

improved damping performance over inter-area power oscillations. 



REPORT 
 

 

Page 213 of 218 

 

 

Figure 139: Generators’ Rotor Speed Deviation Responses to the Small Disturbance with VSC-HVDC POD Control 

 

Figure 140: Inter-Area Active Power Flow (as Recorded On Line 3) Response to the Small Disturbance with VSC-HVDC 
POD Control 

Further simulation tests are performed to assess the damping provision of the VSC-HVDC POD 

controller in the case of a large signal disturbance. The transient disturbance is represented by a 

permanent three-phase short-circuit fault initiated on the mid-point of line 6  at 0.1 s with the 

faulted line being tripped 100 ms after the fault. The responses of the generators’ rotor speed 

deviations to the transient disturbance with application of local and supplementary VSC-HVDC POD 

control schemes are shown in Figure 141. The figure emphasizes VSC-HVDC POD controller’s 

robust damping provision against inter-area oscillations once the system suffered a large 

disturbance. In addition, Figure 142 presents the corresponding inter-area active power flow 

response of the power system to the transient disturbance as measured on inter-tie line 3 under 

application of both control schemes. Once again, the VSC-HVDC POD controller heavily assists in 
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the improved damping performance of the power system against inter-area power oscillations 

following severe disturbances. 

 

Figure 141: Generators’ Rotor Speed Deviation Responses to the Large Disturbance with VSC-HVDC POD Control 

 

 

Figure 142: Inter-Area Active Power Flow (as Recorded On Line 3) Response to the Large Disturbance with VSC-HVDC 
POD Control 

 Monitoring higher frequency oscillations (4 – 46 Hz)  9.3

Ambient Data SSR Monitoring 

The SSR problem has been reported not only in conventional thermal plant but also in wind 

turbines, thus the realisation of monitoring is an important issue for both types of generators. 

Two measurement based approaches, ringdown and ambient data analysis methods have been 

mentioned in the context. Since the former approach is valid only for the occasions with 

disturbance occurred, the ambient data, which is continuously accessible from the small load 

fluctuations, seems more promising for SSR monitoring. Though technically both electrical and 
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mechanical signals can be used to track the frequency, damping ratio and mode shape, after 

testing with two different ambient data analysis, the mechanical signal is suggested to have a 

better result. 

Electronic Analog Model 

This method focuses on monitoring the third type SSR problem (transient torque amplification) of 

the turbine-generator system in the Cholla generating station of Arizona. The paper introduces an 

electronic analogue circuit model, which is capable of recording a cumulative history of the sub-

synchronous frequency torsional oscillations on each major shaft section. The instantaneous power 

and speed variations are transmitted to the monitoring system from the generator rotors through 

the watt transducer and velocity deviation transducers installed at the rotor end. With the assistant 

of these two measurements, the torsional monitoring equipment can track the transient torque, 

counting the complex reversals of it based on the Range Pair method, through which the 

cumulative fatigue damage caused to the shaft can be identified. The monitor equipped with two 

alarming subsystems:  one constantly supervises the instantaneous torque value and notify 

operators when it is above the set-point, while another monitoring lower-level oscillatory torques in 

case that it become large enough to cause high cycle fatigue damage. 

Time-domain Simulation-based Method 

Analysis target on the topic of SSR risk assessment is mainly achieved by the means of offline 

simulation methods. The drawback of these methods is that there are extremely huge amount of 

data requires to be dealt with, especially for a modern large-scale power system, considering all 

kinds of possible operation modes have to be taking into account. 

To avoid such an exhaustive calculation process in the practical application, an online monitoring, 

analysing and early-warning technique for SSR problem, using time domain simulation method and 

the corresponding platform based on the computer cluster has been developed.  

The idea of deploying online methodology is that, instead of calculating with variables in all 

different conditions, to perform the analysis regularly, using only real-time measurements. In this 

way, the situations where SSR might occur under the current system condition can be extracted 

and used, with the information stored in the strategy knowledge base, for generating early-warning 

signals to notify the system dispatchers. 

However, the realisation of the method does not solely depend on the online system, but also 

through establishing a complex system platform, combining both online and offline characteristics. 

A basic offline model has to be built at first, including both generators in the plant and local 

network elements, which together form the base of the online analysis. Then as the measurements 

obtained from the actual system conditions, which contain practical grid topology parameters 

alongside power flow distribution information, are gathered in the analysing tools, the original 

model will be updated and adapted to the newest system operating condition. The task generation 

block will examine the status of each element in the system and then predict the possible change 

from the current condition through calculation. 
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Intelligent Shaft-Torsional Oscillation Monitor 

The traditional direct way of sensing the torsional oscillations requires access to the instantaneous 

rotor speed and shaft torque, which are rather difficult to obtain. As for indirect methods, only the 

rapid variation in the air-gap torque of the machine was considered to be utilised in the detection 

process. The stator currents, which contain valuable information about unstable torsional mode, 

however, have not been fully taken advantage of. 

A novel on-line shaft-torsional oscillation monitor named Intelligent Shaft Monitor (ISM) has been 

developed for large induction motors and synchronous generators. The designed monitor in this 

paper is studied by modelling using MATLAB/Simulink, under three phase short circuited condition, 

the most severe fault case. The equipment utilises the generator stator current as its input variable, 

through a frequency based pattern recognition phase portrait, identifies the features of the 

measurements, and then further recognise the torsional oscillations. 

Parametric Approach for Frequency Estimation 

Besides the adoption of proper measurement equipment, analysing tools alongside corresponding 

software platform, and appropriate measured data selection, another significant issue is to choose 

a well-suited algorithm to process the obtained data.  

A sinusoids’ frequency estimation approach was originally proposed as a general method to analyse 

sinusoidal signals. In this research, a new formulation for estimation of frequencies of sinusoids 

was deduced.  

Assume a signal sample measured at a certain moment nT, containing a sum of M sinusoids, the 

decomposition of which theoretically can be expressed in the form of a linear combination of 2M 

samples taken from the previous time point, between (n-2M)T and (n-1)T. T is the uniform 

sampling interval and assumed equal to one without loss of generality. This paper suggests a 

computationally efficient way to compute the 2M coefficients in front of each element and then 

identify the frequencies of the harmonic components contained in the original signal. 

The identification for coefficient a is the most critical and difficult part of the signal analysis, and 

thus, is regarded as the main study object of this paper. For M sinusoids, of which the amplitudes, 

phases, and frequencies are denoted by iA , i , and i  respectively ( i =1, …, M), the summation 

of them can be written in the following form: 

 
1

( ) sin[ ]
M

i i i

i

S n A n 


    (0) 

When putting into another form, using the 2M previous samples, Equation (0) becomes: 

 

2 2

1 1 1 1

( ) sin( ) cos - cos( ) sin
M M M M

i i i l i i i i l i

i l i l

S n A n a l A n a l     
   

          (0) 

where, la  represents the coefficients in front of the 2M elements of the linear combination ( l =1, 

…, 2M), which equal to coefficients of the 2M-order polynomial. 

Since the condition   0TE X    needs to be satisfied to ensure an unbiased estimation value, a 

consistent estimate â  has to be introduced by the instrumental variable method: 
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where 
TZ  is the instrumental variable matrix: 
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The estimate â  can be further modified by the restricted least squares method to obtain a more 

accurate estimate 
ˆ̂a : 

 
1 1 1ˆ̂ ˆ ˆ= +(Z X) [ (Z X) ] [ ]T T T Ta a r a        (0) 

where   is an M×2M matrix and r  is an M-vector, together with 2M-vector a, compose the matrix 

form of the rule that describes the mutual relationship between different coefficient a: 

 r a   (0) 

 

 Mitigating higher frequency oscillations (4 – 46 Hz)  9.4

The traditional methods of SSR study, which are generally through electromagnetic transient 

simulations (EMTs), only focus on the detailed modelling of the generation and power network, but 

neglect the effect brought by the load. One primary cause for the indifference of the load impacts 

is that the inconstant and unpredictable features of the load make it almost impossible to 

accurately track the composition of static and dynamic loads in the power system. Therefore, the 

easiest way to realise the load modelling is to solely choose static type load models, such as 

constant impedance models, to represent the entire power load, which, up to now, has been 

considered sufficient in a large amount of research work and become an industrial practice. 

The Motor Load Impact on Torsional Oscillations 
 

The importance of induction motor loads, with respect to the influence on torsional interactions, 

has been emphasized. Particularly, the details about two typical kinds, direct on-line (DOL) and 

variable frequency drive (VFD), have been introduced. The fact that the dynamic loads have 

positive impact on torsional oscillation damping is already well recognised and indicated in some 

research work. However, in order to explore how the nature of oscillations change with different 

load type composition, along with the extent of the influence, an accurate load aggregation 

technique is required and of significant importance. Thus, in terms of load modelling for SSR study, 

the first step is to choose a proper dynamic model, representing each motor’s terminal behaviour. 

Then the multiple motors need to be combined into one equivalent motor, with weighted average 

method. 

In this thesis, several aspects of dynamic load impacts have been explored through computer 

simulations. The test performed under six different load compositions, using modified IEEE first 

benchmark system, has confirmed that the load type does have a significant effect on the torsional 
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oscillation damping. When installing high aggregate inertia motor loads at different locations (near 

the generation or far away at the load bus), it can be observed that in the former case the 

damping performance of the motor load is better, as there is less energy flowing through the series 

capacitor branch. However, with low aggregate inertia motors installed in the system, the results 

show the opposite, where the aggregate motor provides better damping when installed at load bus. 

Tests on DOL and VFD motors indicate that the SSR phenomena not only interact with generator 

shafts, but also induction motor shafts. The oscillations appearing in the electrical torque changes 

the motor operating point and further lead to motor shaft stress, which interferes the original 

operation status of the motor and identified as sub-synchronous resonance load interactions (SSR-

LI). Furthermore, for the VFD based motors, it has been proved that SSR can transmitted through 

passive front-end VFD drives, and this particular feature entails those motors the potential to be 

controllable active power sources. Additionally, it is worth mentioning that the above dynamic load 

impacts are investigated at the bulk transmission level, rather than a distribution level. 

 

Based on this observation, SSR oscillations can be properly managed through suitable control 

measures with the help of induction motor loads, and thus a novel damping controller has been 

proposed and tested in Section 6.3.3. 
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