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

research and innovation programme under grant agreement No 691800.  

1 Executive Summary 
The power system is changing with the increasing penetration of renewable sources and power 

electronic interfaces. The dynamics and stability of the power system are strongly influenced by 

synchronous generation being displaced by renewable and power electronic interfaces, resulting in 

substantially lower inertia in areas of the grid, sparse distribution of remaining inertia over a wide 

area, and emerging potential for new forms of transient and oscillatory stability problems. The goal 

of MIGRATE Work Package 2 is to investigate and apply measurable Key Performance Indicators 

(KPIs) on real system data. This work captures the behaviour of power systems in transition, and 

demonstrates control options for mitigating stability issues related to low and sparse inertia. 

 

Within MIGRATE Work Package 2 “Real time monitoring and control to enable Transmission 

Network transition”, 7 European TSOs and 3 research institutes collaborated to investigate the use 

of synchronised measurement technology – already well deployed in Europe – to monitor system 

dynamics, report on the impact of power electronic penetration, and pilot test advanced controls. 

The work in WP2 addresses several of the key stability priorities identified and ranked in WP1, 

(summarised in Table 1). WP2 extends the work in WP1 on stability KPIs, and in contrast to the 

WP1 theoretical research on KPIs, WP2 emphasised a subset of the stability issues using KPIs 

derived using existing measurements on real power systems. Furthermore, the KPIs in WP2 were 

designed to address operational and control use cases, including the wide area stability control 

methodology that was pilot tested in Iceland.  

 

This document reports on high-level learning derived from the overall WP2 work. Outcomes from 

WP2 developments and trials are reported in greater detail in the following documents: 

D2.1 Requirements for Monitoring & Forecasting PE-based KPIs 

D2.2 Solutions to monitor and forecast KPIs enabling TSOs to assess the impact of PE 

penetration 

D2.3 Lessons Learned from Monitoring & Forecasting KPIs on Impact of PE Penetration 

D2.4 Wide area control to mitigate the consequences of dynamic issue in low inertia systems  

 

This summary document is intended to inform decision-making for European power systems for co-

ordinated monitoring and control of systems and interconnections to manage the transition to a 

high penetration of renewable sources and power electronic interfaces. Synchronised measurement 

technologies provide a means to observe dynamic behaviour, as well as offering new opportunities 

to make use of the inherent capability of resources in the grid to deliver novel, fast-acting 

stabilising services without the high costs that might be anticipated from resources (e.g. battery 

storage) dedicated to specific ancillary services. 
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The recommendations from MIGRATE WP 2 are: 

Recommendation 1 – Synchronised measurement technology allows monitoring of Key 

Performance Indicators for stability-related controls and counter-measures in low inertia / power 

electronic intensive networks. These KPIs identify stability behaviours and trends from variables 

directly measurable in the power system. 

Recommendation 2 – The system should be considered as multiple centres of inertia, distributed 

around a network. The Effective Area Inertia KPI characterises regional behaviour that is important 

for RoCoF, frequency containment, transient angle stability and islanding. This KPI captures the 

relationship between the power imbalance and the rate of change of frequency of an area. The 

“effective area inertia” represents all factors that influence the power imbalance vs RoCoF 

relationship and proved to be more useful than the rotational inertia of connected generators, 

avoiding over-conservative assumptions for RoCoF and frequency containment. 

Recommendation 3 – Regional inertia issues can be addressed by fast control that is sensitive to 

disturbance location. A live wide area control demonstration in Iceland proves the capability to use 

existing demand and generation for fast, locational, proportionate response to mitigate low inertia 

problems. The wide area control scheme is running in Iceland, reducing the occurrence and impact 

of islanding and improving frequency containment. Fast acting response is applied in the right 

location and in proportion to the disturbances in the grid. Testing was successful and paves the 

way to similar developments in other systems including larger interconnections. 
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Figure 3 Comparison of frequency in similar events before and after Wide Area Control 

Implementation, showing differences between uncontrolled (“Pre”) and controlled (“Post”) 

generation and load responses 

 

Recommendation 4 –  The System Strength (or System Impedance) at near-

nominal voltage should be distinguished from Short Circuit Capacity which 
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relates to performance during a fault. The values may be significantly 
different and are required for different purposes. The system strength at a bus 

characterises the voltage support at near nominal voltage conditions. Current practice assumes 

that the system strength is approximated by short circuit capacity derived from fault behaviour, 

but this can no longer be assumed with high penetration of power electronic sources. Therefore, a 

new and measurable KPI for System Strength or associated System Impedance is proposed. 

Recommendation 5 – System Strength is a KPI that is measurable from reactive power switching 

events and can potentially be used to avoid commutation failure of HVDC-LCC converters or control 

instability of HVDC-VSC or other power electronic devices. These are the key use cases for the 

System Strength KPI in the near future, though other use cases are expected to emerge. Further 

review of current practices using short circuit capacity is recommended to determine the 

circumstances in which the system strength measure is more relevant.   

Recommendation 6 – Applying Machine Learning to Effective Area Inertia and System Strength 

KPIs enables forecasting and interpretation of sensitivity to various influences . Initial simulation-

based trials using data science techniques with the KPIs were positive, and further development of 

techniques applied to real-world Effective Area Inertia forecasting is proposed. 

Recommendation 7 – Power system oscillations should be monitored across a wider bandwidth 

than established electromechanical oscillation monitoring, incorporating emerging interaction 

issues. Co-ordinated risk management is possible through new capabilities to observe stability and 

localise sources of problems. Innovations in expanding the bandwidth and diagnostic capability 

for identifying sources of oscillations and damping problems, including a real-time capability, have 

been recently demonstrated in the GB grid, which has raised interest from other European TSOs. 

Recommendation 8 – The MIGRATE WP2 work has proven the feasibility of new monitoring and 

control capabilities with value for system operations, and should be further developed and 

generalised for operational deployment. Greater deployment of synchronised monitoring, uptake of 

infrastructure and real-time operational applications, together with appropriate procedures , has 

potential to improve the security and flexibility of European power systems. 

Recommendation 9 – Successful deployment of the synchronised measurement technology in 

European interconnections would benefit from a consistent methodology for standardisation, 

communications and IT architecture. There are technical barriers to entry for the technology, which 

can be overcome through standards, industry practices and communications / IT architecture. The  

data rates from synchronised measurement technology are significantly faster than conventional 

SCADA, but this need not be a practical barrier to deployment.   
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2 Introduction 
Dynamic interactions in power systems are changing with the transformation of energy sources, 

loads and storage facilities. There is a trend towards power electronic (PE) interfaces to connect 

renewable generation, loads, interconnection and storage. Power electronic converters can be fast-

acting and highly controllable, but as a result, power systems are becoming more complex to 

control and model, and there is potential for stability issues to arise. 

 

With the increasing complexity and variability of operation, measurements and data analytics are 

now an essential part of risk mitigation. Therefore, the partners of MIGRATE Work Package 2 

(WP2) investigated how new monitoring and control would help in addressing the challenges posed 

by increasing PE penetration levels and reducing inertia. New tools were developed and pilot tests 

and demonstrations were performed in several European interconnections. The learning outcomes 

have been publicly documented in D2.3 titled “Lessons Learned from Monitoring & Fore casting KPIs 

on the Impact of PE Penetration”. 

 

Within MIGRATE WP1, the consortium listed the system performance issues raised by the increased 

penetration of power electronic (PE) devices, as shown in Table 1Error! Reference source not 

found..  

 

Table 1: Ranking and categorization of identified stability issues1 

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 

 

                                                 

1  MIGRATE Deliverable D1.2 
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TSOs use several KPIs in their daily operations, but massive penetration of PE leads to new 

requirements for new KPIs that capture the dynamic performance of the system with more rapid 

changes and new stability issues emerging.  

 

It may be noted that several of the stability issues identified and ranked are related to frequency 

and rotor angle stability, which relate to the amount and distribution of inertia. Addressing system 

inertia as linked clusters of inertia is an important consideration for faster frequency movements 

and greater divergence of frequency (and therefore rotor angle) across the system during 

disturbances. Previously, inertia was generally considered to be a whole system measure, but in 

MIGRATE the importance of geographic distribution of inertia is recognised in measurement and 

mitigation strategies. 

 

Oscillations are also related a range of to control interactions and the stability of voltage described 

in the Key Findings, Recommendation 7. Faster control responses can lead to new forms of 

interaction and oscillatory stability problems in a wider frequency range than the conventional 

electromechanical oscillations (0.1 - 2 Hz). All oscillations that are observable in active power will 

produce frequency and RoCoF oscillations, but observations suggest that the most significant 

influences on RoCoF behaviour in practice tend to be inter-area electromechanical oscillations.  

 

Voltage stability is related to the system strength and voltage support while the system is 

operating at near-nominal voltage, and the impedance during a fault is less relevant. Power 

electronic interfaces can respond rapidly and be very effective at providing voltage support at near-

nominal voltage, but they have limited capacity to supply fault current. The system strength during 

non-fault conditions is a valuable measurable KPI for voltage stability, diverging from the current 

practice of using Short Circuit Capacity (derived from fault scenarios) as a measure of the system 

strength. 

 

It may be noted that stability KPIs were addressed from two perspectives within the MIGRATE 

consortium. In WP1, a broad review of industry issues was carried out which identified and 

prioritised the issues reported in Table 1, and following this review, theoretical KPIs were proposed 

to address the areas of concern. The WP1 KPIs were intended to be derived from combinations of 

PMU data, SCADA data and model-based simulations, and some considerations on the practical 

potential for implementation are provided in deliverable D2.3. The WP2 prototype tools for 

measuring KPIs were developed and trialled using real power system data, and were designed 

around use cases where there was a specific need for the KPIs for operational observability and 

automated control, as in the Icelandic wide area control pilot.      

 

This document is structured along nine recommendations arising from the work performed during 

the first three years of Project MIGRATE. A further summary of the outcomes relating to each of 

the WP2 tasks is also included. 
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3 Key Findings 

Recommendation 1 – Synchronised measurement technology allows monitoring of Key 

Performance Indicators for stability-related controls and counter-measures in low inertia / 
power electronic intensive networks. 

Synchronised measurement technology (SMT) is already deployed in most European networks, and 

provides the visibility to understand and manage complex issues in the power system. 

Measurement devices are distributed throughout the grid, synchronised to a common source and 

streamed to a central data processor at a rate in the range of 10 to 50 (or even 200) frames per 

second. This data processor time-aligns the incoming data and applies a set of analytical 

applications, thereby capturing the power system behaviour beyond conventional control room 

tools, especially for monitoring system dynamics. Phasor Measurement Units (PMUs) have been 

available since the 1980s, and are now normally compliant with IEEE standards released in 2005 or 

2011. The applications have matured extensively over this time, and are used for real-time and 

analytical purposes in many power systems, but some barriers remain in applying SMT in real-time 

operational management. SMT has now started to be used in automated wide area control and 

protection, leading to valuable new opportunities for grid self-healing and integration of renewable 

energy. 

 

In this document, the term SMT is used rather than PMU, as SMT covers a wider range of phasor, 

analogue value and digital measurements. The tools proposed here are not limited to the use of 

phasors and go beyond the minimum requirements specified in the IEEE Standard for 

Synchrophasors2. It is common to refer to wide area monitoring systems (WAMS) or wide area 

control systems (WACS) that incorporate SMT sources. 

 

Synchronised measurement technologies offer the necessary speed and accurate time 

synchronisation required to extract KPIs that address the issues identified as being of concern for 

the industry.  SMT are also able to capture the system response to ambient changes and small 

disturbances.  This enables continuous monitoring of KPI’s such as effective inertia and oscillations. 

While the principle of using ambient changes to extract stability information is not new, the 

MIGRATE work demonstrates potential to expand this approach to apply to various new concerns 

relevant to the inertia and power electronic penetration issues.  

                                                 

2 The most recent IEEE Standard for Synchrophasors refers to a set of two documents:  

1) The IEEE C37.118.1-2011 “Standard for Synchrophasor Measurements for Power Systems” and 

its amendment C37.118.1a-2014 “Modification of selected performance requirements” 

2) The IEEE C37.118.2-2011 “Standard for Synchrophasor Data Transfer for Power Systems”. 

-  
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Recommendation 2 – The system should be considered as multiple centres of inertia, 

distributed around a network. The Effective Area Inertia KPI characterises regional 
behaviour that is important for RoCoF, frequency containment, transient angle stability 

and islanding. 

There is a growing concern that displacement of centralized, conventional generation by distributed, 

renewable generation leads to a reduction in overall inertia and the sparse distribution of remaining 

inertia leads to regional stability concerns. 

 

In the case of disturbances, the response of the system can no longer be approximated as a rigid 

body represented by a single total inertia. Instead, it behaves like a set of interconnected clusters 

of inertia. This is illustrated in Figure 1, showing recordings of an event in the system of Great 

Britain (GB).  

 

 

Figure 1: RoCoF measurements across the GB system following a disturbance in southeast England, showing regional 

measurements crossing a 0.125 Hz/s threshold3 in some locations, at different times. 

                                                 
3 0.125Hz/s threshold is currently used in GB for <5MW distributed energy resources as loss-of-mains 

protection. Larger units have been revised to 1Hz/s, but there are many small DER units where the change to 

1Hz/s will take years to roll out, and 0.125Hz/s continues to be a system constraint.  
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The effective area inertia captures the relationship between the power imbalance and the rate of 

change of frequency (RoCoF) of an area. The measured effective inertia includes the rotating 

inertia from conventional generators as well as other influences on the relationship between power 

imbalances and RoCoF. These additional influences include passive and active responses, which 

appear to be predominantly related to voltage effects on load as the patterns of power flow 

dynamically change, although there are several other sources such as unobserved distribution-

connected inertia, load frequency response and actively controlled responses (e.g. synthetic 

inertia). 

 

In a PE-intensive system with low conventional rotating inertia, the effective inertia of an area can 

be greater than rotating inertia as it includes non-inertial response such as load voltage and 

frequency dependence. The effective inertia of an area is a valuable performance indicator as it can 

be directly used to determine area-based frequency response requirements without over-

conservative assumptions. It is also useful in designing control schemes for fast frequency 

control, as demonstrated by Landsnet in Iceland (detailed in Recommendation 3). 

 

The effective inertia can be monitored using phasor measurements. Two estimation methods were 

trialled, including an event-based analytic measure and a continuous system identification 

approach originally proposed in the MIGRATE targets. The event-based approach used PMU 

measurements on all transmission lines crossing the area boundary as illustrated in Figure 2. The 

system identification approach required a greater penetration of PMU measurements including 

power from most of the main generation sources (typically about 80% of power infeeds). 

 

Following implementation and trials of both the event-based and continuous measures, it was 

recognised that continuous measurement is of greater value to system operations, but a simpler 

implementation was required. Further developments by GE (as a step towards commercialising the 

outcomes) extended the concept of the event-based measure to extract continuous area inertia 

using measurements that are more practical to obtain by most TSOs4. Thus, the extension of the 

event-based measure is a practical enhancement from the MIGRATE scope. 

 

It is noted, however, that in the longer term, system identification may provide a valuable option. 

As the penetration of power electronic interfaces increases to an extent where there is little or no 

physical rotating inertia, areas may no longer act in a similar way to the present inertia-dominated 

response. A more complex representation of frequency vs power behaviour may be required, and 

system identification could be a useful resource to capture this behaviour. 

 

                                                 
4 Practical limitations include 1) the current and short-term future penetration of PMU devices in 

the networks, and 2) Security and data sharing constraints allow for monitoring up to 

organisational boundaries, but only limited inter-TSO PMU data sharing is permitted.  
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Area boundaries can coincide with natural physical boundaries (e.g. longer transmission corridors) 

or organisation boundaries (e.g. TSO network area). Area boundaries are chosen such that the 

generation within the area is strongly connected, while larger angle differences (and potentially 

system splits) occur along the corridors between areas. 

 

 

Figure 2: Synchronised power and frequency measurement for a bounded area of the grid 

Power imbalance in an area is a result of changes in power flows between areas, and the net power 

into or out of an area can be determined using synchronised measurement of power across the 

area boundary using PMUs. Deviations from the steady-state power balance of an area produce 

acceleration or deceleration of synchronous generators within the area which can be observed as 

changes in frequency. By relating the net changes in area power exchange to the frequency 

changes within the area, a measure of the effective inertia of the area can be derived. 

 

The inertia of areas is important both for large and small power systems. In larger systems with 

low inertia areas, the regional distribution of inertia is particularly important. Use cases include : 

1. Containing RoCoF within loss-of-mains criteria to avoid large numbers of distributed 

generation tripping in an area, or larger generators tripping due to excessive rotor speed 

changes. 

2. Identifying maximum infeed/outfeed loss per area such that RoCoF limits are not 

exceeded in an area of the grid. 

3. Containing frequency within statutory limits during interconnected operation and 

potential islanding scenarios. 
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4. Avoiding out-of-step between areas of the grid, as large infeed losses in low inertia 

areas, or weakening of boundary transmission corridors can lead to rapid angle difference 

changes. 

 

It is emphasised that the inertia issue has a wider implication than the conventional understanding 

that the average system frequency and RoCoF values should be kept within boundaries. 

 

Both event-based and continuous inertia estimates were successfully applied in various European 

networks. The main concepts were proven and consistent results were obtained. The development 

of prototype tools and trialling them on different networks served to identify the benefits and 

practical implementation issues of monitoring area inertia. Event-based estimation was successful 

on small to medium size networks such as Iceland, GB, and the Nordic system. The concept was 

valid on larger interconnections, but few events occurred of sufficient size to assess inertia in the 

real network. The learning led to some further commercial research work extending the event-

based approach to a continuous implementation that is applicable to all sizes of networks including 

large interconnections without onerous monitoring requirements. Further testing of the continuous 

implementation has been proposed.  

 

Further work is recommended on translating effective area inertia estimations into assessments of 

expected area RoCoF and largest losses per area. The KPI is also important for defining the needs 

for active fast frequency responses to mitigate RoCoF and load shedding. Further work on the 

application of machine learning is also recommended, as described under Recommendation 6. 

 

Recommendation 3 – Regional inertia issues can be addressed by fast control that is 

sensitive to disturbance location. A live wide area control demonstration in Iceland proves 
the capability to use existing demand and generation for fast, locational, proportionate 
response to mitigate low inertia problems. 

Frequency response has traditionally been regarded as a system-wide service, which was 

appropriate when response was slow in comparison to transient power swings. However, with lower 

inertia, the time available to re-balance the power system is reducing. In the GB power system, 

fast response is needed within 2-3 s of a disturbance, rather than 7-10s required for traditional 

primary frequency control. Fast frequency response services must now be deployed in the same 

timeframe as transient power swings, and a fast response may positively or negatively affect the 

transient angle stability of the grid. Fast frequency response must therefore include locational 

sensitivity to act to reduce angle deviation in a disturbance, where there is potential for islanding 

or excessive regional RoCoF. 

 

Separation occurs periodically in Iceland due to sparse inertia being connected over weak 

transmission boundaries. Regional blackouts in northwest Scotland in 2014 and in South Australia 

in 2016 occurred in low inertia areas of larger grids, and the impact is in some measure related to 
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the low inertia of the affected regions. The Icelandic grid has the characteristics of a weakly 

coupled transmission system connecting sparsely distributed centres of inertia. Fast frequency 

response is valuable for frequency stability, but applying a response in the wrong location relative 

to the disturbance can not only force a system split, but also reduce the likelihood of successful 

islanding ride-through. There was a clear need for fast frequency response that was sensitive to 

the location of the disturbance and the stress in the grid, as well as being proportionate to the 

event. 

 

It was important in the Icelandic system to use existing resources for fast frequency response as 

effectively as possible, as it would be prohibitively expensive to deal with very large smelter load 

losses using dedicated resources such as batteries. Most grid connected equipment, at both 

generation and demand side, has the physical capability to provide a useful response if the 

technical mechanism, commercial incentives and overall co-ordination are in place. A wide area 

control system was deployed in Iceland to trigger responses using the resources described in Table 

2. 

 

The experience of commissioning and operating a wide area control scheme has yielded the 

following learning: 

1. Latency of 100ms in communications and PMU measurement was achieved, with data 

transfer over 1000 km. Detection and response triggering is achieved in 200-300ms. 

Discrete responses reacted in <0.5s so overall latency was <1s. 

2. Hydro fast-ramp control is slower to start (3s governor/turbine/water column delay), but 

the ramp rate and response volume from the unit are much greater than standard 

frequency control, and it complements the faster short-term discrete resources. 

3. The pilot wide area control reduces the Icelandic grid frequency deviations by at least 

0.25 Hz in large disturbance events encountered, using the relatively small volume of pilot 

resources deployed. A rollout promises much greater frequency containment performance 

in both intact and islanded cases. 

4. Reliability of each controlled device was at least 99.967%. The latency and reliability were 

achieved using existing communications infrastructure, with some work on configuration, 

e.g. switches, firewalls and bandwidth shaping. 
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Table 2: Summary of Wide Area Control resources in the Icelandic control scheme 

Category Location Sensitive 

Action  

Resource Description Location in Icelandic Grid 

❶ Discrete 

Step Response 

– trip (LF) 

Sheddable load 

tripping 

Industry load shed 

East Iceland Fish 

Factories (6 units @ 15-

25 MW full load) 

 

 

 

❷ Discrete 

Step Response 

– control 

(HF&LF) 

Fast load step up or 

down using thyristor 

controlled load 

West Iceland ISAL and 

Nordural (NAL) smelters 

(NAL trials used earlier 

WAC scheme) 

❸ Ramp 

Response  

(HF; future LF) 

Ramp ON (up/down), 

sustained till 

frequency stabilised. 

Hydro fast ramp (HRA 

70 MW unit) 

HF: High frequency response;  LF: Low frequency response; WAC: Wide area control 

 

The benefits observed in the Icelandic system over several months of live operation include: 

1. Reducing the occurrence of islanding and the consequent risks and losses of generation 

and load. 

a. Four disturbances occurred following commissioning which would have been 

likely to cause islanding, but the system remained intact with the help of the 

WAC system. 

b. One islanding case occurred while the WAC scheme was active due to 

instantaneous loss of 180 MW followed by 330 MW load loss by emergency 

ramp down. In this case, frequency was contained to 51.8 Hz, while previously 

such events would lead to frequency exceeding 52 Hz. 

2. If islanding does occur, it improves the likelihood of the islands surviving, as there is an 

improved balance in the islands as they form. 

3. Reducing the risk of load or generation loss through extreme frequency deviation.  

4. Increased efficiency in delivering frequency response services by opening the service to 

many more participants, without incurring the cost of installing dedicated devices. 

5. Resources can be used that connect at any voltage level, including transmission and 

distribution levels. 

6. Reduced stress on machines that are involved in frequency control: 

a. Reducing mechanical stress from large speed excursions during disturbances  

b. Reducing the time of operation within the hydro rough running zone 

c. Reducing continuous frequency control action; separating large-disturbance 

response from small-disturbance provides scope for reducing oscillations.  
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7. Greater certainty over the frequency characteristics that would be expected in 

disturbances, leading to better plant performance and continuity of supply. 

8. Increased transfer capability of the network. 107 MW of interruptible load is able to 

connect in East Iceland due to control capability, with the prospect of more connection 

capability. 

9. New options for offering managed connections where transmission capacity is 

insufficient. 

 

The approach is flexible, and resources can be incorporated as services from existing equipment, 

taking account of the physical capabilities and operating state. The flexibility enables participants 

to offer services which a more rigid service definition would exclude. For example: 

 The response time and rate depends on what the plant can achieve, and is not restricted 

to a rigid criterion such as “delivery must be within 1s”. Thus, accelerated response from 

generation can be included. 

 Availability should be predictable and tracked by real-time measurement but can vary 

with the operational load or generation level. Thus, variable resources can be 

incorporated without interfering with the primary function of the plant. 

 The TSO can aggregate multiple responses of different types to achieve an overall 

predictable and sufficient response capability. 

 

This flexible approach contrasts with other fast frequency response services that have been used 

elsewhere, where few resources other than battery storage can fulfil the technical criteria. An 

inflexible approach leads to an expensive solution with few eligible participants or technologies. 

 

The approach used in Iceland can be generalised for larger power systems. The approach 

translates directly to medium sized networks such as the GB and Nordic grids. For larger 

interconnections, there are feasible enhancements that can be made to apply a similar approach 

where global system frequency changes are very small and not easily identified. Angle separations 

and boundary power can be used in place of frequency and system-average RoCoF for triggering 

proportional response in large interconnections. 
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Figure 3 Comparison of frequency in similar events before and after Wide Area Control Implementation, showing 
differences between uncontrolled (“Pre”) and controlled (“Post”) generation and load responses  

1 

2 

Two similar smelter-trip events before WAC commissioning (blue) and after WAC commissioning (green) 
 

Load response in <0.5s, reduces frequency peak. 

 
Hydro fast ramp start at 4s, replaces fast temporary load response. Rate & volume greater than primary control 
 

  Improving frequency trajectory  
 

1 

2 
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Recommendation 4 – The System Strength (or System Impedance) at near -nominal voltage 

should be distinguished from Short Circuit Capacity which relates to performance during a 
fault. The values may be significantly different and are required for different purposes.  

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

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

generation, the characteristics of voltage support also change. 

 

Historically, there has been an ambiguity in the industry in referring to “Short Circuit Capacity” 

(SCC) for two fundamentally different characteristics: 

1. Current that would flow into a 3-phase short circuit 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. 

 

 

Figure 4 Distinction between System Strength and Short Circuit Capacity (Fault) perforance characteristics 

 

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, e.g., within 10% of 

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. 

 

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); or 

2. System Strength (in MVA) 
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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 criteria5, 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 reactive power changes, while a weaker area will show larger voltage changes.  

 

Measuring system strength is important in systems where there is an increasing penetration of 

power electronic converters and reduced synchronous generation. The measure captures a key 

aspect of voltage support and stability. Power electronic converters can increase system strength, 

because they support voltage while the network voltage is near its nominal value. However, during 

a close up 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 while providing a significant contribution to system strength. 

 

Recommendation 5 – System Strength is a KPI that is measurable from reactive power 
switching events and can potentially be used to avoid commutation failure of HVDC-LCC 
converters or control instability of HVDC-VSC or other power electronic devices. 

A prototype application to measure System Strength was developed and trialled. Changes in 

voltage and current phasors were used to determine the System Strength in events where a 

“downstream” reactive power change stimulates a voltage change at the measured bus , as 

illustrated in Figure 5. 

 

 

Figure 5: System Strength / Impedance measurement 

 

                                                 
5 D2.3 describes the criteria for measurement points and suitable disturbances for the 

measurement of system strength. 
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The System Strength at near-nominal voltage is measurable from relatively frequent events such 

as reactive power switching. By contrast, 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, not the Short Circuit Capacity, according to the distinction described above. 

 

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 control of 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. 

 

Low system strength can lead to instability of control systems that depend on stable voltage. It is 

not fully known at this stage to what extent the system strength measure is applicable to other 

power electronic connections such as STATCOMs, SVCs, windfarms, PV arrays etc. However, within 

the consortium, there is experience of SVC control instability in conditions of abnormally low 

system strength. A practical example of power electronic control instability of an SVC in conditions 

of low system strength was captured by PMU measurements in Iceland during the project. This 

instability was observed as large undamped reactive power oscillations at 10Hz. 

 

The approach yielded interesting results in GB at the point of connection of an HVDC-LCC 

connection. In Spain, REE has commissioned a scheme based on the SMT to avoid low system 

strength System Strength at the terminals of the DC link between the mainland and the Balearic 

islands. 

 

Trials in GB and Italy showed that good results are achieved when a reactive power change takes 

place, compared with active power changes. To focus on the better quality results, data cleaning 

approaches were explored to report events only if certain criteria are met for the triggering event 

and result consistency. A confidence level measure was useful in interpreting results and filtering 

higher and lower quality of estimates. 

 

Some results from GB are reproduced in Table 3.Error! Reference source not found. Station 1 is 

the terminal of an HVDC link. Capacitor switching occurs several times a day and provides frequent 

estimates of the System Strength. These downstream events also allowed triggering 

measurements at Station 2, where a large windfarm is connected. A comparison with the short 

circuit capacity, as calculated in modelling, is also shown. 

 

The maximum fault level can be higher than the measured System Strength because it assumes all 

generators and lines are in service, and because the sub-transient reactance of synchronous 

generators is lower than the transient reactance that influences the System Strength too l. It is 

likely that there is also an effect of power electronic converters increasing the System Strength, 

but not the fault level, however in this trial, the PE effect is smaller than the synchronous 
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generation influence and all System Strength estimates are lower than the modelled worst-case 

fault level. 

 

Table 3: Extract of System Strength measurement in GB. 

 
Voltage level 

(kV)  

Max Fault level 

from model 

(MVA)  

Average System 

Strength (MVA) 

# Results 

Considered 

Station 1 – HVDC 

terminal 
275 2834 2388 976 

Station 2 – wind 

farm, upstream 

from station 1 

275 7649 4812 874 

 

Significant variations of impedance were observed at an HVDC terminal, showing that there is a 

value in tracking the system impedance and observing behaviour. 

 

The recommendations on the use of System Strength are: 

1. Review terminology, 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. 

3. Set up alert/alarm thresholds to notify operators of low System Strength values at 

HVDC terminals. If the system strength level is not sufficient, the power flow on the 

HVDC link can be constrained or system strength can be increased by changing despatch or 

topology. 

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. 

 

Recommendation 6 – Applying Machine Learning to Effective Area Inertia and System 

Strength KPIs enables forecasting and interpretation of sensitivity to various influences. 

In order to use the Effective Area Inertia and System Strength KPIs operationally, it is useful to 

forecast the values for hours or days ahead. In the case of Effective Area Inertia, this would 

provide information on constraints on the maximum infeeds/outfeeds for key areas, and would 

indicate requirements for fast response services. A use case of System Strength forecasting would 

be to determine if the power transfer capability of an HVDC link should be constrained. 
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Forecasting methods using neural networks were researched in MIGRATE WP2. It was shown that 

neural networks could be applied to a simulated power system, and that load flow variables can be 

used as predictors for the KPIs. The model-based trials were limited to forecasting values where an 

expected outcome could be extracted from the model, so rotating inertia (with and without 

distribution-connected inertia) and conventional short circuit capacity were used as the target 

values. 

 

In addition to the neural networks research applied to model-based simulations, there was work 

done on measurement-based results to identify statistical relationships between real system area 

inertia estimates and operational variables such as transmission-connected rotating inertia, system 

demand and renewable generation levels. It was found that effective area inertia showed a 

statistically significant relationship with rotating inertia (as expected) and with system load. 

Further relationships are likely to exist, but findings were limited to the available data. 

 

An area for further work is to trial machine learning to predict the real-world effective area inertia 

measures, combining WAMS-based extraction of the inertia with measurements of predictor 

variables from an Energy Management System (EMS), so that frequency response services can be 

planned in hours-ahead or day-ahead timeframes. Machine learning can also yield insights into the 

sensitivity of effective inertia to a wide variety of influences. While conventional rotating inertia is 

predictable, the influences of renewable generation, load characteristics, active controls etc. are 

not well characterised. 

 

Recommendation 7 – Power system oscillations should be monitored across a wider 

bandwidth than established electromechanical oscillation monitoring, incorporating 
emerging interaction issues. Co-ordinated risk management is possible through new 

capabilities to observe stability and localise sources of problems. 

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. The well-documented issue of electromechanical oscillations continues to be important, 

with changes occurring as synchronous generators become more sparsely distributed and the 

remaining units are separated by longer distances and higher network impedance. Advances in 

locating contributions to poor damping or instability improve the ability to manage the issue. 

 

Oscillation issues are also emerging at both higher and lower frequencies than the range that the 

established oscillation monitoring has addressed. Slower governor-frequency control modes may 

become worse in low inertia systems due to greater sensitivity of frequency to power changes, 

while higher frequency oscillations and resonances can occur due to interactions involving power 

electronic control. 
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The complexity and variability of the power system and its controls cannot be fully captured in 

simulation-based analysis. It is increasingly important that measurement-based solutions are used 

to identify key issues and interpret them such that they can be resolved. The resolution includes 

the ability to mitigate risks in real-time operations, as well as supporting the development of 

longer-term control design solutions to remove the source of the problem. 

 

Power system oscillations are categorised according to the type of behaviour pattern, and include:  

 Very low frequency oscillations (under 0.1 Hz) affecting the whole system, influenced 

by inertia and power-frequency control. 

 Electromechanical oscillations (0.1-4 Hz) influenced by changes in inertia, and more 

sparse distribution of rotating machines. 

 Various subsynchronous oscillation phenomena (under 50 Hz) involving control 

interactions and other higher frequency phenomena. The practical problems have been 

categorized in literature according to the involved elements, in particular: 

o Subsynchronous Resonance (SSR): interaction between generator shaft torsional 

oscillations and the natural frequency of series compensated transmission lines. 

o Subsynchronous 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. 

o Subsynchronous 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. 

 Harmonic interactions (up to several kHz): harmonic issues could occur due to the 

control interactions between two or more control algorithms and lead to oscillations in 

different frequency regions, from 0 Hz to multiple kHz, i.e. from steady-state interactions 

to high dynamic, harmonic interactions. These were studied in more details in WP5, and 

were not in the WP2 scope. 

 

Conventional PMUs are not appropriate to monitor frequencies beyond about 12Hz and do not 

reliably capture sub-synchronous oscillations (SSO). Waveform Measurement Unit (WMU) data 

captures analogue sampled values of voltage and current waveforms or rotor speed signals at 

200 Hz, without requiring the windowing process of conventional PMUs. A WMU is a device 

capturing point-on-wave synchronised data at 4x the nominal frequency (200 Hz or 240 Hz) to 

cover a frequency range including subsynchronous oscillations. This data is captured and streamed 

to a data centre in the same way as synchrophasor data. 

 

Given the growing importance of sub-synchronous oscillations, it is recommended that guidance be 

issued to describe how the C37.118-2011 standard can be applied for higher frequency oscillations. 

The approach is fully consistent with the standard, but further guidance is required on the data rate 

and pre-processing required. The same measurement hardware, communications links and system 

architecture can be used for phasor-based applications and for sub-synchronous oscillations, 

provided manufacturers offer suitable applications.  

It is important to be able to identify locations where equipment is causing oscillations, or 

contributing to a reduction of damping. With oscillation source location facilities, a user can be 

alerted to the occurrence of a poorly damped or large-amplitude oscillation, and also see the region 
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where action should be taken to resolve the problem. Actions may be appropriate in real-time, or 

in a longer timeframe of analysis, control design and tuning. 

 

An oscillation source location process was demonstrated in GB within project VISOR 6 , and is 

applicable in other synchronous areas. The process uses the relative phase of oscillations observed 

at monitoring locations around the grid. The information is then presented to the user as a 

geographical view and a table showing relative contributions. This information can then be used to 

inform real-time decisions in an alarm condition, according to either a pre-defined operational 

procedure for known conditions, or a generalised workflow for unusual modes of oscillation. 

 

Oscillation source location is valuable for an interconnection with multiple TSOs. It is feasible with 

the current penetration of PMUs in Europe for a small subset of PMU voltage phasors and frequency 

to be shared amongst TSOs to provide a simple high-level overview of oscillations in the 

interconnection. An individual TSO can then incorporate this interconnection data with a more 

detailed internal PMU network. The TSO can then identify if there  are sources of oscillation within 

its own network, and if so, it can identify in more detail where the problem can be addressed. 

 

The architecture model of shared high-level summary data from a small subset of measurements, 

merged with detailed area measurements within a TSO requires minimal co-ordination and data 

sharing. The benefits include not only new capabilities for oscillation management, but also 

advantages in managing large disturbances and islanding situations. 

 

Recommendation 8 – The MIGRATE WP2 work has proven the feasibility of new monitoring 
and control capabilities with value for system operations, and should be further developed 
and generalised for operational deployment. 

There is a common view among the TSO partners of MIGRATE WP2 that the work performed has 

improved understanding of stability related KPIs, in particular the new concepts of effective area 

inertia and system strength. It has shown how these KPIs can be monitored and used for the 

design of countermeasures for system stability management. 

 

Operational use of the tested solutions will require additional investigations and developments. The 

priorities identified are the following: 

 As explained in Recommendation 2, the system frequency behaviour following large 

disturbances is strongly influenced by contributions arising from various non-rotating 

components in addition to the rotating inertia of large synchronous generators. It is agreed 

that there is a need for better understanding of inertial response, and in particular the 

contribution of demand. 

 The KPIs presented in Recommendations 2 and 3, the Effective Area Inertia and the 

System Strength, are currently estimated successfully when significant events happen in 

                                                 
6  Project VISOR, wasis a collaboration between all three GB transmission owners (TOs), the 

system operator (SO), technology vendors and academia. The project isiswasisis funded through 

the “Network Innovation Competition” mechanism awarded by Ofgem (the GB regulator). 
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the system. In order to allow better understanding of the relation between these KPIs and 

the variable patterns in the grid (renewable generation, flows distribution), there is need 

for continuous estimates of KPIs. This has motivated some further industrial research 

and trials to derive continuous effective area inertia using the same monitoring 

requirements as the event-based method.  

 Pilot testing of the proposed applications proved the principles were valuable in all 

European interconnections. The current prototype applications offered freedom to the user 

to experiment with configuration parameters. Further development will deliver solutions 

which are robust and applicable with minimal user tuning to all European 

interconnections as well as in isolated operation. This will be key to roll out and operational 

use.  

 The wide area control schemes (WACS) tested performed well and have already yielded 

improvements to the security and transfer capability of the Icelandic system. Further 

extensions are planned in Iceland to increase the amount of controllable resource, and 

improve the scalability and robustness of the WACS architecture. New intelligent islanding 

areas are proposed, as well as continuous wide area control for oscillations. 

 Application of WACS to other interconnections with different characteristics is 

considered in view of the Icelandic trials. Similar principles would apply to larger systems, 

with some revisions for very large interconnections where the global frequency deviations 

are small and oscillations, regional RoCoF and area/national boundary power flows are the 

key inputs to control. More field trials would be valuable in larger interconnections, 

addressing adaptions of the control processes and validating the applicability to fast 

response services in large grids. 

 There is a growing interest for application of data science to real measurements. This 

is a general trend in all industries. The effective area inertia KPI is a candidate for further 

data science trials, with the possibility of combining WAMS-derived inertia estimates with 

EMS information, with the outlook of providing forecasting and sensitivity information to 

users.   
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Figure 6 Progression of Technology Readiness for new monitoring and control capabilities through the MIGRATE project 

 
 

Recommendation 9 – Successful deployment of the synchronised measurement technology 

in European interconnections would benefit from a consistent methodology for 
standardisation, communications and IT architecture. 

The partners of MIGRATE WP2 all had prior experience with synchronised measurement technology 

(SMT). This experience, combined with the work performed within MIGRATE, led to lessons 

learned and recommendations for the future deployment of the technology in Europe. 

 

In general: 

 When designing a WAMS, there are three main components to consider: the infrastructure, 

the applications and the processes. Lack of focus on any one of these three aspects 

reduces the effectiveness of the system. 

 The maturity of SMT can be considered in terms of: 

o Measurement hardware: mature standard-compliant hardware is available, but 

legacy equipment may introduce issues with measurement consistency. 

o Infrastructure: well-established communications technology, and linking 

components such as Phasor Data Concentrators, are available as standard high-
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performance components supporting thousands of PMUs. However, there can be 

practical challenges in integrating the technology into existing substation and wide 

area networks. 

o Applications: there are well-established applications, but also a rapidly expanding 

range of new applications, some of which are ‘hybrid’ between WAMS, EMS and 

model-based technology. There can be some complexity in implementation. 

o Procedures: the operational and business processes, training environments and 

skill sets require further consideration and development. 

 The current Standard for Synchrophasors IEEE C37.118 (2011) can be applied to 

frequencies above the nominal grid frequency, and is consistent with sub-synchronous 

oscillation monitoring, but an associated Guide would be a practical addition to align 

practices. 

 The European GNSS Galileo is currently under deployment and current satellite availability 

is insufficient to match the GPS for industrial use (unless highly accurate clocks are 

deployed at servers to avoid drift during times of low satellite availability). However, 

Galileo can already be used as an effective enhancement to servers that support a 

redundant GPS + Galileo synchronisation mode. 

 

With respect to infrastructure: 

 Robust, reliable and future-proof communications architecture is vital to facilitate the 

increased WAMS data transfer and analysis requirements whilst adhering to cybersecurity 

policy. In Iceland, SMT data has an availability exceeding 99.9% and latency below 100 ms. 

Efforts were made by Landsnet to ensure SMT data can be used for control purposes. 

Experience of other TSOs across Europe has given mixed results in terms of quality and 

latency. 

 For cybersecurity reasons, the security level of the WAMS architecture needs to be 

consistent between all parties when data is shared. 

 Bandwidth requirements are proportional to the number of monitoring devices, and 

overloading systems will have negative effects on application performance. Bilateral 

exchanges – although easier to establish initially – are not an efficient way forward. 

Regional aggregation of a relatively small volume of shared data that can be incorporated 

in a TSO’s internal systems and applications is a practical approach for efficient use of 

bandwidth. 

 

With respect to applications: 

 Applications should present information to users in a concise way that enables decisions 

and conclusions to be made.  

 Configuration and alarm threshold setting is important, and there is a potential application 

of data science to differentiate normal behaviour from heightened risk. 

 A level of integration between WAMS and EMS information is expected, which can range 

from simple alarm sharing to more complex integrated data analysis and views.  
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 Several well-established applications are available, but there is also a rapidly expanding 

range of applications. Close co-operation between vendor application research and 

development and end users is very fruitful to achieve fit-for-purpose tools.  

 Co-ordinated synchronous data measurement sources (e.g. WAMS, EMS, harmonics/PQ) 

enables greater depth of big data analytics and diagnostics. 

 

With respect to the need for processes: 

 Well-designed applications require clear procedures to deliver an added value for operators. 

Proper training processes and training environments are also necessary. 

 Procedures should provide a well-defined workflow leading to justifiable decisions. The 

applications and workflow should be well co-ordinated. 

 Control room operators are generally not familiar with dynamics, and should receive 

sufficient core training to recognise and understand the information from WAMS. The 

operators should not rely entirely on procedure-driven response, but rather apply an 

informed response. 

 

With respect to the coordination model within Europe: 

 There are a number of possible data sharing models: 

o Bilateral sharing: data sharing is agreed between individual parties 

o Centralized hierarchy: all SMT data passed through from TSOs ’ own data 

concentrators through a hierarchy to a large-scale centralized hub (models applied 

in India and China) 

o Security co-ordinator hub: expanding role of security co-ordinator as central 

repository for SMT in their region (models applied by the ISOs in North America) 

o Decentralized with high level sharing: A high level sparse set of non-commercially-

sensitive data shared with all TSOs in the interconnection, who can merge the 

interconnection context with detailed observability of their own network. 

 The current SMT data exchanges in Continental Europe happen through bilateral 

agreements. This is not efficient but easier to manage legally and from the point of view of 

cyber-security. 

 The model suggested for the future in Continental Europe is the decentralized with high 

level sharing model. It allows each TSO to run its own set of applications but allows access 

to transnational data for applications that require it, such as oscillations, islanding and 

large disturbance monitoring. 
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4 Summary of Task Outcomes 
The solutions and learning developed in the WP2 are summarised in relation to Tasks 2.2-2.7, and 

concluding in terms of: 

 Robustness of the KPIs for practical deployment 

 Applicability in European systems and interconnections 

 Interoperability with existing infrastructure  

 

Task 2.2: Monitoring and forecasting PE-based stability KPIs  

  

Pilot tests of monitoring and forecasting tools were carried out using practical KPIs that could be 

implemented using existing infrastructure. The KPIs addressed in WP2 relate closely to several of 

the key issues identified as highly ranked priorities in WP1: 

 

 Area inertia: relating to frequency stability and rotor angle stability, with KPIs produced 

for use cases relating to stability and control. 

 System strength: relating to voltage stability and stability of power electronic converters 

 Wideband oscillations:  voltage and rotor angle stability phenomena. 

 

The experience in WP2 of extracting and applying KPIs using real data applied to live system use 

cases has shown that there is a significant value to system operators from generally applicable 

KPIs that extract stability information using fast synchronized measurement technologies. 

Correlations between these KPIs and system operating state information have been found, and the 

practical use of such relationships described. 

 

The focus of WP2 was to develop and trial prototype tools for stability KPIs that can be applied 

using real system data, and to demonstrate that analytics applied to existing measurement 

technology can result in valuable stability information for system operations. The research in WP2 

on practical prototyping and application of tools on real systems was carried out in parallel to WP1 

theoretical research into stability KPIs. WP2 deals with a selected subset of the stability priorities 

identified in WP1, where KPIs can be developed and applied to practical use cases. WP2 

complements the WP1 work on KPIs by showing that pragmatic solutions exist to provide 

information in real-time for operations and for automated control.  

 

The demonstrations of the stability KPI extraction were performed in systems where there was an 

existing infrastructure. The KPIs were designed to apply in systems where the measurement 

infrastructure is extensive, but achievable by other TSOs. Landsnet’s PMU network includes 70% of 

transmission circuits and several generators provides an example of whole system monitoring 

achievable by other TSOs in the longer term future. SPEN and other TSO participants in Europe 

have monitoring infrastructure available for part of a wider interconnection, while there may be  

limited high-level sharing betweening neighbouring systems. 
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Conclusions on Task 2.2 

 

Robustness The design of robust KPIs and control measures that apply to real power 

system data has considered data quality, availability, communication losses 

and other practical issues. While some further work would be required in this 

respect for commercializing the stability KPIs, the pilot trials have shown that 

the required robustness can be achieved for all of the stability KPIs. 

European 

applicability 

The stability KPIs and control methods are designed to apply in the 

decentralized European mainland interconnection as well as  the more centrally 

controlled grids in GB, Nordics and Iceland. It is assumed that high-level data 

sharing between neighbours requiring relatively low volume data sharing is 

feasible, but no large-scale centralization is required. 

Interoperability 

with existing 

infrastructure 

Existing infrastructure has been used throughout the project to derive the 

stability KPIs. This can be continued for wider roll-out, however it would be 

beneficial to target wider compliance to existing SMT standards, and in the 

case of wideband oscillation monitoring some further definitions and guides are 

beneficial, as described in the tasks below. 

 

 

Task 2.3 On-line monitoring and forecasting of area inertia  

 

The concept of “effective area inertia” was introduced and defined in deliverable D2.3. This is 

applicable both to isolated power systems (such Landsnet, Iceland) and systems within larger 

interconnections (such as SPEN in the GB grid, Fingrid in Nordic grid and REE and Terna in the 

mainland Europe interconnection, Elering in IPS/UPS). 

 

A methodology to monitor this area inertia was developed and the prototype applied to the 

participating networks, including SPEN, Landsnet and the other WP2 TSO participants). The results 

were valuable for learning on the relevance and practical use of effective area inertia as a measure, 

and also provided learning for extending the KPI to further operational use. 

 

Correlations were investigated and successfully identified using real-world operational information, 

as well as using simulation. It was confirmed that forecasting of area inertia is feasible. 
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Conclusions on Task 2.3 

 

Robustness Of the two methods for on-line area inertia monitoring, the event-based area 

inertia method was prototyped for robust practical application. The 

measurement requirements were practical and feasible for TSOs. The pilot tests 

were applied using a prototype tool with robustness features such as data 

quality and data gap handling.   

The continuous signal identification method was academic research at an 

earlier technology readiness stage. It was successfully applied to real data, and 

a robust implementation is feasible. Forecasting tools were demonstrated as 

academic research, which has shown that  further development of robust 

industrial tools using machine learning is feasible without manual tuning. 

European 

applicability 

The fundamental approach of identifying inertia for areas of the power system 

is applicable to European networks of all sizes. The event-based measure is 

more readily applicable in terms of monitoring requirements, however the use 

cases indicate a need for continuous estimates of inertia. Furthermore, the 

prototyping provided valuable insights into applicability in various sizes of 

systems and interconnections.  

The MIGRATE research has motivated further industrial research and 

development to achieve the benefits of continuous area inertia measurement 

with the practical ease of deployment of the prototype tool. The MIGRATE 

research has helped to show that this is feasible, and that the industrial 

enhancement can also address the whole range of system size.   

Furthermore, forecasting of inertia at an area level is applicable in a 

decentralised European scenario as well as in centralised systems. 

Interoperability 

with existing 

infrastructure 

The approaches were designed to be applied with monitoring requirements that 

are met by some TSOs already, and this has been demonstrated. Modest 

extension of existing SMT/WAMS infrastructure would be required for wider 

rollout. 

Adherence to SMT standards would be beneficial for new deployments and 

through firmware updates of existing hardware where possible. The data 

quality defined in the standards is sufficient for the KPI. In cases where 

standards compliance is not an option, validation of the available data is 

advisable. 
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Task 2.4 On-line wideband oscillation (0.002-46Hz) monitoring and management  

 

The ability to monitor and identify oscillations over a wide bandwidth was presented in the WP2 

deliverable D2.3. The frequency ranges included: 

1. Very low frequency (0.002-0.1Hz) oscillations relating to governor-frequency control. 

2. Higher frequency ranges, including electromechanical oscillations (0.1-4Hz) and  

subsynchronous oscillations (4-46Hz) 

In each case, it was shown that stability KPIs could be extracted from the measured oscillations, 

including the amplitude, frequency and damping of each identified mode of oscillation. 

 

The use of synchronized measurement technology along with novel analysis processes has shown 

that information on the contributions to poor damping or instability can be extracted and presented 

in real-time or historical perspectives. The diagnosis of sources of damping problems is critical to 

early identification and resolution of stability issues. 

 

While present models of PMUs are capable of capturing the lower end of the oscillation bandwidth, 

the higher sub-synchronous resonance information requires a supplementary measurement 

process. This faster sampling (at 200Hz) can be achieved using the same hardware and SMT 

standard (IEEE C37.118) as normal synchrophasor data, but the data rate and measurement 

derivation goes beyond the usual practice. It has been shown that waveform sampling at 200Hz 

can be used to extend the measurement bandwidth, thus enabling extension o f the mitigating 

actions through the identified bandwidth of oscillations, and it has been demonstrated that this can 

be achieved with the same physical measurement and communication equipment as is used for 

synchrophasors, as described in greater detail in deliverable D2.1. 

 

Conclusions on Task 2.4 

 

Robustness Oscillation identification and stability KPIs is shown to be robust and feasible 

through the pilot trials.  

European 

applicability 

The oscillation KPIs are application in European interconnections of all sizes, as 

they extract information without dependence on known topology or models. 

Furthermore, the oscillation source location information enables TSOs within 

European interconnections to differentiate internal contributions to damping 

problems from external influences, and to diagnose problems within their 

network.   
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Interoperability 

with existing 

infrastructure 

The approaches to oscillation identification at the lower frequency end of the 

bandwidth can be applied using existing infrastructure. Adherence to existing 

SMT standards would be advisable to ensure data quality.  

The higher end of the oscillation bandwidth can be achieved using the same 

measurement and communications hardware as conventional SMT/PMUs, but in 

most cases require a new software function in the measurement device.   

  
 

Task 2.5 On-line monitoring and forecasting of Short-Circuit Capacity “System 

Strength”  

 

The WP2 work emphasized the distinction between the system strength at near-nominal voltage 

and fault behaviour. As described in the recommendations, the current practice of using “Short 

Circuit Capacity” terminology for both system strength and fault behaviour is misleading, and the 

concepts should be separated. 

 

Extraction of the System Strength KPI was demonstrated using a prototype System Strength 

monitoring tool applied to power system data. This tool was tested in simulation and extensively 

tested on several real measurement locations in the SPEN system, as well as in other power 

systems. Conclusions were drawn on where and when reliable results could be obtained and criteria 

were identified to differentiate reliable estimates from less reliable ones. 

 

It was found that the tool provided useful results where the stimulation was capacitive or reactive 

switching. Good results were obtained where there were frequent reactive power steps, as is the 

case at an HVDC terminal. By contrast, the application on random real power switching events was 

not successful as the sensitivity to measurement error was high. 

 

Patterns of system strength results were observed in locations where there were frequent 

estimates. These were aligned with other operational parameters, revealing insights into the 

effects of loading and system state changes. 

  

Trials were carried out on a forecasting methodology using simulation-based testing. It was 

concluded that forecasting is feasible using machine learning processes, but further development 

would be required to achieve an operational outcome. 
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Conclusions on Task 2.5 

 

Robustness The prototype system strength KPI tool was found to be robust in terms of 

applicability with real data. It was found that reactive power switching events 

were more reliable for estimating system strength than active power events, 

due to the smaller sensitivity to errors. Methods of identifying the quality of 

estimates were explored, which would be useful for an industrial tool. 

A similar forecasting approach was investigated in academic research. This 

showed that data science techniques such as neural networks can be applied to 

system strength measures.   

European 

applicability 

The system strength methodology can easily be applied throughout Europe at 

any bus where there is sufficient switching stimulation (e.g. capacitor/reactor 

bank switching). 

A wider applicability question is raised about industry practices and use cases 

for system strength, differentiated from use cases for conventional short circuit 

capacity.  

Interoperability 

with existing 

infrastructure 

The methodology is fully interoperable with existing infrastructure. 

 

 

Task 2.6 On-line parameter estimation for mixed PE and synchronous loads  

 

Load parameter estimation was carried out by observing load real and reactive power response to 

events with PMU data and identifying load model parameters that best approximate the load 

behaviour. In the trials, an exponential load recovery model was used, but the same research 

methods would be applicable to other load model structures. The use of continuous PMU 

information on system dynamics enables real-time update of the load identification process. 

 

Conclusions on Task 2.6 

 

Robustness The approach was trialled in an academic environment to prove the feasibility 

on measured data. It is concluded that a robust industrial implementation 

would be feasible.   

European 

applicability 

The load parameter identification methodology is applied at bus / load level 

and is applicable throughout Europe.  
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Interoperability 

with existing 

infrastructure 

The methodology is fully interoperable with existing infrastructure. 

 

 

Task 2.7 Development and pilot-test of a Wide Area Closed-Loop Control in a low 

inertia power system  

 

A Wide Area Closed-loop Control system (WAC) was developed, implemented and tested both off-

line and live in the Icelandic power system.  

 

A system response-driven control methodology was developed in which PMU measurements of 

frequency, system-ROCOF and phase angles are combined to provide a rapid estimation of the 

power imbalance occurring in a disturbance. Fast response applied in locations where the response 

improves the transient angle stability of the grid as well as frequency stability. The approach 

reduces the likelihood of islanding, as well as reducing the impact of islanding if it occurs. 

 

Various fast response technology resources were used, including load shedding, load upwards and 

downward control (by thyristor-controlled power electronic loads) and hydro fast ramping. The use 

of existing equipment to deliver non-conventional response is economically effective in comparison 

with using dedicated equipment such as battery storage. The response-driven control allows the 

various responses to co-ordinate based on actual system behaviour without requiring centralised 

logic. The WAC approach deploys resources as services to the grid, and new resources  can easily 

be integrated by receiving a data stream and applying the same basic approach to the new 

resources. 

 

An important element in WAC design is robustness throughout the system, including the 

architecture and fault tolerant design of the schemes themselves. The architecture was designed to 

apply a distributed control methodology without a mission critical central processor, and with the 

ability to lose any element without critical failure. This includes loss of signal quality, 

synchronization, missing data packets and signal anomalies. In the case of multiple data issues, 

the scheme is designed to gracefully degrade, so that resources continue to respond correctly with 

partial information, but more slowly if necessary to avoid spurious triggering. The WAC platform 

was designed and implemented with quality-aware logic throughout the logic schemes. 

 

The robustness of the scheme is also important in terms of the ability to respond correctly to 

complex multi-event scenarios, including islanding. This is made possible through the use of 

system response driven control, in place of the conventional event-driven logic in system integrity 

protection schemes. 

 

The system was tested with many simulated and real event conditions, including: 
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1. Closed-loop model-based simulation environment 

2. Using real recorded events to validate operation using real-world data 

3. Live real-time operational service with active responses in the system      

 

The communications requirements and latencies throughout the system were specified. The testing 

included measuring latency at all stages in the process, including measurement, communication, 

control platform cycle, algorithmic latency and device response time. It was concluded that the 

whole system responded in the intended timeframe with the effect of significantly improving 

frequency and angle stability. 

 

Schemes were field commissioned and trialled for several months, and this experience is reported 

in deliverable D2.4. The scheme remains in service following the success of the trial operating 

period. The results achieved were very positive with islanding events averted and frequency 

containment measurably improved. The performance during complex event scenarios has been 

positive and helpful in stabilizing the system. 

 

Conclusions on Task 2.7 

 

Robustness The system responsive control methodology and implementation have been 

proven to be very robust. It has responded correctly to a wide range of diverse 

events, including complex sequences of multiple events. It has never failed to 

operate in situations where it was required. The attention to data quality in the 

scheme design has proven to be successful and valuable for reliable operation.  

European 

applicability 

While the control approach was designed using the Icelandic system for the 

pilot testing, the principles apply more generally to other power systems. In 

small to medium-size grids (including GB and Nordic grids), the approach can 

be applied directly, since there is an observable global frequency change as 

well as regional angle deviations.  

For larger interconnections such as mainland Europe, a similar approach can be 

used, but with triggering relying on angle differences and local frequency 

differences, rather than a global system frequency. The ability to adapt in real-

time to intact and islanded grid scenarios is also very valuable for European 

applicability. In the case of application within interconnections, TSO (or area) 

boundary power and internal frequency /angle measurements are important, 

similar to the requirements for inertia estimation.    
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Interoperability 

with existing 

infrastructure 

The approach was applied using existing measurements in the Icelandic grid. A 

relatively small number of PMUs is generally required per area, so 

infrastructure is not an excessive practical burden. The measurement 

requirements for wide area control are generally met by IEEE C37.118-2011 

standard “Protection Class” requirements. Not all existing PMUs comply with 

this standard and exceptions can be validated on a case-by-case basis.  

 

 


