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1 Executive Summary 

This document addresses the requirements for instrumentation and the associated data platforms 

to enable the monitoring of Key Performance Indicators (KPIs) to be applied for use in the 

appropriate timeframes. This includes requirements for historical review, real-time application and 

future prediction. 

 

The focus of KPIs in MIGRATE WP2 are indicators of stability that can be derived from 

measurements in the power system: 

 Effective Area Inertia Estimation;  

 Short Circuit Capacity (system strength); and 

 Oscillatory stability related to power electronic interfaces. 

 

These KPIs capture dynamic performance of the power system and must be derived out of fast 

measurements. Wide Area Monitoring Systems (WAMS) are appropriate industry-standard 

measurement sources for such KPIs.  

 

This document describes the monitoring requirements and justification, including: 

 Standard WAMS deployment; 

 Enhancements to standard WAMS required for power systems with high renewable and 
power electronic penetration; and 

 Requirements for cross-platform correlation for prediction. 

 

The SCC and oscillation analyses are required for online stability monitoring and for historical 

analysis and as input for design of control and protection. There is also a predictive requirement 

which is particularly important for inertia estimation.  

 

Area inertia estimation is important for defining the speed at which frequency reserve must be 

deployed. If this is applied as a rapid response and a standard primary response, it will define how 

much of the response must be in the rapid response category. In order to plan the reserve 

requirements, the area inertia estimates must be forecasted, both for the operational horizon and 

for longer term capacity planning. 

 

As well as estimation of the KPIs, the influencing factors are also studied, requiring a wider range 

of measured variables representing the operating state of the system, mainly coming from the EMS 

system. This is a requirement for prediction, where this is appropriate.  

 

Synchronisation to an accurate time reference is a requirement for all standard and enhanced 

WAMS. As dependence on the technology grows for monitoring and control applications, it is 

important that there is a secure approach to time synchronisation. To date, the Global Positioning 

System (GPS) has been used almost exclusively for synchronisation, but redundancy in the timing 
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source system would be valuable for the resilience of WAMS systems. In this project, testing was 

carried out to assess whether the European Galileo satellite system could be used as a parallel 

timing source with GPS. It was concluded that it was possible to achieve time synchronisation for 

extended periods of time. The satellite availability is currently relatively low and there are periods 

with few visible satellites, however it is recognised that Galileo is not yet fully deployed and the 

satellite coverage is expected to improve. There is significant value to be gained from using GPS 

and Galileo as redundant timing sources and potentially for improving accuracy while both are 

available. 
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2 Introduction  
As power systems are increasingly influenced by power electronic interfaces to generation, storage, 

load and interconnections, it is important that the influence of these changes on the system is 

understood. Many conventional control and protection methods rely on an underlying assumption 

that a significant proportion of generation comes from large rotating machines with high inertia. 

This assumption is no longer reliable, and there are some significant changes in the dynamic 

performance of power systems that are already apparent in observations of today’s power system. 

As the transition of power systems continues, it is important that measurements and analytic 

indicators capture the needs for new control and protection methods, and provide the necessary 

inputs to new management and control approaches.  

 

Changes in technologies influence the following aspects of power system management: 

1. Frequency changes and system balancing. The frequency movements in response to 
disturbances are faster and larger. The frequency divergence during a disturbance is 

greater, and it is important to consider inertia in regions rather than for the whole system. 

2. Frequency and angle stability are increasingly interdependent. Since frequency changes are 
faster, frequency responses need to act in the same timeframe as first-swing angle stability, 
so location where fast action is taken relative to the fault or disturbance trigger is now 
important. Historically, frequency response acted in a timeframe of several seconds and 
could be treated as a separate problem from angle stability, but this is no longer the case.  

3. Short Circuit Capacity. Power electronic devices can provide good voltage regulation at 

near-nominal voltage, but produce little or no short-circuit current during a low voltage 
fault condition. This leads to a need to divide the SCC issue into two significantly different 
areas: 

a. System Strength. A measure of the “stiffness” of the grid, related to the impedance 
from a bus to the rest of the system, during non-fault conditions. It is of interest 
for voltage control, HVDC terminal support, PSS tuning among other issues. 

b. Fault SCC. A measure of the flow into a fault, related to the impedance in faulted 

conditions, which is important for breaker rating and protection configuration.  

These values were previously similar when synchronous generation predominated, but can 

no longer be considered to be similar. 

4. Harmonic Impedance. Historically, harmonic impedance was closely associated with SCC. It 

is now strongly affected by the presence of converter-connected equipment. Harmonics are 

considered in MIGRATE WP5 on power quality. 

5. Oscillations. Various oscillation phenomena emerge or change with more power electronics 
in the grid. For example, very low frequency common modes are influenced by system 
inertia and faster power-frequency control, while higher frequency oscillations are 

influenced by power electronic interactions. 

 

It is critically important at this stage in the transition of power systems that the effects of 

increasing power electronics are measured and quantified, so that new approaches to control and 

protection can address the practical issues emerging.   
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This document describes needs for system monitoring relating to the observability and KPIs that 

are needed to manage power systems with low inertia and/or high penetration of power electronic 

converters. This includes existing state of the art monitoring adhering to existing standards, as well 

as enhancements that are proposed to extend visibility for phenomena that are emerging as 

concerns. The document describes the background of the characteristics to be monitored, which 

leads onto the measurement acquisition and measurement penetration required to achieve these 

requirements. 

 

The monitoring and infrastructure issues addressed include: 

 Area Inertia Estimation;  

 Short Circuit Capacity (system strength); 

 Sub-Synchronous Oscillations (4 to 50Hz); and 

 Rapid Frequency Control. 
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3 Monitoring Dynamic Performance 
To observe dynamic phenomena, it is necessary to measure the system with sufficient resolution to 

capture the specific dynamic behaviour of interest. Many of the issues in the transition to a low 

inertia power system are adequately captured by standard synchrophasor measurements, and this 

chapter reviews the applicability of the technology, and ways of extending the capability to address 

the emerging needs of the industry.  

 

Historically, transmission systems were fully observed with slow-scan steady-state measurements 

from Remote Terminal Units (RTUs) feeding Energy Management Systems (EMS) with a refresh 

rate of typically 4-10s. Dynamic measurements were available in some systems using disturbance 

recorders, but these were focused on capturing the behaviour and protection of individual 

transmission elements and circuits, and did not readily give an accurate picture of the wider 

interactions across the power system. Wider system dynamics such as oscillations and transient 

disturbances occurring in the grid were generally not observed and studied systematically from a 

measurement perspective.  

 

Following several high-profile disturbances in 2003 involving large-scale blackouts [1][2][3], it was 

recognised that the conventional EMS monitoring and triggered disturbance recording was 

insufficient to capture the dynamic behaviour of a power system. Prior to 2003, there had been 

work on continuous dynamics monitoring, including development of synchrophasor measurement 

technology and real-time monitoring of the stability of oscillations [4], but by that time it was still 

largely in the research domain.  

 

The need for rolling out the technology more widely was recognised following the events of 2003. 

This rollout took some years, and required standardisation work leading to the publication of a new 

synchrophasor standard in 2005 (with later revisions [5]). In the period between 2009 and 2015, 

the number of Phasor Measurement Units (PMUs) deployed across North America grew by 1380, in 

part due to acceleration from the Smart Grid Investment Grant program [6]. This trend continues 

in North America and around the world, and synchrophasor measurement is now a well-established 

monitoring technology to capture a wide range of dynamic phenomena. 

 

Synchrophasor measurement technology offers several significant advantages over previous 

monitoring capabilities: 

 Continuous monitoring at typically one sample per cycle (ie 50/60Hz measurements) 
captures electromechanical oscillations and transient disturbances; 

 Global synchronisation through satellite-based Global Positioning System (GPS) timing, 
Galileo or Glonass allows all measurement sources to be accurately timestamped at the 
sources, and compared between locations; 

 Converting voltage and current waveforms into phasors with a common reference provides 
a compact form of data that can be streamed in real-time from the measurement location 
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to a central location, where many measurements across a wide area can be time-aligned 
and processed by applications; and 

 The phasor representation also yields a natural approach to observing the stresses and 
dynamic movements during oscillations and disturbances in the power system.  

 

As well as development of synchrophasor technology and improvements in the robustness of the 

technology, there have also been significant improvements in the last decade of high speed data 

communications to transmission substations. This improves the reliability, continuity and latency of 

synchrophasor technology. The installed base of PMUs continues to grow, along with the software 

and systems to process and interpret the data, and it is now feasible for large power systems to be 

fully observed with synchrophasor measurements. 

 

Until recently, synchrophasor measurements have mainly been used for real-time and off-line 

analysis in the transmission sector. However, the value of using this measurement technology for 

wide area control is now recognised, and novel fast-acting system-response control methods are 

being implemented, as demonstrated in the MIGRATE project WP2, task 2.7.   

 Relating Monitoring to Phenomena Timescales 3.1

The timescales of different phenomena in relation to the monitoring and control timeframes are 

shown in Figure 1. The boundaries between different stability phenomena are not precisely defined, 

as there can be a wide variation between the phenomena observed in different power systems due 

to their size, predominant technologies and the control methods applied. However, Figure 1 

provides a basic indication of the ranges of the phenomena, which informs the rate at which the 

system must be monitored and controlled to deal with the phenomena. 

 

The categories in Figure 1 are described in more detail in Table 1 and Table 2. The needs for 

monitoring for the specific requirements of MIGRATE WP2 are considered in the wider context of 

monitoring for a range of dynamic phenomena. 
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Figure 1 Phenomena and associated monitoring & control time scales in electric power systems 
1
  

  

                                                
1 Source: GE  
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Category Description Monitoring & Control 

Requirements 

Phasor-Based 

Wide Area 

Measurement & 

Control 

Phenomena occurring in a 

timeframe that can be captured, 

monitored and controlled using 

standardised phasor-based time 

synchronised wide area monitoring 

techniques.  

Phasor-based approaches of 

greatest benefit where there are 

multiple devices interacting over a 

region of the grid, or the whole 

system. 

Typically, monitoring is reported at 1 

sample / cycle (ie 50/60Hz), 

streamed across a communication 

network. Phasors and frequency are 

derived and timestamped locally, and 

signal responses must comply with 

standardised requirements. 

Extended WAMS The same physical hardware, 

synchronisation and data 

streaming communications 

protocols can be applied to faster 

phenomena that would not be 

captured in standard phasor-based 

WAMS. This extends wide area 

monitoring capabilities for other 

phenomena that involve 

interactions across the grid. 

Continuous measurement and data 

streaming up to 200/240Hz is 

feasible over modern communication 

infrastructure. This can include low 

resolution waveforms for phenomena 

up to about 80Hz, analog values 

such as rotor speed, and phasors to 

capture rapidly changing fault 

behaviour. 

Control Room 

EMS/WAMS 

Control centre EMS applications 

observe a TSO’s whole area and 

neighbouring systems to some 

extent. Historically, EMS provides 

steady-state observability while 

WAMS provides dynamic 

observability 

The EMS will include or link with 

applications for automated control 

(e.g. Automatic Generation 

Control, AGC), as well as providing 

monitoring applications and 

situational awareness for control 

room operators.   

WAMS monitoring update rate is 

typically 50/60Hz, feeding 

applications that update visualisation 

for an operator at typically 0.1-5s.  

EMS monitoring update rate is 

typically around 4-10s using RTUs for  

steady-state observations. WAMS 

information may be incorporated as 

downsampled raw phasor data, 

and/or results of analysis post-

processing at ≥1s update period. 

Action involving a human operator 

typically requires 15 minutes for 

assimilating and implementing an 

action. In emergency  conditions, 

operators can respond in about 2-3 

minutes with appropriate situational 

awareness. 
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Category Description Monitoring & Control 

Requirements 

Fault Protection Protecting individual elements of 

the power system from damage by 

short circuit faults. Protection-

grade schemes are also used for 

some forms of fast-acting control 

to maintain system integrity, e.g. 

bypassing of series compensation 

in fault conditions or switching in 

of reactive compensation to 

maintain voltages within limits. 

While protection also includes 

longer term issues e.g. thermal 

overload, the category highlights 

the need for fast local 

measurement. 

Typically sampled at 80 

samples/cycle, with primary 

protection for transmission within 

about 3 cycles (50-60ms). Backup 

protection and distribution protection 

is generally slower acting. 

Not in D2.1 scope. 

Harmonics and 

Fault Recording 

High resolution monitoring 

required for capturing at least up 

to the 50th harmonic and detailed 

records of waveforms during 

faults. Harmonics records are used 

for analysis of harmonics problems 

and interaction, and needs for 

filtering. Fault recording is used 

for locating and characterising 

faults and capturing protection 

system actions.  

Harmonic and fault monitoring 

requires 256 samples per cycle or 

higher. This may require dedicated 

measurement transducers. If high 

accuracy travelling wave fault 

location is used, the measurement 

rate is 1-5MHz. 

  

Table 1: Description of monitoring and control categories (see Figure 1) [7] 
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Category Description Monitoring & Control 

Requirements 

Lightning, 

switching 

surges 

Very fast electromagnetic phenomena. Typically sampled at 256 samples 

/ cycle to several MHz using local 

disturbance recording. 

Not in D2.1 scope. 

Local & 

differential 

fault protection 

Protecting individual elements of the 

power system from damage by short 

circuit faults. Transmission primary 

protection requires response in about 3 

cycles; longer timeframe for backup and 

distribution protection. 

Typically sampled at 80kHz with 

protection response typically 

within about 60ms for primary 

protection. 

Not in D2.1 scope. 

Generator 

transient 

stability 

A generator may lose rotor angle 

stability with the rest of the grid in the 

first swing following a disturbance, 

leading to pole slipping.  

Generally addressed by local 

monitoring, with response 

typically required in <200ms. 

Not in D2.1 scope. 

Area Transient 

Angle Stability 

Loss of angle stability between regions 

of the grid can occur because of faults in 

transmission, or large loss of generation 

or load. Acceleration of one region of 

the grid relative to neighbouring regions 

causes an angle swing and may lead to 

out-of-step operation or islanding. As 

inertia reduces, the potential for larger 

and faster frequency and angle 

deviations increases.  

Out-of-step typically occurs at 

about 1-2s after a disturbance as 

a result of the first-swing 

behaviour of the grid. A target of 

<0.5s response time for severe 

events is normally sufficient to 

improve angle stability, and 1 per 

cycle (50/60Hz) measurements is 

suitable. 

PMUs also provide angle 

information that enables 

discrimination for response in the 

right area(s) of the grid to 

improve angle stability. 

Rank #3 in WP1 survey 

Short term 

voltage 

stability 

A number of issues can be combined 

and termed “short-term voltage 

stability”, and WP1 provides more detail 

on different mechanisms of voltage 

collapse. 

Immediately following a disturbance 

Generally related to disturbances 

involving changes to angle. 

Observations at 1 per cycle 

(50/60Hz) is sufficient to observe 

the phenomena. Response within 

0.5s would normally be sufficient 
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Category Description Monitoring & Control 

Requirements 

involving loss of voltage support or 

increasing the transmission distance or 

loading, the network may not be 

capable of delivering sufficient power to 

loads and a voltage collapse may occur.  

Voltage collapse can be related to Area 

Transient Angle Stability. As the angle 

between areas swing apart, a voltage 

depression is caused between the areas, 

and the capability of power electronics 

devices to support voltage in the 

corridor may suddenly drop as a voltage 

limit is reached, hence the voltage may 

collapse rapidly. 

to restore voltage stability.   

Related to issues ranked #6-7 & 

#9-11 in WP1 survey  

Long-term 

voltage 

stability 

A system may survive the first event of 

a disturbance, but long-term voltage 

stability involves a slow control such as 

load recovery (e.g. by tap change 

control or motor load recovery) which 

leads to a delayed voltage collapse.  

Typical timeframe of a few 

seconds to a few minutes. 

However, measurement of Short 

Circuit Capacity (“System 

Strength”) requires 1 sample per 

cycle measurement.  

Related to issues ranked #6-7 & 

#9-11 in WP1 survey. 

Harmonics The increase in use of controlled power 

electronic interfaces is likely to increase 

the level of harmonics. In the past, 

harmonics tended to be addressed at a 

local level, but it is likely that harmonic 

interaction between devices connected 

at different locations in the grid will 

become more significant. These 

interactions will need to be understood 

at a system level, not only at an 

individual plant level.  

Interpreting harmonics issues requires 

high speed raw data capture of the 

underlying phenomena, but the data 

rate is too high for centralising the data, 

and the current practice of extracting 

harmonic content locally is a practical 

approach. However, it can be useful to 

Monitoring requirements may 

specify recording up to 50th 

harmonic or in some cases 100th 

harmonic of 50/60Hz. Raised 

harmonic level may continue 

indefinitely during certain 

operating states. 

A sampling rate of 256 samples 

per cycle is typically required for 

harmonic analysis. It is not 

currently feasible to stream this 

data rate to a central location for 

processing. Instead, the higher 

data rate can be analysed by local 

devices (as a standard 

Disturbance Recorder 

requirement) and harmonics 

results can be transferred by 
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Category Description Monitoring & Control 

Requirements 

record and analyse continuous 

harmonics analysis results from multiple 

locations to interpret interactions.   

streaming or batch transfer from 

multiple locations for interpreting 

wide area interactions. 

Related to WP5. Not in D2.1 

scope. 

Sub-

Synchronous 

Oscillations 

Various forms of higher frequency 

oscillations and resonances can arise 

from interactions between plant. These 

include: 

Sub-Synchronous Resonance: 

interaction between series compensated 

lines and torsional modes of long-shaft 

conventional generation. 

Sub-Synchronous Control Interaction: 

occurs between fast-acting control 

systems, normal involving power 

electronic devices interacting across the 

network. 

Sub-Synchronous Torsional Interaction: 

where power electronic controls interact 

with torsional modes of long-shaft 

generation. 

Other forms of interaction also exist, 

involving loads, cable capacitance, etc. 

These phenomena tend to occur 

in the range about 4-46Hz in a 

50Hz network. Sampling rate of 

200/240Hz for 50/60Hz system 

respectively is sufficient. 

However, the processing of the 

data is important, and filtered and 

downsampled waveform data is 

better than phasors for capturing 

oscillations in this range. Rotor 

speed measurements can be 

useful in addition to electrical 

system (V&I) measurements. 

Rank #2 & 5 in WP1 survey 

Electro-

mechanical 

oscillatory 

stability 

Generator rotor angle oscillations tend 

to occur in the frequency range 0.1-

4Hz. At the lower end, inter-area 

oscillations can involve many generators 

oscillating as groups across a wide area, 

while the higher end will involve local 

oscillation of a plant against the rest of 

the system. Increasing power electronic 

penetration and reducing inertia will 

change the patterns, but there is 

uncertainty over the specific outcome.   

Oscillations in the range 0.1-4Hz 

are captured by PMUs monitoring 

at 50Hz. Phase shifts between 

oscillations are also important to 

identify sources of negative 

damping of oscillations. For 

example, a phase resolution of 3° 

at an oscillation frequency of 

0.5Hz requires a timing accuracy 

of 17ms, well within PMU 

standards. 
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Category Description Monitoring & Control 

Requirements 

Frequency 

stability 

Frequency stability has two main 

aspects: 

1. Frequency containment following a 

disturbance. 

2. Stability of very low frequency 

oscillations relating to governor-

frequency control  

For frequency containment, a fast 

response proportional to frequency 

and/or ROCOF is useful as inertia 

reduces, provided the Area Angle 

Stability is not degraded. Accelerated 

response may introduce negative 

effects, and may degrade the stability of 

system-wide frequency oscillations. 

Also, low inertia grids become more 

responsive to power change, which 

further contributes to frequency control 

oscillations. Methods of accelerating 

frequency containment without 

degrading oscillations are important for 

low inertia grid operation. 

It is estimated that in the GB 

system, frequency containment 

will be required within about 3s 

from the disturbance as inertia 

reduces. However, the monitoring 

requirements must be considered 

together with Area Transient 

Angle Stability, so that the 

network angle stability is not 

degraded. 

Thus, the monitoring 

requirements of 1 sample per 

cycle and response time of 

<0.5Hz are applicable to both the 

angle stability and frequency 

stability problems.  

Also, the sources of negative 

damping of very low frequency 

common-mode oscillations can be 

found from very small changes in 

oscillation phase, so accurate time 

synchronisation is important.  

Rank #1 & #4 in WP1 survey  

Prime mover & 

long-term 

dynamics 

Prime mover dynamics include closed 

loop controls to manage generation/load 

balancing  in longer timeframes. This 

involves slow control such as boiler 

dynamics, hydro penstock and turbine 

governing, Automatic Generation 

Control (AGC), etc. As system frequency 

control is diversified with the use of 

storage, demand response and HVDC 

responses etc., the separation between 

frequency stability and long-term 

dynamics may become less distinct. 

Slow dynamics can be extracted 

from EMS and/or WAMS 

information, as required for 

specific issues. 

Not in D2.1 scope. 

Table 2: Description of categories of phenomena and their monitoring and control requirements (see Figure 1)  

 

  



REPORT 
 

Page 21 of 90 

The issues described in Table 1 and Table 2 are aligned with the stability categories reported in 

MIGRATE WP1. Table 3 lists the issues in the ranking detailed in WP1, with the addition of the 

capability of standard or extended WAMS to observe the phenomena. Observation is necessary 

both to achieve necessary understanding and accurate modelling, as well as providing a basis for 

active control. 

 

It may be noted that several issues listed as priorities to be addressed for future grid stability 

require standard or enhanced wide area measurements for the phenomena to be observed in the 

real power system. For example, only WAMS provides the capability to observe the system-wide 

high resolution measurement of the effects of decreasing inertia on frequency dynamics (rank #1), 

the participation of units in frequency containment (rank #4), and the related angle stability issues 

(rank #3).  

 

Other issues may be addressed in different ways, but in all of the issues listed in Table 3, there is a 

benefit in observations using standard or extended WAMS. Synchronised wide area dynamic 

measurement is expected to play a major role for managing the transition to low inertia power 

system operation with high power electronic penetration. 

 

It may be concluded from Figure 1, and Table 1 through Table 3 that synchronised wide area 

measurement is applicable to all of the key areas of concern for the future low inertia grid, either in 

the existing standard form, or with functionality enhancements. 
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Rank Stability 

category 

Issue WAMS Measurement 

Contribution 

1 Frequency 

stability 

Issue 3: Decrease of inertia Standard PMU-based WAMS 

required 

2 Not classified Issue 11: Resonances due to cables 

and PE 

Extended WAMS and/or local 

high speed capture  

3 Rotor angle 

stability 

Issue 2: Reduction of transient 

stability margins 

Standard PMU-based WAMS 

required 

4 Frequency 

stability 

Issue 4: Missing or wrong participation 

of PE-connected generators and loads 

in frequency containment 

Standard PMU-based WAMS 

beneficial 

5 Not classified Issue 10: PE controller interaction with 

each other and passive AC 

components 

Extended WAMS and/or local 

high speed capture 

6 Voltage 

stability 

Issue 5: Loss of devices in the context 

of fault-ride-through capability 

Standard PMU-based WAMS 

beneficial 

7 Voltage 

stability 

Issue 7: Lack of reactive power Standard PMU-based WAMS 

beneficial 

8 Rotor angle 

stability 

Issue 1: Introduction of new power 

oscillations and/or reduced damping of 

existing power oscillations 

Standard PMU-based WAMS 

required 

9 Voltage 

stability 

Issue 8: Excess of reactive power Standard PMU-based WAMS 

beneficial 

10 Voltage 

stability 

Issue 6: Voltage-dip-induced 

frequency dip 

Standard PMU-based WAMS 

beneficial 

11 Voltage 

stability 

Issue 9: Altered static and dynamic 

voltage dependence of loads 

Standard PMU-based WAMS 

beneficial 

Table 3 Applicability of standard and extended WAMS to priority issues identified in MIGRATE WP1 

 Standard and Enhanced Wide Area Monitoring 3.2

In this document “Standard wide area monitoring” refers to phasor-based monitoring that 

conforms to the minimum requirements of the IEEE Standard for Synchrophasors, IEEE 

C37.118.1/2-2011 (amended 2014). This standard also has provision for faster data reporting 

rates and allows streaming of analogue and digital values, and this provision is applied in 

“Enhanced Wide Area Monitoring”. 

3.2.1 Standard Wide Area Monitoring 

The principles of standard wide area monitoring are well documented. As illustrated in Figure 2, 

voltage and current waveforms are captured at dispersed locations around the grid by Phasor 
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Measurement Units (PMUs) with <1μs timing accuracy. The waveforms are converted to a phasor 

representation with a magnitude and phase angle of the fundamental 50/60Hz waveform 

referenced to the phase of an ideal 50/60Hz sinusoid. The PMU will then stream voltage and 

current phasors as complex numbers, along with frequency, ROCOF and other analogue and digital 

values. The phasors may be used directly, or converted to derived values such as active and 

reactive power or angle differences. 

 

WAMS captures the dynamic performance of the power system, while conventional SCADA captures 

only the steady-state behaviour. A comparison of the same event observed in SCADA and WAMS in 

Figure 3 shows that the resolution of the WAMS data is needed for visualisation and any 

subsequent interpretation of dynamics such as damping, as the SCADA signal does not contain the 

information.   

   

 

 

Figure 2: Illustration of phasor measurement in the power system
2
 

                                                
2
 Source: GE 
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Figure 3: Comparison of a system disturbance observed in SCADA and WAMS
2
 

Wide area monitoring was originally defined in the Standard for Synchrophasor Measurement, IEEE 

C37.118-2005, which was revised with better definitions of performance in dynamic conditions in 

the revision IEEE C37.118-2011 (amended 2014). This standard has two parts: 

1. C37.118.1-2011 (rev 2014) Measurement provisions for static and dynamic accuracy; and 

2. C37.118.2-2011 Data communications protocol. 

 

It is also recognised in the 2011 revision that there were different requirements for measurement 

applications and protection and control applications. Two classes of performance were defined: 

1. M-class: for measurement applications, where accuracy, noise attenuation and aliasing 

take precedence over measurement delay. 

2. P-class: for protection and control applications where fast response is critical and 
accuracy requirements are less stringent.  

 

In practice, P-class synchrophasors use a shorter window of measurements for deriving phasors 

than M-class measurements. The same physical devices and infrastructure often supports both M-

class and P-class performance according to user configuration. 

  

3.2.2 Enhanced Wide Area Monitoring 

There are needs for enhanced wide area monitoring for monitoring faster phenomena that are of 

interest for systems with low inertia and high penetration of power electronics. The specific 

requirements depend on whether the issue is related to fast transients or oscillations. Three areas 

for enhanced wide area monitoring have been identified. 

1. Sub-Synchronous Oscillations (SSO) including resonances between any combination of 
power electronic controls, shaft torsional oscillations, network natural frequencies (e.g. 
series compensation, cables), etc.  SSO has been observed between about 4Hz and 43Hz in 
the GB network. 

2. Harmonics and harmonic interaction. 

3. Fault current contributions where greater understanding of contributions to short circuit 
current during a fault is required. 
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Standard phasor measurements have inherent limitations in the capability to replicate faster 

phenomena. The phasor representation of power system quantities shows only the deviation of the 

fundamental 50/60Hz component from a perfect waveform at the nominal frequency, and is 

designed to reject out-of-band components that could distort the results. A measurement window 

of at least one cycle is used for the faster P-class performance (longer for M-class), and 

phenomena above about 12Hz are not reproduced, even if the phasor update rate is increased.  

 

Issues such as aliasing, attenuation, and noise rejection are important to consider when extending 

the range of issues observed in wide area monitoring. It is also important to choose whether the 

issue is best observed using conversion to a phasor representation or by direct signal sampling. By 

addressing these issues and extending the use of synchronised measurements, important advances 

in the observability of the power system can be achieved.  

 

Issues that are not observed by standard wide area monitoring due to limitations of the dynamic 

response of measurements may still be valuable to capture and present in a wide area approach. 

To determine whether enhancements to wide area monitoring would be beneficial, or whether a 

local or single-point approach to monitoring is sufficient, the needs and use cases should be 

considered for each phenomenon to determine if enhanced wide area monitoring is applicable: 

 

1. Risk of higher frequency interactions between geographically dispersed plants are possible 

and may need to be identified and diagnosed, and may be misinterpreted from single-point 
measurements.  

2. Actions may be required in near-real-time, either by an operator or using an automated 

control mechanism. 

3. Early warning of degradation of performance may be identified through continuous 
observations, which may be missed using a disturbance triggering approach. 

4. Long-term data mining and big data analysis may yield useful information leading to 
improved modelling or understanding of grid performance. 

 

In the following subsections, three phenomena are described where there is a value to a wide area 

synchronised observation of the system, and enhanced wide area monitoring is applicable. 

3.2.2.1 Sub-Synchronous Oscillations 

Sub-synchronous oscillations refer to oscillations that can occur at frequencies higher than 

standard phasor-based monitoring can reliably capture. It was found from research and trialing 

reported in Appendix A: Justification of 200fps Waveforms for SSO that the most direct approach to 

monitor sub-synchronous oscillations and resonance effects was to lowpass filter and downsample 

waveform data to 200/240Hz.  

 

To capture high frequency oscillations, it is important that the frequency components of interest 

have minimal attenuation, while all higher frequency components that may be aliased are 

attenuated by at least -20dB, and if possible -40dB. A frequency component in the range ½ Fs to Fs 
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(where Fs is the sampling frequency) will appear as an aliased component with an incorrect 

frequency. These aliased components must be attenuated by filtering before the signal is 

downsampled, otherwise the downstream processing and visualisation will yield misleading results.  

 

With a suitable lowpass filter design, it was possible to achieve a bandwidth of 0-80Hz, which 

adequately covers the sub-synchronous oscillation range and allows some observability of super-

synchronous frequencies. In the GE approach, 3-phase waveform measurements were combined 

into a single-phase waveform representation to reduce data volume without losing observability of 

individual phases. Also, post-processing was applied to exclude fault behaviour that could lead to 

spurious events in the downstream data analysis. 

 

The same monitoring approach can be used on rotor speed measurements as well as voltage and 

current waveforms. Incorporating rotor speed measurements is particularly useful for interactions 

between long-shaft thermal generators and series compensation, HVDC or power electronics. 

 

To make use of these measurements, it is necessary for the central monitoring oftware to be able 

to manage the full 200/240Hz data rate, and to provide relevant real-time and off-line analysis 

tools. An example of an extended WAMS monitoring and analysis platform the GE PhasorPoint 

software. This includes features for sub-synchronous oscillation used by SPEN, including: 

 

1. Data interface and archiving capability for 200/240Hz data streams; 

2. Oscillation frequency, amplitude and damping analysis of multiple modes in the sub-
synchronous oscillation band; 

3. Separation of modes of oscillation into bands, and observation per band over a wide 
geographic area; 

4. Real-time presentation and alarming of raised amplitude and/or degraded damping. Views 
include geographic presentation, trends over time per mode, and spectrograms per site;  

5. Access to historic data for analytical review, with geographic and trending views; and 

6. Transposition of oscillations to be able to compare mechanical measurements (e.g. rotor 
speed) with electrical measurements (e.g. voltage and current waveforms), noting that a 
rotor speed oscillation at frequency Fr Hz may interact in the electrical system with a 
network mode at (50-Fr) Hz.  

 

In practice, the same infrastructure and devices can be used to provide SSO data streams as for 

standard PMU data streams. The function waveform measurement is a software enhancement to 

apply a new signal processing method to an existing acquisition chain. This software modification 

has been successfully applied to the GE RPV311 disturbance recorder and PMU, and installed by 

SPEN, National Grid and SHE Transmission to observe the SSO behaviour in the British 

transmission system. 
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3.2.2.2 Fast Phasors for Wide Area Fault Capture and Accelerated Control 

The standard for synchrophasors specifies data rates up to the nominal grid frequency, but also 

encourages the use of faster data rates. Faster reporting rates can be of value for applications 

where rapid response is required, but without a need for high measurement accuracy. Fast phasors 

may be used where it is not necessary to represent oscillations accurately, and aliasing will not 

affect the application. 

 

Examples of use cases of fast phasors include: 

1. Capturing the wider system behaviour during faults to improve understanding and 

modelling of fault current; 

2. Real-time fault location and characterisation; 

3. Accelerating wide area control actions; and 

4. Future potential for backup protection where fault level is low with high penetration of 
power electronic interfaces. 

 

Standard synchrophasors will typically use a measurement window of 7 cycles for M-class phasors 

or 1-2 cycles for P-class, and will update every power system cycle. However, a short circuit fault 

will typically last for about 3 cycles, and so even P-class phasor measurements may only report 

one sample where the window that does not cross over been the faulted and unfaulted behaviour, 

and this is during a condition with large and rapid changes. Thus, standard synchrophasors are not 

intended to capture behaviour during the fault, but rather the behaviour of the system after the 

fault. 

 

Increasing the update rate leads to more sampling windows that capture the fault behaviour. Using 

a 1-cycle window and an update rate of 4 samples per cycle would provide at least 8 samples in a 

60ms fault where the sampling window only contains the faulted behaviour. This provides a much 

more accurate picture of the performance of the system during the fault.  

 

Furthermore, control applications designed to act after the fault has cleared will provide accurate 

results only after the fault has passed out of the measurement window. For example, 50Hz 

sampling (20ms updates) over a 2-cycle (40ms) window would lead to 60ms delay to avoid the 

sample being influenced by the fault-on behaviour. By contrast, a 1-cycle window and 200Hz 

sampling rate would provide a valid sample 25ms after the fault has cleared. Thus, a latency 

saving of 35ms may be possible, which can be of significant value for some control applications.   

 

In the IEEE C37.118 standard, P-class measurements are required to react to a change in the 

measured value with latency of 2/Fs, equating to 40ms for a 50Hz data rate. Faster data rates may 

deviate from the strict requirements of the standard, and requirements such as 10ms response for 

200Hz sampling may not be feasible. However, the faster data can still be useful, and as new use-

cases emerge there may be needs for future updates to the standard requirements.  
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3.2.2.3 Harmonics 

While harmonic measurement is not included in MIGRATE WP2, it is worth noting that there can be 

benefits in considering the needs for harmonic monitoring along with other synchronised 

measurement requirements. 

 

The measurement of harmonics requires attention to the whole measurement chain, including the 

transducers and the acquisition process, to ensure that the high frequency harmonics are 

accurately captured. The sampling frequency must be at least double the highest frequency 

component of interest. Typically, data rates of 256 samples per cycle (12.8kHz) are used for 

capturing harmonic information to the 50th harmonic. 

 

Data rate of 12.8kHz is currently too much data to stream over a wide area network, so it is 

necessary to analyse the data locally to derive the harmonic content. Harmonic information will 

typically be calculated once per second, and the resulting processed information is feasible to 

exchange continuously. 

 

Conventionally, harmonic information has been captured and stored locally, and transferred for 

centralised analysis at time intervals as required. It is feasible to exchange this analysed data 

continuously, yielding the following advantages: 

 

1. Improved visibility of harmonic interactions involving multiple plants in specific operating 

scenarios; 

2. Identification of harmonics problems in real time; 

3. Improved capability for applying big data analytic techniques to interpret complex 
dynamics issues; and 

4. Potential for harmonising and simplifying infrastructure and information resources 
between EMS, WAMS and PQ/fault management systems. 
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4 Measurement Infrastructure for MIGRATE 

Functions 

The focus of MIGRATE WP2 is on monitoring and control for emerging issues relating to low inertia 

and high power electronic penetration. The issues of specific interest involve monitoring relating to: 

1. Effective inertia of areas of the power system (defined in Section 4.1); 

2. Short circuit capacity relating to the non-fault condition (“system strength”); 

3. Sub-synchronous oscillation monitoring; and 

4. Fast response frequency control. 

 

In general, monitoring infrastructure requires PMUs and the extended monitoring capabilities 

described in Section 3 to be deployed in substations, streaming data to a central location where it 

stored and processing is applied to derive information which is then served to user client 

applications. Where multiple organisations share data, the usual architecture is for each 

organisation to concentrate its own data in a data centre, and the agreed sharing is achieved 

through sending aggregated data streams. The same information infrastructure is applied for 

standard WAMS data as for enhanced WAMS. An example of information infrastructure that 

supports both business-as-usual requirements and an innovation environment is shown in Figure 4.  

 

In the MIGRATE project, the architecture for wide area control was based on the same approach 

with data being centralised before being sent out to the control locations. However, in future, a 

more distributed data approach is proposed for reduced latency and improved robustness. This is 

discussed in Section 4.5. 
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Figure 4 SPEN Information WAMS architecture with EMS linkage and demonstration environment for application trials
3
 

 

 Definition of Effective Area Inertia 4.1

The term “effective inertia” He is used as the practical 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 

 

                                                
3
 Source: GE/SPEN 
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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. In the GE AIE application, it is firstly assumed that for a 

disturbance initiated outside the area, the power imbalance is the change in net power flow into 

the area. There will be other contributions to power imbalance within the area which will occur 

during the 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; 

 Governor frequency control of large generation; and 

 Motor load control. 

  

Many of these responses are always present in the grid following a 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. 

 

The issue of load voltage dependence is a topic of research within this project. The voltage within 

the area will be affected by the disturbances, which in turn changes the load power in the area. 

The effect is likely to be greater close to the source of the disturbance. A function in the AIE 

application allows the user to include the effect of load in the power imbalance measurement. 

However, load modelling is inexact, and the influence of load is only an approximation. It is 

anticipated that the results will indicate whether it is better to include an estimate of the power 

imbalance created by voltage dependent load, or whether the results are more predictable without 

including this voltage influence. 

 

The calculation of effective inertia is only possible during a disturbance for a section of response 

before non-linear effects become significant, such as governor frequency control and tap change 

controls. Also, there are non-linear effects at the start of the event as angles and frequency at 

locations distant from inertial centres can change abruptly. Thus, the application identifies an 

appropriate time period during which the measurable response approximates a linear relationship. 
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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. 

 Effective Area Inertia Estimation 4.2

In the MIGRATE project, two area inertia estimation methods were trialled. One is applied to 

continuous small-disturbance measurements, and the other applied to disturbances. The 

measurement requirements for the two methods are similar, but there are some differences 

outlined in this section.  

 

Area frequency. The sub-system within the area of estimation is expected to approximate a 

single centre of inertia, and the area frequency can be approximated as a weighted average of 

several frequency measurements within the area.  

 

Area power exchange. The total power exchange between the area for estimation and its 

neighbours is required. This is achieved through phasor measurements of voltage and current to 

derive power on each tie-line. Because of the accurate time synchronisation, these power values 

can be summed to yield the total power exchange for every power system cycle. The ability to 

measure the total power of all lines crossing the boundary is a requirement for area inertia 

estimation. Ideally, all lines should be directly monitored, but some approximations of parallel and 

lower voltage lines can be made without a major impact on results. 

 

It may be noted that an area can be as small as a single generation plant or even a single unit, or 

can include several power stations across a wider geographic area. As long as the total power 

exchange is monitored and there are frequency or rotor speed measurements within the area that 

reproduce the speed or average speed of the rotating machines, then the process can be applied. 

 

The area should not include long or weak transmission corridors, as it is assumed in the process 

that the area approximates a single centre of inertia, and frequency measurements do not 

significantly diverge within the area. Also, applying the process to small areas and individual units 

may require rotor speed measurements rather than frequency, as the power exchange captures 

local mode dynamics which are attenuated in frequency measurements compared to the rotor 

angle dynamics.  
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Figure 5 Boundary measurements for area inertia estimation 

The monitoring requirements of the continuous area inertia measurement approach differs from 

the disturbance based method with the additional requirement for power measurements at the 

major generation sources. There is some flexibility on the selection of generation sources, and 

estimates can be made with lower accuracy even if not all the ideal measurements are available. In 

some cases the generator power can be derived indirectly from surrounding measurements. 

 

PMU measurement at all large generators is becoming a standard practice for power systems for 

other reasons, so it is feasible to achieve this penetration of monitoring in the near future.  

 

4.2.1 Example of SPEN Monitoring for Effective Area Inertia Estimation 

The SPEN transmission network has PMU measurements at all major AC transmission connections 

crossing the boundaries to Scottish Hydro Electric Transmission in the north, and National Grid in 

the south, as well as the subsea DC connections to Northern Ireland and North Wales. In addition, 

SPEN has many frequency measurements within the area, and has power measurements from the 

high inertia generators at Hunterston and Torness and some of the large windfarms. 

 

The areas where the event-based effective inertia estimation technique is being tested includes:  

1. Whole SPEN transmission area (Figure 6) 

2. Torness Nuclear Power Plant (NPP) 

a. Whole plant from 400kV side of transformers (Area A in Figure 7) 

b. Unit 1 & Unit 2 from generator terminals (Areas A1 & A2 in Figure 7) 

3. Torness NPP & auxiliaries, and local load (Area B in Figure 7) 

Area for Inertia 
Estimation 

External 
System 1 

External 
System 2 

Measure all power 

corridors between areas 

(Pi ) 

Measure up to 100 frequency 

signals within the area (fi ) 
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4. Torness NPP& auxiliaries, load and Crystal Rig and Fallago windfarms (Area C in Figure 7) 

There are, however, some limitations on the application to smaller areas for reasons to be 

described in the report on results.    

 

  

Source: National Grid Electricity Ten Year Statement 2017, Appendix A: System schematics and geographic drawings, 

https://www.nationalgrid.com/sites/default/files/documents/ETYS%202017%20Appendix%20A.pdf 

Figure 6: SPEN transmission area for inertia estimation 

 

 

  

 

Figure 7: Testing the Estimation of Inertia over a portion of the SPEN system 

Torness  

400kV 

Torness 

132kV 

Crystal Rig Fallago 

A B 

C 

A1 

A2 

https://www.nationalgrid.com/sites/default/files/documents/ETYS%202017%20Appendix%20A.pdf
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4.2.2 Example of Landsnet Monitoring for Effective Area Inertia Estimation 

The event-based inertia monitoring was trialled in several areas of the Icelandic grid, as shown in 

Figure 8. These areas coincide with regions where wide area control is applied in Task 2.5, and 

there is a direct practical application of the inertia observations in the control application. 

 

The rationale for the choice of areas is as follows: 

1. West: Includes the main centre of inertia with over 60% of generation capacity. Splitting is 

unlikely within 220kV system. The area excludes the two smelter loads, NAL and ISAL, that 
are monitored directly and constitute the largest potential losses on the system. 

2. Cut3East: Eastern island after most common system split. 

3. East1: 1x 115MW hydro unit and smelter auxiliary load that may either split from the West 
after angle separation, or split from East2 by special protection. 

4. East2: 5x 115MW hydro with main smelter load, which can split from East1 and West by 
special protection.  

5. North: Section with 4 geothermal units (150MW by March 2018) and 5 hydro units 
(128MW) 

6. Westfjords: Remote grid configured to operate as a microgrid after loss of 132kV 

connection.   

 

 

Figure 8: Areas for Inertia Estimation in the Icelandic Grid 

For the trials of continuous inertia estimation, the focus was on two of the areas from Figure 8 – 

West and Cut3East. The two areas are shown in a one-line schematic of the system in Figure 9, 

which shows the generators that are monitored directly or indirectly. Within each area, power from 

most of the larger generators was monitored, with the exception of the hydro station BUR where a 

new PMU is being added in the near future. Some of the units that are not directly monitored can 

be derived from existing measurements. 
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Figure 9:  Simplified schematic of the Icelandic power system, showing boundary for continuous inertia estimation  

 

 Short Circuit Capacity (System Strength) 4.3

There is a distinction made between the Short Circuit Capacity (SCC) that describes the strength of 

the system to maintain voltage at near-nominal level, in contrast with the measure of current 

supplied into a short circuit fault. When generation sources were mainly large synchronous 

machines, the values were similar. Power electronic sources are as able as similarly rated 

synchronous machines to maintain voltage but supply very much less fault current during a short 

circuit, so the two SCC values diverge significantly. The SCC “System Strength” value can be 

measured from small disturbances that occur frequently in the grid, while the SCC “Fault Condition” 

can only be identified from measurements on very rare occasions when a suitable fault occurs. 

Therefore, in practice only the SCC System Strength value can be estimated.  

The main application of the SCC System Strength is to determine whether there is sufficiently 

strong voltage support in the grid to maintain the quality of supply. Also, HVDC terminals using 

Line Commutated Converter (LCC) technology need sufficiently high SCC to avoid commutation 

failure. 

The SCC calculation uses a Thevenin equivalent of the power system as seen from the point of 

measurement.  Figure 10 shows the Thevenin model and the variables used in the equations. The 

Larger black labels denote substations, smaller 

coloured labels denote transmission lines. Total 

rated MVA of all generators at each plant given 

next to symbol. 
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SCC is calculated when there is a measurable step change of load impedance (Z), using 

measurements of voltage (V) and current (I) as shown in Figure 10. The effective source 

impedance (Zsc) is calculated using measurements within a few cycles before and after the step 

change.  

 

 

Figure 10: Thevenin Equivalent Model used for SCC calculation 

 

The Short Circuit Capacity can be measured as follows: 

 
𝑆𝐶𝐶 =  

3 × 𝑉 𝑝𝑟𝑒
2

𝑍𝑠𝑐
 [𝑉𝐴] (1) 

Where, 𝑉𝑝𝑟𝑒 is the phase voltage of the bus before the switching operation and 𝑍𝑠𝑐 is the short circuit 

impedance. The short circuit impedance is defined as the quotient of change of voltage and current 

 
𝑍𝑠𝑐 =  −

∆𝑉

∆𝐼
=  −

𝑉𝑝𝑜𝑠𝑡 − 𝑉𝑝𝑟𝑒

𝐼𝑝𝑜𝑠𝑡 − 𝐼𝑝𝑟𝑒
 (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. 

4.3.1 SCC Use Cases 

Short-circuit Capacity estimation can be calculated using any of the following use-cases: 

 
UC1. Switching events of capacitors and reactors with the digital status of the breaker used to 

detect the switching event.  

UC2. Voltage/reactive current step change events with no digital status trigger available.  

UC3. Radially connected network regions with ‘downstream’ events and no digital status trigger 

available.  

Inputs 
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Whilst the output of each use-case is the SCC at that location, each use-case requires a different 

measurement configuration – this is described in more detail in the subsequent sections. 

 

 

Figure 11: Power system topology example for several SCC use-case examples 

4.3.2 UC1: shunt reactive power switching with digital triggering 

This use-case requires a reactive shunt switch event and uses the following inputs as per the example 
in Figure 11: 

 Breaker status of the shunt device (provided through a PMU digital) 

 Voltage at the shunt point of connection (e.g. V4) 

 Q rating of the shunt device, or current flowing from/to the shunt (e.g. I4) 

4.3.3 UC2: shunt reactive power switching without digital triggering 

This use-case is identical to UC1 except that it does not require the digital trigger since it can detect 
the event via changes in the input signals. This use-case requires a reactive shunt switch event and 
uses the following inputs as per the example in Figure 11: 

 Voltage at the shunt point of connection (e.g. V4) 

 Current flowing from/to the shunt (e.g. I4) 

4.3.4 UC3: SCC Estimation for using generic downstream switching events 

In this use-case, SCC is calculated using randomly occurring switching events downstream of the 

bus where SCC is estimated. This use case requires different topology as the calculation is not 

based on a shunt device but rather a radial piece of the network. The test setup therefore requires 

UC3 

UC1/UC
2 
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that the boundary of a radial portion of the network is fully monitored by PMUs. The following 

inputs are used as per the example in Figure 11: 

 Voltage at the radial point of connection (e.g. V3) 

 Current flowing into the radial (e.g. I3) 

 

 Sub-Synchronous Oscillations 4.4

As described in Section 3.2.2.1 and Appendix A, Sub-Synchronous Oscillations (SSO) can include 

frequency components up to the grid nominal frequency. Resonance occurs when natural 

frequencies in different components coincide and interact. Without interaction, the natural 

frequencies tend to be damped and are not strongly excited, and so remain small. However, if the 

natural frequencies come close, and there is a linkage through the network, then the resonance 

can grow and potentially become unstable.  

 

Various plants in the grid are susceptible to high frequency resonance, including passive electrical 

and mechanical natural frequencies and active control modes, as illustrated in Figure 12. If a large 

amplitude sub-synchronous resonance occurs, it is possible for major damage to occur such as 

generator shaft cracks or overvoltage damage in power electronics.  

 

The occurrence of weak resonance where the frequencies come close but do not exactly coincide is 

more likely than a strong resonance where the amplitude grows to a dangerously high level. 

Therefore, raised amplitude and poorer damping can be used as early warning signs. 

 

 

 

Figure 12: Typical interacting components in sub-synchronous oscillations 

As new plant is added to the system that may participate in SSO, it is valuable to monitor the SSO 

frequency range to confirm that no new resonance is found, or else identify it at an early stage 

before damage is done.  
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Locations were chosen in the GB power system as part of a risk mitigation programme for new 

series compensation and HVDC connections at the sites of the new connections and at plants that 

may interact with the new plant. 

 

The monitoring system put in place by the GB transmission owner/operators is shown in Figure 13, 

with the SSO monitoring locations identified. The equipment to deliver SSO monitoring in SPEN is 

shown in Figure 14.  

 

 

Figure 13: Locations of 200Hz Waveform Monitoring Units in relation to series compensation and HVDC additions 

 

HVDC terminals 

Series compensation 

HVDC terminals 

Long shaft generators 
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Figure 14: Equipment to provide Enhanced (200Hz) Synchronised Measurements for Sub-Synchronous Oscillation 

 

 Rapid Frequency Control 4.5

With reducing inertia, frequency changes become larger and faster, and the resulting angle 

differences between areas of low inertia lead to higher risks of islanding or more conservative 

constraints in network transfer and on the largest allowable loss. To address this, there is a need 

for fast-acting frequency control that is sensitive to the location of the disturbance, and acts to 

reduce the voltage phase angle separation rather than increasing it. The rapid frequency control 

therefore addresses both the frequency stability of the grid and the large-disturbance rotor angle 

transient stability issue. 

 

To achieve this requires a robust and fast-acting monitoring scheme, and fast real-time control 

which is sensitive to the response of the system to a disturbance. The design, implementation and 

operational experience from a demonstration of a wide area monitoring and control scheme for 

frequency stability will be reported in detail in MIGRATE deliverable D2.5. However, it is important 

to consider the requirements for monitoring, as these can differ significantly from the needs for 

dynamics monitoring applications. 
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4.5.1 Technical Requirements for Rapid Frequency Response Service 

The requirements for implementing rapid frequency response are summarised in Table 4.  

 

Objective Description Requirement 

Latency A solution to low inertia should be capable of 

initiating response  

1. Before frequency reaches load shed limit 

2. Before ROCOF-based loss of mains 

triggers 

3. Before the first transient angle swing is 

complete (for responses that are 

location-sensitive). 

It is not essential that all of the resources 

deploy within this timeframe, as deploying an 

initial response will slow the frequency and 

angle change, so that more time is available 

for frequency containment. 

In the GB case, the first 

actions should be initiated 

within 0.5s for the most 

severe events, and within 1s 

for less severe events. 

Flexibility A prospective rapid frequency response 

ancillary service should be open to any 

players that are capable of providing a useful 

response. This includes demand, variable 

renewable generation and storage, down to 

small unit sizes.  

Since many resources are available through 

the distribution network, it is necessary to 

accommodate distribution grid constraints in 

providing the response. 

Utilising physical resources which have a 

primary requirement to serve another 

energy, industry or grid service purpose 

requires flexibility to dynamically allocate 

capability when and where available. 

The mechanism should 

incorporate the capability to 

build the overall system 

response from a wide range 

of flexible resources with 

different response 

characteristics. 

Predictability Given the requirement for flexibility so that 

more players can offer services, it is 

important that the grid achieves a predictable 

response. Therefore, resources that have a 

variable response level may need to be 

tracked in real time to determine the volume 

of response available, and to confirm that the 

A wide area monitoring 

framework for triggering 

distributed responses avoids 

the uncertainty and spurious 

triggering from locally 

derived signals. 

Continuous observation of 
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response was actually delivered. 

The grid operators should be able to track the 

amount of resource available, and predict the 

overall and area response profiles. The 

tracking should show the response profiles 

relative to time, area and event severity. 

Also, the TSO should be able to validate the 

response delivered in comparison with the 

expected response for a given resource. 

Note that both over-response and under-

response have negative consequences, so 

accurate prediction of response is important. 

available capability provides 

predictability of resources. 

Sub-second synchronised 

monitoring of resource 

power and local frequency 

enables validation and 

calculation of the response 

value. 

 

Robustness 

 

 

Rapid response services will become 

increasingly important for many grids, and 

will be relied on to ensure robust defence 

against cascading disturbances. 

In the case of the use of wide area 

measurement, the measurement 

infrastructure should be robust against the 

loss of several PMU sources, and continue to 

run with minimal degradation of 

performance. 

The loss of small individual responses is not 

important, provided there is not a common-

cause loss of many resources.  

A system to deliver rapid 

frequency response should 

have no single point of 

failure, and should be robust 

against multiple loss of 

measurements or 

communication paths. 

The scheme should 

gracefully degrade with loss 

of multiple components. 

A distributed architecture is 

more suitable than 

centralised from the 

perspective of robustness.  

Stability 

 

The rapid frequency response method should 

not degrade stability issues such as: 

1. Increasing the magnitude of the transient 

first-swing stability of the network 

2. Degrading the damping of grid frequency 

or rotor angle oscillations 

3. Interaction between controllers providing 

frequency response (or other active 

control) 

4. Power quality issues in the distribution 

network. 

Discrete triggered response 

such as load steps, load 

shedding and generation 

shedding are not susceptible 

to oscillation stability 

problems.  

Avoid over-dependence on 

continuous closed-loop 

control, especially for fast 

response, as this can be a 

stability problem for widely 

distributed resources.  

Response sensitivity to 

disturbance location avoids 
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first-swing angle instability.  

Monitoring to validate 

acceptable stability 

behaviour requires sub-

second synchronised power 

and frequency 

measurements. 

Discrimination 

 

Discrimination involves differentiating 

between true power imbalance events in the 

system and other events such as line trips 

and distribution events that may appear 

locally as frequency disturbance, but the 

global view shows that there is no net system 

gain or loss of power. 

Spurious action of control can incur 

unnecessary expense and introduce power 

quality issues in distribution. Triggering 

unnecessarily would also reduce the 

willingness of some types of capability to 

participate. 

Wide area information can 

be used to distinguish 

rapidly whether an event is 

global or local. If only local 

information is used, filtering 

is required which delays 

response. 

Applying area and system 

averages of frequency, 

angle and ROCOF signals 

significantly reduces the 

susceptibility to spurious 

response compared with 

local signals.  

Locational 

sensitivity 

Fast response that is not in the area of the 

triggering disturbance leads to greater angle 

separation and increased loadflows. This may 

happen both in the short-term timeframe of 

the first angle swing, but may also lead to 

longer term network overload. 

The use of synchrophasor 

angle information from 

areas around the grid can be 

used to make the response 

sensitive to the location of 

the trigger, and avoid 

increasing the stress in the 

grid. 

High impact 

events 

The scheme should act to help the system to 

reduce the impact of high impact / low 

probability events such as multiple event 

sequences, islanding or partial system 

blackout. 

The system should improve 

local area balancing, so that 

network stress is reduced 

and the probability of riding 

through islanding events is 

improved without blackout. 

Cost 

effectiveness 

Cost effective rapid frequency response can 

be obtained through the use of existing 

resources, without connection of new plant 

and the associated cost of capital equipment. 

Also, avoiding the need for new connection 

agreements and dedicated capacity allocation 

in the distribution or transmission system 

The capital cost of a rapid 

response service is 

significantly reduced by 

enabling flexibility in the 

resources. However, this 

implies a need for greater 

communications, 
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improves cost effectiveness. 

Where flexible resources such as battery 

storage are applied, these may be able to 

serve multiple objectives alongside rapid 

frequency response e.g. optimising return on 

variable generation, distribution network 

management, security of supply. Multiple 

income streams helps to spread the capital 

cost of an installation. 

The cost of the infrastructure to facilitate the 

rapid response service must be appropriate 

for many relatively small units to participate, 

in contrast to the historic frequency control 

from a small number of large plants. 

observability and control. 

The cost of the common 

infrastructure for a rapid 

response scheme may 

spread across the service 

providers or wider consumer 

base, however the 

communications and control 

infrastructure that is specific 

to each participant must be 

kept to a minimum. 

 

Table 4: Requirements for flexible rapid frequency response service 

 As an example of the requirements for containing frequency and ROCOF, National Grid as the GB 

system operator annually publishes the System Operability Framework [8], which includes 

information on managing frequency and ROCOF. At present, a ROCOF limit of 0.125Hz/s is applied 

in order to avoid distributed generation tripping in response to a large infeed loss. The loss of 

distributed generation would make the response more severe by increasing the infeed loss. The 

ROCOF threshold settings will change to 1Hz/s in future, but there will be a legacy of 0.125Hz/s 

thresholds in place for some time to come. 

 

At lower inertia levels, the system may be constrained in terms of the largest infeed loss or 

constraining synchronous generation with high inertia to run in order to keep the system ROCOF 

above 0.125Hz/s. As shown in Figure 15, at the lower levels of inertia seen now, there can be 

constraints on the largest infeed to about 600-800MW, which is not sustainable in future. 

 

Since ROCOF-based loss of mains protection typically triggers with a delay of 0.5s, a rapid 

frequency response system would need to deploy sufficient response for severe events with ROCOF 

> 0.125Hz/s within 0.5s to ensure that the system ROCOF is reduced below 0.125Hz/s before the 

protection triggers. This ROCOF limit should apply throughout the grid, which can be challenging 

since ROCOF varies significantly depending on the inertia of areas and the location of the 

disturbance. 

 

Another requirement is to ensure that the system frequency does not cross the frequency 

boundaries that would cause load or generation shedding. The low frequency limit for the first load 

shedding stage is 49.2Hz. At 0.125Hz/s, this would be reached in 6.4s after the disturbance 

without accounting for frequency control. Conventional primary frequency control is contracted to 

start acting within 2s and fully deploy within 10s. However, with inertia reduction and infeed 
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increasing, ROCOF could well exceed 0.5Hz/s by 2025, requiring containment to act in less than 

1.6s. The projected values of system inertia for different future energy scenarios are shown in 

Figure 16, and the implication of the lower values on ROCOF are annotated on Figure 15. 

 

It should be noted that the inertia reported in the GB power system refers to the overall system 

inertia, but there are also concerns about large ROCOF local to the disturbance location. There are 

already occurrences of spurious triggering of ROCOF relays in events in which the overall system 

ROCOF is well below the triggering threshold of 0.125Hz/s.  

 

Figure 15: GB System instantaneous system ROCOF, relationship between absolute loss size and inertia (Source: National 
Grid SOF [8], annotations added) 

 

Present day ROCOF limit 

0.125Hz/s to avoid DG 

disconnection 

7 Aug 2016 135 GVA.s 

Expected by 2025/26  

(if system unconstrained)  
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Figure 16: GB System inertia changes forecast for various scenarios (Source: National Grid SOF [8]) 

4.5.2 Design Concept for Rapid Frequency Response Service 

A rapid frequency response mechanism is being demonstrated by Landsnet in MIGRATE WP2 under 

task 2.5. The basic concept is that the angle and frequency representing areas (or centres of 

inertia) of the grid are shared with all rapid response providers through a Regional Aggregator (RA). 

A wide area control unit (“Resource Controller”, RC) is located at a point where the resource can be 

controlled directly. Each RC receives a stream of data from all areas of the grid, and responds 

when: 

 

1. System ROCOF, derived from all connected areas of the system, crosses a pre-defined 
ROCOF threshold; and 

2. The response has the effect of reducing the system angle separation. 

 

The system is designed to work under scenarios when the system is intact, or when the system is 

split. It also accommodates disturbances which start with the system connected, and progress to 

an islanding condition. 

  

At present, the control decision achieved and the trigger raised locally within about 0.5s, and the 

timing budget is as follows: 

1. 40ms  PMU measurement delay 

2. 80ms Communications delay 

3. 80ms Central PDC delay 

4. 20ms Phasor controller delay 

5. 200ms ROCOF and other algorithmic/windowing delay 

TOTAL about 420ms 
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It may be noted that the performance of the PMUs is important. Response in 40ms is consistent 

with the P-class requirements of the IEEE C37.118 standard, and this is achieved in Iceland. 

However, M-class performance specifies only 7/50 = 140ms latency, and losing 100ms in response 

time would reduce its effectiveness significantly. 

 

A new architecture is proposed that is intended to reduce latency and improve robustness of the 

approach and greatly reduces the data volume compared with sharing data from individual PMUs. 

Furthermore, the architecture is more suited to an ancillary service approach, as each response 

provider needs only install a control unit and receive a fast but low-volume data stream from an 

appropriate access point in the network. With this data stream and control unit, the resource 

provider only needs to connect a digital signal or standard digital control protocol (e.g. IEC 61850 

GOOSE) to the plant. 

 

The targets of the revised architecture are a data latency within 100ms through avoiding data 

traffic being routed through a central Phasor Data Concentrator (PDC) which serves the monitoring 

infrastructure. This also improves the robustness by avoiding single PMU data streams being critical 

to the operation of the scheme.  

 

The data infrastructure shown in Figure 17 is the architecture that Landsnet is working towards, 

although a simpler initial deployment is currently in place. There is a Regional Aggregator applied 

to each region corresponds to the geographic segmentation of the network in Figure 18. Each RA 

receives data from at least three PMUs. The RA will continue to provide valid data even if only one 

of the PMUs in the region is sending valid data, thus providing redundancy. All regions broadcast 

an angle and frequency measurement which is received by all RCs, and the RCs will enable or 

inhibit action depending on whether the action will increase or decrease the angle separation. 

 

The RCs will normally receive a local PMU data stream in addition to the wide area data. By 

including a local measurement, the RC can be designed to „gracefully degrade“ from wide area 

operation to local operation if there is a loss or delay in communication. The failover to local 

operation will result in a slower response to avoid degrading the angle stability, but can still 

provide a frequency service which is better than failing to respond.  
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Figure 17: Distributed architecture for Regional Aggregation and Resource Controllers for Rapid Frequency Response 
Infrastructure 

 

 

Figure 18: Iceland network segmented into regions 

The installation currently used for the control system in Iceland under WP2 Task 2.5 still uses a 

central aggregation of data in the PDC at the control centre. This involved less change to the 

existing WAMS infrastructure than a move to a distributed control architecture. At present, the PDC 

collects all of the PMU data from around Iceland and sends the data required for control to the 
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relevant locations. This approach has allowed the control capability to be commissioned and to run 

live. Although a distributed architecture will be more robust and more efficient in the use of 

communication bandwidth, the experience with the simpler incremental change in data 

management has proved to be very valuable.  

 

The functions and devices can readily be reconfigured once the new architecture has been 

configured and tested in the Landsnet infrastructure. The change in architecture will involve 

reconfiguring the existing communications network to provide a separate VLAN on which the 

shared data can be broadcast using UDP. By separating this traffic from the data that is used for 

purely monitoring purposes with point-to-point TCP connections, it is possible to manage the 

network traffic and define latency as required for the control scheme, and avoid a single point of 

failure.   

 

There is a role for a central Resource Manager (RM) for slow-update tracking and arming 

controllable resources and configuring thresholds for prevailing system conditions. There is not an 

immediate need for an RM in Iceland, as the inertia in each of the regions and the availability of 

resources are relatively constant and there is not yet a need for dynamic configuration. In other 

systems such as GB, where inertia is varying and the resource availability depends on variable 

generation and load levels, the need for an RM is greater. The roles of an RM involve co-ordination 

of arming and disarming resources, tracking availability of the resources, and applying ROCOF 

thresholding that is appropriate for the prevailing level of inertia.   
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5 Data Analytics and Prediction 

The performance indicators developed in MIGRATE WP2 are values derived out of measured data. 

However, in order to use these values in timeframes from operational planning, typically a few 

hours ahead, through to planning capacity needed for services in 1-2 year timeframe and beyond, 

it is important to understand the key influences on the KPIs and be able to project them into the 

future. 

 

Taking effective inertia as an example, the definition of the response time for services to replace 

lost generation or load depends on the inertia of the grid. Inertia in a region varies significantly 

with weather, load and energy trading. This leads to  

 In an operational planning timeframe, it is important to plan to have the right volume of 
response activating at appropriate levels of ROCOF and/or frequency deviation. For an 
accurate response, these should be adapted dynamically to suit the expected conditions of 
the system. 

 In a longer term planning horizon, it is important that rapid frequency response services 
are specified appropriately for the longer term need of the system, and that the market for 
rapid response capacity is designed such that the service is offered by providers in 

sufficient volume and in the necessary areas so that a predictable and sufficient response is 

achieved. 

 

In order to predict the effective inertial response of the system, and the individual areas, it is 

necessary to identify the relationships between the inertia and the operating state of the system. 

Forecasting can then be used to derive a prediction of the effective inertia, and hence the required 

time for response delivery.  

 

Further work is required to identify the most important predictors for the effective inertia of the 

system and the regions within it, but values that are expected to be influential include: 

1. Transmission-connected generation inertia. The physical spinning inertia of large 
synchronous machines is a well-known contributor to system inertia, and may still be the 

largest component.  

2. Distribution-connected machine inertia. There is some effective inertia provided by 
the distribution system, but the physical inertia may be counteracted by controls. For 
example, an industrial motor load may be controlled to provide close to constant power to 
the load. 

3. Power electronic controls. Power through electronic interfaces of generation, load or 
storage will be defined by the control applied.  

4. Voltage dependence of load and generation. Loads and distributed generation tend to 
be sensitive to voltage. Depressed voltage in a disturbance will tend to reduce load, which 
helps to improve ROCOF. Although renewable generation will normally be required to meet 
Low Voltage Ride Through (LVRT) requirements, the requirement allows for a power 
reduction during the voltage disturbance.    

5. Frequency dependence of load and generation. Frequency also affects the power of 
load and generation, and the overall effect on the system is not well known. 
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The study of these influences involves data collection and the use of data analytic methods such as 

machine learning to extract correlations and patterns. There are many measurements and data 

sources, but at present these tend to be fragmented between different systems and across 

different organisations. Furthermore, data which could be useful may be restricted due to 

commercial sensitivity and to avoid market distortions. 

 

Data sources which contain useful information for data analytics and prediction include: 

1. Wide Area Measurement Systems (WAMS)  

a. Data source of dynamic information for deriving KPIs such as effective area inertia 
and short circuit capacity, and is therefore fundamental to other analytics and 
prediction techniques 

b. Stress measures within the power system indicated by phase angle difference 
patterns of voltage phase angles can be observed in both transmission and 
distribution systems 

c. Voltage phasors and frequency may be considered less commercially sensitive than 
current and power measurements, and may be more freely available. System 
behavior can be observed (with some limitations) at the voltage levels of 
customers and distributed generation. 

2. Energy Management Systems (EMS). EMS normally includes complete observability of 
the operating state of transmission voltage levels in steady state, with updates typically at 

2-10s intervals and state estimation typically at minute intervals. The EMS data is 

commercially sensitive, and only available to the TSO that owns the data. 

3. Distribution Management Systems (DMS) and Metering. DMS provides observability 
of the distribution system, including distributed generation and load. However, the 
observability tends not to be complete. Metering includes standard revenue metering and 
smart metering. This data may be at slow rates (ie 15-minute intervals and above). This 
data is also commercially sensitive and only available to the DNO and/or supplier that 

owns the data. 

4. Wind and solar monitoring and forecasting. The output of variable generation 
resources is captured by monitoring the installations, and can be predicted with 
information from weather forecasting information. However, direct measurement of 
renewable generation production ranges from very large transmission connected plant 
down to small domestic installations. 

5. Market Management Systems (MMS). Energy trading and scheduling, including trading 

between TSOs influences the operating state of the system. This information is 

commercially sensitive. 

 

Some of the information that is commercially sensitive in real-time may be available historically for 

analysis. 

 

For the MIGRATE project, historical information from the TSO partners‘ EMS and WAMS systems 

can be used for research and analysis. However, for practical reasons and to avoid undue burden 

on personnel, information must be requested selectively by researchers in terms of time periods of 

interest and representative measurement sources to investigate relationships with area inertia and 

short circuit capacity. 
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Within MIGRATE WP2, work has been done in Tasks 2.3.3 and 2.5.3 on the feasibility of  

correlating area inertia and short circuit capacity to other measurable quantities, and from the 

relationships to forecast values from future estimates of the quantity. The research is on-going and 

work to date addresses prediction of the physical rotating inertia which is known directly in the 

model, and the model estimation of short circuit capacity.  

 

The focus of the research work is on the analytic methods to apply to extract relationships, 

however there is also an input from this work on the steady-state values that should be considered 

as input into measurement-based analysis. 

 

The measurable quantities tested for forecasting area inertia include: 

 Active power of synchronous machines;   

 Reactive power of synchronous machines;   

 Active power of PE generation; 

 Reactive power of PE generation; 

 Voltage magnitude of busbars; 

 Voltage angle of busbars; 

 Active power of lines;   

 Reactive power of lines; and 

 Aggregates from the above values. 

 

Further investigation is being considered to relate the effective inertia of the system to steady-

state measurable quantities, rather than the rotating inertia identified in the model. The forecasting 

technique applied to prediction of rotating inertia in the model shows the expected result that the 

strongest correlation is with the synchronous generation that is connected, and there are also 

strong correlations with values that are closely related, for example the large negative correlation 

with non-synchronous generation that is used in the model to displace synchronous generation. 

However, the real-world relation of effective inertia may be complex and involve more factors than 

the model-based studies have suggested.  

 

It was also found that the values of SCC were strongly influenced by the topology of the network. 

This conclusion is expected, but it reinforces that the topology should be accounted for in work to 

forecast SCC. Also, the system loading was an important factor.  

 

The topology may be practically difficult to capture in a generalised machine learning approach as 

it is entirely network-specific and a model of the connectivity of the network would need to be 

incorporated. Implementation would be simpler in practice if the voltage angle of busbars along 

with other power flow variables provided sufficient information for prediction. 

 

The process of data collection for analysis and forecasting from a measurement-based perspective 

draws on the insights from the forecasting tasks and indicates that the values in the list below 

would be of interest in trialling a machine learning approach on real system information.  
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It is recognised that in forecasting the behaviour of the real power system, it is not known at the 

outset which values will prove to be the most influential in determining the target. Further research 

is required to identify an optimal set of data, so the requirements for data capture may be broader 

at this stage than is actually required in the final outcome of the project.  

  

The practical process for collecting and making data available to work towards a forecasting 

approach combines WAMS and EMS data, possibly combined with weather information. 

  

1. All available WAMS data is collected and transferred to researchers in continuous blocks 
with a few months of data. This includes: 

a. Voltage and current phasors for all boundary lines for areas of study, such that 
total power import/export can be derived. 

b. Frequency and voltage phasors at various points distributed around the system 

c. Voltage and current phasors at main generation sources, such that the generation 
plant active and reactive power output is fully captured. 

2. WAMS data is analysed and event times are identified within the data.  

3. EMS data is requested and collected for the time of the event, and if necessary, a period of 

typically 1-2 hours before and after the events. The data includes variables that are 
thought to influence the KPIs, such as: 

a. Number of synchronous generators connected in the area of study, and the known 

values of inertia  

b. Active and reactive power output and station bus voltage of each connected 
synchronous generator 

c. Active and reactive power output and station bus voltage of each transmission 

connected wind and solar park 

d. Active and reactive power output and voltage at grid supply points 

e. If available, estimates of total distribution-connected wind and solar power may be 
useful 

f. If available, indication of the network topology in the area, to be related to SCC. 

4. Time of day, day of week, season etc. may be useful indicators for the value and type of 

loads in distribution that are not directly observable.   

5. If available, weather data such as windspeed, solar irradation and temperature may be 
useful at a selection of locations.  
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6 Parallel Use of GPS and Galileo 

Synchronisation Sources  

The goal of Task 2.1.2 - Parallel use of synchronization sources (GPS and Galileo) - is to assess 

whether Galileo and Global Positioning System (GPS) time sources can be used interchangeably, so 

that critical systems can be designed without GPS as a single point of failure. Reducing risks 

associated with the availability of synchronization sources is a key goal with increasing reliance on 

PMUs in power system applications [1]-[11], for example. The most efficient technology to achieve 

synchronization over a WAMs is still GPS [12]. Architectures like IEEE 1588 [13] can reduce the 

number of GPS receivers needed within a WAMS or substation and improve the reliability of 

synchronization, but they do not eliminate dependency on GPS time synchronization completely. In 

the unlikely scenario that GPS stops transmitting on its publicly available frequency, most PMU 

based applications would become unusable, as the phase angles estimated by PMUs could not be 

trusted.  

 

Risk of reliance a single synchronization source motivates the use of alternative Global Navigation 

Satellite Systems (GNSS), including European Galileo, Russia’s GLONASS and China’s Beidou. 

Furthermore, to boost the accuracy and reliability of the aforementioned satellite systems, 

Satellite-based Augmentation Systems (SBAS) [14] are put in place by several countries. SBAS 

makes use of high accuracy ground stations to increase the number of broadcast satellite 

messages. Information related to factors that can affect the accuracy of the synchronization, e.g. 

environmental conditions, are also sent via the SBAS system, in order to enable satellite receivers 

to compensate for errors introduced by such external uncertain factors. Currently around the world 

there are several SBAS systems deployed, e.g. Wide Area Augmentation System (WAAS) operated 

by US, European Geostationary Navigation Overlay Service (EGNOS) belonging to EU, Multi-

functional Satellite Augmentation System (MSAS) deployed by Japan.  

 

At the time of writing, the Galileo Global Navigation Satellite System is not yet fully deployed 

according to the official schedule of the Galileo project [15]. There are currently 18 Galileo 

satellites in orbit, with 14 having reached Full Operational Capability (FOC) and 4 still in the In-

Orbit Validation (IOV) phase. The full Galileo constellation is planned to have 24 satellites. 

Furthermore, support for Galileo within GPS/GNSS Receiver Chips & Modules is currently not 

widespread and most business-as-usual time synchronization equipment relies on GPS with 

GLONASS as a backup time synchronization alternative [16]-[18]. Given the operational status of 

Galileo not yet being a fully-fledged GNSS, chapter focuses mostly on comparing satellite 

availability and quality of synchronization for GPS and Galileo. To achieve this comparison, a 

Galileo compatible time server was a technical prerequisite.  
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The selection of an off-the-shelf solution for a time server compatible with Galileo and serving the 

needs of the Task 2.1.2 experiments was quite challenging. The key requirement for the time 

server is the transparent access to NMEA [19]-[21] protocol frames, which hold key 

synchronization information, e.g. the number of visible Galileo satellites, their Pseudo Random 

Noise (PRN) codes, azimuth, and elevation. However, Galileo time server from Heol Design [22] 

provides the required level of transparency and is used in experiments described in this report. 

Here transparency refers to the transparent access to the NMEA protocol, which provides full 

satellite information. NMEA protocol is defining the data format and their actual physical meaning.  

 

To assess interchangeability of GPS and Galileo, real time data obtained from two time servers 

were processed. One time server was connected to GPS and an additional one was connected to 

Galileo. To increase the validity of the assessment, data acquired over a longer time period (more 

than one month) were processed. Finally, an attempt to test if it is possible to use both GPS and 

Galileo systems in parallel was undertaken. This has been done in so-called dual synchronization 

mode in which satellite data from both GPS and Galileo constellations were used in parallel on the 

same time server.  

 

The chapter is split into 4 sections: 

 Section 6.1 is focused on the laboratory setup used for comparison of GPS and Galileo.  

 Section 6.2 is focused on the extraction of satellite parameters from within the Galileo time 

server according to NMEA [19] communication standard.  

 Section 6.3 is focused on data analysis and results.  

 Section 7 presents the study conclusions.  
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 Laboratory setup 6.1

To investigate the interchangeability of GPS and Galileo GNSSs, a laboratory setup was proposed. 

Quite similar, i.e. close to identical, physical conditions were designed for both systems.  

 

The multi-constellation antenna required for Galileo is located within several meters of the GPS 

antenna. The setup ensured that satellite signals undergo very similar distortions due to external 

factors like environmental conditions. In case of locating two antennas at very different locations, 

there could be different levels of distortions affecting Galileo and GPS receivers, distorting the 

comparison. One of consequences could be that clocks of two different time servers drift further 

apart from each other, causing unexpected inaccuracy. In this context, the lab setup proposed for 

this testing deals with a best case scenario in terms of parallel use of GPS and Galileo 

synchronization sources, i.e. starting from the assumption that both antennas share the same 

environmental conditions. As stated above, Galileo still does not have a full 24-satellite 

constellation [15]. Thus, the testing was focused on checking the availability of satellites, as well 

as the interchangeability of two GNSSs. Figure 19 shows a block diagram of the laboratory setup.  

 

 

Figure 19: Laboratory setup for testing of GPS and Galileo Global Navigation Satellite Systems 
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The antenna of the Galileo time server is a high gain GNSS antenna (TW3740 model) receiving 

signals in the frequency range 1557 MHz to 1606 MHz, covering the following frequency bands 

used for GNSS synchronization:  

 

 BeiDou B1;  

 Galileo E1;  

 GPS L1;  

 GLONASS L1; and  

 SBAS (WAAS, EGNOS, MSAS).  

 

Note that appropriate names are used to designate specific frequency bands. 

 

The Galileo time server (manufactured by Heol Design) can parse satellite data from the four major 

GNSSs: GPS, Galileo, GLONASS and BeiDou. Furthermore, additional to GPS, data from satellites 

pertaining to other constellations, like Galileo, can be used in parallel in order to enhance the 

quality of synchronization (dual synchronization mode).  

 

The process of data extraction from time servers is linked to appropriate interfaces used. This 

technical aspect is addressed in the following text and visualized in in Figure 20. As shown in 

Figure 20, the Galileo time server has several different interfaces for communication, as follows:  

 

 SMA for antenna signal;  

 copper for 1 PPS output and trigger channels;  

 Ethernet for NTP output; and  

 RS232 for data extraction and control.  

 

The Galileo time server also offers a basic local web server accessible via the Ethernet interface, 

but it does not provide any functionality for automatically extracting satellite data. Hence, there is 

a need for analyzing low level communication protocol frames stemming from the RS232 

connection according to NMEA [19] protocol, in order to extract the Galileo satellite data. This 

aspect is detailed in section 6.2. 
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Figure 20: Communication interfaces of Galileo Time Server (manufactured by Heol Design) 

 

The GPS Time Server used for testing purposes was a Tekron TCG02-G. The Tekron time server is 

also compatible with GLONASS, but not with Galileo. This was the reason for using a separate time 

server for Galileo (manufactured by Heol Design). 

 

 Satellite data extraction using NMEA protocol 6.2

The Galileo server used for this report does not offer automatic functionality for extracting satellite 

data, unlike the GPS server. Hence, an appropriate mechanism for data extraction from Galileo 

time server had to be developed. For this purpose, the RS232 port was used, combined with the 

NMEA 0183 communication protocol. This requires interpreting low level NMEA [19] communication 

protocol frames. In order to automate the data extraction process, a Java tool for data extraction 

was developed for parsing the NMEA protocol and aggregating the extracted information into Excel 

files, as illustrated in Figure 21.  
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Figure 21: Block diagram for information extraction from the Galileo Time Server 

 

Figure 21 shows the Java tool that creates Excel files where the data are stored. The Excel files 

include the following types of parameters:  

 

 Pseudorandom noise code;  

 Azimuth;  

 Elevation; and  

 Signal to noise ratio.  

 

The above parameters are further used for data post processing in MATLAB. An expert 

understanding of the NMEA protocol is a key prerequisite for extracting the satellite data from the 

Galileo time server. The structure of NMEA data frames are detailed in this section. This structure is 

defined by the NMEA 0183 communication standard/protocol.  

 

Several important NMEA frames are listed in Table 5. As it can be seen from the descriptions in 

Table 5, the GPZDA provides an “accurate” UTC timestamp, while no guarantees are made in 

regard to the timestamp comprised within the GPGGA frame. The accuracy of the timestamp within 

the GPZDA frame depends on multiple factors, like the number of visible satellites, their elevation, 

the geometry of the satellite positions and other factors that can influence the signal strength, like 

weather conditions. 
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Table 5: Several NMEA frames and their description 

 

The position of satellites is important for the time estimate accuracy. If 3 satellites are located in 

the same part of the sky, a bad quality of the position estimate will be achieved, compared to the 

case in which e.g. 3 satellites are located in the sky according to the vertices of an equilateral 

triangle. In the former case, the time server’s estimates of the position and time synchronization 

will be poor and sensitive to measurement errors caused by environmental factors. To quantify 

such sensitivity to measurement errors, the term Dilution of Precision [23] was introduced. The 

time server takes into account factors which can impact its accuracy and publishes the uncertainty 

of the time synchronization via the following operating modes: 

 

 T108 operating mode 1: No synchronization 

 T108 operating mode 2: “UTC only” 

 T108 operating mode 3: “Holdover” 

 T108 operating mode 4: “Synchro” (40 μs accuracy) 

 T108 operating mode 5: “Selfsurvey” (10 μs accuracy) 

 

For all data acquisition purposes of this report, experiments were initiated with the time server in 

“Selfsurvey” mode (10 μs accuracy). This mode is offering the very best accuracy. As results in 

section 1.4 will show, for some time intervals the number of visible Galileo satellites dropped down 

to 0, hence the accuracy of the time server changed accordingly. “UTC only” mode has 1s 

uncertainty and therefore cannot be used for power system applications. The server also blocks the 

functionality of generating PPS signal as it would be very inaccurate.“Holdover” mode indicates that 

NMEA frame name and format Description 

GPZDA [19] 

“hhmmss.00,dd,mm,yyyy” 

Key NMEA frame for time synchronization. Provides an 

accurate UTC timestamp followed by a checksum field. 

GPGGA [19] 

“hhmmss.ss,llll.lllll,a, 

nnnnn.nnnnn,b,t,uu, 

v.v,w.w,M,x.x,M,y.y,zz” 

NMEA frame with a complex format, comprising an UTC 

timestamp and detailed location information, e.g. longitude 

and latitude, quality of the estimated location, altitude of the 

antenna used to receive the satellite signal, Horizontal 

Dilution of Precision (HDOP). 

GAGSV [19] 

“t,u,vv,ww,ww,www,ww,xx,xx, 

xxx,xx,yy,yy,yyy,yy,zz,zz,zzz,zz” 

NMEA frame for identifying visible Galileo satellites and their 

parameters. When the number of satellites becomes larger 

than 4, satellite information is broken down across multiple 

GAGSV messages. 

GPGSV [19] 

“t,u,vv,ww,ww,www,ww,xx,xx, 

xxx,xx,yy,yy,yyy,yy,zz,zz,zzz,zz” 

Similar to the GAGSV frame, with the only difference that 

GPGSV frame contains information about GPS satellites. 
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the server lost connection to the synchronization source (GPS or Galileo or both) and the accuracy 

of its timestamps is slowly drifting away from that of the GNSS system, with no guarantee of 

accuracy. 

 Data analysis and results 6.3

Several Galileo and GPS data sets obtained over several weeks were analyzed to assess the 

interchangeability of two GNSSs. Here data set stands for aggregated data during a continuous 

time interval. A list of data sets used is given in Table 6. Note that GA means Galileo, GP means 

GPS and GPA means Galileo and GPS.  

 

Table 6: GPS and Galileo data sets 

Data set  

ID 

Receiver  

(time server) 

Constellations Start date End date Effective 

Duration 

 

GA1 Heol Design T108 Galileo 31-08-2017 13-09-2017 14 days 

GA2 Heol Design T108 Galileo 10-10-2017 30-10-2017 16 days 

GA3 Heol Design T108 Galileo 30-10-2017 31-10-2017 24 hours 

GP3 Tekron TCG02-G GPS 30-10-2017 31-10-2017 24 hours 

GPA4 Heol Design T108 GPS + Galileo 31-10-2017 01-11-2017 24 hours 

 

More detailed information about the tests presented in Table 6 are given below.  

 

- Laboratory experiments were mostly focused on long running time synchronization using 

the Galileo GNSS, e.g. data sets GA1 and GA2.  

- The scope of tests GA3 and GP3 was to make a comparison of two independent 

timeservers running in parallel, one using Galileo as time synchronization source and the 

other using GPS.  

- The scope of data set GPA4 was to investigate the use of both Galileo and GPS 

constellations within the same time server. 

 

In the following text, results of the assessment of the availability of satellites will be given. For this 

purpose, the information about the:  

 

1. Minimum;  

2. Maximum; and  

3. Average. 

 

number of visible Galileo satellites for all above data sets is given.  
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There is a direct correlation between satellite availability and interchangeability of the two 

mentioned GNSSs: GPS and Galileo. In both cases (case GPS and case Galileo) satellite information 

is used by a time server to generate one Pulse Per Second signal (PPS) to be used as a 

synchronization signal. The accuracy of the generated PPS signal needed by power system 

applications is of the order of 1µs. For PMU applications, for example, 1 µs is more than sufficient 

to satisfy the 1 % Total Vector Error (TVE) requirement within the IEEE C37.118 standard [1] while 

for line current differential protection the necessary level of accuracy is 10 µs [24]. Such 

requirements at the µs level are well above the 5 ns threshold defined by the Galileo Project Office 

for the GPS to Galileo Time Offset (GGTO) [25]. If the GGTO value is within the limits defined by 

the Galileo Project Office, then the offset between the GPS and Galileo generated PPS signals is 

negligible for the purpose of power system applications. Hence the interchangeability between 

Galileo and GPS becomes a question of whether the Galileo or GPS receivers have enough satellites 

visible to produce an accurate PPS signal.  

 

In the text below results obtained by assessing all cases from Table 6 will be systematically given.  

 

 

Data Set GA1 case 

 

In Figure 22, Figure 23, and Figure 24 the minimum, maximum and average number of visible 

Galileo satellites is given respectively. 

 

 

 

Figure 22: Data set GA1 - minimum number of visible Galileo satellites 
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Figure 23: Data set GA1 - maximum number of visible Galileo satellites 

Minimum number of Galileo satellites from Figure 22 shows that for certain periods of time, there 

are no Galileo satellites visible. If Galileo were to be used as a replacement to GPS, the necessary 

time synchronization is not possible at those times. In such cases, investments into a higher 

quality oscillators of the time server, with lower jitter levels, would be required. Such low jitter 

oscillators would ensure that during the “holdover” operation mode of the Galileo server, when no 

single satellite can be reached, its timestamp would not drift away significantly from that of the 

GNSS and consequently will not affect applications relying on Synchronized Measurement 

Technology represented by PMUs. 
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Figure 24: Data set GA1 - average number of visible Galileo satellites 

Maximum number of Galileo satellites from Figure 23 and average number of satellites (greater 

than 4) in Figure 24 indicates that Galileo indeed has the potential of becoming a fully-fledged 

alternative to GPS. According to the official Galileo project schedule [9], there are at least 6 

additional satellites that need to be launched into the orbit by 2020 and 4 satellites that still need 

to reach Full Orbit Capability. These planned expansions should have a positive impact on the 

performance of Galileo. It is expected that in future there will always be Galileo satellites visible.  

 

Data Set GA2 case 

 

The second data set GA2 was gathered one month later that GA1. The goal was again to explore 

the number of visible Galileo satellites over a relatively long period of time (more than 2 weeks). 

Daily minimum, maximum and average number of satellites are depicted in Figure 25, Figure 26, 

and Figure 27. Results of the comparison between GA2 and GA1 are presented in  

Table 7. 

 

Visible Galileo 

satellites 

GA1 data set 

mean 

GA1 data set 

std. 

GA2 data set 

mean 

GA2 data set 

std. 

Daily minimum 1.5 1.7 1.5 1.4 

Daily maximum 7.1 0.7 6.9 0.8 

Daily average 4.6 0.4 4.2 0.3 

Visible Galileo 

satellites 

GA1 data set 

mean 

GA1 data set 

std. 

GA2 data set 

mean 

GA2 data set 

std. 
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Table 7: Comparison between data sets GA1 and GA2 

 

Figure 25: Data set GA2 - minimum number of visible Galileo satellites 

 

Figure 26: Data set GA2 - maximum number of visible Galileo satellites 

 

Daily minimum 1.5 1.7 1.5 1.4 

Daily maximum 7.1 0.7 6.9 0.8 

Daily average 4.6 0.4 4.2 0.3 



REPORT 
 

Page 67 of 90 

Table 7 shows that the mean of each data set is quite stable, i.e. the relative differences between 

the means are lower than 9%. This was to be expected, since both GA1 and GA2 data sets 

comprised data gathered over a relative long period of time (two weeks). However, within dataset 

GA2, Galileo GNSS still experiences loss of signal due to poor satellite visibility, as it can be seen 

from Figure 25. 

 

Figure 27: Data set GA2 - average number of visible Galileo satellites 

 

Data Sets GA3 (Galileo) and GP3 (GPS) case 

 

In order to compare GPS and Galileo, data sets GA3 and GP3 are acquired. Unlike the long running 

tests GA1 and GA2, the comparison between GPS and Galileo takes place over a 24 hour interval. 

For each hourly interval, e.g. 12:00 AM – 1 AM, 1AM – 2 AM, etc., maximum, minimum and 

average number of visible satellites are computed for both GPS and Galileo constellations. Relevant 

plots are depicted in Figure 28, Figure 29 and Figure 30 and a quantitative comparison is presented 

in Table 8. 

 

Visible Galileo 

satellites 

GA1 data set 

mean 

GA1 data set 

std. 

GA2 data set 

mean 

GA2 data set 

std. 

Daily minimum 1.5 1.7 1.5 1.4 

Daily maximum 7.1 0.7 6.9 0.8 

Daily average 4.6 0.4 4.2 0.3 

Visible Galileo 

satellites 

GA3 data set 

(Galileo) mean 

GA3 data set 

(Galileo) std. 

GP3 data set 

(GPS) mean 

GP3 data set 

(GPS) std. 

Daily minimum 3.95 0.8 6.83 1.09 
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Table 8 

 

Figure 28: Comparison between GPS and Galileo – minimum number of satellites 

 

Figure 29: Comparison between GPS and Galileo – maximum number of satellites 

 

Daily maximum 5.41 1.13 9.37 0.71 

Daily average 4.72 0.98 8.36 0.58 
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Figure 30: Comparison between GPS and Galileo – average number of satellites 

As it can be seen from Figure 28 - Figure 30, there are almost always more GPS satellites visible 

than Galileo. This limited availability of Galileo with respect to GPS is also confirmed by the 

average values in Error! Reference source not found. and is to be expected, simply due to the 

fact that Galileo currently has fewer satellites within its constellation. However, as Galileo project 

moves closer to its completion date, it is expected that such gaps in availability will be eliminated. 

 

 

Data Set GPA4 case 

 

Considering the current development stage of Galileo (incomplete constellation) it is also important 

to analyze the potential of Galileo to enhance the quality of the existing GPS synchronization. To 

this end, the data set GPA4 is acquired, which makes use of both GPS and Galileo satellites on the 

same time server. Such a synchronization setup gives access to satellites with higher elevation 

from both constellations, which has the potential to greatly increase timestamp accuracy. 

Comparison between GPS only constellation and GPS + Galileo hybrid constellation is depicted in 

Figure 31, Figure 32 and Figure 33. Obviously more satellites in total were available in this case.  
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Figure 31: GPS + Galileo compared to GPS only - Minimum no. of satellites 

 

Figure 32: GPS + Galileo compared to GPS only - Maximum no. of satellites 
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Figure 33: GPS + Galileo compared to GPS only - Average no. of satellites 
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7 Conclusions 
As the prevalence of power electronic conversion and non-inertia generation increases in power 

systems, the behaviour changes and new concerns arise. Historically, SCADA/EMS systems were 

the main source of system-wide information on the power system, and this steady-state 

observability was largely sufficient. The increase of non-inertial generation with the capability to 

react much more quickly than conventional generation leads to faster dynamics propagating 

through the network and interacting between plants. The increasing number and dispersion of 

generation facilities throughout different voltage levels also adds to the complexity of the power 

system. 

 

To achieve a successful transition to low carbon energy sources, it is important that the risks to the 

stability of the system can be observed in sufficient depth to understand the behaviour of the real 

system, measure the risks and prioritise methods and services to mitigate significant risks. To 

achieve this, the system must be observed using measurement infrastructure that is fit for purpose 

for capturing the behaviour that could potentially lead to major issues. Analytical tools can be 

applied to identify appropriate KPIs, but require that the underlying phenomena are captured in 

measurements.   

 

This report addresses a number of issues that are increasingly important in the energy transition.  

 

These issues include:  

 The behaviour of frequency and angle stability of the grid 

 Changes to voltage control behaviour, and divergence of the impedance of the grid in 

different states 

o Near-nominal voltage scenarios 

o Fault conditions when the system experiences low voltage   

 Stability of oscillations and the implications on control 

o Very low frequency oscillations impacted by lower inertia, important for power-

frequency governing control performance 

o Low frequency electromechanical oscillations between increasingly sparse 

synchronous generation, and involving interactions with other controls in the grid  

o Higher frequency oscillations involving faster acting control  

o Harmonics issues and interactions due to the increasing penetration of power 

electronics. 

Over the last decade, there has been a significant emphasis on dynamic monitoring using 

synchrophasor measurement that has greatly improved awareness and interpretation of practical 

power system dynamics. Fundamentally, this has resulted in progression from steady-state 

observability to dynamic observability of the system as a requirement for prudent management of 

the power system.  

 

In contrast to other available mechanisms to capture faster phenomena, the approach of 

synchronised continuous measurement characterises the interactions across the power system, 

rather than the use of isolated local measurements. There are many existing measurement 
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systems to capture faults, power quality issues, disturbances etc. but these tend to provide 

localised data on demand. Extending the principle of a system perspective on managing emerging 

trends is an important development, and suggests a value in applying a similar synchronisation and 

information streaming approach to provide real time information and warnings, as well as a 

system-wide observation for analytical use. There is potential to extend synchronised wide area 

monitoring beyond its existing boundaries.   

 

This report addresses the progression in monitoring to accompany the energy transition, including: 

 
 Extent of coverage of the network appropriate for observing the key emerging issues, 

principally relating to the coverage of PMUs for changing network dynamics and inertia.  

 Bandwidth of observability and the potential to address a much broader range of 

emerging issues with different characteristics, and unified processes and infrastructure to 

achieve this. 

 Transition from monitoring to control. The ability to observe phenomena leads to 

opportunities to use these measures in new control methods. This increases the reliance 

on the technology and places new requirements on latency.  

 Data quality and reliability. As the information becomes more mission critical, the 

quality and reliability of data is increasingly important, incorporating the measurement 

technology, communications and information management.  

The issue of time synchronisation underpins the reliability of many monitoring and control 

applications. While other data quality and reliability issues may affect individual measurements and 

communication routes, time synchronisation is particularly important as it could affect the whole 

system-wide observability of the system. This report includes a study of redundancy of time 

synchronisation between the Global Navigation Satellite Systems of GPS and Galileo. Although the 

Galileo system is not yet fully operational and in its current state there are periods without 

coverage, it was shown that while there are Galileo satellites observed, both systems can be used 

interchangeably for accurate time synchronisation. As the coverage of Galileo increases, the 

increasing number of visible satellites should result in a continuous source of synchronisation data, 

and redundancy can be achieved. 

 

The focus of this document is to describe the monitoring requirements, which is presented in the 

context of use-cases for extracting information from measurements. The application of monitoring 

requirements and solutions evolves over time, and rollout to full coverage tends to happen as a 

progression of adding monitoring devices over time, rather than a one-off installation campaign. 

This report is intended to provide input into the direction for developments in monitoring and 

control technology, and provide information to assist in the technology path for apply monitoring 

for the emerging needs of the industry. 

 

Regarding the investigation to assess whether Galileo and Global Positioning System (GPS) time 

sources can be used interchangeably, based on results obtained, it was possible to achieve time 

synchronization with the Galileo Global Navigation Satellite System for extended periods of time 

(several weeks). However, there were periods during which satellite visibility was quite poor when 
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compared to GPS. Most experimental data showed that Galileo has the potential to evolve into a 

valid alternative for GPS, although more Galileo satellites need to be deployed, and more satellites 

need to have their Full Orbit Capability enabled. If Galileo is to be used as a synchronization source 

in its current stage of development, Galileo time servers would need highly accurate clocks to avoid 

significant drift from the timestamp of the GNSS during periods with low satellite visibility.  

 

Although there is currently a significant discrepancy between satellite availability of Galileo when 

compared to GPS, once Galileo satellite availability is improved, an interesting avenue of research 

would be to experimentally validate whether the GPS to Galileo Time Offset (GGTO) is indeed 

within the limits set by the Galileo Project Office [25].  

 

Experiments performed in this report show that Galileo can already be used as an effective 

enhancement to GPS in servers that support GPS + Galileo synchronization mode. Such an 

approach to multi constellation synchronization would enable access to low high elevation satellites, 

which are beneficial for reducing estimated location uncertainty and for improving time 

synchronization accuracy.  
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8 Appendix A: Justification of 200fps 

Waveforms for SSO 

Summary 

Research was carried out by GE’s Grid Solutions on the best approach to determine a measurement 

quantity suitable for wide-area observability and co-ordinated analysis of Sub-Synchronous 

Oscillations (SSO), that: 

 Would accurately represent Sub-Synchronous Oscillation (SSO) content in its original quantity 

(e.g. a voltage waveform on the transmission network), and 

 Could be communicated in a practical manner and in real time between an acquisition unit (e.g. 

PMU) and a central Wide-Area Monitoring System (WAMS) server, given that bandwidth may be 

restricted. 

The research investigated what form of data was best suited, comparing downsampled waveform 

data with true RMS and fundamental RMS. The research suggested that downsampled waveform 

data best replicated the signal characteristics of interest and avoided potential signal processing 

problems. 

 

Background 

Sub-Synchronous Oscillations 

The purpose of the SSO monitoring is to observe the natural frequencies of oscillation and 

interactions between devices connected in the network, as illustrated in Figure 34.  The 

measurement process is intended to capture behaviour that allows interpretation of the issues 

observed. The following categories of behaviour can be observed in the grid: 
1. Frequency modulation  

The grid fundamental frequency near 50/60Hz is modulated at an SSO frequency. A 

generator shaft torsional oscillation will appear as frequency modulation 
2. Amplitude modulation  

The magnitude of the 50/60Hz grid fundamental waveform is modulated, while the 

frequency remains steady. Fast acting power electronic control can modulate the 
magnitude of voltage. 

3. Added oscillation 
An independent frequency component can be observed, summed with the fundamental 

component. A network LC oscillation is an added oscillations 
 

It is critical that the phenomena of interest are captured by the measurement process, and that the 

most appropriate signal choice and signal process is used to capture interactions between the 

network and connected plant. It is also useful to preserve key characteristics of the SSO 

phenomena in order to interpret them correctly.   
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Figure 34: Sub-Synchronous Oscillation Interactions 

Sub-synchronous oscillations in generator torque and speed are seen in voltage and current 

waveforms as modulation in amplitude and frequency.  Thus, as speed oscillation with a frequency 

FO is seen as two frequency components at 50-FO and 50+FO.   

Other sub-synchronous oscillations may present as added oscillations – for example electrical 

modes due to LC circuits, which involve one added frequency component at 
1

2𝜋√𝐿𝐶
. . 

Whilst the focus of real-time oscillation monitoring will be on sub-synchronous components (4-

46Hz), visibility of super-synchronous components (54-96Hz) is of diagnostic value during manual 

analysis, providing the ability to distinguish added oscillations from modulations. 

 

RMS & Phasor Calculation 

The process of deriving phasor measurements or RMS values demodulates the waveform, and 

therefore gives the frequency of any amplitude oscillations.  However, the results may be 

misleading if the oscillations present are not amplitude modulations but include added components. 

Furthermore, RMS and phasor values are by necessity derived over a time window, which can 

range from a half-cycle (10/14ms) to multiple cycles. The choice of window length will have an 

effect on accuracy and on the degree to which higher frequencies, which may include the SSO 

range, are attenuated. In addition, the calculation of phasor amplitude and fundamental RMS are 

designed to focus on the fundamental 50Hz component of a waveform and thus will attenuate both 

higher and lower added frequencies. 
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Investigation 

Some examples are given below comparing waveform and RMS data, both at 200 Hz.  The RMS 

data is taken from half a cycle and updated every quarter of a cycle. 

 

Example 1: Amplitude Modulation 

Figure 35 shows Fast Fourier Transform (FFT) analysis of a waveform with an amplitude 

modulation at 20 Hz.  The waveform analysis gives two frequency components at 30 and 70 Hz, 

while the RMS has two components at 20 and 80 Hz. The waveform analysis can easily be 

interpreted as a modulation at 30Hz, while the RMS results could be interpreted as an addition of 

30Hz which is demodulated by calculating RMS, or a modulation at 30Hz. Thus, the analyst would 

not be able to distinguish whether the mode was a torsional oscillation or other control-related 

modulation, or a network LC resonance (addition).   

 

Figure 35: FFT analysis of RMS and waveform signals for an Amplitude Modulation 

 

Example 2: Added Sub-synchronous Oscillation 

Figure 36 shows FFT analysis of a waveform with an added 30 Hz component.  The RMS FFT 

analysis is similar to the previous case with 20 Hz and 80 Hz components, while the waveform only 

contains a 30 Hz component. The waveform contains information that clearly shows that the mode 

is an addition, rather than a modulation.    
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Figure 36: FFT analysis of RMS and waveform signals with an added sub-synchronous oscillation 

 

Example 3: Added Super-synchronous Oscillation 

Figure 37 shows FFT analysis with a 70 Hz component in the waveform, while the RMS component 

has two components at 20 Hz and 80 Hz.   

 

Figure 37: FFT analysis of RMS and waveform signals with an added super-synchronous oscillation 
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Analysis of Examples 1-3 

The frequency content of the RMS signal is very similar for the first three scenarios presented – a 

modulation, an added sub-synchronous component and an added super-synchronous component. 

The waveform signal on the other hand enables the three cases to be distinguished from one 

another. 

To avoid cases where a super-synchronous oscillation is reported as a sub-synchronous oscillation, 

a low-pass filter could be applied before the RMS process to remove content >55Hz. However, this 

could result in attenuation of frequency components in the 4-45 Hz band and of the 50 Hz 

component. In the case of waveform signals, the low pass filter can have a corner frequency of 80-

90 Hz, avoiding attenuation of the frequency band of interest. 

 

Example 4: Frequency Modulation 

In the case of a frequency modulation rather than an amplitude modulation, the oscillation may not 

be observable from the RMS value which only represents the amplitude of the waveform.  Figure 

38 shows FFT analysis of a signal with frequency modulation at 10 Hz.  The waveform signal has 

two components at 40 and 60 Hz, while the RMS signal has much smaller components at 10 and 90 

Hz.  This is expected as the amplitude is not varying and the RMS would ideally be constant.  To 

detect such oscillations, it would be required to measure the angle in addition to the magnitude. 

This means doubling the amount of communication, storage and computation to take into account 

the magnitude and angle of each signal. 

 

Figure 38: FFT analysis of RMS and waveform signals with Frequency Modulation 
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Conclusions  

Taking the RMS of voltage and current waveforms leads to loss of information about the frequency 

content. In comparison, the waveform signal provides more information for the same transmission 

bandwidth and storage requirements: 

 

 Distinguishing between different cases of added and amplitude modulating oscillations where 

RMS measurement does not. 

 Providing visibility of frequency modulating oscillations where RMS measurement does not. 

It may be noted that generator shaft torsional oscillations are predominantly seen in the electrical 

network as frequency modulation, and may not always be seen as RMS amplitude modulation. 

Therefore, situations may arise where generator shaft torsional oscillation may be propagating into 

the electrical system, but would not be observable in RMS values.  

 

The derivation of 200fps waveform data is relatively straightforward, involving application of anti-

aliasing filtering followed by downsampling to a 200fps sample rate. This simplicity lends itself to 

achieving a consistent performance across multiple device vendors and models. Derivation of RMS 

or phasor information however involves the additional steps of spectral analysis and/or RMS 

calculation, and factors such as choice of window length will produce variations in performance 

across different devices. 

 

The simplicity of the 200fps measurement process means that the acquisition process is easily 

specified for implementation in hardware, and a standard filter design can be applied. Thus, the 

core measurement process is easily standardised. Defining and achieving a standard dynamic 

response using RMS or fast-phasor measurement would be much more challenging. 

 

Therefore, while RMS or phasor measurements can be adapted to show SSO phenomena, the 

investigation carried out suggests that 200fps waveforms are a more practical and effective choice, 

with greater consistency between measurement sources, retaining key information for 

interpretation of the SSO issues. 
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9 Appendix B: Case Study of Landsnet‘s 

Monitoring and Forecasting Approach 

The following information captures the information infrastructure in Landsnet, as an 

example of a TSO that is leading in deploying and using dynamics measurement tools. 

This information is useful to determine the feasibility of real-time monitoring and 

forecasting of KPIs such as the Area Inertia Estimation and Short Circuit Capacity 

tools, and other applications relating to low inertia grid behaviour. 

 

 

What are your current monitoring/forecasting business as usual practices? 

What infrastructure does Landsnet currently use? To what extent? 

 

Landsnet observes the system frequency response to disturbances in detail. Currently, about 40 

PMUs are installed, which provides a very detailed observation of frequency dynamics in all areas 

of the grid. The maximum and minimum frequency and the time to reach these values are 

available from every disturbance. Measurement-based studies have also been carried out prior to 

previous wide area control scheme installations, such as at the Nordural smelter. 

 

Prior to MIGRATE, the inertia was used not identified specifically from measurements, but has 

gathered experience of relating disturbance size to frequency deviation. Landsnet also uses 

dynamic simulations that incorporate inertia, but some uncertainty in frequency behavior is 

noted. 

 

Short circuit capacity is also determined from modelling and simulation. No SCC measurement is 

currently applied.  

 

Are there any key areas of the network which are of interest to you? Geographical? 

Electrical? 

Inertia is important mainly in the different areas of the Icelandic transmission system which are 

likely to be islanded, e.g. southwest Iceland, East Iceland, Vestfjords, and the Reykjanes 

peninsula.  

 

SCC can be a limiting factor for some topologies of the north and eastern grid 

 

What parameters are currently monitored by Landsnet? 

 

SCC is observed using simulation models (PSSE).  
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Maximum / minimum frequency during disturbances are recorded, and governor-frequency 

oscillations are observed through WAMS.  

 

Area inertia can be estimated by inertia constants of synchronous generator units in the models, 

but there is some uncertainty as the synchronous generation inertia does not appear to describe 

the actual disturbance behavior. 

 

To what extent? Real-time, off-line, historical? 

There is real-time live PMU measurement of frequency in the control room from all regions of the 

grid, and control room operators are familiar with the frequency behavior of the whole system 

and islands, and due to this visibility, they can recognize and start responding to disturbances in 

less than a minute.   

 

Off-line simulations studies are also carried out to support grid code requirements, protection 

design, Special Protection Schemes, etc.   

 

How is this done? 

Real-time observability using PhasorPoint as the WAMS platform. 

Off-line simulations using tools like PSSE  

 

Is there any overlap with what MIGRATE is doing? Any areas where MIGRATE is lagging 

on current practice? 

 

None known. 

 

Application of MIGRATE Area Inertia Estimation (AIE) and Short Circuit Capacity (SCC) 

tools  

 

How did you originally intend to use the AIE and SCC applications? What areas did you 

intend to measure? 

 

Landsnet is demonstrating a wide area control approach that triggers rapid frequency and 

stability response in proportion to ROCOF for the system, or in the case of islanded situations, the 

part of the system connected.  

 

The application was 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.SROCOF, where Hs and SROCOF 

are the connected system inertia and System ROCOF) to ensure that the discrete fast 
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step responses were slightly smaller than the triggering load or generation loss. 

 

In Iceland, the overall system inertia is relatively constant, but the changes due to islanding can 

be large. There was not a need for a highly accurate measure, but a credible set of effective 

inertia results were needed. 

 

What infrastrucutre and associated ICT requirements did you envision were required to 

measure this? How many units were required (minimally and optimally)? 

 

There were no new infrastructure and ICT requirements for the project. Iceland already has a 

relatively high penetration of PMUs. Around 10 PMUs were used for the estimation using the event 

based method, and most of the 40 available PMUs were used in the continuous inertia estimation. 

 

What issues were encountered in the installation of the infrastructure and ICT 

requirements? 

 

Some work was required to enable connection of the event AIE client tool to PhasorPoint over the 

SQL link. Otherwise, existing infrastructure was ready to apply the tool. 

 

There were no installation requirements for the continuous AIE estimator, but a manual process 

for retrieving and importing information was used. 

 

For the continuous method, a better estimate could be obtained with addition of a PMU at the last 

remaining large hydro station without PMU monitoring. The additional PMU has now been 

installed, completing the PMU coverage of all large generators in the system.  

 

How much time did it take? How many man-hours? Any delay between request and 

installation? 

 

For the event-based AIE tool, installation and connection to the data centre took about half a day. 

Some manual effort was required to select time periods and run the analysis in the background. 

It was found that 1-2 weeks could be selected at a time, and around 9 months data was 

reviewed. In total, running the tool on 9 months data took about 2 days effort over about a week. 

 

Some further work was required to collect SCADA data for selected events. 

 

Installation of a PMU typically takes 1 day on-site + 1 day preparation. Travel time is usually 

linked with other project work, but can add 1 day. Delay between requesting and installing is 

typically 4-6 weeks. In some cases, there can be some effort in the communications network, e.g. 

firewall configuration and reserving bandwidth in the network for the PMU. 
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What were the involved costs? What were the hidden costs? 

 

None. The infrastructure was all in place for other operational requirements. 

 

What learning can be taken away from your experience to date of installing the 

metering infrastructure and ICTs (for example issues with resourcing? 

Synchronization?) 

 

ICT, synchronisation and data quality did not cause issues for the use of the tool. The PMUs are 

maintained by the support team on a day to day basis for other real-time operational 

requirements. 

 

What are the outstanding gaps which limit the feasibility of monitoring/forecasting 

KPIs between the current work in MIGRATE and business as usual deployment? 

 

Greater knowledge of the variability of the area inertia would be of interest, and differentiating 

between the real variation of the system and the natural scatter of results. 

 

How does your experience support the feasibility of deploying such applications on a 

real-time basis? 

 

Landsnet’s use case does not require real-time application, as it involves setting control 

parameters that will be static. 

 

In future, there may be some value in applying dynamically allocated configuration, but so far, it 

does not appear to merit the additional complexity. 
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10 Appendix C: National Grid (GB) Inertia 

Measurement Trials 

National Grid Electricity System Operator uses inertia estimates in defining the operational 

boundaries of the power system. At present, ROCOF is limited to 0.125Hz/s due to the sensitivity 

to loss of mains protection, which in some conditions requires a restriction on the size of infeed to 

the grid, or the necessity to constrain generation to run. In future, a setting of 1Hz/s will be used 

for loss of mains, but this change will take time to implement. Once the 1Hz/s limit applied 

throughout the distributed generation, the inertia will still be important as it defines the time 

available to provide frequency response before load shedding. It is therefore important to National 

Grid to have a measure of the system inertia. There is an inertia value used now, which is based on 

transmission connected rotating plant, but there is an interest in a measurement-based estimation 

that takes account of other factors influencing the disturbance response of the grid.  

 

National Grid (UK) Business as Usual Inertia Estimation 

 

National Grid currently uses an adjusted Sum of Synchronous Generator Inertia (adjSSGI) 

approach in identifying the volume of reserve required. National Grid has access to the operating 

state of all synchronous generators connected to the transmission network through SCADA, but 

has very limited visibility of the inertia (or inertial effects) within the distribution system. The 

inertia of the transmission-connected generation is available in the model, with real-time 

information from SCADA/EMS system on which generators are connected.  

 

It has been found from experience that the effective inertia is larger than the synchronous 

generator inertia, ie the system ROCOF is smaller for a given disturbance than would be expected 

on the basis of the raw SSGI value. National Grid has determined an adjustment that produces a 

less conservative value to determine the amount of reserve to be deployed in the time available 

before load shedding would occur. This factor is based on the total demand that is seen on the 

transmission grid, treating distributed generation as „negative load“. The factor of 1.83 has been 

determined from observation. 

 

 SSGI effective = SSGI + 1.83xDemandMW  

 

While it is recognised that this is not a perfect measure, it suffices since it is understood to provide 

a more accurate estimate than the raw SSGI. 
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Trials of Switching Stimulated Inertia Estimation 

 

National Grid carried out an innovation project with Reactive Technologies to estimate inertia by 

applying known sequences of load insertions and measuring the response in frequency around the 

grid. The perturbation is applied by switching resistive loads in the distribution network. 

 

The algorithmic process is not made public, but it identifies the inertial response of the grid using 

frequency measurements at various points in the grid using known perturbations injected as load 

switching at various locations around the grid.  

 

The approach estimates the inertia of the whole grid, rather than the inertia in regions of the grid. 

The measurement infrastructure does not include power measurements across transmission 

boundaries, which would be necessary to identify inertia in areas. It therefore mainly applies where 

the system is sufficiently small and closely meshed that the system can be approximated as a 

single centre of inertia, and where the inertia is low enough that relatively small load switching can 

create sufficiently large frequency perturbation to be measurable above noise and natural 

attenuation of the perturbation. 

 

The tests in Reactive Technology’s project with National Grid included a comparison of the Reactive 

Technology estimates against National Grid’s model-based inertia estimate for the same time 

periods. Neither technique can be considered to provide an accurate reference value, so this 

assessment does not validate the method, but rather shows the degree of consistency between 

different methods. The results were compared in terms of the Pearson Correlation Coefficient, and 

quoted in the closedown report as ranging between 0.89 and 0.19 for the periods of measurement 

trials, on a scale where 1 is perfect correlation and 0 is no correlation. There is therefore a 

considerable spread of results, and this can be observed in the chart of results below. 

 

It is noted that a visual inspection of the estimated inertia shows a similar pattern to the National 

Grid variations, however there is no information to indicate which is more accurate. The estimates 

use a 2-hour measurement window, but still show significantly more variation than the National 

Grid estimates using synchronous machine inertia. It would be expected that the underlying grid 

inertia would vary quite slowly through a day, more in line with the conventional method than the 

inertia estimates. 
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Figure 39: GB Network Inertia Behaviour during Bank Holiday 

Source: http://www.smarternetworks.org/NIA_PEA_Docs/20170719_SIM_Inertia_Measurement_pdf_170728105800.pdf 

 

A possible validation of the method would involve comparison of the response of the system to 

known real disturbances. The inertia estimates from each method up to the point of a disturbance 

can predict the frequency movement due after the disturbance. Comparing the accuracy with which 

each approach predicts the frequency movement would determine the validity of the two methods.    

However, the estimates were taken for two 1-week trials, restricted because of the switching 

process, so a statistical review of the accuracy of prediction is not possible at this stage. 

 

The following technical challenges that would be faced in this approach: 

 
1. The disturbances in the distribution network to excite the grid are very small in comparison 

to the grid frequency sensitivity. A switching load in the distribution network would 

typically be <10MW. A single 10MW load switch would create a ROCOF change in GB of 

typically about 1mHz/s on average around the whole system assuming no attenuation.  

2. A deviation in power in distribution will mainly excite a local area, and much of the energy 

of the perturbation will be absorbed by local loads and losses and capacitance/reactive 

effects, rather than perturbing the wider grid. Therefore, quite large perturbations may be 

needed to achieve accurate results. 

3. Frequency measurements also include measurement and process noise. Combining 

multiple distributed and synchronised measurements with different propagation delays 

from the perturbation sources to produce an equivalent system frequency may be 

challenging.  



REPORT 
 

Page 90 of 90 

4. In the trials, it is understood that the load switching was done with mechanical switches 

and the lifetime of the switch would be limited to a certain number of operations. This 

problem could be alleviated by using battery storage for perturbation, but at a significant 

cost.   

5. Regardless of the perturbing devices, the dependence on switching in the distribution 

network to generate estimates of inertia involves creating disturbances that may impact 

local power quality and available capacity in the distribution network. 

 

The evidence that is made available publicly does not confirm at this stage that the method offers 

an improvement over National Grid’s business-as-usual inertia calculation. A passive identification 

that determines inertia in areas would have significant practical advantages, and more information 

to judge the confidence of the results would be important factors for an inertia estimation method. 

 

 

 

 

 

 

 

 

 

 


