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Abstract

Accurate inertia estimates and forecasts are crucial to support the system operation in future low-inertia
power systems. A large literature on inertia estimation methods is available. This paper aims to
provide an overview and classification of inertia estimation methods. The classification considers the
time horizon the methods are applicable to, i.e., offline post mortem, online real time and forecasting
methods, and the scope of the inertia estimation, e.g., system-wide, regional, generation, demand,
individual resource. The framework presented in this paper facilitates objective comparisons of the
performance of newly developed or improved inertia estimation methods with the state-of-the-art
methods in its respective time horizon and with its respective scope. Moreover, shortcomings of the
existing inertia estimation methods have been identified and suggestions for future work have been
made.
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e Inertia estimation has evolved from post-mortem to (near-)continuous online estimation

Continuous inertia estimation is crucial in low-inertia systems with more variability

Embedded units providing virtual inertia ask for high-resolution total inertia estimates

Verification of methods to continuously estimate total inertia is still missing

Ample opportunities are identified for progression in inertia forecasting

Preprint submitted to Renewable and Sustainable Energy Reviews April 30, 2021



1. Introduction

Sufficient inertia in power systems is crucial to ensure secure and reliable power supply. In traditional
power systems, inertia was provided by the rotating masses of synchronous generation and motor loads.
These days, inertia is decreasing due to the massive introduction of converter-interfaced generation,
consumption and transmission of power, which causes challenges to maintain acceptable frequency
profiles. Inertia has been specifically low during periods of low demand and high renewable production
[1]. To deal with the challenges of reduced inertia levels, system operators would benefit from accurate
estimates or measurements of the inertia available in the system at each point in time as well as from
forecasts of expected inertia levels [2]. In today’s operational practice, system operators estimate
system inertia based on part of the resource [2] or based on a simplified empirical relation [3], which
are approximate methods. However, considering the evolution of power systems towards lower inertia
levels, it is crucial to have reliable and more accurate methods to estimate instantaneous and forecast
future inertia.

Given the importance of accurate inertia estimation for the reliable and secure operation of future
low-inertia power systems, research into inertia estimation methods is an ongoing field of study. A
large literature on inertia estimation methods is available, but the existing methods have not yet been
classified or categorized, which hampers an objective assessment and comparison of newly developed
inertia estimation methods. Existing review papers in the field of low-inertia power systems have focused
on (i) the role and control of technical inertia enhancement techniques involving converter-interfaced
energy buffers, also denoted as virtual inertia or inertia emulation [4, [5l [6] [7, [8], (ii) a general overview
of the relevance of inertia in power systems by looking at the different sources of inertia and their
impact on the operation of power systems [9] and (iii) a broad survey of the issues related to low-inertia
power systems as well as the solutions that have been put forward with a particular focus on transient
and frequency stability and converter control [10].

To facilitate the improvement of existing and development of new inertia estimation methods,
this paper presents a framework allowing researchers to easily classify their method and identify
the state-of-the-art in the respective class. In this respect, the presented framework allows for an
objective comparison of the performance of improved or newly developed methods, which becomes
more and more important when moving towards low-inertia systems of which the operation relies
upon accurate inertia estimates and forecasts. We surveyed the literature on inertia estimation and
forecasting methods and categorized the approaches according to the applicable time horizon and
the scope of the inertia estimates. This enabled us to discuss the evolution in the development of
inertia estimation and forecasting methods with relation to the operational practice and to identify

challenges and shortcomings of the existing methods in the light of the current operational practice



and future low-inertia systems. Moreover, pathways for future research in the field of inertia estimation
and forecasting methods have been put forward.

The paper is structured as follows. Section [2]discusses the operational practice with respect to inertia,
pinpointing specific aspects of the operational practice in different countries. Section [3] introduces
the methodology to classify the state-of-the-art inertia estimation and forecasting methods. Section []
classifies the methods according to the time horizon of interest, whereas Section [5| classifies the methods
according to the scope of the estimation. Section [6] concludes the paper and gives an outlook into

important directions for future research.

2. Operational practice with respect to system inertia

Secure and reliable operation of power systems requires a frequency that is nearly constant around
the nominal frequency, which equals 50Hz in most parts of the world and 60Hz in the Americas and some
parts of Asia. Grid codes prescribe acceptable frequency deviations and the system operator should
take adequate actions to satisfy these limits. Inertia is a crucial parameter to satisfy the frequency

limits in today’s power systems.

2.1. Operational constraints

The frequency deviates due to imbalances between demand and supply AP as characterized by the

swing equationﬂ B
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Where H is the system inertia constant [s], Af the relative frequency deviation from the nominal
frequency [pu], K the damping coefficient [%], i.e., the percent change in system load per percent
change in grid frequency (This constant varies between 1-3% across different power systems and is
about 2.5% for the Great Britain system [I2]) and S$%**¢ the base power [MVA]. Fig. (1| shows a typical
frequency response after a power imbalanceﬂ

Grid codes put limits on the rate of change of frequency (ROCOF) %j and the frequency nadir
fm™in to avoid tripping of protection relays. Generating units’ protection relays are configured to avoid

generating units to be exposed to ROCOF ranges from 1.5 - 2 Hz/s (over a 500-ms rolling window) that

1This is the linearised version of the swing equation, which is valid for normal oscillations in power systems [1T].
2The frequency response in Fig. [1| gives the frequency evolution at the centre of inertia (COI). The frequency at the

centre of inertia is a theoretical concept representing the inertia weighted frequency of all generators in the system and
cannot be measured directly in the system. Calculating this value would require individual frequency measurements for
all generators. Instead of estimating the frequency at the COI online, system operators typically measure the frequency
at a relevant pilot node in the system. However, frequency measurements should be done with care, as they are heavily

influenced by the location of the measurement and neighbouring generators [10].
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Figure 1: Frequency response after a power imbalance [Figure from [I3], used with permission from the author]

can cause pole slipping and catastrophic failure [I4]. Also anti-islanding protection may be designed
based on the detection of ROCOF [I5]. Frequency nadir is limited to avoid tripping of underfrequency
load shedding protection relays. Fang et al. provide an overview of the ROCOF and frequency nadir
limits in different power systems around the world [6].

Power system inertia is an important instrument to limit the ROCOF and frequency nadir. In
its elementary form, inertia is defined as the resistance of a physical object to a change in its state
of motion, including changes in speed and direction [I3]. In a power system context, inertia can be
understood as the resistance, in the form of any kind of energy exchange, to counteract the changes in
system frequency resulting from power imbalances in generation and demand [I3]. In the Great Britain
system, the inertial response has been defined originally as the period up to one second immediately
following a loss of generation or demand prior to the activation of primary frequency response services
[16]. Traditionally, the inertial response combined with the droop response of the primary frequency
control has limited the frequency nadir after a disturbance. The frequency restoration has further been
accomplished by the secondary and tertiary frequency control. Rebours et al. provide an overview of the
technical features of the primary, secondary and tertiary frequency control reserves in different power

systems [I7]. Recently, system operators of several low-inertia systems worldwide have introduced fast



frequency response products that require response to a frequency deviation within 1-2 seconds [18]E|
These services have the objective to keep the frequency nadir within limits during disturbances, which

cause increased ROCOF and larger frequency swings in low-inertia systems.

2.2. Contributors to the power system inertia

Inertial responseﬁ E! consists of two main contributors: the kinetic energy in rotating masses that

I . N : .
E,*¥"¢ and virtual inertia from convertor-interfaced generation

are synchronized with the power system
IV,

5] = Bl 4 B[V @)

The nature and size of the available inertial response in the power system has been changing over the
last decade. Originally, rotating masses of synchronous machines, both generation E;*9"*¥" and load
plhteadsune oy change kinetic energy with the system in the case of a power imbalance by slowing down

or speeding up:

EtI,sync _ EtI,gen,sync + EtI,load.,sync _ EtI,SO,sync + EtI,emb,sync (3)

Part of the inertia contribution of synchronous units is monitored by the system operator E%©-*ven
and part is out of sight of the system operator, embedded in the distribution system EtI embsyne g
exchange of kinetic energy impacts the system frequency as the rotor speed is proportional to the
frequency in the system. The inertial response of the synchronous rotating masses is instantaneous.
In today’s power system, synchronous machines have been gradually replaced by converter-integrated
generators and demand. Moreover, power-electronic-interfaced high voltage dc technology has been
increasingly used for interconnectors between power systems. These technologies can offer inertial
response if they have an adequate energy buffer and control system in place. The control system
should regulate the release and absorption of energy similar to the inertial response of synchronous
generation units. Fang et al. give an overview of the emerging techniques for inertia emulation with
different sources of energy storage [6]. The penetration of inertia emulation in power systems has been
limited so far. First of all, appropriate regulation has not yet been in place. Second, the system’s
dynamic characteristics will be impacted as control characteristics of inertia emulation techniques
differ compared to synchronous generators’ behaviour in case of disturbances [10, [19]. Third, emulated

inertial response typically comes from more variable and uncertain energy buffers, which increases

3Whereas inertial response is triggered by the rate of change of frequency, frequency response services respond to a

frequency deviation.

1
4The system inertia constant H defined in Eq. can be derived from the inertial response as: Hy = %, with EtI

the inertial response at time ¢ [MVAs] and S?%%¢ a power base defined for the system [MVA]. To avoid the definition of a

common power base, the inertial response is commonly defined in energy units [MVAs].



uncertainty and variability in system operation [20, [2I]. The reduction of synchronous rotating masses
implies that traditional, instantaneous inertial response in modern power systems has been declining

and tends to reduce even further in the futurel7]

2.3. Operational measures to limit the risk of ROCOF and underfrequency relay tripping

Reduced instantaneous inertial response increases the risk of tripping ROCOF-based loss of main
protections of embedded generators and underfrequency load-shedding relays. Besides changing grid
codes in terms of connection criteria for non-synchronous generation [22] or modifying protection relay
settings to cope with higher ROCOF and larger frequency swings [23] [24], operational measures can be
taken to reduce this risk. Considering the different terms in the swing equation (Eq. ), the system
operator can reduce the risk of tripping ROCOF protection relays by reducing the power imbalance AP,
i.e., by reducing the possible largest loss of generation or consumption in the system, or by increasing
the inertial response, represented by the inertia constant H. Fig. [2] gives an overview of the operational
practice with respect to inertia for the case of Great Britain.

Reducing the possible largest loss requires the system operator to redispatch generation or inter-
connection flows ahead of real time. Adequate redispatch relies, amongst others, upon an accurate
estimation of the possible largest loss in the system. In the Nordic area, system operators have
implemented a tool in their SCADA system to estimate the possible largest loss of generation or
consumption in an online way [25]. In Great Britain, the system operator is informed by the expected
output of the balancing mechanism units, which include the largest generating units, from 11:00 day
ahead for each 30-minute settlement period of the next day via the physical notifications. The grid code
of Great Britain defines physical notifications as "a series of MW figures and associated times, making
up a profile of intended input or output of active power at the grid entry point or grid supply point,
as appropriate" [26]. Large generator units, interconnectors and large demand units should provide
these physical notifications. They should update their physical notifications throughout the day if
significant changes are to be expected [26]. One hour ahead of real time, the final market settlement is
reported to the system operator and the balancing mechanism starts. During the balancing mechanism,

the system operator can accept bids and offers of the balancing mechanism units and request them

5In the extreme case of 100% non-synchronous systems, natural response to power imbalances is no longer present
in the system and frequency is no longer a measure of power imbalance [10]. Although the viability of control and
operation of zero-inertia power systems have been proven in simulation studies and practical experiments, their practical
implementation will not be for tomorrow, as many existing grid-connected devices and machines expect frequency to
change relatively slowly and further study is required to integrate new converter technology into existing power system
structures [19]. Milano et al. expect that substituting all conventional power plants with converter-interfaced generation

will take a few decades [10].
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Figure 2: Overview of the operational practice related to inertia for the case of Great Britain

to increase or decrease their power output. In general, system operator’s decisions upon generator
redispatch are not only affected by economic concerns, but should also respect generators’ reported
ramp rate limits, minimum run time and the time taken to synchronize, as well as network constraints
while being practicable for the system operator, e.g., large volumes of energy are preferred to reduce
the number of instructions. Nowadays, reducing the largest loss is typically 10 times cheaper than
increasing the inertial response by bringing additional generators online in Great Britain [27]. However,
its effectiveness in power systems with a reduced number of large synchronous generator units and more
smaller, distributed generation units, which are highly variable and uncertain in nature, is questionable.

To increase system inertia, the system operator can replace large amounts of converter-interfaced
generation with synchronous generation ahead of real time. If additional synchronous generators need
to be brought online, the system operator should take into account the time to synchronize the power
plant. In Great Britain, the system operator has the possibility to start up balancing mechanism units
that are not expected to run according to the physical notifications via the balancing mechanism start
up ancillary service at the price of a start-up and hot-standby payment [28] or using forward trading.
These actions can be initiated before the balancing mechanism starts. In Ireland, a synchronous
frequency response product has been introduced to contract units to provide inertia [29]. Alternatively,

markets for inertia, which enable the trade of virtual inertia from converter-interfaced resources, have



been suggested in the literature [30].

On top of the inertial response and the reduction of the power imbalance, preventing the tripping
of underfrequency-load-shedding relays can benefit from frequency response services, especially fast
frequency response services in low-inertia systems. Studies in the Nordic area have identified fast
frequency reserves as the solution to the Nordic inertia challenge [25]. Also in Great Britain, these
faster-acting frequency response services are crucial to ensure frequency containment within operational
limits and avoid underfrequency load shedding with relaxed ROCOF limits [1]E| The system operator
should adequately contract and procure frequency response services on different time scales ahead of
real time. The market arrangements to contract frequency response services vary with the specific
service and between different geographical regions, e.g., Nordic area [32], Ireland [33], Great Britain
[34].

To make an optimal trade-off between available operational actions, the system operator needs to
estimate the inertia to determine the rate-of-change of frequency and the maximal frequency deviation.
Nowadays, National Grid ESO builds tables representing the five-minute resolution frequency response
requirement as a function of demand, inertia and largest infeed loss using a frequency simulation
engine [35]. These tables are used in operational systems to optimise the overall frequency response
requirement for 5 minute blocks throughout the day. In the Nordic area, system operators create similar
lookup tables using a linear regression model that expresses the maximal frequency deviation as a
function of the ratio of the power imbalance and the inertial response in the system [36] 37]. Fig.
illustrate the operating tables that express the frequency response for different values of the largest loss,
the system inertial response and the system demand. Ahead of real time, the tables, complemented
with forecasts of demand, inertia and largest loss, give insight in the needs for commercial frequency
response procurement, inertia increase and redispatch for largest loss reduction. In real time, the tables,
combined with the contractual arrangements for generation and frequency response per settlement
period, give the control room engineer insight in the residual frequency response requirements that
should be procured from mandatory services in real time [27]. In power systems operated by independent
system operators, such as in the US, stochastic unit commitment models for simultaneous scheduling of
multiple frequency services and dynamic reduction of the largest loss can support a secure operational

practice [38].

6National Grid is currently in the process of replacing the traditional primary, secondary and tertiary frequency

response services with a new integrated suite of services [I].
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Figure 3: Illustration of the tables used in system operation that express the frequency response for different values of

the largest loss, the system inertial response and the demand in the system.

3. Classification of inertia estimation and forecasting methods

Cost-effective and secure operational decisions require accurate inertia estimates, which enable
system operators to estimate the characteristics of the frequency response of the system. Initial
approaches to estimate inertia in power systems dominated by synchronous generator units assumed the
system inertia to be nearly constant, with an inertia constant of generation of approximately 5 seconds
and an inertia constant of demand in the range of 1.6 - 1.8 seconds [39]. To consider the variability
of the inertia level in power systems with reduced synchronous generator units, increased embedded
units and uncertain and variable renewable energy resources, alternative inertia estimation methods
have been developed that combine measurements of system variables, such as frequency and active
power, and the physical model of the frequency profile as defined by the swing equation introduced in
Eq. . The system inertia is considered as a parameter to be estimated in a parameter estimation or
system identification method. Inertia estimation methods in the literature can be categorized according
to the time instant they are estimating the inertia for and according to the scope of the method.
Table [I] classifies the methods presented in the literature row-wise according to the time horizon and
column-wise according to the scope. This classification facilitates to easily identify the state of the art
in each class, which allows for objective comparisons of the performance of new or improved inertia

estimation methods with the state-of-the-art methods in the respective class.

4. Classification of inertia estimation methods according to the time horizon of interest

Inertia estimation methods can be categorized based on the time horizon of interest as offline
post-mortem approaches, online real-time approaches and forecast approaches. Post-mortem inertia
estimation methods are applied, for instance, in an analytical context to make an ex-post assessment
of the inertia level in the system during large disturbance events. Real-time methods aim at making

an instantaneous estimate of the inertia based on readily available measurements of system variables.
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Forecast approaches estimate the inertia to be expected in the future.

4.1. Offline, post-mortem inertia estimation

Post-mortem, disturbance-based approaches to estimate total system inertia were the first attempts
to improve the modelling-intensive approach in [39] to estimate the frequency response profile. Post-
mortem approaches estimate the inertia after large frequency disturbance events have taken place for
which the power imbalance related to the rate of change of frequency is accurately known. Inoue et
al. were the first to introduce such a disturbance-based approach for inertia estimation that combines
the swing equation with processed PMU measurement.{] of the frequency and the known size of the

disturbance to estimate the total system inertia [40]. They estimate the inertial response as:

El = _A—P (4)

d(Af/fo)
2 dt : L:o

with AP the size of the loss and %} the rate of change of frequency at the starting time
0

of the disturbanceﬂ This approach estimates the combined contribution of synchronous generators,
embedded units and demand. Most post-mortem, disturbance-based approaches ignore the damping
and the short-term frequency response services in the imbalance AP applied in the swing equation, by
assuming it to be zero in the short time period immediately after the disturbance [41] [48]. Especially
with the introduction of new, fast frequency response services, which reduce the time window of pure
inertial response, this assumption may become challenging. Including activated frequency response
services, such as governor response, and frequency and voltage dependent characteristics of the load in
the modelling of the power imbalance is a way to deal with this issue, such as in [42] and [44]. This
approach also facilitates the simultaneous estimation of the system inertia constant and the size of the
disturbance considering the frequency- and voltage-dependent dynamics using parameter estimation
that relies upon solving a system of linear equations in [42] or an optimization in [44].

Three aspects are specifically affecting the accuracy of post-mortem approaches. First of all, the

size of the loss should be accurately known. For this reason, not all events may be suitable for use in

"PMUs can measure voltage and currents phasors in the system, as well as frequency, rate of frequency change, active
power output of generators and power flows on transmission lines with measurement rates of 30 - 60 measurements per
second [70}, [7I]. PMUs have the capability to directly monitor load feeders, but this is typically not the priority. The
capability of PMUs to support inertia estimation depends on the noise and response delay on a step change [72]. Also the
locations of the PMUs impact the frequency measurement. Some methods use averaged frequency measurements of the

PMUs to circumvent location specific frequency swings [73].
8Af = f(t = 0s) — fo with fy the nominal system frequency and t=0s the onset time of the disturbance. The rate of

change of frequency is typically calculated as the change in frequency over a 0.5 second time period immediately following

the onset of the disturbance d(Agt/fO)} = [f<t:0'55)(;5f(t:05>]/f0 [74).
.08

t=0s

11



post-mortem inertia estimation. Ashton et al. mention the difficulty of estimating the inertia after
events with multiple sequential outages of generators and suggest to focus on instantaneous events,
which may be detected by their modified detrended fluctuation analysis [43]. Second, the on-set of the
event, i.e., t = 0, should be accurately determined. A recently suggested technique in the literature
estimates the event on-set based on the second derivative of the ROCOF [75]. Third, the accuracy of
the ROCOF calculation is affecting the accuracy of the inertia estimate. ROCOF has to be estimated
on the relevant time interval, i.e., between the on-set of the event and the on-set of primary frequency
response. The latter is determined by the time constant of the governors in traditional frequency
response and is typically between 1-2 seconds following an infeed loss [I6]. The oscillatory component in
the frequency signal produced by the synchronizing power between the generators may cause erroneous
results for the ROCOF calculation. To overcome this issue, Inoue et al. fitted a polynomial to the
frequency signal to extract the frequency signal and smooth the transients [40], 411 [46], whereas Ashton
et al. used a 0.5Hz low-pass filter to filter the frequency signal after finding the fitting of a polynomial
to the signal insufficient [I6]. Besides the oscillations, ROCOF calculations may be corrupted by noise,
which is filtered using moving average filters [40] or modified detrended fluctuation analysis [43, [16]
in the state-of-the-art techniques. Also the location of the frequency measurements relative to the
in-feed loss affects the ROCOF calculation. For an identical event, a measurement from a weakly
interconnected part of the system with low local inertia results in a higher estimated value of the
ROCOF compared to an estimate based on a measurement from an electrically strong part of the
network with a relatively high inertia [16].

Post-mortem approaches to estimate inertia have three important drawbacks in low-inertia systems
with a high penetration of renewable energy sources. First of all, reduced inertia levels increase dynamic
behaviour (small signal and transient), which hampers the accuracy of post-mortem inertia estimation
approaches. Second, post-mortem approaches can only determine the inertia at discrete time instants,
when a large disturbance event has occurred. As large disturbance events occur rarely, post-mortem
approaches do not result in continuous inertia estimates. Inertia estimation methods with low temporal
resolution are expected to become less reliable in the future due to the increasing variability of inertia
in the system. Keeping a data base of accurate inertia estimates during large frequency events can
support inertia estimation with higher temporal resolution. However, this database is conditional upon
the system condition at the moment of estimation, e.g., the amount of synchronous masses available
in the system, and cannot necessarily be generalized to a new system condition. Third, the ROCOF
calculation is hampered by the reduction of the time constants of the onset of frequency response. Time
constants of the onset of frequency response are changing form 1 - 2 seconds to within second response
due to the integration of very fast frequency response services, such as the enhanced frequency response

in Great Britain (response within one second for a -0.5Hz change in frequency) |21}, [76] or the fast

12



frequency reserve in the Nordic area (e.g., 100% response within 0.7 seconds for a frequency deviation

of -0.5Hz) [25].

4.2. Online inertia estimation

In contrast to post-mortem estimates based on historical data of large disturbance events, real-time
estimates use real-time measurements as inputs for the inertia estimation. The real-time estimates
provide closer to real time information about the inertia in the system. Three types of real-time inertia
estimation methods with different temporal resolutions can be distinguished: (i) estimating the total
contribution from transmission-system-connected synchronous generator units as a lower bound on
total inertia using information from the supervisory control and data acquisition (SCADA) system or
energy management system (lower-bound methods), (ii) close-to-real-time inertia estimation during
disturbances based on PMU measurements (discrete methods), (iii) continuous inertia estimation based
on PMU measurements or measurements of extensible grid measurement devices (XMU)E (continuous
methods). Table 2| classifies the real-time approaches according to these three types of methods. The
approaches are also classified according to the domain in which the inertia is estimated, i.e., using a
time series model, a model in the Laplace domain or a model in the modal domain based on inter-area

oscillations.

Table 2: Categorization of real-time inertia estimation methods in lower bound, discrete and

continuous methods that apply parameter estimation in time series, Laplace and modal domain

models.
Domain
Time series Laplace Modal
Lower bound [37, [73]
Discrete | [3, B0, B3}, 52 56}, b7 [78] [45, 51, 53], 641 (9, 61], [65]*
Continuous [62] 64] [63, [66] [65]*

! Temporal resolution of the inertia estimates depends on the resolution of the estimation

of the inter-area oscillations [65].

4.2.1. Total inertia from transmission-system-connected synchronous generation units
Total inertia may be approximated by summing the inertia contribution of transmission-system-

connected synchronous generators based on their online capacity and inertia constant:

EtI,SO,sync _ ZH’L . PiG,C K (5)
i

9A comparison of the capabilities of extensible grid measurement devices with PMUs is provided online .
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"~ the power rating of generator ¢ and K its status,

Where H; is the inertia constant of generator ¢,
i.e., whether it is connected to the system or not. The inertia constant of a synchronous generator equals
the kinetic energy in the rotating mass at rated speed of the generator E¥™ expressed proportional to
the power rating of the generator:

kin

Hi= to (6)

It represents the time in seconds a generator can provide rated power solely using the kinetic energy
stored in the rotating mass [79]. Accurate inertia constants of individual generators are not generally
known to the transmission system operator [37, [80]. Also the equivalent inertia constant of virtual
inertia resources is not readily available and possibly variable over time. Research efforts have been
focussing on estimating these equivalent inertia constantsm On top of the inertia constant, this
approach requires knowledge of the status K; and the generation capacity PiG’C of the generators. The
online status of large transmission-system-connected generators can be monitored in the SCADA or
EMS system, while their capacity is known to the system operator. This approach for inertia estimation
has been practically implemented in the SCADA systems of T'SOs in the Nordic area [37] and is used by
National Grid ESO to estimate the inertia contribution of transmission-system-connected synchronous
generators [3].

Although the complexity of inertia estimation based on the online capacity of generators is low,
the resulting inertia estimate is not accurate, especially in low-inertia systems with an increased share
of embedded units in the system. First of all, the approach underestimates the total system inertia
that is available, as only generators that are monitored by the transmission system operator are
considered in the estimation, whereas small embedded units, such as combined heat and power plants,
or small motor loads are typically not considered. Also future providers of virtual inertia not directly
monitored by the system operator, such as small renewable energy sources complemented with for
instance battery systems, cannot be considered in this estimation, unless adequate communication
arrangements are made between system operators and the responsible service providers. In the latter
case, the communication of the possibly variable inertia constants of the virtual inertia units is crucial
as well. The results of this estimation approach can thus be considered as a lower bound and defines
an upper limit on the ROCOF, as not all contributing units are considered in the estimation. Second,
the inertia estimates are only available at discrete time instants. They rely upon the monitoring of
energy management or SCADA systems. Although the SCADA system samples data at a relatively
high frequency of typically 1 Hz, the standard practice is to store 10-minute averaged values of the

parameters characterising the operating and environmental conditions [81]. To estimate the inertia

10 These research efforts are indicated in the fourth column of Table [1] and are discussed in more detail in Section
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between two monitoring instants of the generators, a statistical model to estimate the change in inertia
from synchronous generators based on measurements of frequency deviation with a higher temporal

resolution can be applied [73].

4.2.2. Discrete inertia estimation

Inertia estimation methods are available to estimate inertia close to real time during disturbances
based on PMU measurements of frequency and estimates of power imbalance. Table [2| indicates two
main approaches that can be distinguished in this group of methods: (i) Methods that directly work
with the time series data and (ii) methods that work in the modal domain and estimate the inertia based
on inter-area oscillations. Similar to the offline disturbance-based approaches, the underlying model of
these parameter estimation methods is the linearised swing equation, typically ignoring damping and
primary and secondary frequency response. The methods assume to estimate the inertia within a very
short period after the disturbance before these slower dynamics kick in. Schiffer et al. have included
a generator governor model to capture the impact of primary frequency control [50]. Alternatively,
applying more detailed system models, including dynamic generator models and power flow equations,
enable the inertia estimation based on voltage measurements [60]. However, this comes at an increased
computational cost. Bayesian approaches for parameter estimation enable the quantification of the
uncertainty on the point estimates of inertia caused amongst others by measurement noise [60].

Real-time disturbance-based inertia estimation is challenging for two reasons. First of all, the online
detection of an appropriate disturbance requires attention. Detection based on signals filtered using a
moving-average filter is a frequently used technique [55] 52]. Second, accurate estimation of the size
of the disturbance based on available PMU measurements is challenging. Approaches to deal with
this challenge differ with the scope of the inertia estimation method. In methods that estimate the
inertia constant of individual generators based on time series of PMU measurements it is frequently
assumed that the mechanical power output of a generator equals the electrical power output at the
previous time instant [55] [52]. This assumption is based on the slow response of a generators mechanical
power output compared to the electrical power output and the fact that frequency control balances
the mechanical and electrical power within the generator making them approximately equal before
a disturbance [56]. Methods to estimate regional inertia, on the contrary, approximate the power
imbalance per independent frequency region as the change in power flow on the interconnecting lines

during disturbances [J]B The latter assumption originates from the inter-area power flow oscillations

1 The method can be applied during small disturbances, but the paper indicates that estimates from very small events
generally have larger errors. The paper classifies disturbances in the Great Britain system as small if they cause a ROCOF
as small as 0.03Hz/s, which can be initiated by trips of around 200-400MW. This type of events has been identified once
every 4 days on average for the data set used in the study [3].
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between independent frequency regions resulting from power imbalances. National Grid ESO is currently
testing the approach introduced in [3] in their system [82].

The performance of disturbance-based inertia estimation methods depends on the size of the
disturbance [3]. Originally, only outage events were considered as appropriate frequency events [52].
However, also generator rescheduling at the hour causing frequent, recurring, and scheduled frequency
variations have proven to be suitable for real-time inertia estimation [50]. Nevertheless, the temporal
resolution of the estimates is still limited to 30-60 minutes in these cases. At intermediate time instants,

values for inertia have to be extrapolated based on the latest estimation [73].

4.2.3. Continuous inertia estimation

(Near-)continuous inertia estimation methods rely upon PMU or XMU measurements of the
frequency and continuous estimates of the power imbalance in the system. Based on these two sources
of information they estimate inertia in the time domain, Laplace domain or modal domain, as indicated
in Table 2] (Near-)continuous methods have an increased temporal resolution compared to discrete
inertia estimation methods. However, continuously estimating the power imbalance during normal
system operation is hard, as power imbalances in normal operation are small compared to measurement
noise and cannot be measured directly with state-of-the-art measurement equipment. Two approaches
have been used in the literature to continuously determine the power imbalances in power systems
during normal operation. A first approach estimates the power imbalances on a near-continuous basis
(in a time scale of minutes or tens of minutes) based on PMU measurements. This method involves
strong assumptions and is only valid if generator settings do not change [63]. Second, inertia estimation
methods based on microdisturbances may overcome the issue of poor estimation of power imbalance
by injecting a known microdisturbance in the system. These microdisturbance may be optimized to
maximize the signal-to-noise ratio [66] or the impact on the frequency measurements can be filtered
with advanced signal processing [62”3

The accuracy and reliability of continuous inertia estimation methods have not been proven so far.
Guo et al. have shown that the accuracy of their estimates reduce with larger errors in the measurements
and that accurate initial guesses of the inertia constants are required to ensure the convergence of
the algorithm, which are not straightforward to obtain [65]. Also the method of Tuttelberg et al. has
shown deficiencies [63]. The results of a case study indicate incorrect inertia estimates at some time
instants. One of the reasons for the poor performance may be related to the approximation of the
power imbalance in the system. The output of generators and interconnectors are considered to be

constant over the measurement period and the measured changes in generation and interconnection

12The latter approach has been commercialized by Reactive Technologies [62].
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flows compared to the start of the measurement period are attributed to power imbalances. It is to be
expected that the validity of this assumption decreases with the increasing variability of generation
and interconnection flows that comes with the increased penetration of variable renewable energy
sources and the introduction of fast response services. Also microdisturbance methods have not been
thoroughly validated. Validation of the method in [62] is performed based on one week of inertia data
provided by the British system operator, which are based on an empirical formula. Although the
measurements swing around the empirical results, the empirical results do not correspond with the
ground truth inertia. It is hard to attribute the swings of the measurements to the stochastic behaviour
of inertia or to measurement noise, as values for the ground truth are not available and a reference
case for calibration has not been presented. Moreover, it is important to verify the applicability of
inertia estimation based on microdisturbances for large and not densely meshed systems with high
levels of inertia for which the single-centre-of-inertia approximation is not valid and where it is hard
to distinguish small load disturbances from noise and natural attenuation of the perturbation [83].
Also potential power quality issues due to the inserted microdisturbances should be investigated [83].
National Grid ESO is currently testing the approach introduced in [62] in their system [82]. Test results
have not been published, neither has been the exact inertia estimation method. Moreover, it is hard to
assess the performance of the suggested approach in low-inertia conditions in the ongoing testing, as
very low-inertia conditions are sill rare events in today’s system and the lack of published theoretical

details hamper simulation studies.

4.8. Estimation of expected inertia: Forecasting

Due to the instantaneous nature of the inertial response, the system operator does not have time
to take actions in real time to deal with insufficient levels of inertial response available in the system.
Therefore, the system operator should have an accurate estimate of the inertia that is expected to be
available in the future to contract sufficient fast frequency reserves, adequately modify the system’s
inertia level or reduce the potential largest loss in the system operator’s decision-making process
explained in Section [2.3] Forecasts for different forecasting horizons can be used complementary to the
frequency response requirement tables generated for different levels of demand, inertia and largest loss
to identify when the system will potentially be at risk and inform the operational decisions to contract
fast frequency response, reduce the largest loss of consumption or infeed, or take actions to increase
the inertia. The required temporal resolution of the inertia forecasts depends upon the operational
intervals defined by the temporal resolution of the ancillary service markets (e.g., hourly markets for
fast frequency reserve in Nordic area [84]) and the temporal constraints of operational practices for
generation redispatch (e.g., contractual arrangements for generators to be online are made per 30

minutes in the Great Britain system). Howerver, the forecast per operational interval should represent
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an estimate of the lowest inertia level in the system for the given operational interval to assess the
maximal ROCOF and frequency deviation within an operational interval and to limit the operational
risk. For this reason, a higher temporal resolution of forecast is required, especially if the variability in
the system within an operational interval increases with an increased penetration of renewable energy
sources.

The literature on models to forecast system inertia focusses on point forecast models. Initial research
efforts on physical models relate the system inertia to the online status of synchronous generators.
This first approach to forecast system inertia only considers the contribution from transmission-system-
connected synchronous generators and has been reported by the independent system operator ERCOT

[67] and the Nordic TSOs [25]:

i P G,C
EtI+k|t = ZKt-‘rk\t,i H;- P (7)

Where Rt+k|t,i is the expected status of the synchronous generator unit 7 at time ¢ for time t + k,
H; its inertia constant [s] and PiG’C its generating capacity [MW]. However, the expected status of
the generators IA{t_,_k“’i is not generally available to all transmission system operators in day ahead.
Time-series models, such as the one presented in [85], prevent the dependence on forecasts of the
generator statuses and only depend on historical estimates of the inertia in the system. The model
presented in [85] is developed using estimates of the kinetic energy, i.e., the inertial response of rotating
masses, in the Nordic system, as published on the Fingrid website [86], and estimated using the
approach presented in [37]. The accuracy of these time-series models strongly depends on the accuracy
and resolution of the ground truth inertia estimates used to train the forecast model. Moreover,
physical and also the current time-series forecast models only consider transmission-system-connected
synchronous generators’ contribution, which results in an underestimation of the total system inertia as
the contribution from demand has not been considered.

The Great Britain system operator additionally estimates the future inertia contribution from
embedded units and demand using a explanatory regression model that links this inertia contribution to
the load forecastH This model thus relies upon forecasts of exogenous variables, such as load forecasts,

on top of forecasts of generator statuses to produce forecasts of inertia:

. . G.c .
Bl = ZKHk\t,i “H;- PP +a- PRy, (8)

Where pt?tkl , is the forecast of the system demand at time ¢ for time ¢ + k& [MW]. While originally

a fixed regression constant a has been used for the system as a whole, linear regression analysis on

regional inertia estimates has been applied to derive spatially differentiated empirical constants [3].

13 Abundant literature is available on load forecasting in power systems. An overview can be found in [87), 188].
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Currently available point forecast models for inertia, relying upon the reported status of synchronous
generator units, are expected to decrease in accuracy for two reasons. First of all, due to the increased
penetration of variable and uncertain renewable energy sources with zero marginal cost, the market
dynamics are expected to increase and the day-ahead reported statuses are expected to be less accurate
and more uncertain, which hampers the forecasting of the available inertia. This effect has been shown
in the ERCOT system, where inertia forecasts based on generator reports ahead of real time typically
overestimate the real-time inertia during periods with low energy prices [67]. Second, the share of units
providing virtual inertia will increase. If these units are embedded in distribution systems, they are
not directly monitored by the transmission system which challenges the forecasting of their inertia
contribution. Moreover, units providing virtual inertia, such as wind generators, are typically more
variable and uncertain in nature than synchronous generator units.

Two measures can be taken to deal with these challenges. First of all, an improved point forecast
model of the status of the synchronous generators may reduce the point forecast error. A first approach
is to model the energy trading to estimate the generators’ statuses. However, modelling energy trading
is not straightforward, especially for quantitative results [89]. Moreover, transmission system operators
in power systems with independent market operators do not have access to the bids and offers in the
energy markets and are only informed by the outcome of the market at gate-closure time close to real
time, e.g., one hour ahead of real time in Great Britain [26]. Therefore, it might be more beneficial from
a system operator’s perspective to identify relationships between the generators’ online capacity and
other system variables impacting the energy trading that are directly available to the system operator,
such as historical data of the status of the different generators, historical data and forecasts of total
transmission system demand, forecasts of wind and solar generation, interconnector flows, electricity
prices, etc. Second, while current practice focuses on point forecasts, modelling the uncertainty on the
forecasts enables the system operator to assess the risk of ROCOF and underfrequency relay tripping.
Probabilistic forecast models are useful in this respect, as they represent the conditional distribution
of the future inertial energy for different forecast horizons conditional upon the system state, for a
variety of system states. The system state is characterized by a set of exogenous variables, such as
demand, wind production, day-ahead electricity price and forecasts of the respective system variables.
The linear regression model in state-of-the-art approaches provides a framework to estimate a predictive
distribution of the inertia forecasts, but this is based on a set of strict assumptions, i.e., (i) the errors are
statistically independent, (ii) the errors have a constant variance and (iii) follow a normal distribution.
Alternative parametric, semi-parametric and non-parametric probabilistic forecast models should be

developed for inertia forecastingE

14Probabilistic forecasting models have already been applied extensively in other energy forecasting contexts, such as
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Traditional explanatory inertia forecasting models as the one introduced in Eq. rely upon
the assumptions that a linear, additive and stationary relation holds between system inertia and
the exogenous variables, i.e., total system demand and the inertia contribution from synchronous
generators. To avoid the assumption of linearity and additivity, the feasibility of non-linear, artificial
neural network (ANN) models as explanatory models for inertia forecasting has been tested in [69].
The presented ANN models use total system demand, total generation from power-electronic interfaced
generation and total generation from synchronous generators as input features to model the system
inertia. General statements about the accuracy of the method cannot be made as the report only
mentions the application of the approach in a simplified simulation context, which does not capture the
actual stochastic behaviour of the inertia in the system [69].

The development of accurate inertia forecast models is hampered by the accuracy of state-of-the-art
inertia estimation methods. First of all, time-series models and explanatory models depend on historical
ground thruth data of inertia. Second, the development of explanatory forecast models require a large
data set to ensure their generalization, especially if more flexible but also more complex machine
learning model structures are used. State-of-the-art inertia estimation methods have only provided
accurate estimates during discrete events so far, resulting in a data set too small for accurate forecast
modelling. Near-continuous estimates have been inaccurate or their accuracy has not yet been proven.
Moreover, the importance of accurate inertia estimates with high temporal resolution will become even
more pronounced in power systems with large amounts of renewable energy sources, as the increasing
variability in generator output that comes with renewable energy sources may ask for forecasts of inertia

with higher temporal resolution in the future.

5. Classification of inertia estimation methods according to their scope

Inertia estimation methods may also be categorized based on their spatial resolution. Some methods
are able to estimate the total system inertia or regional inertia, which makes them different in terms of
their geographical scope. Other methods focus on the estimation of different contributors to the inertia,

such as synchronous generators, demand or virtual inertia resources.

5.1. Geographical scope

Historical approaches to estimate the system inertia focussed on calculating a single value for the
total system inertia based on the concept of centre of inertia, which is determined by the average system
frequency [40} 41, [42] [44]. This value of system inertia captures the contribution from generation,

demand and virtual inertia resources, when present. Assuming a single value for inertia in the system

load forecast, price forecasting and wind forecasting [87), 90, [9T].
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is acceptable in strong transmission systems with limited variations of the frequency between locations.
Lower inertia levels will, however, increase the risk for angle swings and oscillations between areas [79].

To improve the inertia estimates, recent efforts have been focussing on providing zonal estimates
of the inertia or spatial inertia profiles. Zonal inertia estimates are more flexible than system inertia
estimates, as aggregating the zonal inertia contributions gives the total system inertia, while the zonal
or individual contributions cannot be derived from the system estimate. These zonal inertia estimates
may be used by the system operator in procuring very fast frequency response services and in enhanced
and coordinated frequency control methods [21]. Different approaches to divide the system in zones
have been used in the literature: (i) division around the constraint boundaries of the network under
analysis [16] or (ii) in zones in which angles and frequency are closely coupled [3], 45, [53]. The latter is

preferable from a physical perspective.

5.2. Contributors to the system inertia

From a system operator perspective, it might be useful to get insight in the different contributors to
the aggregated system inertia in a zone or in the total system. When total inertia levels are decreasing,
the contribution of unmonitored contributors to the system inertia, such as demand and embedded
units, will become more important and accurate estimates of these contributions are required. Forecasts
of the inertia contribution of embedded units and demand may be used in advanced unit commitment
models that simultaneously schedule energy and frequency response services [92].

Directly estimating the inertia contribution from demand and embedded units is challenging, which
is also reflected in the limited research efforts in Table Initially, rough estimates (e.g., still in
use in Finland to estimate the inertial response of approximately 500 MW of production [37]) or
fixed values for the contribution of embedded units and load to the system inertia were used (e.g.,
20% for the contribution of load to the total inertia in Great Britain [16])|E or their contribution
was just omitted [93]. Alternatively, the inertia contribution from embedded units and load can be
estimated by subtracting the contribution from synchronous generator units from the total system
inertia estimate during large disturbance events [46, 49]. Estimating the contribution from synchronous
generator units requires information about their online capacityﬁ and their individual inertia constants.
Originally, synchronous generators’ inertia constants were estimated using the load ramp test, the
probing test and the transient test [94] [95] [96] [97]. Alternatively, dynamic online estimation based on

PMU measurements has been proposed to estimate the inertia constants of synchronous generator units

15 Ashton et al. indicated in 2015 that the contribution of demand and embedded units, such as distribution connected

synchronous generator units, to total system inertia varies between 8% and 25%, with an average of 18.18% [16].
161f information about the generators’ online capacity is not available, Bian et al. have proposed a method to estimate

the generator contribution based on the produced power by fuel type [49].
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or virtual inertia resources, as indicated in the third and fourth column of Table[I} In these methods,
inertia is estimated as a parameter in a dynamic frequency responsive model, matching the power
output of the model with the power output from the measurements during the disturbance event. The
comparison to derive the inertia constants can be done manually [47] or using a grey-box identification
method that optimizes the parameters of a dynamic model of the frequency response of a generator
unit by minimizing a weighted-mean-squared error between the power output from the dynamic model
for the given frequency measurements related to the disturbance with the measured power output
of the generator unit [46]E Alternatively, a two stage validation and calibration process has been
suggested to validate the dynamic model accuracy of a generator based on PMU measurements and
update the model parameters using an extended Kalman filter in case of model deficiencies [57]. One of
the dynamic model parameters to be estimated in this approach is the inertia constant of the generator.

Based on the limited data set of estimates of the inertia contribution from embedded units and
demand during large disturbance events, research efforts have developed explanatory models that relate

the inertia contribution from demand and embedded units to the total system demand [49] [40]:
EtI’emb =a-PP (9)

Where PP is the system demand at time instant t. These models have predictive capabilities. However,
due to the limited size of the data set, only simple model structures with a limited number of parameters
to be trained, such as linear regression models, have been used to avoid overfitting [49]. This approach
is currently used by National Grid ESO to estimate the inertia contribution of embedded units and
demand [3]. The temporal resolution of the estimates of the inertia contribution of demand and
embedded units, and therefore the size of the available data set, can be increased by using an estimation

method with higher temporal resolution to estimate the total system or zonal inertia@

6. Conclusion and the future of inertia estimation methods

Secure and cost-effective operation of low-inertia power systems requires accurate and reliable
estimates and forecasts of inertia in the system on a close-to-continuous and regional basis, considering
contributions from generation, demand and virtual inertia resources. The state of the art in inertia
estimation methods has evolved from delivering post-mortem, total system inertia estimates after
discrete large power imbalance events towards close-to-continuous real-time inertia estimates with the

possibility to make regional estimates. Regional estimates are crucial in low-inertia power systems

17Different simulation models should be built for different types of generator units.
18 An overview of different methods for total system or zonal inertia estimates with different temporal resolution with

their characteristics and shortcomings has been given in Section E}

22



consisting of strong regions interconnected by long links to deal with the geographical variations in
inertia and frequency response, while near-continuous inertia estimates monitor the system’s frequency
response profiles with a high temporal resolution, which is crucial to deal with the operational challenges
of variability of inertia over time induced in power systems with large amounts of variable renewable
energy sources. Although important steps have been taken towards near-continuous inertia estimates,
the accuracy and reliability of (near-)continuous inertia estimation techniques have not been adequately
proven yet due to limited ground truth knowledge about the inertia in the system. Recommended
directions for further work and future research are (i) the testing and validation of near-continuous
inertia estimation methods to ensure that the techniques do not impact the stability of the system and
to obtain more accurate estimates, (ii) getting more insight in the contributors to the system inertia in
different operating states, especially the contribution of embedded units that are not observable and
uncontrollable for the system operator, and (iii) the development of models to forecast future levels of
total system inertia, zonal inertia or the inertia contribution from individual resources, such as demand
and unmonitored embedded units.

The large amount of renewable energy sources in future power systems, leading to low inertia levels,
challenge the inertia estimation. First of all, the calculation of the swing equation, the foundational
equation of post-mortem and real-time inertia estimation methods, becomes more challenging. Fast
frequency response will hamper the calculation of the ROCOF and power imbalance. Moreover, the
system will have increased dynamic behaviour. Second, besides an increase in temporal resolution, an
increase in spatial resolution of inertia estimates is required. Lower inertia conditions will cause the
inertia to vary more between different regions in the system and ask for a coordinated, well-localized
frequency response. Third, new approaches to deal with units providing virtual inertia embedded in
distribution systems are needed. These embedded units are out of sight of system operators and their
inertia contribution is very hard to estimate with the state-of-the-art methods. For this reason, the
current estimation practice, ignoring the inertia contribution of embedded units and the load, will
underestimate the total inertia even more in power systems with low amounts of transmission-system
connected synchronous generation and virtual inertia providers embedded in distribution systems.
Approaches to specifically estimate of the inertia contribution of demand and embedded units rely upon
accurate estimates of the total inertia from which the inertia contribution of monitored, transmission-
system-connected generators is subtracted. Due to the limited availability of reliable and accurate total
system inertia estimates with high temporal resolution, estimation of the contribution of demand and
embedded units currently relies upon inertia estimates during rare large disturbance events. Although
methods to continuously estimate the total system inertia are currently being tested in the power
system of Great Britain, their accuracy and performance are still to be published. Moreover, further

work is needed to verify the impact of the small power injections in microdisturbance methods on
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the stability, security and power quality of the power system. Special attention should be given to
the performance and the impact on stability and security during low-inertia conditions to make the
technology future proof.

To ensure the secure and cost-effective operation of future low-inertia systems with more variability
in available inertia, accurate forecasts of the inertia available in the system are crucial to inform system
operators’ decision making. The field of inertia forecasting has ample opportunities for progression. First
of all, accurate inertia forecasting with a sufficiently high temporal resolution for low-inertia systems is
hampered by the limited quality and amount of ground truth inertia data generated by state-of-the-art
inertia estimation methods. Moreover, the state of the art on inertia forecasting models is limited to
explanatory, linear regression models with a limited number of exogenous variables and time series
models, and focuses on providing point forecasts. However, the system operator would benefit from
probabilistic inertia forecasting models to assess the risk of ROCOF and underfrequency relay tripping
and to inform decision making. Once a large set of reliable and accurate inertia estimates of the total
system or a zone as well as of the different contributors are available with a high temporal resolution,
these data can be used to develop probabilistic forecasting models. The resulting probabilistic forecasts
of inertia may inform system operator’s decisions on the modification of the potential largest loss or
of the inertia in the system, on frequency response procurement or on the volume of inertia to buy
on a market for inertia. Alternatively, one can look into the benefits of direct forecasts of predictive
distributions of system variables, such as rate of change of frequency and frequency deviation, rather
than the system parameter of inertia to estimate the probability of potential issues in the frequency
response. Similar approaches of integrated forecasting have been suggested in the context of determining

market bids of power plants with uncertain production [98].
Acknowledgments

This work has been funded by Electricity Network Innovation Allowance project on Short-term
System Inertia Forecast NIA__NGS0O0020.

References

[1] National Grid ESO, “Response and reserve roadmap,” 2019, Accessed 21/07/2020. [Online].
Available: https://www.nationalgrideso.com/document /157791 /download

[2] J. Matevosyan, Implementation of Inertia Monitoring in ERCOT — What’s It All
About? (2018), Accessed 21/07/2020. [Online]. Available: |https://www.esig.energy/

implementation-of-inertia-monitoring-in-ercot-whats-it-all-about /

24


https://www.nationalgrideso.com/document/157791/download
https://www.esig.energy/implementation-of-inertia-monitoring-in-ercot-whats-it-all-about/
https://www.esig.energy/implementation-of-inertia-monitoring-in-ercot-whats-it-all-about/

3]

[12]

[13]

D. Wilson, J. Yu, N. Al-Ashwal, B. Heimisson, and V. Terzija, “Measuring effective area inertia to

determine fast-acting frequency response requirements,” International Journal of Electrical Power

& Energy Systems, vol. 113, pp. 1-8, Dec. 2019.

U. Tamrakar, D. Shrestha, M. Maharjan, B. P. Bhattarai, T. M. Hansen, and R. Tonkoski, “Virtual

Inertia: Current Trends and Future Directions,” Applied sciences, vol. 7, no. 654, 2017.

M. Dreidy, H. Mokhlis, and S. Mekhilef, “Inertia response and frequency control techniques for
renewable energy sources: A review,” Renewable and Sustainable Energy Reviews, vol. 69, pp.

144-155, Mar. 2017.

J. Fang, H. Li, Y. Tang, and F. Blaabjerg, “On the Inertia of Future More-Electronics Power
Systems,” IEEE Journal of Emerging and Selected Topics in Power Electronics, vol. 7, no. 4, pp.
2130-2146, 2019.

A. Ferndndez-Guillamén, E. Gémez-Lazaro, E. Muljadi, and n. Molina-Garcia, “Power systems
with high renewable energy sources: A review of inertia and frequency control strategies over time,”

Renewable and Sustainable Energy Reviews, vol. 115, p. 109369, 2019.

K. S. Ratnam, K. Palanisamy, and G. Yang, “Future low-inertia power systems: Requirements,

issues, and solutions - A review,” Renewable and Sustainable Energy Reviews, vol. 124, p. 109773,

2020.

P. Tielens and D. Van Hertem, “The relevance of inertia in power systems,” Renewable and

Sustainable Energy Reviews, vol. 55, pp. 999-1009, 2016.

F. Milano, F. Dorfler, G. Hug, D. J. Hill, and G. Verbi¢, “Foundations and Challenges of Low-
Inertia Systems (Invited Paper),” in 2018 Power Systems Computation Conference (PSCC), Jun.

2018, pp. 1-25.

G. Anderson, Dynamics and Control of Electric Power Systems, 2012, accessed 21/07/2020.
[Online]. Available: https://pdfs.semanticscholar.org/4e66/7{31c50bc898e49d553e2fe7f596523bf40d |
pdf

J. W. Taylor and M. B. Roberts, “Forecasting Frequency-Corrected Electricity Demand to Support
Frequency Control,” IEEE Transactions on Power Systems, vol. 31, no. 3, pp. 1925-1932, 2016.

P. Tielens, “Operation and control of power systems with low synchronous inertia,” PhD Thesis,

KU Leuven, 2017.

25


https://pdfs.semanticscholar.org/4e66/7f31c50bc898e49d553e2fe7f596523bf40d.pdf
https://pdfs.semanticscholar.org/4e66/7f31c50bc898e49d553e2fe7f596523bf40d.pdf

[14]

[15]

[16]

[17]

[19]

[22]

23]

KEMA - DNV by order of EIRGRID, “RoCoF—An Independent Analysis on the Ability
of Generators to Ride Through Rate of Change of Frequency Values up to 2 Hz/s,” 2013,
Accessed 06/03/2020. [Online]. Available: http://www.eirgridgroup.com/site-files/library /EirGrid/
DNV-KEMA_Report_ RoCoF_20130208final__.pdf

Australian Energy Market Operator, “International review of frequency control adap-
tation,” Tech. rep, Tech. Rep., 2016, Accessed: 06/03/2020. [Online]. Avail-
able: https://www.aemo.com.au/-/media/Files/Electricity /NEM /Security__and__ Reliability/
Reports/2016 /FPSS---International-Review-of-Frequency- Control. pdf

P. M. Ashton, C. S. Saunders, G. A. Taylor, A. M. Carter, and M. E. Bradley, “Inertia Estimation
of the GB Power System Using Synchrophasor Measurements,” IEEE Transactions on Power

Systems, vol. 30, no. 2, pp. 701-709, Mar. 2015.

Y. G. Rebours, D. S. Kirschen, M. Trotignon, and S. Rossignol, “A Survey of Frequency and
Voltage Control Ancillary Services—Part I: Technical Features,” IEEE Transactions on Power

Systems, vol. 22, no. 1, pp. 350-357, Feb. 2007.

L. Meng, J. Zafar, S. K. Khadem, A. Collinson, K. C. Murchie, F. Coffele, and G. M. Burt, “Fast
Frequency Response From Energy Storage Systems—A Review of Grid Standards, Projects and
Technical Issues,” IEEE Transactions on Smart Grid, vol. 11, no. 2, pp. 1566-1581, 2020.

T. Ackermann, T. Prevost, V. Vittal, A. J. Roscoe, J. Matevosyan, and N. Miller, “Paving the
Way: A Future Without Inertia Is Closer Than You Think,” IEEE Power and Energy Magazine,
vol. 15, no. 6, pp. 61-69, 2017.

L. Ruttledge, N. W. Miller, J. O’Sullivan, and D. Flynn, “Frequency Response of Power Systems
With Variable Speed Wind Turbines,” IEEE Transactions on Sustainable Energy, vol. 3, no. 4, pp.
683-691, Oct. 2012.

“The Enhanced Frequency Control Capability (EFCC) project closing down report,” Tech. Rep.,
2019, Accessed 21/07/2020. [Online]. Available: https://www.nationalgrideso.com/document/
144566 /download

J. Brisebois and N. Aubut, “Wind farm inertia emulation to fulfill Hydro-Québec’s specific need,”
in 2011 IEEE Power and Energy Society General Meeting, Jul. 2011, pp. 1-7.

J. Bradley, “DC0079 Frequency Changes during Large Disturbances and their Impact on the Total
System,” 2017, Accessed 21/07/2020. [Online]. Available: http://www.dcode.org.uk/assets/files/
RTA/DCRP_MP_ 18 08 DC0079%20Retrospective%20Application%20RTA %20Final.pdf

26


http://www.eirgridgroup.com/site-files/library/EirGrid/DNV-KEMA_Report_RoCoF_20130208final_.pdf
http://www.eirgridgroup.com/site-files/library/EirGrid/DNV-KEMA_Report_RoCoF_20130208final_.pdf
https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Reports/2016/FPSS---International-Review-of-Frequency-Control.pdf
https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Reports/2016/FPSS---International-Review-of-Frequency-Control.pdf
https://www.nationalgrideso.com/document/144566/download
https://www.nationalgrideso.com/document/144566/download
http://www.dcode.org.uk/assets/files/RTA/DCRP_MP_18_08_DC0079%20Retrospective%20Application%20RTA%20Final.pdf
http://www.dcode.org.uk/assets/files/RTA/DCRP_MP_18_08_DC0079%20Retrospective%20Application%20RTA%20Final.pdf

[24] EIRGRID/SONI, “RoCoF Modification Proposal - TSOs Opinion,” Tech. Rep., 2012, Accessed
2020-02-17. [Online]. Available: |http://www.soni.ltd.uk/media/documents/Archive/RoCoF%
20Modification%20Proposal %20TSOs%200pinion.pdf

[25] Entso-E, “Fast frequency reserve — solution to the nordic inertia challenge,” 2019, Accessed
08/02/2021. [Online|. Available: https://www.statnett.no/globalassets/for-aktorer-i-kraftsystemet /
utvikling-av-kraftsystemet /nordisk-frekvensstabilitet /fir-stakeholder-report_ 13122019.pdf

[26] Balancing code no. 1 Pre gate closure process, Accessed 21/07/2020. [Online]. Available:
https://www.ofgem.gov.uk/ofgem-publications/54725/9753-5505gcbcl.pdf

[27] National Grid ESO, Appendices to the Technical Report on the events of 9 August 2019, 2019.

[Online]. Available: https://www.nationalgrideso.com/document /152351 /download

[28] ——, “Proposed BM startup service,” Tech. Rep., 2006, Accessed 12/02/2020. [Online|. Available:
https://www.nationalgrideso.com/document /90771 /download

[29] EIRGRID/SONI, “DS3 System Services: Portfolio Capability-Analysis,” Tech. Rep., 2014,
Accessed: 18/02/2021. [Online]. Available: |http://www.eirgridgroup.com/site-files/library/
EirGrid /DS3-System-Services- Portfolio- Capability- Analysis.pdf

[30] E. Ela, V. Gevorgian, A. Tuohy, B. Kirby, M. Milligan, and M. O’Malley, “Market Designs
for the Primary Frequency Response Ancillary Service—Part I: Motivation and Design,” IEEE
Transactions on Power Systems, vol. 29, no. 1, pp. 421-431, Jan. 2014.

[31] L. Badesa, F. Teng, and G. Strbac, “Economic value of inertia in low-carbon power systems,”
in 2017 IEEE PES Innovative Smart Grid Technologies Conference Europe (ISGT-Europe), Sep.
2017, pp. 1-6.

[32] A. Khodadadi, L. Herre, P. Shinde, R. Eriksson, L. Séder, and M. Amelin, “Nordic Balancing
Markets: Overview of Market Rules,” in 2020 17th International Conference on the European

Energy Market (EEM), 2020, pp. 1-6.

[33] Eirgrid, “Recommendation on ds3 system services volume capped competitive procurement,” 2018,
Accessed 08/02/2021. [Online]. Available: http://www.eirgridgroup.com/site-files/library /EirGrid/
DS3-System-Services- Volume-Capped-Recommendation- Paper- FINAL.pdf

[34] National Grid ESO, “Response and reserve roadmap,” 2019, Accessed 08/02/2021. [Online].
Available: https://www.nationalgrideso.com/document /157791 /download

[35] ——, “Appendices to the Technical Report on the events of 9 August 2019,” 2019, Accessed
04/03/2020. [Online]. Available: https://www.nationalgrideso.com/document /152351 /download

27


http://www.soni.ltd.uk/media/documents/Archive/RoCoF%20Modification%20Proposal%20TSOs%20Opinion.pdf
http://www.soni.ltd.uk/media/documents/Archive/RoCoF%20Modification%20Proposal%20TSOs%20Opinion.pdf
https://www.statnett.no/globalassets/for-aktorer-i-kraftsystemet/utvikling-av-kraftsystemet/nordisk-frekvensstabilitet/ffr-stakeholder-report_13122019.pdf
https://www.statnett.no/globalassets/for-aktorer-i-kraftsystemet/utvikling-av-kraftsystemet/nordisk-frekvensstabilitet/ffr-stakeholder-report_13122019.pdf
https://www.ofgem.gov.uk/ofgem-publications/54725/9753-5505gcbc1.pdf
https://www.nationalgrideso.com/document/152351/download
https://www.nationalgrideso.com/document/90771/download
http://www.eirgridgroup.com/site-files/library/EirGrid/DS3-System-Services-Portfolio-Capability-Analysis.pdf
http://www.eirgridgroup.com/site-files/library/EirGrid/DS3-System-Services-Portfolio-Capability-Analysis.pdf
http://www.eirgridgroup.com/site-files/library/EirGrid/DS3-System-Services-Volume-Capped-Recommendation-Paper-FINAL.pdf
http://www.eirgridgroup.com/site-files/library/EirGrid/DS3-System-Services-Volume-Capped-Recommendation-Paper-FINAL.pdf
https://www.nationalgrideso.com/document/157791/download
https://www.nationalgrideso.com/document/152351/download

[36]

[38]

[39]

[41]

N. Modig and R. Eriksson, “Online tool to predict the maximum instantaneous frequency deviation
during incidents,” in 2018 IEEE Power and Energy Society General Meeting (PESGM), 2018, pp.
1-5.

E. Orum, M. Kuivaniemi, M. Laasonen, A. I. Bruseth, E. A. Jansson, A. Danell, K. Elkington,
and N. Modig, “Future system inertia,” Tech. Rep., 2018, Accessed 08/02/2021. [Online].
Available: |https://docstore.entsoe.eu/Documents/Publications/SOC/Nordic/Nordic_report_|

Future_ System__Inertia.pdf

L. Badesa, F. Teng, and G. Strbac, “Simultaneous Scheduling of Multiple Frequency Services in
Stochastic Unit Commitment,” IEEE Transactions on Power Systems, vol. 34 (5), pp. 38583868,
2019.

M. Kelly, F. McNamara, A. Cooke, and T. Canning, “Modelling of post generation loss frequency
behaviour in power systems,” in International Conference on Large High Voltage Electric Systems,

vol. 2, 1994, pp. 38-307.

T. Inoue, H. Taniguchi, Y. Ikeguchi, and K. Yoshida, “Estimation of power system inertia constant
and capacity of spinning-reserve support generators using measured frequency transients,” IEEE

Transactions on Power Systems, vol. 12, no. 1, pp. 136-143, 1997.

D. P. Chassin, Z. Huang, M. K. Donnelly, C. Hassler, E. Ramirez, and C. Ray, “Estimation of
WECC system inertia using observed frequency transients,” IEEE Transactions on Power Systems,

vol. 20, no. 2, pp. 1190-1192, 2005.

D. Zografos, M. Ghandhari, and R. Eriksson, “Power system inertia estimation: Utilization of
frequency and voltage response after a disturbance,” Electric Power Systems Research, vol. 161,

pp- 52-60, 2018.

P. M. Ashton, G. A. Taylor, A. M. Carter, M. E. Bradley, and W. Hung, “Application of phasor

measurement units to estimate power system inertial frequency response,” in 2013 IEEE Power

Energy Society General Meeting, 2013, pp. 1-5.

D. Zografos, M. Ghandhari, and K. Paridari, “Estimation of power system inertia using particle
swarm optimization,” in 2017 19th International Conference on Intelligent System Application to

Power Systems (ISAP), 2017, pp. 1-6.

G. Chavan, M. Weiss, A. Chakrabortty, S. Bhattacharya, A. Salazar, and F.-H. Ashrafi, “Identifica-
tion and Predictive Analysis of a Multi-Area WECC Power System Model Using Synchrophasors,”
IEEE Transactions on Smart Grid, vol. 8, no. 4, pp. 1977-1986, 2017.

28


https://docstore.entsoe.eu/Documents/Publications/SOC/Nordic/Nordic_report_Future_System_Inertia.pdf
https://docstore.entsoe.eu/Documents/Publications/SOC/Nordic/Nordic_report_Future_System_Inertia.pdf

[46]

[47]

[48]

[49]

[50]

[55]

[56]

M. R. Bank Tavakoli, M. Power, L. Ruttledge, and D. Flynn, “Load Inertia Estimation Using White
and Grey-Box Estimators for Power Systems with High Wind Penetration,” IFAC Proceedings
Volumes, vol. 45, no. 21, pp. 399-404, 2012.

T. Littler, B. Fox, and D. Flynn, “Measurement-based Estimation of Wind Farm Inertia,” in 2005
IEEE Russia Power Tech, 2005.

Y. Zhang, J. Bank, Y. Wan, E. Muljadi, and D. Corbus, “Synchrophasor Measurement-Based
Wind Plant Inertia Estimation,” in 2013 IEEE Green Technologies Conference (GreenTech), 2013,
pp. 494-499.

Y. Bian, H. Wyman-Pain, F. Li, R. Bhakar, S. Mishra, and N. P. Padhy, “Demand Side Contribu-
tions for System Inertia in the GB Power System,” IEEE Transactions on Power Systems, vol. 33,

no. 4, pp. 3521-3530, 2018.

J. Schiffer, P. Aristidou, and R. Ortega, “Online Estimation of Power System Inertia Using
Dynamic Regressor Extension and Mixing,” IEEE Transactions on Power Systems, vol. 34 (6), pp.

4993-5001, 2019.

G. Cai, B. Wang, D. Yang, Z. L. Sun, and L. Wang, “Inertia Estimation based on Observed
Electromechanical Oscillation Response for Power Systems,” IEEE Transactions on Power Systems,

vol. 34 (6), pp. 4291-4299, 2019.

P. Wall and V. Terzija, “Simultaneous Estimation of the Time of Disturbance and Inertia in Power

Systems,” IEEE Transactions on Power Delivery, vol. 29, no. 4, pp. 2018-2031, 2014.

A. Chakrabortty, J. H. Chow, and A. Salazar, “A Measurement-Based Framework for Dynamic

Equivalencing of Large Power Systems Using Wide-Area Phasor Measurements,” IEEE Transactions

on Smart Grid, vol. 2, no. 1, pp. 68-81, 2011.

J. H. Chow, A. Chakrabortty, L. Vanfretti, and M. Arcak, “Estimation of radial power system
transfer path dynamic parameters using synchronized phasor data,” IEEE Transactions on Power

Systems, vol. 23, no. 2, pp. 564-571, 2008.

P. Wall, F. Gonzalez-Longatt, and V. Terzija, “Estimation of generator inertia available during a

disturbance,” in 2012 IEEE Power and Energy Society General Meeting, 2012, pp. 1-8.

M. Sun, Y. Feng, P. Wall, S. Azizi, J. Yu, and V. Terzija, “On-line power system inertia calculation
using wide area measurements,” International Journal of Electrical Power & Energy Systems, vol.

109, pp. 325-331, 2019.

29



[57]

[58]

[59]

[61]

[64]

[65]

Z. Huang, P. Du, D. Kosterev, and S. Yang, “Generator dynamic model validation and parameter
calibration using phasor measurements at the point of connection,” IEEE Transactions on Power

Systems, vol. 28, no. 2, pp. 1939-1949, 2013.

K. Kalsi, Y. Sun, Z. Huang, P. Du, R. Diao, K. K. Anderson, Y. Li, and B. Lee, “Calibrating

multi-machine power system parameters with the extended kalman filter,” in 2011 IEEE Power

and Energy Society General Meeting. IEEE, 2011, pp. 1-8.

S. Guo and J. Bialek, “Synchronous machine inertia constants updating using Wide Area Mea-
surements,” in 2012 3rd IEEE PES Innovative Smart Grid Technologies Europe (ISGT Europe),
2012, pp. 1-7.

N. Petra, C. G. Petra, Z. Zhang, E. M. Constantinescu, and M. Anitescu, “A Bayesian Approach
for Parameter Estimation With Uncertainty for Dynamic Power Systems,” IEEE Transactions on

Power Systems, vol. 32, no. 4, pp. 27352743, 2017.

R. K. Panda, A. Mohapatra, and S. C. Srivastava, “Online Estimation of System Inertia in a
Power Network utilizing Synchrophasor Measurements,” IEEE Transactions on Power Systems, p.

[Early access|, 2019.

B. Berry, “Inertia Estimation Methodologies vs Measurement Methodology: Impact on System
Operations,” Cigre Symposium Aalborg 2019, 2019.

K. Tuttelberg, J. Kilter, D. Wilson, and K. Uhlen, “Estimation of Power System Inertia From
Ambient Wide Area Measurements,” IEEE Transactions on Power Systems, vol. 33, no. 6, pp.

7249-7257, 2018.

R. K. Panda, A. Mohapatra, and S. C. Srivastava, “Application of Indirect Adaptive Control
Philosophy for Inertia Estimation,” in 2019 IEEE PES GTD Grand International Conference and
Exposition Asia (GTD Asia), 2019, pp. 478-483.

S. Guo, S. Norris, and J. Bialek, “Adaptive Parameter Estimation of Power System Dynamic Model
Using Modal Information,” IEEE Transactions on Power Systems, vol. 29, no. 6, pp. 28542861,
2014.

J. Zhang and H. Xu, “Online Identification of Power System Equivalent Inertia Constant,” IEEE
Transactions on Industrial Electronics, vol. 64, no. 10, pp. 8098-8107, 2017.

P. Du and J. Matevosyan, “Forecast System Inertia Condition and Its Impact to Integrate More

Renewables,” IEEE Transactions on Smart Grid, vol. 9, no. 2, pp. 1531-1533, 2018.

30



[68]

[72]

(73]

[74]

[75]

General Electric, “GE Introduces New Analytics to Advance Electric Grid Operations,” 2019,
Accessed 25/06/2019. [Online]. Available: https://www.gegridsolutions.com/press/gepress/GE_|

Introduces New_ Analytics to_ Advance Electric_ Grid_ Operations.htm

D. Wilson, M. Eves, J. Warichet, and N. Al-Ashwal, “D2.3: Lessons Learned
from Monitoring & Forecasting KPIs on Impact of PE Penetration,” H2020
MIGRATE  project, 2018,  Accessed 06/03/2020. [Online]. Available: https:
/ /www.h2020-migrate.eu/_Resources/Persistent /9c7ae793e3316{9a19{4999c4b428{a46f45572a/
D2.3%20-%20Lessons %20Learned %20from%20Monitoring %20and %20Forecasting %20 K P1s%
200n%20Impact%2001%20PE%20Penetration. pdf

A. G. Phadke, “Synchronized phasor measurements in power systems,” IEEE Computer

Applications in Power, vol. 6, no. 2, pp. 10-15, 1993.

N. Shams, P. Wall, and V. Terzija, “Active Power Imbalance Detection, Size and Location
Estimation Using Limited PMU Measurements,” IEEE Transactions on Power Systems, vol. 34,

no. 2, pp. 1362-1372, 2019.

)

P. Wall, P. Regulski, Z. Rusidovic, and V. Terzija, “Inertia estimation using PMUs in a laboratory,’
in IEEE PES Innovative Smart Grid Technologies, Europe, 2014, pp. 1-6.

X. Cao, B. Stephen, 1. F. Abdulhadi, C. D. Booth, and G. M. Burt, “Switching Markov Gaussian
Models for Dynamic Power System Inertia Estimation,” IEEE Transactions on Power Systems,

vol. 31, no. 5, pp. 3394-3403, Sep. 2016.

NERC Inverter-Based Resource Performance Task Force (IRPTF), “Fast Frequency
Response Concepts and Bulk Power System Reliability Needs,” Tech. Rep., 2020, Accessed
17/02/2021. [Online]. Available: https://www.nerc.com/comm/PC/InverterBased %20Resource%
20Performance%20Task%20Force%20IRPT /Fast_ Frequency Response Concepts and_BPS
Reliability Needs_ White_Paper.pdf

W. Wang, W. Yao, C. Chen, X. Deng, and Y. Liu, “Fast and Accurate Frequency Response
Estimation for Large Power System Disturbances using Second Derivative of Frequency Data,”

IEEE Transactions on Power Systems, pp. 1-1, 2020.

National Grid, “System Operability Framework 2016: UK electricity transmission,” Tech. Rep.,
2016, Accessed 21/07/2020. [Online]. Available: https://www.nationalgrid.com/sites/default /files/
documents/8589937803-SOF %202016%20- %20Full%20Interactive%20Document.pdf

31


https://www.gegridsolutions.com/press/gepress/GE_Introduces_New_Analytics_to_Advance_Electric_Grid_Operations.htm
https://www.gegridsolutions.com/press/gepress/GE_Introduces_New_Analytics_to_Advance_Electric_Grid_Operations.htm
https://www.h2020-migrate.eu/_Resources/Persistent/9c7ae793e3316f9a19f4999c4b428fa46f45572a/D2.3%20-%20Lessons%20Learned%20from%20Monitoring%20and%20Forecasting%20KPIs%20on%20Impact%20of%20PE%20Penetration.pdf
https://www.h2020-migrate.eu/_Resources/Persistent/9c7ae793e3316f9a19f4999c4b428fa46f45572a/D2.3%20-%20Lessons%20Learned%20from%20Monitoring%20and%20Forecasting%20KPIs%20on%20Impact%20of%20PE%20Penetration.pdf
https://www.h2020-migrate.eu/_Resources/Persistent/9c7ae793e3316f9a19f4999c4b428fa46f45572a/D2.3%20-%20Lessons%20Learned%20from%20Monitoring%20and%20Forecasting%20KPIs%20on%20Impact%20of%20PE%20Penetration.pdf
https://www.h2020-migrate.eu/_Resources/Persistent/9c7ae793e3316f9a19f4999c4b428fa46f45572a/D2.3%20-%20Lessons%20Learned%20from%20Monitoring%20and%20Forecasting%20KPIs%20on%20Impact%20of%20PE%20Penetration.pdf
https://www.nerc.com/comm/PC/InverterBased%20Resource%20Performance%20Task%20Force%20IRPT/Fast_Frequency_Response_Concepts_and_BPS_Reliability_Needs_White_Paper.pdf
https://www.nerc.com/comm/PC/InverterBased%20Resource%20Performance%20Task%20Force%20IRPT/Fast_Frequency_Response_Concepts_and_BPS_Reliability_Needs_White_Paper.pdf
https://www.nerc.com/comm/PC/InverterBased%20Resource%20Performance%20Task%20Force%20IRPT/Fast_Frequency_Response_Concepts_and_BPS_Reliability_Needs_White_Paper.pdf
https://www.nationalgrid.com/sites/default/files/documents/8589937803-SOF%202016%20-%20Full%20Interactive%20Document.pdf
https://www.nationalgrid.com/sites/default/files/documents/8589937803-SOF%202016%20-%20Full%20Interactive%20Document.pdf

[77]

[79]

[80]

[81]

[85]

Reactive Technologies, “Extensible grid measurement units,” Tech. Rep., Accessed:
18/02/2021. [Online]. Available: https://www.reactive-technologies.com/wp-content/uploads/
2019/09/XMU-Flyer- Website-1.pdf

Y. Zhang, J. Bank, E. Muljadi, Y.-H. Wan, and D. Corbus, “Angle Instability Detection in Power
Systems With High-Wind Penetration Using Synchrophasor Measurements,” IEEE Journal of

Emerging and Selected Topics in Power Electronics, vol. 1, no. 4, pp. 306-314, 2013.

P. Kundur, N. J. Balu, and M. G. Lauby, Power system stability and control. McGraw-hill New
York, 1994, vol. 7.

W. Winter, K. Elkington, G. Bareux, and J. Kosteve, “Pushing the Limits: Europe’s New Grid:

Innovative Tools to Combat Transmission Bottlenecks and Reduced Inertia,” IEEE Power and

Energy Magazine, vol. 13, no. 1, pp. 60-74, 2015.

E. Gonzalez, B. Stephen, D. Infield, and J. J. Melero, “Using high-frequency SCADA data for wind
turbine performance monitoring: A sensitivity study,” Renewable Energy, vol. 131, pp. 841-853,
2019.

National Grid ESO, “‘Sonar of the power grid”: new inertia measure-
ment tools planned for Great Britain’s electricity system,” Tech. Rep., 2020,
Accessed: 18/02/2021. [Online]. Available: https://www.nationalgrideso.com/news/

sonar-power-grid-new-inertia-measurement-tools-planned-great-britains-electricity-system

J. Yu, V. Terzija, D. Wilson, A. Nechifor, and M. Eves, “D2.1 Requirements for Monitoring & Fore-
casting PE-based KPIs (2018),” Tech. Rep., Accessed 06/03/2020. [Online]. Available: https://www|
h2020-migrate.eu/_Resources/Persistent /7chfc3edd17bl7ca2e3ea78815bfd35998cf2ae0/D2.1%
20-%20Requirements%20for%20Monitoring%20and %20Forecasting%20PE-based %20KPIs.pdf

Fingrid, “Fast Frequency Reserve,” Tech. Rep., Accessed: 18/02/2021. [On-
line].  Available: https:/ /www.fingrid.fi/en/electricity-market /reserves__and__balancing/

fast-frequency-reserve/#procurement

F. Gonzalez-Longatt, M. Acosta, H. Chamorro, and D. Topic, “Short-term kinetic energy forecast
using a structural time series model: Study case of nordic power system,” in 2020 International

Conference on Smart Systems and Technologies (SST). IEEE, 2020, pp. 173-178.

Fingrid, “Inertia measurements of the Nordic area,” Tech. Rep., Accessed: 18/02/2021.
[Online]. Available: https://www.fingrid.fi/en/electricity-market /electricity-market-information /

InertiaofNordicpowersystem /

32


https://www.reactive-technologies.com/wp-content/uploads/2019/09/XMU-Flyer-Website-1.pdf
https://www.reactive-technologies.com/wp-content/uploads/2019/09/XMU-Flyer-Website-1.pdf
https://www.nationalgrideso.com/news/sonar-power-grid-new-inertia-measurement-tools-planned-great-britains-electricity-system
https://www.nationalgrideso.com/news/sonar-power-grid-new-inertia-measurement-tools-planned-great-britains-electricity-system
https://www.h2020-migrate.eu/_Resources/Persistent/7c5fc3e4d17b17ca2e3ea78815bfd35998cf2ae0/D2.1%20-%20Requirements%20for%20Monitoring%20and%20Forecasting%20PE-based%20KPIs.pdf
https://www.h2020-migrate.eu/_Resources/Persistent/7c5fc3e4d17b17ca2e3ea78815bfd35998cf2ae0/D2.1%20-%20Requirements%20for%20Monitoring%20and%20Forecasting%20PE-based%20KPIs.pdf
https://www.h2020-migrate.eu/_Resources/Persistent/7c5fc3e4d17b17ca2e3ea78815bfd35998cf2ae0/D2.1%20-%20Requirements%20for%20Monitoring%20and%20Forecasting%20PE-based%20KPIs.pdf
https://www.fingrid.fi/en/electricity-market/reserves_and_balancing/fast-frequency-reserve/#procurement
https://www.fingrid.fi/en/electricity-market/reserves_and_balancing/fast-frequency-reserve/#procurement
https://www.fingrid.fi/en/electricity-market/electricity-market-information/InertiaofNordicpowersystem/
https://www.fingrid.fi/en/electricity-market/electricity-market-information/InertiaofNordicpowersystem/

[87]

[96]

[97]

[98]

T. Hong and S. Fan, “Probabilistic electric load forecasting: A tutorial review,” International

Journal of Forecasting, vol. 32, no. 3, pp. 914-938, 2016.

C. Kuster, Y. Rezgui, and M. Mourshed, “Electrical load forecasting models: A critical systematic

review,” Sustainable Cities and Society, vol. 35, pp. 257-270, 2017.

R. Weron, “Electricity price forecasting: A review of the state-of-the-art with a look into the

future,” International Journal of Forecasting, vol. 30, no. 4, pp. 1030-1081, 2014.

J. Nowotarski and R. Weron, “Recent advances in electricity price forecasting: A review of
probabilistic forecasting,” Renewable and Sustainable Energy Reviews, vol. 81, pp. 1548-1568,
2018.

Y. Zhang, J. Wang, and X. Wang, “Review on probabilistic forecasting of wind power generation,”

Renewable and Sustainable Energy Reviews, vol. 32, pp. 255-270, 2014.

L. Badesa, F. Teng, and G. Strbac, “Optimal Portfolio of Distinct Frequency-Response
Services in Low-Inertia Systems,” arXiv:1908.07856 [math], Aug. 2019. [Online]. Available:
http://arxiv.org/abs/1908.07856

C. Concordia and S. Thara, “Load representation in power system stability studies,” IEEE

transactions on power apparatus and systems, no. 4, pp. 969-977, 1982.

M. Ariff, B. Pal, and A. K. Singh, “Estimating dynamic model parameters for adaptive protection
and control in power system,” IEEE Transactions on Power Systems, vol. 30, no. 2, pp. 829-839,
2014.

H. Tsai, A. Keyhani, J. Demcko, and R. Farmer, “On-line synchronous machine parameter
estimation from small disturbance operating data,” IEEE Transactions on Energy Conversion,

vol. 10, no. 1, pp. 25-36, 1995.

M. Karrari and O. Malik, “Identification of physical parameters of a synchronous generator from

online measurements,” IEEE transactions on energy conversion, vol. 19, no. 2, pp. 407415, 2004.

“IEEE Guide for Test Procedures for Synchronous Machines Part I: Acceptance and Performance
Testing Part I1: Test Procedures and Parameter Determination for Dynamic Analysis, IEEE Std
115-2009 (Revision of IEEE Std 115-1995),” Tech. Rep., 2010.

T. Carriere and G. Kariniotakis, “An Integrated Approach for Value-oriented Energy Forecasting
and Data-driven Decision-making. Application to Renewable Energy Trading,” IEEE Transactions
on Smart Grid, vol. 10, no. 6, pp. 6933-6944, 2019.

33


http://arxiv.org/abs/1908.07856

	Introduction
	Operational practice with respect to system inertia
	Operational constraints
	Contributors to the power system inertia
	Operational measures to limit the risk of ROCOF and underfrequency relay tripping

	Classification of inertia estimation and forecasting methods
	Classification of inertia estimation methods according to the time horizon of interest
	Offline, post-mortem inertia estimation
	Online inertia estimation
	Total inertia from transmission-system-connected synchronous generation units
	Discrete inertia estimation
	Continuous inertia estimation

	Estimation of expected inertia: Forecasting

	Classification of inertia estimation methods according to their scope
	Geographical scope
	Contributors to the system inertia

	Conclusion and the future of inertia estimation methods

