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Abstract—This paper discusses the stability assessment of low-
inertia power systems through a real-world large-scale low-
inertia system, namely, the All-Island power system (AIPS) of
Ireland and Northern Ireland. This system currently accommo-
dates world-record levels of system non-synchronous penetration
namely 75% (planning to increase to 80% next year). The
paper discusses one-month results obtained with the state-of-the-
art stability tool called look-ahead security assessment (LSAT).
This tool carries out rotor-angle, frequency and voltage stability
analyses and is implemented in the control centres of the
transmission system operators (TSOs). The paper shows that, at
the time of writing, the main binding stability constraint of the
AIPS is related to the limits on the rate of change of frequency
(RoCoF).

Index Terms—Dynamic stability, system operator, rotor-angle,
voltage, frequency, RoCoF.

I. INTRODUCTION

A. Motivation

Large-scale low-inertia power systems are characterised by
high penetration of inverter-based resources (IBRs) such as
wind and solar photovoltaic (PV). The power system commu-
nity have recently updated the classification of power system
stability to account for the changing dynamic behavior mainly
due to the introduction of such technologies [1]. However, the
dynamics of such systems are still to be fully studied and
understood [2]. In particular, in the literature, there is no final
conclusion on what is the main stability constraint that limits
the penetration of non-synchronous generation in low-inertia
power systems. This paper attempts to answer this question by
running dynamic stability studies on a real-world large-scale
low-inertia power system, namely the All-Island power system
(AIPS) of Ireland (IE) and Northern Ireland (NI) which allows
up to 75% of system non-synchronous penetration (SNSP) [3].
B. Literature Review

The topic of low-inertia power systems and, in particular,
technical (dynamic) constraints associated with it has been
growing fast in recent years [4]–[7]. For example, the authors
in [8] study the small-signal stability issue in low-inertia
systems and show that depending on the power system net-
work and the mix of generators considered (i.e., synchronous,
grid-following, grid-forming), among others, one can obtain
completely different penetration levels of IBR units (e.g., 60%
or 93%). However, small and simplified benchmark systems

Fig. 1: Classification of power system stability [1].

were used and the focus was only on small-signal stability.
The authors in [9] study the large-signal (transient) stability
problem in low-inertia systems in terms of the coupling
between the electromagnetic dynamics of the IBRs and the
electro-mechanical dynamics of the synchronous generators.
But again no real-world power system model is considered
to validate the study results and the focus is only on one
stability problem. In [10], the hypothetical scenario of 100%
IBRs using an AIPS model is studied. However, the focus is
only on frequency stability and the AIPS model is based on
guessed dynamic data of the devices. Similarly, the authors
in [11] study the frequency stability challenges in the AIPS
based on a futuristic model of the AIPS and do not consider
other stability problems.

This paper addresses the above limitations by assessing tran-
sient, frequency and voltage stability in low-inertia systems us-
ing a real-world, fully-fledged dynamic power system model,
namely the AIPS (see Fig. 1). The dynamic performance of
the grid is evaluated by means of the state-of-the-art tool
look-ahead security assessment (LSAT) implemented in the
control centres of EirGrid and SONI, the transmission system
operators (TSOs) of IE and NI, respectively [12]. With regard
to the new stability phenomena in Fig. 1, the AIPS has so far
experienced a few cases of very-low frequency oscillations
and sub-synchronous torsional interactions. However, these
phenomenons are identified post-events as currently the TSOs
do not have the real-time capability to evaluate them pre-event.
Due to the nature of the AIPS, the TSOs expect potential risks
associated with these phenomenons. The TSOs are working
toward having the study capabilities (e.g., electromagnetic



transients) to analyze them in the future and, for this reason,
these emerging phenomena are outside the scope of this paper
[13].

C. Contributions

The specific contributions of this paper are the following:
• An analysis of conventional stability phenomena based

on a real-world low-inertia system, namely the AIPS.
• Demonstrate through the analysis that, currently, the main

stability problem is related to frequency stability, and, in
particular, to high RoCoF.

D. Paper Organization

The paper is structured as follows. Section II provides a
background on how the TSOs manage the dynamic stability
in the AIPS. In particular, this section describes the main
operational constraints in place to ensure system stability and
provides an overview of LSAT. Next, Section III presents and
discusses the results of the dynamic studies based on June
2023 and discusses the relationship between different variables
of the systems. Finally, Section IV draws the main findings of
the case study.

II. DYNAMIC STABILITY MANAGEMENT IN THE IRELAND
AND NORTHERN IRELAND POWER SYSTEMS

EirGrid and SONI manage dynamic stability in the op-
erational time frames using different dynamic operational
constraints [3], and by performing online dynamic assessment
through LSAT. With regard to the operational constraints,
the TSOs have in place four operational constraints/limits
namely [13]: (i) an SNSP limit; (ii) a minimum number of
conventional units online (MUON); (iii) a rate of change of
frequency (RoCoF) limit; and (iv) a minimum inertia floor. The
TSOs are also planning to introduce a new dynamic stability
metric called “System Strength” to maintain stable operation
of IBRs during high SNSP scenarios, among others [13]. The
current and expected evolution of these constraints are shown
in Table I. In particular, it is worth mentioning that RoCoF
±1 Hz/s became an enduring operational constraint in May
2023. Because of this, we provide below a brief description
of the rationale and practical issues behind the RoCoF limit
change (from ±0.5 Hz/s to ±1 Hz/s). Similarly, an overview
of the real-time component of LSAT which is used to evaluate
the dynamic stability in the AIPS is provided in Section II-B
below.

TABLE I: Evolution of operational policy constraints in the AIPS [13].

Year SNSP RoCoF Inertia MUON System Strength
2023 75% ±1 Hz/s 23 GWs 7 Under development
2030 95% ±1 Hz/s 20 GWs 3 Enduring policy

A. RoCoF Setting Change

More than a decade ago an ambitious target of 40% of
electricity to originate from renewable generation by 2020
was set, most of this from wind turbines. The 2010 published
“Facilitation of Renewables” (FoR) study identified that having

40% of IBRs would have a significant impact on RoCoF
experienced in the network. For this reason, it was essential
to increase the maximum RoCoF from ±0.5 to ±1 Hz/s.
The FoR study also identified that during times of high wind
generation and following the loss of the single largest credible
contingency, RoCoF values greater than ±0.5 Hz/s but no
greater than ±1 Hz/s could be experienced.

Following the conclusions of the FoR, generator market
participants and distribution system operators worked towards
changing the RoCoF setting on all assets to ±1 Hz/s. This
change involved real field testing of generators to showcase the
withstand capability. After running RoCoF compliance tests
for all large conventional generators, a RoCoF trial started in
June 2020. It was envisaged the trial project would broadly
comprise detailed technical studies and simulations to identify
potential RoCoF-related vulnerabilities in the system and a
trial of operating the power system with an increased RoCoF
limit. The expectation was following successful completion
of the trial, and subject to appropriate mitigation strategies
being established, the RoCoF operational policy range would
be widened from the threshold of ±0.5 Hz/s to ±1 Hz/s
on an enduring basis. In May 2023, the RoCoF trial was
concluded and approved (following a successful trial and
detailed studies), and is now allowing operating the AIPS with
a RoCoF limit of ±1 Hz/s. This enduring limit is enabling
higher levels of renewable energy in the AIPS.

In summary, the whole process of changing the RoCoF took
more than a decade. The roadmap of RoCoF settings change
in the AIPS is summarized in Fig. 2.
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Fig. 2: Roadmap of RoCoF settings change in the AIPS.

B. Look-ahead Security Assessment Tool (LSAT)

Figure 3 provides an overview of the real-time component
of LSAT. It went live the TSOs control centres in 2010 and
has been operating since then to asses the security of the
AIPS in terms of rotor angle stability, frequency security, and
voltage security [12]. Note that security is a broader term
which includes stability [14]. For instance, a system may be
stable but not necessarily secure (e.g., stable frequency but
outside operational limits), but not the other way around. From
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Fig. 3: Overview of real-time LSAT.

December 2020, the look-ahead functionality was integrated
into LSAT with the aim of assessing the security of the
network in the near future, e.g., 10 hours ahead. Given that the
focus of this paper is on real-time stability problems, the look-
ahead functionality results of LSAT are out of subject and not
considered here. LSAT is composed of two major components:

a) Transient Security Assessment Tool (TSAT): This tool
conducts dynamic analyses to assess the rotor angle stability,
based on the swing-base stability margin criterion [15], and
frequency security, based on Nadir, Zenith, and RoCoF cri-
teria. In particular, RoCoF is calculated using a rolling 500
ms period and filtering is applied to eliminate high frequency
transients (e.g., during transmission faults).

b) Voltage Security Assessment Tool (VSAT): This tool
conducts power flow analysis to assess the voltage security
in quasi steady state, based on over-voltage and thermal limit
criteria. The assessment is carried out both for real-time and
near future (look-ahead) time horizons. The focus of this paper
is on real-time assessment of the network security. Regarding
real-time assessment, in every 5 minutes, LSAT receives the
network configuration and state estimator solutions, together
with other data, from the energy management system (EMS).
This data is processed and fed into VSAT and TSAT. These
components, in parallel, run around 800 N-1 contingencies in
less than 5 minutes and notify about insecure contingencies.

LSAT serves as a critical decision-support tool for control
room operators and provides radar-like guidance on how to
operate the power system in a safe and secure manner. The
interested reader is referred to [12] for additional information
on LSAT and its use in the control centres of the TSOs.

III. CASE STUDY

To asses the stability of the AIPS, we use the real-time
LSAT analysis and results for one relevant month, in this
case, June 2023. This month was particularly of interest as
the network experienced lower levels of inertia. However, our
study shows that the trend extracted from the results of this
month is consistent to that in previous months.

We evaluate each stability problem based on certain pre-
defined metrics/criteria. These are presented in Table II. In
particular, for security reasons and to account for potential
uncertainties such as in modelling and data accuracy, the TSOs
have build up different margins for different stability metrics.
For example, a RoCoF of ±0.9 Hz is used instead of the
operational limit of ±1 Hz/s. Similarly, the Zenith limit set in
LSAT is 50.8 Hz instead of 51 Hz operational limit. Therefore,
all the results presented are with respect to these margins. On
the other hand, rotor-angle stability is evaluated by means of

TABLE II: Rotor-angle, voltage and frequency security limits in LSAT.

Binding constraint Security criteria
Rotor-angle Negative margin [16]

Voltage Outside Grid Code ranges [17]
RoCoF ±0.9 Hz/s
Zenith 50.8 Hz
Nadir 49.0 Hz

TABLE III: Summary of total rotor-angle, frequency and voltage cases where
the constraint is binding for June 2023.

Binding constraint Total cases % of all cases Comparative %
Rotor-angle 67 0.78% 16.03%

Voltage 160 1.86% 38.28%
RoCoF 116 1.35% 27.75%
Zenith 49 0.57% 11.72%
Nadir 26 0.30% 6.22%

the negative margin metric which captures the maximum rotor
angle difference between any pair of generators across the
network [16]. Note that if any of the limits are reached during
the simulation, it will be highlighted to the operators that we
are at the security limits, but the system is not unstable per se.
Control room operators will take then the necessary mitigating
actions in a timely manner to address such cases.

A. Overview of Transient, Frequency and Voltage Insecurities

The total number of LSAT cases run for June 2023 is
8594. As mentioned above, each case evaluates around 800
N-1 contingencies. Table III presents all the relevant statistics
for the three stability problems namely rotor-angle, voltage
and frequency. First, it is interesting to see that out of 8594
cases only 418 cases (or approximately 4.86%) are reported as
insecure. Note that in all those cases, the system was secure
in the basecase where no contingency was applied to the
network. This number of insecurities is to be expected as the
TSOs push the operational boundaries of the AIPS. In fact, the
number of insecure cases is minimal considering the original
stability margins set by the TSOs (e.g., ±0.9 Hz/s instead
of ±1 Hz/s). It is also worth mentioning that power systems
cannot operate 100% securely as it is cost-prohibitive if at all
physically feasible [14]. While comparing the % of the three
different stability problems, it can be seen that frequency is the
main problem with 2.22% of total insecure cases. In particular,
it appears that RoCoF is the main problem with 1.35% of
total cases. However, note that in practice frequency stability
has significantly improved in the AIPS in terms of Nadir and
Zenith in recent years [18].

Among those security issues, our investigation reveals that
all rotor-angle stability issues were local e.g, due to two units
oscillating against the whole system, and hence, they were
not related to the system being low in inertia. Similarly, the
voltage insecurities were mainly concerned with not having
enough resources to absorb extra reactive power generation in
a certain part of the system and then again, not related to the
inertia of the system. In other words, both of these insecurity
issues are not related to low-inertia scenarios. Because of this,
and since frequency stability appears the dominant stability
problem for this particular month (more than 45% of the total



Fig. 4: Correlation between inertia and frequency insecurities.

insecure cases), we analyze in more detail each frequency
stability metric and in which system conditions they appear
more in the next section.

B. Correlation between Frequency Insecurity and Operating
Conditions

In this section, we are interested to identify the system-
wide contributing factors (specific variables of the system) to
insecurities in order to have a better understating of the trends
that lead to those insecurities.

1) Inertia: Figure 4 shows the correlation between total
inertia in the AIPS and RoCoF-, Nadir, RoCoF+, Zenith and all
cases, respectively. Blue colour means secure cases while red
represent insecure cases. There is a strong correlation between
RoCoF- and Nadir and high All-Island inertia. While this may
be counter-intuitive, the system conditions in specific areas of
the AIPS following a contingency can be such that support
this correlation. For example, it is well-known that in case
of the loss of the North-South Tie-line between IE and NI
(system separation) and depending on the infeeds/outfeeds in
IE and NI, frequency stability issues (e.g., RoCoF- and Nadir)
can appear [13]. In fact, this is one of the main reasons why
the TSOs have a requirement for a minimum number of large
conventional units online in both jurisdictions [3]. To further
support this, the TSOs have recently identified through detailed
dynamic studies that there is a need to procure 4 GWs of
inertia in NI (incentivizing one zone within NI) and 6 GWs
of inertia in IE (incentivizing two zones within IE) [19]. On
the other hand, as expected, there is strong correlation between
low inertia and RoCoF+ and Zenith. The figure also shows that
there is, overall, a medium correlation between inertia and all
cases (including both secure and insecure).

2) Demand: Figure 5 shows the results of the correlation
between demand and all frequency insecurities. Similar to
above, it can be seen that there is a strong correlation between
high demand and RoCoF- and Nadir. On the other hand, low
demand scenarios appear to lead to RoCoF+ and Zenith issues.
For example, during night hours with a lot of wind generation
and low demand can lead to such potential insecurities. Fig-
ure 5 also shows that, overall, demand has a strong impact in
all cases.

3) Wind: The correlation results between wind and all
frequency insecurities are shown in Figure 6. In general, wind
appears to have the strongest correlation with the frequency
insecurities compared to inertia (Fig. 4) and demand (Fig. 5).
Specifically, it appears that in the vast majority of cases
low wind leads to RoCoF- and Nadir insecurities. Similar

Fig. 5: Correlation between total demand and frequency insecurities.

Fig. 6: Correlation between wind generation and frequency insecurities.

to the inertia explanation above, these insecurities are driven
by specific network conditions following N-1 contingencies.
On the contrary, relatively medium and high wind scenarios
appear to lead to potential Zenith and RoCoF+ insecurities.

C. Frequency Stability

To have a better understanding of the relationship between
different system conditions and frequency insecurities, we plot
the above variables (inertia, demand, and wind) against each
other and all LSAT cases (including the insecure ones) by
means of scatter plots.

1) Frequency Nadir: Figure 7 shows different scatter plots
for frequency Nadir and Zenith. Specifically, the total LSAT
cases including the insecure cases are plotted as a function of:
(i) demand vs wind generation; (ii) inertia vs wind generation;
and (iii) demand vs inertia. It is interesting to observe that
frequency Nadir happens generally during periods of high
demand, low wind and relatively high inertia. While these
results seem somewhat counter-intuitive, they can be explained
by the fact that in high demand scenarios and low wind, all
the generators are at high outputs and the interconnectors are
also importing, thus, leading to potential extreme Nadirs.

2) Frequency Zenith: Regarding frequency Zenith con-
straint, Fig. 7 shows that those usually happen during periods
of low demand and relatively high wind generation and
low inertia (e.g., overnight). As opposed to Nadir results
discussed above, these are somewhat expected as, for exam-
ple, during nights with high wind generation (and also low
demand/inertia) tripping of interconnectors exporting lead to
over-frequency.

3) RoCoF+ and RoCoF-: Figure 8 shows the results for
RoCoF including both positive and negative values. RoCoF+
insecurities happen predominately during periods of high wind
and low inertia and demand scenarios. Similar to Zenith
results, this is expected as a light power system with high
non-synchronous penetration (wind) is prone to frequency
related problems in case of large-scale contingencies. Figure 8
also shows that RoCoF- insecurities occur more often during



Fig. 7: Relationship between different system conditions (inertia, demand, and
wind) and Zenith and Nadir insecurities.

Fig. 8: Relationship between different system conditions (inertia, demand, and
wind) and RoCoF insecurities.

periods of low wind, and high demand and inertia scenarios
(similar to Nadir results).

IV. CONCLUSIONS

This paper deals with the real-time stability assessment
of low-inertia power systems. The focus is on conventional
stability problems namely rotor-angle, frequency and voltage
stability. To do so, we use a real-world large-scale low-inertia
system namely the AIPS that currently accommodates world-
record levels of system non-synchronous penetration namely
75% (planning to increase to 80% next year). Using the
state-of-the-art stability tool LSAT, and its stability results for
one month, namely June 2023, the study reveals that, at the
time of writing, the main binding constraint in the AIPS is
related to frequency stability (e.g., due to low-inertia), and in
particular, the limits on the RoCoF. Note that we are aware that
this conclusion might differ for other large-scale low-inertia
systems (e.g., can have other binding dynamic constraints such
as system strength) [20]. As part of Shaping Our Electricity
Future (SOEF) Roadmap, the TSOs are procuring low-carbon
inertia services and plan to perform a product review of all

reserve products to address future system needs (e.g., high
RoCoF) [21].
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