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Abstract—This paper analyses the issue of frequency quality in
low-inertia power systems. The analysis is based on a real-world
large-scale low-inertia power system namely, the All-Island trans-
mission system (AITS) of Ireland and Northern Ireland currently
accommodating up to 75% of non-synchronous generation. The
paper is motivated by a recent trend of some frequency quality
parameters such as the standard frequency deviation and the slow
frequency restoration. The paper first discusses the frequency
control services currently in place to ensure frequency quality
in the AITS. An analysis of the frequency quality parameters
of the AITS is then presented based on actual data. The paper
also discusses, through an illustrative example, the effectiveness
of automatic generation control as a potential approach to keep
frequency within the operational range.

Index Terms—Frequency quality, low-inertia power systems,
automatic generation control (AGC).

I. INTRODUCTION

A. Motivation

The displacement of conventional synchronous generators
by converter-interfaced generation such as solar and wind
energy leads to reduced levels of system inertia. Large-
scale low-inertia power grids face many challenges, including
but not limited to frequency stability, voltage stability, and
converter-driven stability [1]. While the power system commu-
nity including both academia and industry is working towards
addressing the above challenges, an emerging critical issue
that, so far, has received little to no attention is frequency
quality. The objectives of this paper are to fill this gap and to
raise awareness in the community on the topic.
B. Literature Review

Transmission system operators (TSOs) in Europe (including
EirGrid and SONI) define frequency quality in terms of differ-
ent target/defining parameters. Table I shows the main param-
eters for the Continental European (CE) and Ireland/Northern
Ireland (IE/NI) TSOs [2], [3]. Keeping these parameters within
limits help: (i) to better control the operation of the power
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TABLE I: Frequency quality parameters of the CE and IE/NI [2], [3].

Parameter CE IE/NI
Standard frequency range ± 50 mHz ± 200 mHz

Maximum instantaneous frequency deviation 800 mHz 1000 mHz
Maximum steady-state frequency deviation 200 mHz 500 mHz

Time to recover frequency not used 1 minute
Frequency recovery range not used ± 500 mHz
Time to restore frequency 15 minutes 15 minutes

Frequency restoration range not used ± 200 mHz
Alert state trigger time 5 minutes 10 minutes

Maximum number of minutes 15,000 15,000outside the standard frequency range
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Fig. 1: Frequency in the CE and IE/NI power systems for 01.01.2021.

system and prevent damage to plant and equipment; (ii) keep
the electric time on clocks that rely on counting the zero
crossings; (iii) maintain the relevance of power system analysis
that is generally performed at the nominal frequency; (iv)
prevent motors from stalling; and (v) increase the trust of TSO
customers and market participants on supply reliability and
quality, etc. Note the wider range of most of the parameters
of IE/NI compared to the parameters defined for the CE
control area. For example, the standard frequency range for
the CE and IE/NI control areas are ± 50 mHz and ± 200
mHz, respectively. Such parameters make sense considering
that the CE synchronous area accounts for around 435 GW of
peak demand (largest synchronous electrical grid in the world)
compared to 6.9 GW of the All-Island transmission system
(AITS) (i.e., it is harder to control frequency in a small power
system). To better illustrate these differences, Fig. 1 shows the
frequency trace of the Albanian (part of CE) and AITS (IE/NI)
for 01.01.2021. Clearly, and as expected, frequency fluctuates
much more in the AITS compared to the CE power system.



Recent research has demonstrated that there is an almost
linear relationship between renewables penetration and fre-
quency variations [4]–[7]. This suggest that there is a need
to deploy more and faster reserve resources to deal with
the ever increasing penetration of stochastic and intermit-
tent renewable sources. For example, due to increased intra-
interval fluctuations and limited ramping from generators,
the frequency deviations in a provincial power system in
China increased from 0.019 to 0.032 Hz from 2014 to 2020
(i.e., 68.4% increase) [8]. In the same vein, reference [9]
focuses on the issue of frequency quality for Southwest China
considering the operation data from asynchronous operation
tests and automatic generation control (AGC). It is also worth
mentioning that controlling the frequency in power systems
with high shares of photo-voltaic (PV) is a challenging task
due to PV power dropping much faster than, for example, wind
power (e.g., 60% of the installed power capacity per minute
when cloud passes) [10].

A way to meet frequency quality standards in low-inertia
systems is that renewable energies and emerging technologies
such as battery energy storage systems (BESS) provide fre-
quency support. In this context, references [11], [12] study
the participation of a 30 and 10 MW wind farms in AGC
and show their potential by testing the behavior against field
measurements and experimental results, respectively. On the
other hand, the potential of solar PV providing AGC services
under different conditions (solar resource intensity) is shown
in [13] through a successful 300 MW power plant test. BESS
is shown to respond well to AGC commands/set-points and
provide secondary frequency regulation in [14].

C. Contributions
The specific contributions of this paper are the following:
• An analysis of frequency quality based on a real-world

low-inertia system namely the AITS.
• Show through the analysis that while some frequency

quality parameters have improved over the last years,
others such as the standard deviation of the frequency
is increasing linearly.

• Propose different solutions to address the recent deterio-
ration in frequency quality in the AITS.

• Study the effectiveness of AGC to smooth frequency
variations due to wind and load variations and noise.

D. Paper Organization
The remainder of the paper is organized as follows. Section

II briefly describes the frequency control employed in the
AITS. Section III provides the results of the frequency quality
analysis of the AITS. Section IV discusses the effectiveness
of AGC in reducing the standard deviation of the frequency
through an illustrative example. Finally, conclusions and future
work directions are given in Section V.

II. FREQUENCY CONTROL IN THE ALL-ISLAND
TRANSMISSION SYSTEM

Figure 2 shows the current frequency control services em-
ployed in the AITS [15]. EirGrid and SONI have various fre-

Fig. 2: Frequency control overview in the AITS [15].

quency services to ensure frequency quality parameters remain
within predefined limits. Such services include synchronous
inertial response (SIR), fast frequency response (FFR) and
primary, secondary and tertiary operating reserves (POR, SOR
and TOR) as well as replacement reserves (RR) and ramping
products. It should be noted that there does not exist an
automatic secondary frequency control (or AGC) in the AITS.
Instead, manual activations are currently the approach used
in regulating system frequency proactively. The vast majority
of the contracted volumes of system services procured to
date comes from conventional sources [16]. However, as the
AITS moves towards a reduced number of conventional units
online by 2030, other technologies are expected to provide
the majority of the services including BESS (approximately
650 MW installed and mostly used for system services rather
than providing energy to the grid), demand response, wind and
solar power.

Active power control (APC) is another crucial frequency
control service impacting frequency quality and currently in
place in the AITS. APC is a droop-based frequency control
service and is mandatory for all dispatchable wind farms in
Ireland [17]. It involves a selectable deadband setting of ± 200
mHz or ± 15 mHz. The default value of the deadband is ± 200
mHz but when the frequency control is challenging EirGrid
changes remotely this deadband to ± 15 mHz. In this mode,
wind farms adjust their output much more dynamically and
contribute to the control of system frequency under normal,
pre-contingency conditions. In the near future, it is expected
that other technologies such as solar power will have APC
functionality enabled in order to help maintain the frequency
quality parameters.

III. FREQUENCY QUALITY IN THE ALL-ISLAND
TRANSMISSION SYSTEM

The AITS is a synchronous island currently accommodating
up to 75% of non-synchronous generation at any point in time
and is relaxing a number of operational constraints such as the
minimum number of conventional generating units (from 8 to
7) and inertia (from 23 GWs to 20 GWs) to further increase
the penetration of renewables [18]. This transition involves
dealing with different technical challenges such as ensuring
power system stability and security. However, an emerging
challenge is that of maintaining frequency quality parameters
within acceptable limits. The aim of this section is to analyse,
through actual data, the frequency quality in the AITS.
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Fig. 3: Minimum and maximum frequency deviation evolution in the AITS.

A. Frequency Deviations (Nadir/Zenith)

This section focuses on the evolution of the maximum
and minimum frequency deviations in the AITS over the last
years. Note that this limit is 1000 mHz according to Table
I. Figure 3 shows the trend of these frequency parameters
(i.e., frequency nadir and zenith). It is interesting to notice
that both parameters are within limits and improving in their
performance. The performance of these parameters is, in
particular, strongly related to the reduced number of large
generator trippings in the system and the response from wind,
high voltage direct current (HVDC) interconnectors, demand
response, and BESS.

B. Frequency Standard Deviation

Figure 4 shows the evolution of three main parameters
namely minutes above and below the standard frequency range
(± 200 mHz) and the standard deviation of the frequency.
There are a number of factors that have led to a dramatic
improvement in the quality of the parameters during 2009-
2018, among others: (i) the change from verbal dispatch
to electronic logged dispatch of generation units, leading to
improved unit operator response; (ii) newer generating units in
the latter years having the latest electronic governor controls;
(iii) the retrofit of the electro-mechanical control systems on
older generating units with modern electronic controls; (iv) the
increase in system inertia as a result of more generating units
to meet increases in system demand; and (v) the response of
HVDC interconnectors and BESS (but also a reduction in the
number of large generator trippings). However, there has been
an increase in the standard deviation of the frequency during
2019-2021. This is mainly due to: (i) a reduction in regulating
resources; (ii) an increasing proportion of the reserves from
inverter-based resources that are not configured to regulate
frequency; and (iii) aging of conventional generating portfolio.
This trend could continue as more wind and solar power are
integrated into the system and the operational policy evolves,
i.e., reducing the number of conventional units online and,
consequently, also reducing the inertia.

While the EU Network Codes and the synchronous area
operational agreement (Table I) require EirGrid to keep fre-
quency within its standard range (± 200 mHz), the national
regulatory body in Ireland have put in place an incentive to
keep frequency within an even tighter range namely ± 100
mHz for ≥ 98% of the time [19]. This is also known as the
± 100 mHz criteria. Its evolution over the years is shown in
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Fig. 4: Evolution of minutes outside the standard frequency range (± 200
mHz) and standard deviation of the frequency over the last decade.
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Fig. 5: Evolution of 100 mHz criteria over the last years in the AITS.

TABLE II: Frequency key performance indicator (KPI) statistics for 2021-
2022 (± 100 mHz criteria ≥ 98% of time).

Month Minutes KPI
Violation Minutes

August 2021 44,640 372
September 2021 43,200 420
October 2021 44,640 862
November 2021 43,200 935
December 2021 44,640 1,803
January 2022 44,640 1,135
February 2022 40,320 1,066
March 2022 44,640 1,078
April 2022 43,200 411
May 2022 44,640 433
June 2022 43,200 333
July 2022 44,640 230
Total minutes (12 months) 525,600 9,078
Time within KPI limits 98.27%

Fig. 5. A deterioration can be seen for the last year. Table
II shows the violation minutes for the last 12 months (i.e.,
greater during winter months mainly due to more wind). This
is a concern considering that, compared to 2020, there was
less wind available in 2021.

There are a number of potential solutions to address the
performance degradation of the frequency regulation in the last
years (Figs. 4 and 5), as follows: (i) increasing the minimum
regulating/dynamic reserve requirement (which all currently
comes from conventional generation with governor deadbands
of ± 15 mHz) – this would seem a backward step given it will
result in additional conventional unit commitment; (ii) nar-
rowing frequency deadbands on BESS/HVDC interconnectors;
(iii) updating rules for activation of wind farm APC (including
NI wind farms when feasible) so that it is enabled more
often, say when at minimum units – readily implementable
and proven; (iv) implementing an AGC; and (v) introducing
new market products to assist with frequency regulation. In
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Fig. 6: LSI trip on August 2022.

this paper, we explore the effectiveness of one of the options
to improve frequency performance, that is, implementing an
AGC (see Section IV below).

C. Frequency Recovery

This section illustrates the issue of the slow frequency
recovery in the AITS. With this aim, Fig. 6 displays the
frequency trace for a 2022 event (9th of August) where the
largest single infeed (LSI) tripped from 530 MW import.
As can be seen, it took the frequency almost 15 minutes to
recover to 50 Hz (i.e., time to restore frequency in Table I).
In particular, it is worth noticing that frequency recovers to
around 49.87 Hz in almost 3 minutes but then stays there for
a long time. The fast recovery in the 3 minutes is mainly
because of FFR from BESS (the majority of BESS installed
in AITS have a trigger point of 49.8 Hz).

IV. ILLUSTRATIVE EXAMPLE

EU Network Codes and the national energy regulators
require EirGrid and SONI to justify the need to install or not
an AGC every few years [2]. This section aims to illustrate
the AGC performance in terms of long-term frequency quality
enhancement using the IEEE 39-bus system.

A. Stochastic Long-Term Power System Model

Frequency quality is impacted by several dynamical pro-
cesses starting from fast ones such as the inertial response of
synchronous machines, the stochastic wind speed variations,
to longer ones, such as primary and secondary frequency
controllers of conventional generators. To capture and model
all of these dynamics, we consider a combined short- and
long-term dynamic power system model represented by a set
of hybrid non-linear stochastic differential-algebraic equations
[20], as follows:

d

dt
x = f(x,y,u, z,

d

dt
η) ,

0 = g(x,y,u, z,η) ,

d

dt
η = a(x,y,η) + b(x,y,η) ζ ,

(1)

where f and g represent the differential and algebraic equa-
tions, respectively; x and y represent the state and algebraic
variables, such as generator rotor speeds and bus voltage
angles, respectively; u represents the inputs, such as the
schedules of synchronous generators; z represents discrete
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Fig. 7: Standard AGC.

variables; η represents the stochastic characterization of wind
speed as well as the volatility of load power consumption; a
and b are the drift and diffusion of the stochastic differential
equations, respectively; and ζ is the white noise. To represent
inertial and primary control dynamics, we consider conven-
tional models of synchronous machines (4th-order models)
and of their primary controllers, as well as dynamic models of
wind power plants (5th-order doubly-fed induction generator)
with inclusion of maximum power point tracker, voltage, pitch-
angle, and frequency controls [21].

With regard to the long-term dynamics, the AGC is im-
plemented as a centralized discrete controller in the control
centers of TSOs and updates the power order set-points of
dispatchable generators at certain time intervals, for example,
every 4 seconds [22]. In this paper, we use the standard AGC
scheme shown in Fig. 7. The AGC consists of an integrator
with gain Ko that aims to nullify the steady-state frequency
error, in this case, the difference between the reference fre-
quency ωref and the measured frequency ωCoI (i.e., the center
of inertia (CoI)), as follows:

d

dt
∆p = Ko(ω

ref − ωCoI) , (2)

where ∆p is the output of the integrator. To simulate the
discrete nature of the AGC, ∆p is first discretized at given
fixed-time intervals and then sent to each turbine governor
(TG). These signals (∆pi) are proportional to the capacity of
the machines and the TG droops (Ri) and normalized with
respect to the total droop of the system:

Rtot =

ng∑
i=1

Ri . (3)

B. Simulation Results

The purpose of this section is to simulate the effectiveness of
AGC to reduce frequency fluctuations. The example is based
on the IEEE 39-bus system and assumes a 25% wind power
penetration (i.e., replace three conventional generators with
wind power plants). Two scenarios are considered: (i) impact
of stochastic noise (given by both load and wind); and (ii)
scenario 1 plus the introduction of wind/load step and ramp
variations [6]. All the simulations in this section are performed
using the software tool Dome developed by the last author
[23].

Figure 8 shows the results of the first scenario with and
without the AGC. In this scenario, the inclusion of the AGC
does not appear to have any visible impact on frequency fluc-
tuations. This is due to the fact that the AGC controller is slow
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Fig. 8: Scenario 1: Impact of noise.
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Fig. 9: Scenario 2: Impact of noise and wind/load step and ramp variations.

compared to the dynamics of the noise (stochastic process).
On the other hand, Fig. 9 compares the effect of AGC under
both noise and wind/load step and ramp power variations.
Since wind/load ramp time scales are closer to that of the
AGC, in this case, the inclusion of the AGC allows reducing
frequency deviations. Specifically, the standard deviations of
the frequency with and without AGC are 0.05395 Hz and
0.0765 Hz, respectively. These results indicate that an AGC
implementation may be an option to improve frequency quality
in the AITS in the future.

V. CONCLUSIONS

This paper discusses the issue of frequency quality in a
real-world low-inertia power system, namely, the AITS. The
paper shows that while some frequency quality parameters
have dramatically improved (e.g., minutes below and above
± 200 mHz) over the last decade, others have deteriorated.
In particular, the standard deviation of the frequency has
increased linearly for the last three years. The paper proposes
different solutions to keep frequency within operational limits.
The potential effectiveness of one of the proposals, that is,
installing AGC, is demonstrated through an example. It is
shown that AGC is an option to regulate frequency around
the target value.

Future work will focus on testing the effectiveness of
different AGC approaches on a model of the AITS. This work
will then feed in to the assessment of the range of solutions
for managing frequency quality on the AITS.
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[6] T. Kërçi et al., “Analysis of the impact of sub-hourly unit commitment
on power system dynamics,” International Journal of Electrical Power
& Energy Systems, vol. 119, p. 105819, 2020.

[7] S. You et al., “Impact of high PV penetration on the inter-area oscil-
lations in the U.S. eastern interconnection,” IEEE Access, vol. 5, pp.
4361–4369, 2017.

[8] M. Xiang et al., “Real-time dispatch with secondary frequency regula-
tion: A pathway to consider intra-interval fluctuations,” IEEE Systems
Journal, pp. 1–12, 2021.

[9] C. Tan et al., “Multi-area automatic generation control scheme con-
sidering frequency quality in Southwest China grid: Challenges and
solutions,” IEEE Access, vol. 8, pp. 199 813–199 828, 2020.

[10] F. Zhang et al., “Optimal sizing of ESS for reducing AGC payment
in a power system with high PV penetration,” International Journal of
Electrical Power & Energy Systems, vol. 110, pp. 809–818, 2019.

[11] K. Doenges et al., “Wind farms in AGC: Modelling, simulation and
validation,” IET Renewable Power Generation, vol. 16, no. 1, pp. 139–
147, 2022.

[12] E. Rebello et al., “Performance analysis of a 10 MW wind farm in
providing secondary frequency regulation: Experimental aspects,” IEEE
Transactions on Power Systems, vol. 34, no. 4, pp. 3090–3097, 2019.

[13] NREL, “Demonstration of essential reliability services by a 300-
MW solar photovoltaic power plant,” 2017. [Online]. Available:
https://www.nrel.gov/docs/fy17osti/67799.pdf

[14] K. Doenges et al., “Improving AGC performance in power systems
with regulation response accuracy margins using battery energy storage
system (BESS),” IEEE Transactions on Power Systems, vol. 35, no. 4,
pp. 2816–2825, 2020.

[15] SEMC, “DS3 system services technical definitions decision paper SEM-
13-098,” 2013. [Online]. Available: https://www.semcommittee.com/
news-centre/ds3-system-services-technical-definitions-decision-paper

[16] EirGrid & SONI, “DS3 system services tariffs,” 2022.
[Online]. Available: https://www.eirgridgroup.com/site-files/library/
EirGrid/DS3-System-Services-Consultation-16-Sept-2022.pdf

[17] EirGrid, “Eirgrid Grid Code version 11,” 2022. [Online]. Available:
https://www.eirgridgroup.com/site-files/library/EirGrid/GridCode.pdf

[18] EirGrid & SONI, “Operational policy roadmap 2022-2023,”
2022. [Online]. Available: https://www.eirgridgroup.com/site-files/
library/EirGrid/Operational-Policy-Roadmap-2022-to-2023.pdf

[19] Commission for Regulation of Utilities, “PR5 regulatory
framework, incentives and reporting,” 2020. [Online].
Available: https://www.cru.ie/wp-content/uploads/2020/12/
CRU20154-PR5-Regulatory-Framework-Incentives-and-Reporting-1.
pdf

[20] F. Milano et al., “A systematic method to model power systems as
stochastic differential algebraic equations,” IEEE Transactions on Power
Systems, vol. 28, no. 4, pp. 4537–4544, Nov 2013.

[21] F. Milano, Power System Modelling and Scripting. London: Springer,
2010.
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