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A B S T R A C T

The increasing proliferation of renewable energy-based generation and inverter-based resources in the existing 
power system infrastructure has led to a decline in power system inertia, due to the reduction of conventional 
synchronous generators (SGs) connected to the grid. The SG reduction brings significant challenges concerning 
system stability, short-circuit current levels, and protection system coordination. This paper presents a unified 
approach to discuss these aspects, comprehensively exploring the technical and operational challenges involved 
in the integration of various resources in transmission and distribution systems. The aspects addressed include 
short circuit capacity, low inertia, voltage and frequency instability, and their systematic impacts on the power 
system. This contribution critically investigates network weaknesses in transmission and distribution systems, 
considering the different structural and operational characteristics of these systems, from the current literature 
and practical scenarios. Moreover, the paper discusses control and mitigation strategies aimed at better operation 
and efficient grid integration of renewable energy sources and other mixes of resources. The discussion on 
specific aspects emphasises the need to promote coordination between the transmission and distribution system 
operators, extended to the whole aspects of system control, modelling, and analysis, by considering both 
traditional and innovative approaches to address new challenges.
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1. Introduction

The recent advances in the diffusion of renewable energy sources 
(RES), especially non-dispatchable ones like solar and wind, have 
significantly altered the operation and dynamics of the power system. 
Meanwhile, the electricity demand is rising at twice the rate of overall 
energy consumption and is expected to grow by more than half by 2040 
[1]. According to the 2023 World Energy Outlook report [2], these 
trends could result to a 50 % increase in RES-generated electricity by 
2050 [1]. However, the effective integration of these resources into the 
conventional power system poses numerous challenges to grid stability, 
particularly in terms of frequency control and voltage regulation.

Addressing the effects of grid-connected RES requires identifying a 
consistent framework that accounts for voltage levels, network struc
tures, and the prevailing types of grid connections for RES. For this 
purpose, a fundamental distinction is established between: 

- Transmission systems: based on a meshed network structure, are 
operating at a voltage level above 35 kV, as established by the In
ternational Electrotechnical Commission (IEC), classically indicated 
as high voltage (HV)1. In each country, the transmission system 
operator (TSO) sets out the technical rules and grid code for trans
mission system planning, operation and maintenance. HV trans
mission networks are essential for efficient power transmission over 
long distances. High voltage direct current (HVDC) solutions can be 
used to reach longer distances than high voltage alternating current 
(HVAC) solutions, because the reactive nature of HVAC system lines 
imposes limits in the power transfer capabilities that do not appear 
for HVDC systems [3].

- Distribution systems: the networks can work at different voltage levels, 
in the range of low voltage (LV, up to 1 kV) or medium voltage (MV, 
from more than 1 kV to the lower voltage limit for HV). In MV, the 
network structure is weakly meshed with radial operation, while in 
LV the network structure is generally radial. A distribution system 
operator (DSO) manages the distribution system located in a specific 
territory.

The distinction between transmission and distribution systems is 
reflected in various aspects of the RES diffusion. In distribution systems, 
RES are part of the overall framework of distributed energy resources 
(DERs), which includes distributed generation (DG), demand response 
(DR), and distributed storage connected to the grid side or at the user 
side. In particular, DG can be partitioned into RES and non-RES local 
generation, using different types of models in which RES are typically 
associated with the need for applying an appropriate treatment of 
possible uncertainty. In transmission systems, the main distinction is 
between dispatchable and non-dispatchable resources, with RES classi
fied as non-dispatchable, intermittent, or variable renewable energy 
generation. The distinction indicated above is key to understand the 
effects of the RES presence in different systems and to establish the rules 

and standards applied to RES. For example, any RES connected to HV, 
such as a large wind farm or a pumping storage hydro power plant, 
cannot be considered as a DG. However, the pumping storage hydro 
power plant is a type of RES that can be dispatched, unlike a wind farm. 
A small run-of-river hydro power plant connected to the distribution 
system is a RES-based DG.

The traditional transmission system mainly relied on synchronous 
generators (SGs), which inherently provided the system's inertia that 
aids in frequency stability. Nowadays, the main differences with respect 
to the past are due to the progressive shift towards the diffusion of new 
generators with inverter-based grid connection that can displace tradi
tional generation. Many of these generators are inverter-based resources 
(IBRs) supplied by RES and lack in providing the required inertia for the 
power system, which in turn leads to challenges in maintaining grid 
stability [4]. The related issues appear especially in weaker power grids, 
making power systems more susceptible to frequency instabilities and 
voltage deviations after disturbances. The issue of frequency stability is 
an area of major concern in modern power systems having weak inertial 
support, including real-time effects and control strategies in microgrids 
[5].

In the previous paragraph, the term weak is introduced generically. 
However, to better understand the complexity of today’s power systems, 
the concept of grid weakness must be clarified. In fact, two types of grid 
weaknesses can be identified: 

▪ Structural, depending on the characteristics of the grid 
infrastructure.

▪ Operational, depending on the operation and control of the 
connected equipment.

The two types of weakness can occur in both transmission and dis
tribution systems. However, the reasons related to the grid weakness are 
not the same for all systems. In transmission systems, a meshed structure 
may provide greater structural strength, and the presence of SGs may 
lead to higher inertia during disturbances. In distribution systems, the 
radial structure is inherently structurally weaker, while the addition of 
DERs can improve the likelihood of keeping the lights on in the event of 
supply interruptions. On the other hand, the diffusion of DG in distri
bution systems (especially for DG with rotating machines) can increase 
the short-circuit levels with the risk of exceeding the limits indicated by 
the DSO to users. SGs generate 5–10 pu. fault currents (normal condi
tion) while IBRs produce 1–2 pu. fault currents2 [6,7]. In addition, the 
nature of the loads and generations connected to the grid is evolving, 
with possible power injections from the distribution grid up to the 
supply point, leading to reverse power flow conditions. These aspects 
indicate the need to revisit the operational conditions of the equipment 
connected to the grid, as well as the models and tools used to analyse 
transmission and distribution systems. More particularly, there is an 
emergent need to promote TSO-DSO coordination, extended to all as
pects of system control, modelling and analysis.

In the context outlined above, this paper aims to discuss various 
aspects related to grid weakness from different perspectives across 
transmission and distribution systems, following a widespread logical 
development not found in previous reviews and studies.

Table 1 compares this study with previous review articles, focusing 
on the key aspects discussed in this work. Unlike many existing reviews 
that mainly examine system strengths and weaknesses at the trans
mission level, effects of DERs at the distribution level, frequency and 
voltage-related issues, and control and mitigation strategies, this paper 
uniquely combines network weaknesses across all three voltage levels 
(HV, MV, LV) into a single comprehensive unified framework.

1 The HV limit has been set to values different with respect to the IEC limit in 
some jurisdictions.

2 The upper limit 2 pu indicatively corresponds to the critical short-circuit 
ratio reported in reference [6] for the typical inverter design with operation 
at the maximum available power.
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This paper also emphasises robust control and mitigation strategies 
and highlights the importance of improved TSO-DSO coordination. 
Specifically, the study's primary focus3 is to highlight considerations on 
how low inertia, frequency deviations, and short circuit limitations in 
highly RES and IBR dominated power systems impact the overall system 
performance, based on a selected set of mostly recent literature 
contributions.

The main contributions of this paper are as follows: 

▪ Establish the framework that refers to the study of grid weak
ness for transmission and distribution systems.

▪ Identify the types of network weakness in a deeply RES and IBR 
penetrated power system, mainly focusing on frequency insta
bility and voltage control aspects.

▪ Summarise how effective control and mitigation strategies 
contribute to the efficient integration of a mix of resources for 
improving the security and flexibility of power system 
operation.

▪ Discuss how the aspects related to grid weakness for trans
mission and distribution systems require appropriate TSO-DSO 
coordination.

To enhance clarity, Fig. 1 summarises the overall scope and cate
gorisation of the reviewed literature. The article structures the discus
sion around four primary areas: (i) fundamental characterisation, (ii) 
network analysis, (iii) control and mitigation strategies, and (iv) TSO- 
DSO coordination. Within these areas, the literature addresses key as
pects such as frequency and inertia effects, voltage and short-circuit 
capacity, network considerations (impedance characteristics, power 
flows, congestion, etc.), and protection factors in transmission and dis
tribution systems. Building on these aspects, the article emphasises the 
interconnections in grids with deep RES penetration and offers detailed 
strategies for effective control and mitigation. This integrated approach 
fosters a comprehensive understanding of interconnected challenges 
rather than addressing each issue separately.

Fig. 2 presents a conceptual framework of the issues covered in this 
article, showing how power systems are evolving toward low-inertia 
operation, as well as the causes of grid weakness, and the related chal
lenges and mitigation strategies.

2. Fundamental characterisation and sources of weakness

In an ideal alternating current (AC) system, the voltage at any node 

should have a purely sinusoidal waveform at nominal frequency, with 
root mean square (RMS) equal to the rated voltage and balanced con
ditions in three-phase systems (i.e., delay of one-third of the period for 
the waveforms at successive phases). In an ideal direct current (DC) 
system, the voltage at any node should be constant, with amplitude 
equal to the rated voltage. However, during system operation, many 
factors make the operating conditions deviate from the ideal case. The 
main aspects refer to the characteristics of demand, the possible 
occurrence of contingencies, the uncertain behaviour of users and RES, 
the non-linearity of loads, generation and control systems, and the 
activation of constraints. In particular, system stability must be main
tained in accordance with a credible set of contingencies. How much the 
system can withstand the effects of the non-idealities determines the 
network's strength or weakness. For studying the system operation 
under variable conditions, frequency and voltage ranges can be estab
lished, analysing the possible weakness in terms of deviations with 
respect to these ranges. However, because of the structural and opera
tional differences between transmission and distribution systems, the 
frequency and voltage ranges differ, so a unified formulation of grid 
weakness across all types of systems cannot be established.

The following subsections address the main aspects that enable a 
better understanding of the concepts of structural or operational 
weakness of the grid, starting from relevant definitions, up to estab
lishing a comprehensive framework for categorising the sources of 
weakness.

2.1. Stability-related aspects

The stability of voltage and frequency has been traditionally studied 
independently. However, in modern weak grids primarily powered by 
IBRs, these two factors are closely intertwined. Voltage instability, often 
caused by a lack of reactive support under low short circuit ratio (SCR) 
conditions, can affect frequency stability through mechanisms such as 
the phase-locked loop (PLL) and active power control in inverters. 
Conversely, significant frequency deviations can reduce the current ca
pacity of converters, decrease reactive support, and lead to voltage is
sues. This increasing interdependence emphasises the importance of an 
integrated approach to analysing voltage and frequency behaviour in 
power systems with deep RES penetration and has been recognised by 
extending the definitions of power system stability to incorporate 
converter-driven stability and resonance stability. This is essential 
because the dynamic behaviour of converter-interfaced generation poses 
new challenges for power system stability due to interactions among 
different controllers, reduced overall system inertia, and limited 
contribution of short-circuit currents during faults compared to tradi
tional SGs [17]. Moreover, the classical view of voltage stability refers to 
undervoltage conditions. With the increasing diffusion of DERs, new 
situations that lead to overvoltage-related stability conditions are likely 
to occur. For instance, an isolated system connected to the HV trans
mission network with a single power station containing SGs and several 

Table 1 
Comparison of the present study (PS) with some previous review articles.

Reference Transmission 
system weakness

Distribution system 
weakness / DERs 
impacts

Frequency stability / 
Low inertia impacts

Voltage support / 
Short-circuit limits

Multi-level 
perspective (HV-MV- 
LV)

Control and 
mitigation 
strategies

TSO-DSO 
coordination

[7] ✓ – ✓ ✓ – ✓ –
[8] ✓ – ✓ ✓ – ✓ –
[9] ✓ – ✓ – – ✓ –
[10] ✓ – ✓ – – – –
[11] ✓ – – ✓ – ✓ –
[12] – ✓ – ✓ – ✓ –
[13] – ✓ – ✓ – ✓ –
[14] – ✓ – ✓ – – –
[15] – ✓ – – – – ✓
PS ✓ ✓ ✓ ✓ ✓ ✓ ✓

Note: ✓ indicates aspects addressed in the review; – indicates aspects not explicitly covered.

3 Further causes of operational weakness could depend on the absence or the 
inadequacy of market/regulatory setups able to provide the right incentives for 
the deployment of appropriate resources in the short-term [16]. Addressing 
these aspects, which strongly depend on the structure of the electricity business 
in specific jurisdictions, is outside the scope of this paper.
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renewable plants may be susceptible to over-voltage conditions, 
particularly under light load conditions when the SGs operate in 
under-excitation mode to absorb reactive power from the lines produced 
by the HV network, potentially leading to voltage instability due to the 
reactive power limits of the SGs [18]. In addition, the lack of synchro
nous reactive power absorption capacity, combined with low loading 
conditions, can significantly contribute to an overvoltage-driven 
blackout [19].

Likewise, in the context of frequency stability, network weakness 
refers to a power system's inability to maintain frequency within the 
limits set around the nominal frequency in response to disturbances. 
This weakness is intensified by the rising integration of RES and IBRs in 

the system, which lacks the inherent inertia provided by SGs, thereby 
making system frequency control more challenging. Table 2 describes 
the key terms used in transmission and distribution networks.

2.2. Short circuit ratio (SCR)

In steady-state calculations, the power system SCR indicates the 
strength of a system network bus in relation to its rated power [6,7,21]. 
The SCR metric is used to evaluate the grid strength in response to the 
introduction of generation connected to the grid through IBR [22]. 
Various definitions of SCR have been provided in the literature, tailored 
to specific considerations and system conditions, as summarised in 

Fig. 1. Summary and categorisation of the reviewed literature.

Fig. 2. Conceptual framework of the issues covered in this article.
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Table 3.
Considering a network with K nodes and assuming that the point of 

connection (POC) with the grid is located at node k, the entries that 
appear in the different formulations are mainly based on the short- 
circuit capacity (Ssc,k), expressed as an apparent power before the 
connection of a new IBR to the POC. Other entries used are the DER or 
IBR rated power (PR), the rated voltage (VR), the reactive power 
compensation (QC), the equivalent impedance 

(
ZB,kk

)
given by the di

agonal term of the bus impedance matrix of the system, the equivalent 
impedance (ZB,ij) between node i and node j that depends on the off- 
diagonal term of the bus impedance matrix of the system, and Bk as 
the set of nodes connected to node k. Most indicators are node-based, 
while the weighted SCR (WSCR) is a global indicator. As a common 
point for all SCR type indices, a smaller value of SCR implies a weaker 
grid.

Nevertheless, the indices listed in Table 3 depend on a short-circuit 
current at a specific location. In a system with deep penetration of 
DERs, the effectiveness of these SCR-based indices in assessing system 
strength needs further investigation. In particular, when deeper pene
tration of IBRs replaces conventional generation (mainly in transmission 
systems), the short-circuit level decreases, and the network's weakness 
becomes mainly related to frequency stability problems with low fault- 
clearing rates, which require advanced control methods and system 
enhancements. As IBRs substitute for SGs, the grid could become unable 
to maintain stable operation of the power electronic converters con
necting wind and PV sources [21]. Conversely, when DG of any type is 
connected to a system with little or no local generation, the increase in 
the short-circuit level becomes a more stringent issue.

2.3. Stiffness ratio (SR)

In the literature, various definitions for the term SR have been used, 
with different meanings. Considering the DER connection to a given 

node k, a comparison has been made between the short-circuit power 
(
Ssc,k

)
of the system before the inclusion of DER and the short-circuit 

capacity (SscDER,k) of the DER, calculating the ratio (ρ) from the 
following expression included in the Application Guide to the IEEE 

Table 2 
Key terms description in transmission and distribution networks.4

Terms Transmission networks Distribution networks

System 
stability

Refers to the capability of the 
bulk power system to maintain 
synchronism, frequency, and 
voltage within acceptable limits 
following a disturbance.

The capability of a distribution 
feeder or microgrid to sustain 
frequency and voltage within 
acceptable limits following local 
disturbances and load 
variations.

Inertia Depends on the kinetic energy 
stored in the rotating mass of 
SGs that resists frequency 
perturbations.

Usually absent in distribution 
networks. However, it can be 
provided from the upstream 
transmission system or in the 
form of emulated inertia from 
DERs.

System 
weakness

Low system strength in terms of 
the short-circuit ratio to sustain 
contingency events and 
facilitate the integration of 
IBRs.

Low feeders' strength and 
inertia to react to voltage and 
frequency fluctuations due to 
the low fault current level and 
challenges in integrating DERs.

Frequency 
stability

The ability to maintain 
frequency in the nominal range 
following a disturbance 
resulting in a significant 
mismatch between generation 
and load.

The ability of a distribution 
feeder to maintain or restore the 
local frequency in an acceptable 
range following a disturbance or 
DER intermittency.

Voltage 
stability

The ability of a power system to 
maintain voltage within 
acceptable limits at all buses 
after being subject to 
disturbances from initial 
operating conditions.

The ability of the distribution 
feeder to maintain voltage 
within operating limits 
following variation in load and 
DERs output.

Table 3 
Different types of SCR calculation methods in the literature studies.

SCR Type Description Mathematical Formulation

Basic SCR 
(BSCR)

The ratio of short circuit 
apparent power from 
three-phase fault at POC 
and the DER rating at 
that location. BSCR is 
more appropriate for 
representing system 
strength when only one 
IBR is connected. It does 
not consider multiple 
IBRs or RES.

BSCRk =
Ssc,k

PR,k

SCR with 
interaction 
factor 
(SCRIF)

SCRIFk also accounts for 
the voltage variations at 
the nodes connected to 
node k, belonging to the 
set Bk.

SCRIFk =
Ssc,k

PR,k +
∑

j∈Bk

j∕=k

(
ΔVk

ΔVj
PR,j

)

Site-dependent 
SCR (SDSCR)

Considers the effects of 
interactions among 
multiple IBRs connected 
at various nodes 
belonging to the set Bk. 
This method implements 
operating conditions 
based on the voltage 
stability boundary.

SDSCRk =

V2
R,k⎛

⎜
⎝PR,k +

∑

j∈Bk

j∕=k

ZB,kk

ZB,jj

VR,k

VR,j
PR,j

⎞

⎟
⎠ZB,kk

Inverter 
interaction 
level SCR 
(IILSCR)

Assesses interactions 
among IBRs by analysing 
the power output of DER 
and the power inflow 
from adjacent IBRs, 
utilising the line power 
flow PR,jk from node j to 
node k.

IILSCRk =
Ssc,k

PR,k +
∑NDER

j=1
j∕=k

PR,jk

Multi-infeed 
effective SCR 
(MESCR)

Primarily used to 
determine the strength of 
multi-infeed AC/DC 
power systems. It 
considers the interaction 
between multiple DC 
circuits connected to the 
AC network with power 
PDC and accounts for the 
converter support of 
reactive power.

MESCRk =
Ssc,k − QC,k

PDC,k +
∑K

j=1
j∕=k

ZB,kj

ZB,kk
PDC,j

Composite SCR 
(CSCR)

Considers the 
contribution of multiple 
DERs i = 1,…, NDER 

connected at the same 
bus or adjacent network 
by estimating the 
combined equivalent 
general system 
impedance at the 
common medium voltage 
level.

CSCR =
Ssc,zone

∑NDER
i=1 PR,i 

with Ssc,zone =
V2

zone
|Zth,zone |

Weighted SCR 
(WSCR)

Updated SCR proposed 
by the Electric Reliability 
Council of Texas 
(ERCOT) that considers 
the interaction of 
multiple IBRs within a 
power network. WSCR 
provides a more accurate 
description of system 
strength than BSCR. 
However, WSCR does not 
consider power factor 
and impedance angle.

WSCR =

∑K
k=1Ssc,kPR,k

(∑K
k=1PR,k

)2

4 For details on the terms mentioned in Table 1, see reference [20].
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Standard 1547 [23]: 

ρ = 1 +
Ssc,k

SscDER,k
(1) 

In the absence of DER, the ratio ρ tends to infinite, so that high values 
of ρ (e.g., > 200) conventionally indicate that the DER connection is 
viable. Conversely, low values of ρ (e.g., < 50) conventionally indicate 
the possible occurrence of problems that may require rules to limit the 
connection of DERs. This definition of the SR was used as a rule of thumb 
in early studies and does not appear anymore in the revision of the 
Standard [24], fostering more detailed studies that include the charac
teristics of the various types of grid-connected DERs.

On another side, starting from dynamic considerations, a stiffness 
coefficient β, expressed in MW/Hz, has been introduced to represent the 
inverse of the steady-state frequency deviation following a load change. 
Considering the effect of the combined inertia of all the grid-connected 
rotating machines and the automatic control action of the primary fre
quency controllers in response to frequency deviations, the stiffness 
coefficient is defined as [25]: 

β =
1

Req
+ D (2) 

where the load-damping term D expresses the load change percentage 
over the frequency change percentage, and Req represents the composite 
speed regulation of the governors [26]. The stiffness coefficient is then 
used to define the SR, expressed in [Hz-1], e.g., at node k: 

SRk =
βk

PR,k
(3) 

To understand the numerical values of SR, the maximum frequency 
reduction in normal operating conditions is considered, as defined in 
many national regulations (e.g., 0.2 Hz or 0.25 Hz, also depending on 
the nominal frequency), then the lower limit of the stiffness ratio has 
been conventionally set to SRmin = 5 Hz-1 or SRmin = 4 Hz-1.

2.4. Sources of grid weakness

2.4.1. X/R and R/X ratios
The grid weakness typically depends on the SCR capability of the 

grid, which is based on the grid impedance value. At the point of 
interconnection of RES with the utility grid, the SCR is used as an in
dicator of grid strength. The SCR is thus linked to the bus impedance 
matrix of the networks. A lower grid impedance corresponds to a higher 
SCR, reflecting a stiff and strong grid, capable of supporting high-RES 
integration. Conversely, a higher grid impedance indicates a low SCR, 
signifying a less stable and weaker grid prone to stability issues (with 
voltage magnitude highly sensitive to changes in active and reactive 
power at POC [11]). Weak grids are typically characterised by a low SCR 
value, for example below 10 [27]. Along with SCR, the X/R ratio in a 
power system is also crucial for understanding the system's short-circuit 
behaviour, dynamic response, and overall grid robustness with respect 
to integrated IBRs [28]. A high X/R ratio common in transmission sys
tems indicates that reactance dominates, resulting in higher peaks of 
fault currents with slower current decay during transients. This in
fluences the design and operation of protection systems. On the other 
hand, distribution networks with a higher R/X ratio have lower fault 
currents that decay quickly but suffer from greater voltage variations 
and power losses, particularly with wide RES integration. Weak grids, 
characterised by high bus impedance and low short-circuit capacity, are 
more affected by X/R variations because they influence voltage regu
lation, oscillation damping, and the fault ride-through (FRT) capability 
of IBRs.

For wind farms connected to the distribution network, it is reported 

that higher X/R ratios lead to increased reactive power requirements 
and lower POC voltage due to dominant inductive reactance, whereas 
lower X/R ratios make the POC voltage more sensitive to active power 
fluctuations from wind generation, causing step-voltage variations and 
potential power quality issues [29]. This demonstrates that the X/R ratio 
of the network is crucial in affecting voltage sensitivity and reactive 
power demand in wind-integrated systems. Precisely modelling the X/R 
ratio in the bus impedance matrix is essential to predict stability margins 
and to develop effective grid-support control strategies [30]. Possible 
changes to the network configuration affect the numerical values of the 
bus impedance matrix entries and require recalculation of the results. 
Assessing how variations in the X/R ratio interact with the overall 
weakness of transmission and distribution grids, especially in systems 
with deep wind penetration and higher inverter integration, needs to be 
further explored. Recent research in this direction to assess grid 
robustness in terms of voltage stability has proposed introducing a 
complex SCR ratio to provide more detail on X/R ratios, as well as the 
non-unity power-factor operation of the inverters (overlooked in pre
vious conventional SCR-based metrics) and the reactive power contri
bution of shunt filter capacitors [31].

2.4.2. Short-circuit level
The change in the short-circuit level after adding IBR is an aspect for 

which there is a key difference between transmission and distribution 
systems. In transmission systems, large-scale integration of IBRs reduces 
the grid fault level, due to the replacement of SGs with IBRs having less 
short-circuit capacity. Conversely, in distribution systems (originally 
with no generation system) the addition of IBR increases the short- 
circuit level at the POC in distribution systems, particularly in weak 
grids [32]. Besides the available fault level, the grid voltage at the POC 
and the feeder length constraint significantly influence the maximum 
power injection from DERs due to the voltage stability limits [33]. In 
addition, regarding sensitivity analysis, reactive power injection and 
grid characteristics (whether resistive or inductive) greatly influence the 
allowable DER power, with weaker grids exhibiting greater sensitivity 
and a higher risk of POC voltage exceeding operational limits.

2.4.3. Frequency-related aspects
The proliferation of IBRs into weak bulk systems significantly im

pacts frequency stability, leading to challenges in maintaining power 
system synchronisation and protection systems coordination, both in 
distribution networks and microgrids [34]. In some cases, the system’s 
low inertia, resulting from the small number of SGs, poses a serious 
concern for network frequency variations and stability as RES penetra
tion increases [35]. In an inverter-dominated grid, frequency stability is 
more significantly impacted than voltage stability: for example, there 
could be a disconnection of PV systems in the event of faults, causing a 
significant imbalance between generation and load [36] and hence 
requiring under-frequency load shedding, especially when the fault 
clearing time is relatively long [37]. However, load shedding may in
crease system voltage, causing overvoltage at some nodes where the PV 
system remains connected. This, in turn can trigger further PV system 
disconnections due to overvoltage protection.

Also, when PV penetration reaches a specific limit, the phase dif
ference between some buses frequently becomes larger, which makes it 
difficult for the grid to maintain synchronisation, increasing the grid 
weakness. Moreover, deep penetration of non-synchronous RES can lead 
to high rate of change of frequency (RoCoF) (which refers to how fast the 
power system frequency changes in response to disturbances) and 
abnormal frequency deviations, which in weak grids increase the chal
lenges for frequency control and protection [38].

Table 4 highlights key issues in integrating large-scale RES into weak 
power grids.
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3. Conceptualising network weakness across voltage levels

3.1. Transmission networks

3.1.1. Frequency response and inertia
The phase-out of traditional power plants equipped with SGs and 

their replacement with inverter-based RES are affecting the transmission 
networks. An unsatisfactory level of inertia makes some HV networks 
more susceptible to frequency fluctuations and instability. In particular, 
the inertial support decreases, turning to an increase in the RoCoF 
following a contingency event [39,40]. For instance, perturbations in 
wind power drive the network closer to instability linked to increased 
frequency sensitivity, as the system loses its ability to withstand small 
power imbalances because the perturbations decrease the system's ki
netic energy (inertial), thereby impacting the RoCoF [41]. Alongside a 
higher RoCoF, the frequency nadir (the lowest point the frequency 
reaches after a contingency event) may decrease due to the increased 
penetration of RES because of less immediate response and physical 
inertia support [42]. Sufficient inertial support, provided by SGs, slows 
down the RoCoF and leaves enough time for primary frequency control 
action. In contrast, with RES integration, the system experiences fre
quency fluctuations due to the absence of adequate inertial support 
during fault conditions [43], also causing unnecessary tripping of pro
tection relays [44]. Fig. 3 shows a conceptual representation of the 
frequency response for high-inertia and low-inertia systems, high
lighting RoCoF and the frequency nadir after load/contingency events.

Another significant challenge in the integration of RES in the trans
mission network is related to the maximum allowable RES penetration 
limit. This limit for RES mainly depends on the operational character
istics and assumptions of the power system based on replaced SGs, with 
a decline in inertia, grid strength, and reactive power support of the 
system. In a weak grid (low SCR), the penetration level allowed for RES 
integration may be substantially lower, whereas strong grids (high SCR) 
may accommodate deeper RES penetration levels. A specific point is the 
definition of the penetration level, typically considered as a scalar term. 
However, the scalar term can refer to increased RES penetration at a 
single node, within a group of nodes, or across the entire system. Due to 
the impact of any change in a node on the operation of the whole system, 
sensitivity analyses or small changes are more appropriate for address
ing a single node, whereas larger variations across multiple nodes can 
better represent possible scenarios of RES evolution.

Moreover, operational and planning challenges handled by TSOs in 
the large-scale integration of RES refer to the optimal location of RES in 
the transmission system and their variable production [45]. Therefore, 
transmission system upgrades are required in design and operation ap
proaches, as well as in regulation [46], along with the addition of new 
transmission lines to support the large-scale integration of RES [47].

Additionally, a power system network with spatially distributed RES 
generation encounters fluctuations in variable generation feed-in across 
the network, causing simultaneous disturbances (noise-like) from mul
tiple locations. An important question is the extent to which the induced 
fluctuations propagate through the network and what measures can be 
taken to mitigate their impact on the rest of the system. Network pa
rameters like transmission line reactance can attenuate the magnitude of 
RoCoF fluctuations, thereby limiting the spatial propagation of distur
bances and confining their impact to local areas, as shown in wind in
tegrated networks [41].

3.1.2. Determination of the weak areas
Identifying the system's weak areas helps recognise where to 

implement structural modifications or specific operational actions. In 
early transmission networks, the identification of the weak areas of the 
network was carried out with steady-state and dynamic methods. From 
the steady-state standpoint, weak nodes and areas were identified by 
searching for the worst load increase direction by using indicators based 
on the sensitivity of the total reactive generation with respect to the total 
load increase [48]. Moreover, changes in active power transferred to a 
weak area and the apparent conductance seen by the bus, detected by 
Phasor Measurements Units (PMUs) were used to establish a voltage 
stability indicator [49]. In these cases, frequency-related aspects and 
inertia were not addressed.

Table 4 
Issues related to large-scale RES integration in weaker grids.

Issues Description Consequences

Inertial support Lack of enough rotational 
inertia in RES and less SG.

Grid frequency instability 
caused by high frequency 
deviations.

Frequency 
controllability

Absence of primary frequency 
control support in RES.

Reduced grid frequency 
recovery and risk of losing 
synchronism.

Synchronisation Difficulty in maintaining 
frequency alignment with the 
grid due to deep penetration of 
IBRs.

System islanding and 
blackout.

Increased RoCoF 
level

High chances of frequency 
deviations during disturbances 
due to uncertainty in RES power 
output.

Protection relays 
unnecessarily trip and 
degrade grid strength.

Reducing fault 
level

Low SCR capability of IBRs and 
maintaining operation during a 
fault.

Inverters tripping due to 
unstable system dynamics.

Fig. 3. Representation of frequency response for high-inertia and low-inertia systems.
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The increased proliferation of RES with IBRs requires the identifi
cation of weak areas considering inertia estimation, which can be ach
ieved by utilising offline methods based on system static and dynamic 
models, as well as online methods, based on PMUs, to gain real-time 
system awareness [10]. The identification of weak areas in the power 
system can be carried out offline, based on the local equivalent effect of 
an inertia index, ranking the nodes and grouping them into coherent 
frequency areas [50]. Taking into account voltage and frequency dy
namics, a disturbance-based inertia estimation method determines the 
change in power after a disturbance [51]. Conversely, online methods 
that gather information from PMUs can be effective in estimating the 
real-time inertia constant of the power system [52,53].

3.2. MV distribution networks

Radial MV networks face particular challenges due to the growing 
penetration of DG and RES, like residential PV and small wind turbines. 
These generation sources are mainly connected to the main grid through 
a power electronic interface, which complicates the system and may 
contribute to worse frequency deviations [54]. According to the 
IEEE-1547 standard for the interconnection and interoperability of DERs 
with electric power systems, the allowable frequency deviations for 
grid-connected inverters are 0.8 % for over-frequency and 1 % for 
under-frequency variations [55].

High intermittent RES (in particular PV) integration affects the MV 
system's operational efficiency due to reverse power flows that disrupt 
the network's performance [56]. It is also argued that integrating mul
tiple DG sources with different short-circuit characteristics into MV 
distribution systems makes it unpredictable for protection devices to 
accurately detect faults, leading to loss of protection coordination and 
potentially resulting in lack of supply [12,57]. Therefore, it stresses the 
need for fault diagnosis, fault location, and system restoration in active 
distribution networks due to bidirectional power flow, particularly with 
deep DG penetration and large-scale load integration [58].

Furthermore, in MV distribution networks, the high integration of 
DERs and IBRs can significantly affect voltages. Distribution feeders are 
characterised by higher R/X ratio with respect to transmission systems, 
making them highly sensitive to changes in active and reactive power, 
which can influence the feeder voltage profile [59]. For example, 
installing a PV system at any node of a radial distribution feeder may 
lead to increased voltage variations due to changes in PV power injec
tion. Fig. 4 shows a conceptual representation of such a situation in a 
radial distribution feeder with PV connected to a node. During periods of 
low demand and high PV generation, the voltage along the feeder can 
rise, potentially causing overvoltage conditions that can reduce system 
operational efficiency and may damage the electrical equipment in the 
grid and at consumer premises [59,60]. Such impacts are more pro
nounced in weak grid conditions due to low short-circuit capacity, 
thereby requiring advanced voltage control strategies, reactive power 
support, and enhanced distribution management system (DMS)5 [61].

A peculiarity of MV distribution networks is their potential for 
reconfiguration under normal or emergency conditions. Under normal 
conditions, reconfiguration can be applied to optimise specific objec
tives, either individually or in a multi-objective framework. During 
emergencies, network reconfiguration and the deployment of mobile 
generation resources are typical strategies considered for assisting the 
service restoration process. Limits on node short-circuit currents are 
typically considered constraints in optimisation problems to avoid 

creating configurations in which fault occurrence would not be 
adequately protected in the system. With increased connection of DG 
units to MV networks, node short-circuit currents are increasing, making 
the margins to meet the corresponding limits progressively smaller. 
Even though not consistently highlighted in the literature dedicated to 
MV distribution system reconfiguration, with constraints mainly set on 
bus voltages, branch currents and number of switching operations [62], 
the short-circuit limits will have a greater impact in future studies.

3.3. LV distribution networks

LV networks, being closest to the end-user’s premises, are witnessing 
a major surge in prosumers’ activities, with end-users not only 
consuming but also generating electricity. The penetration of DERs and 
IBRs into LV networks creates a considerable level of unpredictability 
and variation in power flows, which in turn affects the frequency con
trollers. The integration of rooftop PVs into LV feeders creates voltage 
imbalance and power quality issues [14]. Also, as rooftop PV systems are 
privately owned and DSOs have limited control over the integration of 
these PV systems into LV feeders, this further creates uncertainty in the 
power flows and their stochastic assessment with the distribution grid. 
Therefore, the efficient and effective management of high PV diffusion 
in LV distribution networks necessitates the development of proper 
mitigation strategies due to high R/X ratio (which directly affects the 
voltage profile), and low power quality [13].

Some other critical challenges faced by LV networks are similar to 
the MV ones: reverse power flows, reduction in fault current level, and 
protection system coordination. Conventional protection relays typi
cally operate at higher fault currents due to the high current flowing in 
the lines. However, with the integration of IBRs, the current contribu
tion in the power lines decreases, which may cause the protection 
scheme to fail or malfunction, thereby directly affecting system reli
ability [63]. In some situations, the absence of rotational support in MV 
systems can cause automatic under-frequency load shedding [64]. 
Large-scale PV integration in LV distribution networks in rural com
munities could adversely affect the protection system of LV networks 
[65], as the PV system's short-circuit contribution is higher under 
symmetrical fault conditions than in a system without PV integration. 
Additionally, the settings of overcurrent relays need to be revised to 
prevent the under-reach (blinding of protection or insensitivity), or 
over-reach (sympathetic tripping) problem in the relay protection 
scheme. Furthermore, the reverse power flow in power lines heading 
towards the MV/LV transformers compromises network stability [66]. 
Thus, deep penetration of IBRs and bidirectional power flow in LV 
networks require advanced control technologies to ensure secure power 
system operation and reliability.

Another key factor in MV-LV network interconnection is the hosting 
capacity of network. For instance, installing a PV at a specific node on 
the LV side can cause a voltage rise that affects other nodes. This may 
restrict further PV installations, especially when the initial node has 
already reached the overvoltage threshold [67]. In the same manner, if 
the PV installation at a particular node result in an overloading (current) 
situation, a new PV interconnection at the other node may increase the 
power flow in the network, leading to further overloading. Similarly, 
regarding the voltage limit on the MV side, installing a PV at a specific 
node means that adding more PVs at other MV nodes or on the LV side 
will further raise the voltage at that node, which is already at its limit. 
Consequently, the hosting capacity at other nodes becomes zero. If the 
constraint is due to overloading, no additional PV connections will be 
permitted, and the hosting capacity at all downstream nodes will be 
zero. Notably, the PV unit installed near the node at POC on the MV side 
can restrict all new PV connections throughout the network if the 
HV/MV transformer reaches its loading limit [67]. This discussion ne
cessitates a clear understanding of the network's hosting capacity so that 
network operators can satisfy all constraints and fairly allocate hosting 
capacity among all participants (customers) willing to install PV 

5 The definition of DMS given by the IEEE Power and Energy Society is “a 
decision support system that is intended to assist the DSOs, engineers, techni
cians, managers, and other personnel in monitoring, controlling, and opti
mizing the performance of the electric distribution system without jeopardizing 
the safety of the field workforce and the general public and without jeopard
izing the protection of electric distribution assets” (cited in [61]).
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connections. Clarifications on the definition of hosting capacity have 
been provided to identify the multi-faceted set of penetrations the 
network can sustain without being subject to any issues [68].

Table 5 illustrates the main differences in HV, MV, and LV networks. 
Table 6 indicates the main causes and potential solutions of specific is
sues. For MV and LV systems, frequency variations can also be caused by 
events occurring in the supply system at higher voltage. The table refers 
to local events and solutions linked to frequency variations.

4. Control and mitigation strategies

In an evolving power system paradigm driven by DERs and IBRs, the 
challenge of network weakness caused by decreasing inertia and system 
strength, along with low FRT capability, requires advanced control and 
mitigation strategies. These strategies should aim to reproduce the 
characteristics of a strong grid to improve operational performance and 
ensure continuous supply to end users. This section provides a thorough 
overview of different control and mitigation strategies, including their 
advantages and disadvantages.

4.1. Power system components

4.1.1. Synchronous compensators (SCs)
One practical approach is to incorporate synchronous compensators 

(also called synchronous condensers), which can offer rotational inertia 
support to the grid, improve short-circuit strength, and deliver contin
uous adjustable reactive power to stabilise the voltage profile [69]. SCs 
are generally synchronous machines that operate without a prime mover 
in steady-state conditions at a fixed speed, irrespective of the load. In 
high-inertia SCs, the additional inertia is provided by the addition of a 
flywheel. SCs are best suited for networks with high integration of 
power-electronic devices, for voltage control on long transmission lines, 
and for systems with a risk of islanding [70]. Moreover, SCs support the 
grid by actively damping frequency deviations during disturbances, due 
to the kinetic energy stored in their rotating mass, and facilitate the grid 
in enhancing the system’s frequency response, particularly in 
low-inertia systems. For wind-based power plants coupled to the utility 
grid via a power-electronics-interfaced system that lacks inherent 
inertia, adding SCs, as rotating machines, can provide physical inertia, 
thereby improving frequency stability. For instance, in a high RES-based 
system dominated by wind turbine SCs exhibit satisfactory performance 
in enhancing system frequency stability and help in maintaining system 
synchronism under various operating conditions [71,72]. Concerning 
the technical and financial aspects of installing SCs in wind-dominated 
power grids, SCs improved system strength at the POC with wind 
plants while remaining economically feasible by reducing wind 
curtailment and generating revenue (from surplus energy sales and fuel 
cost savings) [73]. Furthermore, optimal SC allocation in transmission 
networks enhances SCR at the POC with RES [74]. Thus, system oper
ators view SCs deployment as a strategy to meet minimum system 
strength criteria for integrating new RES [21]. They can also support the 
grid by reducing frequency oscillations during abnormal conditions and 
helping to keep the system synchronised across different operating 
scenarios. For weak grids with highly diffuse RES, properly locating and 
sizing SCs is crucial for providing frequency control support and 
increasing the system’s inertial capacity [75].

However, SCs have some disadvantages including high operational 
and installation costs, mechanical losses, and the lack of self-starting 
torque (requiring auxiliary equipment) [9,76]. To overcome these lim
itations, power-electronic converters or battery ESS (BESS) can be used 
in combination with SCs to form a hybrid SC system (Fig. 5). This hybrid 
system can provide a range of advantages for the grid in the presence of 
intermittent RES, such as faster support for frequency and voltage 
regulation, reliable active and reactive power, improved power quality, 

Fig. 4. Representation of a PV connected to a node in the feeder.

Table 5 
Major differences across HV, MV, and LV networks.

Parameters HV networks MV networks LV networks

Network type Meshed Ring / Weakly 
Meshed

Radial

DER/RES 
integration 
type

Large-scale PV / 
wind

Medium-scale RES 
/ DG

Residential PV, energy 
storage systems (ESS), 
and electric vehicles

Frequency 
control 
scope

Transmission Regional 
distribution grid

End users / Prosumers

Frequency 
control 
provision

Provided by 
large SGs

Mainly depending 
on the HV grid- 
side support

Virtual or often 
missing

Inertia High Medium to low Very low
Frequency 

instability 
exposure

Low (except 
weak HV 
networks)

Moderate to high Very high (particularly 
for the islanded 
scenario)

RoCoF 
sensitivity

Low Medium Very high

Grid weakness Low (having 
high X/R ratio)

Moderate High (having low X/R 
ratio)
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and enhanced grid stability [76].
Table 7 summarises some of the key differences between SCs and 

power-electronics devices.

4.1.2. Virtual synchronous machine (VSM)
The inclusion of a VSM (also called a virtual synchronous generator, 

VSG), which can emulate the dynamic behaviours of traditional SGs 
[77] through converter control, can help in mitigating the problems 
introduced by power electronics-based RES, providing synthetic inertia 
and ancillary services to the grid, thus improving grid stability [78]. 
VSM consists of three distinct components, which include a power 
electronic converter (comprising two power conversion stages, i.e., a 
DC-to-DC stage and DC-to-AC stage), an energy storage device (battery, 
flywheel, supercapacitor, etc.), and a control scheme that manages the 
exchange of power [79,80]. VSM integrates the well-known swing 
equation into its control scheme and droop characteristics, enabling it to 
actively respond to frequency fluctuations, as conventional SGs [8].

Previous studies extensively highlighted the effectiveness of VSMs. 
In low-inertia grids, VSMs play a major role in damping oscillations and 
restoring frequency during sudden grid disturbances [81,82]. Also, VSG 
stabilises the frequency oscillations and returns the frequency to its 
nominal value during power drops in power systems integrated with 

Table 6 
Key issues across various network levels with causes and potential solutions.

Network 
type

Key issues Main causes Potential solutions

HV 
networks

Low regional inertia levels. 
Frequency fluctuations and instability. 
High RoCoF and low frequency nadir. 
Cascading failures and maintaining 
synchronism. 
Lack of protection system coordination.

Growing adoption of RES and replacement of SGs. 
Increasing grid impedance and low SCR. 
Low FRT capability of RES.

Grid-forming inverters with features of synthetic inertia. 
Synchronous compensators. 
HVDC system for inertial support. 
Fast frequency response schemes and ancillary services.

MV 
networks

Reduced rotational inertia support. 
Voltage and frequency deviations. 
Increase harmonic distortions. 
Transformer overloading. 
Power quality-related issues (e.g., voltage 
dips). 
Protection system malfunctions.

Increasing penetration of DERs and IBRs. 
High R/X ratio in distribution feeders. 
Intermittent and stochastic nature of RES. 
Lack of flexibility and coordination with TSOs.

Inertia emulation from DERs. 
Minimal level of inertia and FRT capability in contingency 
events. 
Energy storage mechanism for rapid response. 
Adaptive protection schemes. 
FACTS devices for power quality-related issues. 
Improved frameworks for TSO and DSO coordination.

LV 
networks

Voltage and frequency instability. 
Increasing reverse power flows in LV lines. 
Low FRT capability. 
Protection system malfunctions. 
Reduced hosting capacity of LV feeders for 
DER integration.

Increasing penetration of rooftop PV systems and 
power electronics converters. 
Variation in power flows and power imbalance. 
Reduced fault current level. 
High R/X ratio.

Grid-forming inverters with voltage and frequency support. 
DR programs and energy storage applications. 
Protection system upgrade and inclusion of adaptive 
protection strategies. 
LV feeder upgrade for increasing the hosting capacity of 
power electronics converters. 
Use of compensation devices for power quality 
improvement. 
Prosumers' participation in the energy market with flexible 
regulation policies.

Fig. 5. Typical structure of a hybrid SC system connected with the utility grid (adapted from [76]).

Table 7 
Key differences between SCs and power electronics devices.

Parameters Synchronous compensators 
(SCs)

Power electronic devices

Inertia Effectively provide real 
rotational inertia support.

Lack inherent inertia. Provide 
synthetic inertia through a 
control mechanism.

Response time Generally, have a slower 
response time.

Provide a rapid response 
(milliseconds).

Short-circuit 
current

High short circuit current. Limited short circuit current 
and fault current contribution.

Voltage support Provide continuous voltage 
support (reactive power).

Provide dynamic voltage 
support and control.

RoCoF support Actively damp frequency 
deviations and improve 
RoCoF.

Limited RoCoF control 
capability.

Stability Effectively stabilise weak 
grids through reactive 
power and inertial support.

May affect grid stability, 
particularly in grids with a 
high number of power 
electronics devices.

Compatibility 
with weak grids

Compatible with weak 
grids, particularly with high 
RES integration.

May destabilise weak grids.
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DERs [80]. VSG, along with hybrid ESS, effectively handles the inter
mittency in PV system power output and attenuates the maximum fre
quency overshoot, resulting in frequency stability in a standalone 
microgrid system [83]. Similarly, VSG improves the RoCoF and provides 
frequency support in a converter-interfaced power system [84].

Hence, VSMs play a crucial role in maintaining frequency stability, 
providing inertia support, and damping oscillations in weak grids and 
power systems with high levels of RES integration to enhance system 
operational performance.

4.1.3. Grid forming inverters (GFMIs)
In an IBRs-dominated power system, the inverters are classified into 

two basic modes, which include GFMIs and grid following inverters 
(GFLIs). The GFMIs are typically based on a voltage-source inverter and 
control the output voltage because they can set their own voltage and 
frequency references and do not require a PLL. In contrast, the GFLIs 
need to synchronise their voltage and frequency with the utility grid 
through a PLL and normally behave as a current source inverter, 
injecting a controlled amount of active or reactive current into the 
system. For this reason, the GFLIs are also known as grid-feeding in
verters. However, under weak grid conditions or when SGs are dis
placed, the PLLs in GFLIs experience stability issues because the grid's 
voltage and frequency references are insufficiently strong. In such sit
uations, the condition of multi-frequency oscillation instability occurs 
more frequently [85].

Fig. 6 compares the equivalent circuit and control of GFMI and GFLI. 
GFMI has a voltage source with low series impedance (Fig. 6a), whereas 
GFLI has a current source with a high impedance in parallel (Fig. 6b) 
[86]. Table 8 highlights the key differences between GFMIs and GFLIs.

Unlike traditional converters, grid-forming technologies can mimic 
the behaviour of SGs to provide inertia response, support frequency 
during grid disturbances, and stabilise voltage [87]. For example, GFMIs 
equipped with advanced control systems can simultaneously provide 
both active and reactive power to the grid, thereby enhancing the sys
tem's operational stability and FRT capability. One of the significant 

advantages of GFMIs is their ability to transition between 
grid-connected and islanded modes smoothly [88], maintaining 
continuous synchronisation and providing a stable voltage source.

GFMIs can be operated in four distinct control mechanisms [89], 
which include droop-based (mimics the droop behaviour of SG), 
VSG-based (provides virtual inertia and damping), compensated 
generalised VSG-based (involves compensation techniques to strengthen 
system dynamic performance), and adaptive VSG-based GFMIs (involves 
adaptive control based on real-time grid impedance estimation to ensure 
consistent performance during varying grid conditions). The most 
widely used control strategy is droop-based GFMIs due to their reli
ability and simplicity [89]. GFMIs, in their droop-based operation, 

Fig. 6. Equivalent circuit and control of (a) GFMI and (b) GFLI (adapted from [86]).

Table 8 
Key differences between GFMIs and GFLIs.

Grid forming inverters (GFMIs) Grid following inverters (GFLIs)

Based on a voltage source inverter 
and control the output voltage.

Based on the current source inverter and 
control on the output current.

Capable of forming its voltage 
waveform and self- 
synchronisation.

Depend on another source for 
synchronisation.

Provides both active and reactive 
power to the grid.

Supplies only active power to the grid. 
Reactive power supply depends on the grid 
requirements and the inverter's capability 
limits.

It is independent of the PLL. Depends on PLLs and requires strong grid 
support. PLL is used to track the grid's phase 
angle in real time.

Capable of running on its own. Incapable of running independently.
Capable of achieving 100 % RES 

penetration rate.
Incapable of achieving 100 % RES 
penetration rate.

Provide limited short circuit current 
support with respect to the SGs.

Limited FRT capability.

Capable of providing stable 
operation in weak grids.

Unstable in weak grids because of PLL 
instability.

Provides damping to frequency 
swings in a mixed system.

Aggravate frequency issues with increased 
penetration.
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actively adjust their output voltage and frequency in response to power 
imbalances (both active and reactive) and provide support to weak 
networks, operating in both grid-connected and islanded modes. GFMIs 
can behave like traditional SGs because of their ability to maintain grid 
frequency and voltage (droop control), making them key enablers for 
RES-dominated grids to address RES variability and intermittency [90]. 
Furthermore, in VSG operation mode, GFMIs can provide autonomous 
black-start capability after a power blackout [91]. In weak grid condi
tions, GFMIs maintain grid stability by providing a low effective source 
impedance through dynamic interaction between the POC voltage and 
the GFMI's internal voltage, thereby actively damping oscillations and 
enhancing system stability without the need for external control inter
vention [87].

Compared with GFLIs, GFMIs enhance the operational stability of 
weak grid systems by providing inertia and frequency support during 
disturbances [89,92]. Additionally, GFMIs provide a more seamless 
integration of RES with the grid, enhancing grid flexibility through their 
sophisticated control mechanisms that fulfil grid specifications, 
compared with GFLIs [93]. In HV and MV power networks with PV 
generation, GFMIs outperform GFLIs in improving network stability by 
providing synthetic inertia in response to instantaneous grid contin
gencies [94]. Likewise, for a microgrid-based system connected to the 
utility grid, GFMIs are more robust than GFLIs in response to distur
bances, system behaviour, and changing operational conditions. This 
feature of GFMIs appears in a hybrid microgrid-based system (PV and 
ESS) connected to the grid under varying irradiance conditions, grid 
outages, load switching, and FRT capability [95]. Moreover, GFMI re
sponds more quickly to disturbances and load changes by providing 
greater inertial support and active power control than GFLI [95]. 
Furthermore, during grid outages GFMI can operate the microgrid in 
islanded mode because it can independently generate voltage and fre
quency [95]. Also, GFMI demonstrated high FRT capability during a grid 
fault and remained connected to the grid by injecting controllable 
reactive power.

Moreover, GFMIs are best suited for hybrid energy systems and 
power networks with low inertia and weak grid conditions (low SCR) 
[92,96]. For example, in a hybrid wind-solar generation system under 
very weak grid conditions (SCR = 1.0), GFMI control provide robust, 
stable operation even at such a low SCR [97]. Similarly, GFMIs in 
PV-integrated MV networks can effectively control the PV system's 
active power, particularly under dynamic operating conditions, to 
maintain normal frequency limits and ensure stable operation [98].

4.1.4. Energy storage systems (ESS)
Some of the recommended ESS for grid applications and power 

networks with deep RES penetration include BESS, supercapacitor ESS, 
superconducting magnetic energy storage (SMES) systems, flywheels, 
pumped-hydro storage, compressed-air energy storage, gravitational 

energy storage, and hybrid ESS (a combination of multiple energy 
storage technologies) [99,100].

An ESS can serve as a viable option for managing the uncertainty of 
RES [100,101] and supporting grid stability [101,102]. Optimal place
ment of ESS at weak points in a network can improve the system's 
short-circuit strength. ESS can provide synthetic inertia and sustained 
primary/secondary reserves, creating a combined effect that reduces 
RoCoF sensitivity and results in a smaller frequency nadir during un
expected contingencies. Recent research introduces the energy-storage 
considered short circuit ratio (ECSCR), which accounts for how energy 
storage devices contribute to short-circuit power [103].

BESS typically consist of lead-acid, lithium-ion, sodium-sulphur, 
sodium-nickel-based, and rechargeable batteries [100]. In systems 
with wide diffusion of renewable energy, BESS provides a rapid response 
to active power imbalances [104]. It can absorb or supply active and 
reactive power instantaneously, thus providing effective voltage and 
frequency regulation [105]. Moreover, BESS injects fault current 
through inverters during grid faults, enhancing short-circuit capacity at 
critical buses and increasing local SCR to reduce weak-grid risks [103]. 
Super capacitors offer additional advantages over BESS due to their high 
efficiency, higher power density, greater charging and discharging 
capability, extended life cycle, and ability to operate over a wide tem
perature range [106,107]. Table 9 illustrates the comparison of different 
types of ESS utilised for a wide range of power system applications.

Furthermore, ESS can provide ancillary services to the grid, 
including fast frequency response (FFR), inertia emulation, voltage 
regulation, and power quality [108]. Given the fast time scale of fre
quency events, FFR services provided by ESS and IBRs can serve as a 
critical operational layer in low-inertia power systems. BESS can effec
tively control RoCoF within its limits and restore the steady-state fre
quency to normal operation following a disturbance [109]. Moreover, 
the optimal placement and control of BESS in low-inertia grids with 
wind power generation can provide voltage support and frequency 
stability after a sudden generation loss [110]. Using BESS and SMES 
systems in a low-inertia power grid with deep RES penetration can 
maintain system frequency-response adequacy and reduce 
under-frequency load shedding after contingencies [111]. In such situ
ations, BESS can be used when frequency exceeds a specified threshold 
to provide supplementary inertia and primary frequency support. In 
contrast, SMES can be utilised when RoCoF exceeds a certain threshold 
to provide supplementary inertia [111].

Similarly, the optimal placement and sizing of BESS, given the deep 
penetration of RES and DG in transmission and distribution networks, 
can be used to provide frequency support and ancillary services. As an 
illustration, in the transmission networks optimal placement of BESS 
resulted in a minimum RoCoF during disturbances, improved the fre
quency nadir, and prevented the network from activating protective 
relays (under-frequency) [112]. Moreover, the optimal placement and 

Table 9 
Comparison of different types of ESS used in power system applications.

ESS type Energy 
density

Power 
density

Response 
time

Suitability case Power system application

BESS High Medium Fast Frequency stability and RoCoF 
improvement.

Can be utilised in transmission, distribution (HV/LV) and 
weak grid systems.

Supercapacitors Low High Fast Inertia emulation, power smoothing 
and RoCoF improvement.

Can be used in distribution networks and microgrids.

SMES Low High Fast Suitable for instantaneous frequency 
events.

Can be used in low-inertia systems.

Flywheel Low High Fast Synthetic inertia and frequency 
regulation.

Can be used in distribution networks and weak grids.

Pumped hydro storage High Low Slow System stability, inertia, and balancing 
demand and generation.

Can be used in transmission and distribution (MV) networks 
and for integrating intermittent RES sources.

Compressed air energy 
storage

High Low Slow Long backup duration and peak 
shaving.

Useful for mitigating the intermittency of RES.

Hybrid ESS Depends on 
ESS

Low to 
Medium

Fast High frequency stability and RoCoF 
improvement.

Useful in RES dominated grids and low-inertia systems.

I.U. Salam et al.                                                                                                                                                                                                                                 Electric Power Systems Research 259 (2026) 113193 

12 



sizing of BESS in MV distribution systems with deep DG penetration can 
alleviate reverse power flows, reduce power losses, improve the voltage 
profile, achieve peak shaving, and reduce energy costs [113].

Addressing the issue of low inertia in power grids can be achieved by 
employing flywheel ESS, which provides virtual inertia, enhances fre
quency regulation, and reduces RoCoF due to its longer lifespan and 
higher power density, even when the SG is out of service [114]. Addi
tionally, flywheel ESS can store energy during off-peak hours and 
discharge it during peak load demand, thereby reducing stress on the 
grid and providing energy cost savings.

Furthermore, supercapacitor-based ESS can be considered as an 
alternative option for smoothing power fluctuations in PV systems under 
varying temperature and irradiance conditions [115]. In some cases, 
supercapacitors can be used for inertia emulation control to exhibit the 
equivalent inertia characteristic of SG for frequency regulation in a weak 
grid system [116]. Also, optimal utilisation of supercapacitor ESS can be 
used to retain frequency stability [117] and improve power quality and 
system dynamic response [118] in large PV integrated systems and weak 
grid conditions following SG outage, either used alone or in a hybrid 
energy system. Likewise, the combination of battery-supercapacitor 
hybrid ESS in standalone PV systems can be used for rural electrifica
tion to reduce stress on BESS during severe loading conditions and PV 
output power fluctuations [119]. Fig. 7 indicates the role of ESS in the 
weak power system networks and grids, contributing to system stability 
and resilience.

4.1.5. Advanced adaptive protection system
As with the integration of IBRs and RES in power networks, the 

protection system faces a significant challenge and becomes much more 
complex and sensitive due to bidirectional power flow in lines. Any 
malfunction of the protective devices will have a dramatic impact on the 
system and may result in a complete shutdown of the power system. In 
distribution systems, conventional protection devices typically operate 
with predefined settings and measure a unidirectional power flow from 
the utility grid to the load, which are no longer effective and efficient in 
today’s systems, which include a mix of generation and other resources 
[120]. Therefore, to overcome this challenge, an advanced adaptive 
protection system is the best solution to ensure the reliability and sta
bility of the power system with deep IBRs and RES penetration.

The adaptability of a protection system can be described as “the 
ability of a protection scheme to adjust itself to changing grid condi
tions.” In weak grid scenarios, where high RoCoF can cause unnecessary 

tripping of the protective relays, an adaptive protection strategy can 
prevent or delay this tripping of DG and inverters.

Furthermore, adaptive protection schemes are crucial for effective 
network protection and changing short-circuit contributions and R/X 
characteristics, especially with increased DER integration. An adaptive 
protection strategy dynamically adjusts relay settings, reconfigures 
protection zones, or uses communication-based logic to reliably detect 
and clear faults, even under low short circuit current, converter fault 
currents, and evolving network topologies [121]. In weak grids, this 
prevents protective relays from maloperation and islanding, thereby 
protecting system stability. Research shows that adaptive overcurrent, 
impedance-based, and communication-assisted schemes effectively 
manage high DER levels [122].

To develop advanced adaptive protection for power systems in the 
presence of IBRs and DERs, researchers have developed various tech
niques and methodologies. Some representative techniques reported in 
the literature are summarised as follows: 

• A simple online relay-coordination-based adaptive protection 
scheme that does not rely on extensive communication infrastructure 
has proven capable of adjusting relay settings as DER penetration 
varies [123]. Testing on an IEEE-14 bus system (low-voltage side) 
with varying DER integration and a conventional generator confirms 
its enhanced adaptability to changing network conditions and reli
able fault detection.

• Adjusting relay configurations and settings rather than replacing 
protection hardware is a cost-effective way to implement adaptive 
protection in transmission systems, particularly as RES penetration 
increases [124].

• Integrating both centralised and decentralised communication in 
adaptive protection systems improves relay coordination and helps 
identify high-impedance faults that traditional overcurrent pro
tections often fail to detect [125]. This is because high fault imped
ance reduces the magnitude of the fault current, making it almost 
impossible for conventional overcurrent relays to identify the fault.

• Using Thévenin-equivalent-based adaptive protection provides a 
practical method for coordinating overcurrent relays in distributed 
networks with uncertain DG output [126]. It offers flexibility across 
different configurations (radial, mesh, and ring) without relying on 
communication systems.

Thus, an advanced adaptive protection system can play a vital role in 

Fig. 7. Role of ESS in weak power system networks and grids.
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today’s DERs and IBRs-dominated low-inertia power system by 
dynamically adjusting to changes in system operational conditions to 
ensure reliable fault diagnosis, maintain effective coordination of pro
tection devices, preserve system stability and reliability, and prevent 
unnecessary system tripping. Moreover, it can also contribute to the 
modernisation of the power system and improve its resilience to con
tingency events.

4.1.6. Flexible AC transmission systems (FACTS) and HVDC systems
Strong DER integration in power systems requires operational flex

ibility in reactive power and voltage support, which can be provided by 
FACTS and phase-shifting transformers [127]. FACTS devices can con
trol power flow in power lines by adjusting line impedance, voltage 
magnitude, and phase angle, thereby increasing line loading capacity, 
operational cost savings, and alleviating congestion. FACTS devices such 
as static var compensators (SVC) and static synchronous compensators 
(STATCOM) provide rapid reactive power compensation during distur
bances [128].

Similarly, given the vulnerabilities identified in the grid, HVDC 
transmission offers a promising solution for reinforcement. HVDC, 
especially based on voltage-source-converter (VSC), has proven being 
effective in strengthening low-inertia renewable-dense transmission 
networks. VSC–HVDC can independently manage both active and 
reactive power, helping to stabilise voltage, reduce oscillations, and 
enhance transient and frequency stability in weak AC grids [129]. For 
instance, VSC–HVDC links can rapidly suppress voltage fluctuations by 
providing reactive support. Their quick active power adjustments enable 
fast frequency response, functioning as a “virtual inertia” source by 
shifting power to the weak regions, thus mitigating low-inertia fre
quency issues [129]. Furthermore, HVDC links can segment stressed 
synchronous AC systems into asynchronous zones, namely DC segmen
tation, by reducing the risk to widespread oscillations [130]. HVDC can 
enable frequency control and reserve sharing across regions, providing 
backup during outages and offering economic benefits through opti
mised reserve utilisation [131]. These potential capabilities make HVDC 
systems a strategic solution to keep the RES-rich bulk systems properly 
operating also in the presence of high-impact events.

4.2. Grid services

4.2.1. Fast frequency response (FFR) services
FFR in the power system domain refers to the rapid delivery or ab

sorption of active power to balance the mismatch between power supply 
and demand. Also, FFR aims to stabilise the system frequency immedi
ately after a major disturbance (within milliseconds) [132,133]. FFR 

services work in conjunction with power system inertia to control fre
quency in response to unexpected contingency events [134]. However, 
as discussed, the RES-rich power grid lacks the inherent inertia. It 
therefore demands sophisticated FFR services to dampen frequency 
deviations, respond promptly to system disturbances, and mitigate 
higher RoCoF in such a low-inertia power system. Fig. 8 shows how the 
utility grid frequency is controlled over time in response to system dis
turbances across different control layers.

FFR is a service that can be provided by recently developed tech
nology such as IBRs (wind turbines and PV), BESS, and demand-side 
resources, combined with an energy management system [134]. For 
instance, the role of FFR from IBR is crucial for controlling frequency 
and preventing cascading failures in low-inertia systems [135,136]. 
Additionally, ESS can be used as a viable solution for providing FFR 
services. Nevertheless, the high cost of ESS remains a significant obstacle 
to its broader application in the power system [137].

FFR can be utilised to enhance system frequency control in low- 
inertia systems, considering the penetration level of non-SGs. For 
example, FFR can promptly detect frequency issues in low-inertia net
works, ensuring the system frequency remains within limits by keeping 
the frequency nadir and RoCoF at desired levels and reducing the sys
tem's reserve capacity, thereby contributing to operational cost savings 
[138]. Moreover, PV plants can be utilised as an optimal solution for FFR 
in a low-inertia power grid based on the de-loaded mode (operating 
below the maximum power point) to provide a reserve capacity that can 
be rapidly deployed as FFR during frequency instability to enhance 
system inertial response [139].

Similarly, a coordinated hybrid control strategy for a wind turbine 
generator and a BESS can provide high-performance FFR across all wind 
speeds, thereby enhancing AC system frequency stability and extending 
battery life for long-term operational applications [140]. Moreover, 
hierarchical online control scheme to optimally coordinate and dispatch 
deferrable loads (an electrical load that is not necessarily to be powered 
at a specific time but can be shifted to a later time when adequate power 
is available within a specific time range) and DERs in a distribution 
network to act as “virtual power plant” can be utilised for providing FFR 
ancillary services for the bulk power system in case of frequency events 
[141,142].

Fig. 9 illustrates the FFR mechanism in a low-inertia power system, 
comprising frequency disturbance detection, immediate response acti
vation, and frequency stabilisation and recovery.

4.2.2. Efficient DR programs
A DR program is one of the categories of demand side management 

(DSM) techniques, which has two further types: (i) Price-based DR, and 

Fig. 8. Frequency control arrangements for contingency events over time (adapted from [134]). PFCB is the Primary Frequency Control Band.
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(ii) Incentive-based DR [143,144]. Price-based DR involves various 
tariff structures that vary with electricity usage across periods and sea
sons. In contrast, incentive-based DR provides consumers with 
time-varying or fixed benefits rather than saving on the electricity bill. 
DR is considered a first option for power system frequency control, 
reducing power system spinning reserves and operational costs [145].

At the market level, efficient DR programs schemes, and aggregated 
flexible loads provide new pathways to buffer against network weakness 
by efficiently reducing demand during disturbance, controlling system- 
wide frequency, and ensuring energy balancing. For instance, in a multi- 
area power system, a decentralised DR combined with a wind power 
plant improves the system's frequency stability by reducing peak fre
quency excursions (frequency nadir) even under severe wind power 
fluctuations [146]. Similarly, a framework for frequency control in 
smart power grids can be implemented using DR and BESS through a 
transactive control system, which can improve the grid's steady-state 
and transient response to sudden perturbations in supply and demand 
balance by sending electricity pricing signals to the end-users [147]. 
Moreover, DR is the most cost-effective way to reduce high RoCoF and 
mitigate frequency regulation in PV-dominated power systems by 
managing controllable loads [148]. DR programs also encourage con
sumer participation in active distribution networks by adjusting their 
load patterns (flexible loads) in response to system uncertainties and 
real-time pricing signals from the DSO to maximise profits and improve 
distribution system performance [149]. An incentive-based DR program 
combined with BES can be utilised for frequency stability in a 
low-inertia isolated system via a direct load control mechanism under 
varying load and generation scenarios [150]. Similarly, DR programs are 

considered an efficient strategy for providing network congestion relief 
in the practical LV distribution networks [151].

To summarise and evaluate the control and mitigation strategies 
discussed for low-inertia power systems, Table 10 presents a compara
tive evaluation that can serve as a guideline for identifying suitable 
control strategies to cover evolving needs and system requirements.

5. TSO-DSO coordination

The widespread adoption of DERs, RES, and flexible demand at the 
distribution level has greatly changed the traditional hierarchy of the 
power system. Historically, the TSO role has been central to ensuring 
system reliability, balancing supply and demand, generating revenue, 
and providing ancillary services at the transmission level. In contrast, 
DSOs mainly focused on delivering secure power to end users, managing 
passive distribution networks, and ensuring customer satisfaction. 
However, with the decentralisation of power systems and paradigm shift 
of distribution networks from passive to active nature due to integration 
of a mix of resources, the DSO can now perform tasks that can signifi
cantly affect frequency, voltage, reserve capacity, and stability of the 
overall power system. This necessitates enhanced coordination between 
TSO and DSO to ensure widespread system reliability and flexibility, 
while efficiently utilising available resources. Fig. 10 presents a sche
matic representation of enhanced TSO-DSO coordination.

The coordination between TSO and DSO becomes essential to 
address operational issues such as congestion management, frequency 
regulation, and voltage stability, which can no longer be managed only 
at the transmission system level [152]. For example, DSOs have greater 
influence over flexibility resources, such as distributed storage systems, 
electric vehicles, and demand response, which can assist system-wide 
balancing when coordinated with the TSO. Similarly, DSOs need ac
cess to transmission-level options to ensure that local distribution con
straints are met. Congestions can be effectively managed through the 
coordination of TSO and DSO, utilising a two-stage operational planning 
approach based on day-ahead and real-time market operation [153]. In 
this approach, day-ahead planning can be vital in forecasting load and 

Fig. 9. FFR mechanism in a low-inertia power system.

Table 10 
Comparative evaluation of control and mitigation strategies in low-inertia systems.

Control Strategy Frequency 
stability

RoCoF 
mitigation

Virtual 
inertia

Ancillary 
services

Short circuit current 
contribution

Weak grid 
suitability

Scalability (HV/MV/ 
LV)

Synchronous 
compensators

✓ ✓ ✓ ✓ ✓ ✓ LV (limited)

Virtual synchronous 
machine

✓ ✓ ✓ ✓ ⨯ ✓ ✓

Grid-forming inverters ✓ ✓ ✓ ✓ ✓ ✓ ✓
Energy storage system ✓ ✓ ✓ ✓ ✓ ✓ ✓
Advanced adaptive 

protection
✓ ✓ ⨯ ⨯ ⨯ ✓ ✓

FACTS devices ⨯ ⨯ ⨯ ✓ ✓ ✓ LV (limited)
Fast frequency response ✓ ✓ ✓ ✓ ⨯ ✓ ✓
Demand response ✓ ✓ ⨯ ✓ ⨯ ✓ ✓

Fig. 10. Schematic representation of TSO-DSO coordination.
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RES generation scheduling for the next day to optimise the 
generation-load balance, minimise cost, and maintain grid stability. In 
real-time market operations based on day-ahead planning, TSO-DSO 
coordination can handle power system operations through proper 
market mechanisms [153]. For frequency control, the DSO's aggregated 
modelling of DERs at the distribution level can be effective for the TSO 
to understand the frequency response of the distribution system and 
provide the necessary frequency support. This approach can be effective 
considering an aggregated model of DERs and load in the distribution 
system as a single equivalent VSM with the power-frequency charac
teristics of the SG for frequency regulation [154]. A decentralised co
ordination between TSO and DSO for deploying and scheduling optimal 
reactive power exchanges includes sharing reactive power information 
across different time frames during operational planning [155].

Building on these principles, a practical TSO-DSO coordination 
framework could be implemented as a layered, interactive architecture 
system that relies on hierarchical decision-making and decentralised 
execution at the distribution level [156]. The TSO would establish 
system-wide operational boundaries, such as voltage limits, power ex
change capacities, and congestion thresholds at the trans
mission–distribution interface. Meanwhile, the DSO would be 
empowered to dispatch aggregated DER flexibility efficiently within 
these set boundaries, using local control schemes, optimisation methods, 
or market-based mechanisms. DSOs can then participate in the elec
tricity market and receive payment for the energy supplied to the 
transmission system [156].

However, such effective TSO-DSO coordination in a decentralised 
energy system is constrained by structural, regulatory, and technical 
gaps [157]. Moreover, another important challenge in TSO-DSO coor
dination is the lack of detailed modelling of transmission and distribu
tion networks. Existing techniques struggle to accurately model 
distribution networks within the transmission network's operational 
framework due to simplified power-flow representations and scalability 
challenges in optimisation-based models, especially when incorporating 
network-controlled assets (such as OLTCs) and numerous DERs [15]. In 
addition, most studies model MV networks while overlooking their in
teractions with LV networks, underscoring the importance of MV-LV 
interactions for comprehensive aggregate modelling of distribution 
networks [15,67]. Due to the limited observability of LV networks for 
network operators, they are often regarded as a black box within the 
power system, unlike transmission networks. Therefore, incorporating 
LV networks into the effective operational planning of power systems is 
of particular interest, as most decentralised generation and electrifica
tion will occur at the LV level [158]. Along with this, the future research 
activity is proceeding in different directions. The changing types of de
vices connected to transmission and distribution systems require new 
investigations into how to exploit advanced technologies to develop 
more effective mitigation actions in the event of network issues. In fact, 
DSOs lack sufficient operational measurement data to improve power 
system observability, attributed to technical limitations associated with 
legacy infrastructure (older grid systems), organisational barriers 
related to a lack of DSOs awareness and coordination challenges among 
stakeholders, regulatory requirements regarding data governance, 
financial investment constraints, and a shortage of skilled personnel 
required to implement and manage advanced monitoring systems [158].

This makes it difficult to detect and identify real-time violations of 
network constraints, hindering grid planning and operation. It also 
emphasises the need for standardised real-time data-sharing platforms 
that integrate measurements from PMUs at the transmission level, along 
with advanced metering infrastructure and DMS at the distribution 
level. Additionally, improved interoperability of devices, especially 
protection systems, is essential to prevent uncoordinated operations and 
mutual interference. This is crucial to reduce the risk of system de- 
energisation during contingencies, which could affect areas larger 
than necessary.

6. Conclusions

The conceptual views and discussions presented in this paper have 
highlighted the weaknesses of power system networks, particularly in 
low-inertia systems highly dominated by renewable energy and inverter- 
based resources. The article first analysed and identified the root chal
lenges and technical issues that the system faces, due to the progres
sively higher integration of these resources in the power system 
infrastructure, including declining rotational inertia support, high fre
quency deviations, voltage instability, low short-circuit ratio, high rate 
of change of frequency, reverse power flows, inability to maintain syn
chronism, low fault ride-through capability, and weakened protection 
system coordination. Then, the article has presented effective mitigation 
and control strategies ranging from traditional approaches like syn
chronous compensators, virtual synchronous machines, and energy 
storage systems to advanced solutions such as the inclusion of grid 
forming inverters instead of grid following inverters, advanced adaptive 
protection scheme, fast frequency response services, demand response, 
and FACTS devices and HVDC systems.

Moreover, the literature review reveals that numerous structural and 
operational factors, such as hosting capacity, grid integration of local 
generation and network reconfiguration, influence the strength or 
weakness of networks. Also, there are relevant differences between 
transmission and distribution systems due to the nature of the network 
impedances and short-circuit ratio. In transmission systems, frequency 
variations are mostly of a global nature, depending on system inertia, as 
well as voltage variations linked to reactive power support. In distri
bution systems, voltage and frequency variations are more influenced by 
local voltage and frequency perturbations, along with reverse power 
flows.

Additionally, from a regulatory point of view, the main directions are 
the definition of grid services that involve a larger set of providers, 
including demand-side resources and storage, and the standardisation of 
grid connection requirements for DERs, along with consideration of the 
coordination among the protection and control systems.

Finally, controlling and mitigating network weaknesses in 
renewable-rich and DER-dominated power systems requires coordinated 
planning at a scale beyond current TSO-DSO interactions and effective 
multi-level system modelling. Future research that supports TSO-DSO 
coordination will provide considerable benefits to the integration of 
procedures, practices, and tools to improve the operational performance 
of interconnected energy systems.
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[154] B. Barać, M. Krpan, T. Capuder, Aggregated model of an active distribution 
system for coordinated TSO–DSO fast frequency control, Sustain. Energy Grids 
Netw. 39 (2024) 101421, https://doi.org/10.1016/J.SEGAN.2024.101421.
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