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Abstract: The operation of a power system with 100% converter-interfaced generation poses several
questions and challenges regarding various aspects of the design and the control of the system.
Existing literature on the integration of renewable energy sources in isolated systems mainly focuses
on energy aspects or steady-state issues, and only a few studies examine the dynamic issues of
autonomous networks operated with fully non-synchronous generation. A lack of research can be
found in particular in the determination of the required amount of grid-forming power, the selection
of the number and rated power of the units which should implement the grid-forming controls,
and the relative locations of the grid-forming converters. The paper aims to address those research
gaps starting from a theoretical point of view and then by examining the actual electrical network
of an existing island as a case study. The results obtained from the investigations indicate specific
observations and design opportunities, which are essential for securing the synchronization and the
stability of the grid. Possible solutions for a fully non-synchronous operation of autonomous systems,
in terms of dynamic characteristics and frequency stability, are presented and discussed.

Keywords: microgrids; frequency control; grid-forming; 100% converter-interfaced generation;
virtual synchronous machine

1. Introduction

The continuous integration of generated energy from renewable energy sources is
significantly changing the operation paradigm of electrical power systems. This transition
process raises questions and challenges regarding the dynamic characteristics of the system
which expand beyond the classical definitions of stability, introducing the perspective
of power systems fully operated by 100% converter-interfaced energy generation [1–8].
In [3], the viability of an all converter-interfaced generation system operating at constant
frequency is investigated. The study considers grid-forming converters to enable the
grid operation at constant frequency, also taking into account power sharing between the
different sources in the system. The work in [4] presents a short-term voltage stability
assessment of the Great Britain synchronous area, demonstrating how the application of
the grid-forming control can improve the voltage stability of the system under 100% power
electronics interfaced generation. The work in [5] investigates the dynamic behavior of
the all-island Irish transmission system in the assumed scenario of 100% non-synchronous
generation. The study considers a virtual synchronous generator control scheme for the
grid-forming converters. The work in [6] formulates a small-signal model of isolated
electrical networks with 100% converter-interfaced generation, identifying the critical
factors for the determination of the converter-interfaced generation sources to be designated
as grid-forming. In [7], the influence of the load dynamics on converter-dominated isolated
power systems is examined, proposing control strategies to achieve operational scenarios
with 100% penetration of converter-based generation. The work in [8] presents a dynamic
analysis of an isolated power system where a single grid-forming unit is sized with a
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minimum required power capacity to ensure the stability of the system. The perspective
of fully non-synchronous generation can be particularly relevant for autonomous power
systems, such as microgrids and electrical networks of geographical islands. In this case, the
availability of renewable energy sources and the integration of energy storage systems can
accelerate the change, moving from a traditional synchronous nature of the system toward a
complete non-synchronous generation scenario [9–16]. The operation of an electrical system
involving exclusively generation sources interfaced through power electronics is expected
to be characterized by specific constraints and requirements, pushing for a re-thinking of
the overall characteristics of the system and new ways of designing them. In this context,
the specific capabilities which can be offered by the power converters are recognized
as key enablers for a successful transition to systems with 100% converter-interfaced
generation. Most of power converters are integrated in the systems with conventional
grid-following controls. In a system with only non-synchronous generation sources, the
converters are requested to provide all those services and supportive actions which have
been traditionally provided by synchronous machines. Grid-following controls can provide
voltage and frequency support to the system, with the implementation of specific additional
controls. However, for a system with 100% interfaced generation, the grid-following control
concept cannot sustain a stable and self-sufficient operation of the system. The power
converters are then required to have the specific capability of determining independently
voltage and frequency, and thus providing an inherent synchronization mechanism to
the system. Power converters with this particular capability belong to the category of
grid-forming: the basic characteristics of these controls is in fact to form the voltage with
controlled magnitude and angle, without the need for an already “formed” grid. Grid-
forming controls offer a wide range of fundamental features and applications, and for that
reason, this emerging control concept has attracted significant attention in recent years in
both academia and industry.

In general, it is possible to notice that there are some works in the literature dealing
with the topic of 100% converter-dominated power systems. These works usually refer to
standard benchmarking systems, and only very few refer to existing electrical networks.
There is therefore a need for more studies and analyses performed on actual power systems.
Another research gap is the dimensioning of the proportion between grid-following and
grid-forming in a fully non-synchronous electrical grid. In some works, only the interactions
between grid-following and grid-forming are studied, but the determination of the required
grid-forming power and the selection of the units which should implement the grid-
forming controls are not addressed. In addition, the location of the grid-forming converters
are typically fixed in the system, and the aspects related to the positions of the units
with grid-forming capabilities are not fully investigated. In this context, the oscillatory
stability and the damping characteristics of autonomous systems operated exclusively
with converter-interfaced generation are also other aspects which require further and more
specific investigations.

This work presents a study of the power–frequency dynamics for autonomous power
systems with 100% interfaced generation. To ensure a stable and reliable operation of
these systems, it is fundamental to assess which generation sources should be designated
to be grid-forming and which specific characteristics must be realized by the converters
controls. The design of a power system completely operated by interfaced generation
has not been yet fully explored. The main contribution of the paper is in proposing and
describing a possible approach for the design of autonomous power networks, with the
definition of a few basic principles specifically related to the power–frequency dynamics.
According to the given design principles, it is possible to determine how much grid-forming
power is required in an autonomous system, and the total amount of inertial effect which
should be synthetically provided by the interfaced generation sources. The next step of the
design would be then to determine how many converters should implement grid-forming
capabilities and where they should be located in the system. A possible approach to address
these points is presented in the paper, and it is based on the identification of the most
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relevant factors which can have a critical impact on the power–frequency dynamics of
the system. These aspects are identified by the formulation of the small-signal model
of an autonomous system, including multiple grid-forming units interconnected with
each other. The main aspects identified in the analysis are number and rated powers of
the grid-forming converters, location and mutual electrical distances between them, and
certainly relevant control parameters, such as the inertia time constant and the virtual
impedance. The assessment of the additional design requirements is realized through
the examination of the identified critical aspects for a specific case study: concepts and
investigation factors derived in the preliminary analysis are applied to the existing power
network of a Mediterranean island. The system of the island is considered in different
configurations, assuming a future scenario where the load demand is completely supplied
by converter-interfaced generation. The system is analyzed with a positive sequence RMS
simulation model, focusing on the interactions between the power–frequency controls of the
grid-forming converters. The capability of realizing a quick and successful synchronization
between the oscillating grid-forming converters is recognized in the analysis as the essential
aspect for the power–frequency dynamics of the system, suggesting the potential risk of
instability and indicating at the same time the opportunity for specific system design
and configurations.

2. Grid-Forming Models for Phasor RMS Simulations

The control schemes which belong to the category of grid-forming are various. Dif-
ferent control schemes and variations have been in fact studied and proposed in the
literature [17–24]. Two of the most common grid-forming controls are the virtual syn-
chronous machine (VSM) and the droop-based control. The VSM can be found in a variety
of control schemes and variations [25–29], and it is based on the emulation of the swing
dynamics of the synchronous machines. The droop-based control was originally designed
for converter-dominated microgrids and it provides grid-forming functionalities through
droop regulators for voltage and frequency [30–32]. The grid-forming control considered
in this work is represented in Figure 1. The angle control can implement either a virtual
synchronous machine scheme (Figure 2a) or a power-synchronization control (Figure 2b).
In the diagram, uc and δc are, respectively, magnitude and angle of the converter voltage;
uref and pref are the references for terminal voltage and active power; u and p are the
voltage and the power measured at the converter output; ωn is the rated angular frequency;
H is the time constant of the integral action responsible for the realization of the inertial
effect, while R is the gain applied on the frequency deviation realizing the droop control
for primary frequency reserve; Ku and Tu are, respectively, gain and time constant of the
given voltage control; Tpf and Tuf are the time constants of the low-pass filters applied on
the measurements.

The considered grid-forming control consists of two main parts, the angle control
loop and the AC voltage controller. The angle control provides the reference angle δc
for the internal frame transformations of the converter, and it realizes the fundamental
capabilities of the grid-forming control. For the VSM, the power-angle control implements
the emulation of the swing dynamics of synchronous machines, and it includes a droop
control on the frequency error. The integrator time constant realizes synthetically the
inertial effect physically provided by synchronous machines. The coefficient of the droop
control is instead equivalent to the frequency droop R of the turbine/governor connected
to synchronous machines. In the droop-based control, the power-angle control implements
a simple droop control on the deviation of the measured active power from the reference
value, realizing the intrinsic synchronization mechanism without the provision of any
inertial effect. It can be then easily demonstrated that the two considered formulations
of virtual synchronous machine and power-synchronization control become equivalent
when considering H = 0 and Ki = ωnR. The AC voltage controller provides the reference
magnitude uc of the voltage at the converter output for the internal generation of the
modulation index, and it implements a simple droop control on the deviation of the voltage
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measured at the converter terminal from the reference value. Since the simulation model
considered in this work is a dynamic model formulated in the phasor RMS domain, the
output variables uc and δc respectively determined by the two main control loops directly
provide the real and imaginary parts of the controlled voltage expressed in the common dq0
rotating frame of the system. The converter control also contains an intrinsic dependence on
the local measurement of electrical quantities such as voltage, current, and power. For that,
low-pass filters (LPF) are often added to filter out the noise, to avoid attaching to harmonics,
and to limit signal jumps. The measurements of voltage and active power are included
in the mathematical model passing the measured electrical quantity through a first-order
LPF with a given cut-off frequency. From the point of view of model implementation, the
equations describing the mathematical model of the overall power system are typically
referred to as a common per unit system with base power Sb = 100 MVA. The equations
describing the model of the interfaced generation source are instead usually expressed per
unit of the rated power Sr of the converter. It is, therefore, necessary to have a base change
as conversion between the two per unit systems.

Figure 1. Block diagram of the grid-forming control.

(a) (b)

Figure 2. Detail of the angle control block: (a) Virtual synchronous machine; (b) Power-synchronization
control.

The considered grid-forming model does not represent the DC side of the converter
and it does not include fast inner control loops for current and voltage regulation. These
assumptions were considered in the work since they are not expected to have a significant
impact on the frequency dynamics and generally on the slow transients of the system,
which are the main focus of the presented investigations.

The phasor RMS model used in this work is developed in the power systems analysis
tool NEPLAN [33]. The validation of the model to the specific purposes of the study is
made comparing the phasor RMS implementation with a detailed EMT dynamic model
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developed in the specialized toolbox Simscape of MATLAB/Simulink [34]. The results
are reported for comparison in Figure 3. It can be seen that a difference exists between
the RMS and the EMT implementations. However, the results of the simulation in the
two time domains indicate a substantial match for the considered events and time scales.
For investigations of frequency dynamics and slow transients, the phasor RMS models of
grid-forming converters appear therefore to be appropriate.
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(a) Virtual synchronous machine
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(c) Virtual synchronous machine
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(d) Power-synchronization control

Figure 3. Comparison and validation of grid-forming simulation models: (a,b) frequency transients
caused by the application of a power imbalance; (c,d) step in the active power reference of the
grid-forming controls.

3. Frequency Dynamics of a Fully Non-Synchronous Autonomous System

The main purpose of this section is the identification of the factors which can have
a critical impact on the frequency dynamics of an autonomous power system with 100%
converter-interfaced generation. These factors can be identified referring to a small-signal
model of the system and considering the representative case of coupled oscillators. The gen-
eral case of multiple grid-forming converters interconnected between each other is reduced
to a simple equivalent representation, focusing the analytical approach for the deriva-
tion of specific considerations about the frequency dynamics of a fully non-synchronous
autonomous system operated with grid-forming technologies.

3.1. Identification and Study of Critical Factors

The general case of an autonomous system with multiple oscillating grid-forming
units can be studied as a system composed by pairs of coupled oscillators (Figure 4a), and
then focusing the attention on a generic pair i-j of oscillating sources (Figure 4b).
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(a) (b)

Figure 4. Autonomous systems with multiple grid-forming units: (a) Outline of a generic multiple
oscillators electric system; (b) Pair of coupled oscillators belonging to the multiple oscillators system.

The active power exchanged between i and j can be expressed as:

pij = UiUjYij cos
(
δ − θij

)
(1)

where the difference between the two phase angles δi and δj is indicated as δ for compact
notation. In (1), θij is the angle of the complex impedance Żij representing the network
interconnection between the two oscillators:

Żij = Rij + jXij = Zije
θij (2)

This representation is general and it takes into account the resistive-inductive nature of
the grid interconnections which typically characterize small autonomous electric systems. It
is also important to note that the total impedance Żij between the coupled oscillators i and
j can include the impedances of the physical components interconnecting the two elements
and the impedances which can be virtually realized by the corresponding control systems.
For the study of small-signal deviations, the expression of the active power in (1) can be
linearized around an initial steady-state operating point characterized by δ0 as follows:

∆pij =
∂pij

∂δ

∣∣∣∣
δ0

∆δ = UiUjYij
(
− sin δ0 cos θij + cos δ0 sin θij

)
∆δ (3)

and then:
∆pij = UiUjYij sin(θij − δ0)∆δ = Ks∆δ (4)

The factor Ks can be referred to as the synchronizing coefficient between the oscillators
i and j, and it can be regarded as the expression of the elastic restoring torques between
pairs of coupled oscillating elements which enforce the synchronization [35].

The mathematical representation of the two oscillators in Figure 4b can be formulated
with different degrees of complexity and detail. Since the purpose of the work is the inves-
tigation of the frequency dynamics of the system, an analytical approach can be focused on
the equations governing the power-angle control of the considered sources. Proceeding in
this way, the system in Figure 4b can be described by the following mathematical system of
differential-algebraic equations:
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d∆ωj

dt
=

1
2Hj

(
∆prefj − ∆pji

Sb
Srj

− 1
Rj

∆ωj

)
(5)

d∆δj

dt
= ωn∆ωj (6)

d∆ωi
dt

=
1

2Hi

(
∆prefi − ∆pm

ij
Sb
Sri

− 1
Ri

∆ωi

)
(7)

d∆δi
dt

= ωn∆ωi (8)

∆pm
ij

dt
=

1
Tpf

(
∆pij − ∆pm

ij

)
(9)

∆pij = Ks
(
∆δi − ∆δj

)
(10)

∆pji = Ks
(
∆δj − ∆δi

)
(11)

where the active power exchanges ∆pij and the factor Ks are given by (4). In the mathemat-
ical representation of the oscillator i, Equation (9) has been additionally considered. This
equation represents the low-pass filter of the active power measurement included in the
grid-forming control (Figure 1). The mathematical model also considers the required con-
version between the common per unit system with base power Sb = 100 MVA and the local
per unit system of the element model with rated power Sr as base power. For the study of
the system given in Figure 4b, it is possible in fact to note that the oscillator i represents the
specific grid-forming converter, while the oscillator j describes a generic swinging element
characterized by a first-order dynamic. For the sake of a more straightforward notation,
the quantities related to the generic swinging element will be denoted with the subscript
g, while for the grid-forming converter the subscript c will be used. It is then possible to
express the small-signal model of the system (5)–(11) in a state-space formulation where
the matrix A and the state vector ∆x are given by:

A =



− 1
2HgRg

− Ks
2Hg

Sb
Sg

0 Ks
2Hg

Sb
Sg

0

ωn 0 0 0 0

0 0 − 1
2HcRc

0 − 1
2Hc

0 0 ωn 0 0

0 − Ks
Tpf

Sb
Sc

0 Ks
Tpf

Sb
Sc

− 1
Tpf


∆x =



∆ωg

∆δg

∆ωc

∆δc

∆pm


(12)

The first two rows of the matrix A correspond to the dynamic representation of the
generic swinging element, while the remaining rows correspond to the small-signal model
of the angle control of the grid-forming element (Figure 4b). From the coefficients of the
matrix, it can be immediately observed that they depend on:

• rated power of the grid-forming converter (Sc);
• inertial effect of the grid-forming angle control (Hc);
• frequency droop of the grid-forming angle control (Rc);
• time constant of the low-pass filter on the active power measurement (Tpf);
• the characteristics of the interconnections (Ks);
• strength of the network (Sg).

The computation of the eigenvalues of the matrix A can be performed to provide a
deeper insight on the possible impact of the factors listed before. In particular, the calcula-
tion of the eigenvalues can be iteratively repeated for a parametric analysis with a sweep
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of the identified relevant parameters. For the analysis, the parameter Sg characterizing
the strength of the network is fixed to three values: infinite bus, 1000 MVA, and 10 MVA.
The last two values can cover two possible conditions of autonomous electrical systems,
high strength (relatively large network, several oscillating sources) and low strength (small
network, limited number of oscillating sources). The infinite bus case is considered only for
the sake of comparison. All the other parameters are related to the grid-forming converter:
for them, a sweep in a typical range of values is considered. The results of the computations
are summarized in Figure 5.

(a) (b)

(c) (d)

(e) (f)

Figure 5. Plot of system eigenvalues for different parametric sweeps: starting from stars, ending
to squares. (a) Inertia Hc (0.01–10 s); (b) Droop Rc (0.01–0.1 pu); (c) Converter rated power Sc

(0.1–10 MVA); (d) Measurement time constant Tpf (0–0.05 s); (e) Impedance magnitude (0.1–10 pu);
(f) Impedance angle (0–90 degrees).

From the results, a first general observation is that the strength of the grid Sg has the
expected impact on the impedance magnitude and angle, and also on the sensitivities of
the grid-forming droop and of the measurement LPF time constant. The sensitivities of
inertial effect and converter rated power are instead marginally affected by the value of Sg.
From the plot of Figure 5a, it is possible to notice that an increase of the inertial effect has a
negative impact on the stability of the system. It can be however observed that a further
increase of the inertia Hc of the grid-forming eliminates the instability phenomenon, as is
indicated by the eigenvalues of the system coming back in the left-hand side of the plane.
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From the plots of Figure 5b,d, it can be seen that increasing the grid-forming droop Rc
and the time constant of the active power measurement filter Tpf can definitely determine
the instability of the system. From the plot of Figure 5c, it can be immediately observed
that small grid-forming converters can make the system unstable: since the grid-forming
must act as a reference for the system, a converter with a small rated power might not
be strong enough to contribute positively to the frequency dynamics. From the plot of
Figure 5e, it is possible to notice that an increase of the impedance modulus has a positive
impact on the stability of the considered oscillators system. This result suggests that a
grid-forming converter close to another oscillating source might experience difficulties for
successfully operating in stable conditions. The plot of Figure 5f examines the sensitivity
of the resistive-inductive nature of the network interconnections, sweeping from a purely
resistive grid (impedance angle 0◦) to a purely inductive grid (impedance angle 90◦). It
can be observed that the presence of a resistive component has a positive impact on the
stability of the system, contributing to a relevant increase of the damping.

In summary, the small-signal model of the controls governing the frequency dynamics
of a multiple oscillators system and the parametric analysis of the selected parameters
indicate a specific impact on the dynamics of fully non-synchronous autonomous networks,
suggesting a potential instability of the system under particular conditions. Certainly,
combinations and variations of the identified critical factors can determine specific results
and further considerations. This aspect will be addressed in the analysis of the case study
discussed in Section 5.

The root cause of the observed instability can be ultimately identified in the time
constant Tpf of the LPF applied on the active power measurement of the converter. This is
a known issue with LPF and active power control in grid-forming converters [36–39]. For a
better illustration of this issue, the simple case of a single oscillator connected to an infinite
bus can be used as illustrative example (Figure 6).

Figure 6. Small-signal block diagram for the study of a single oscillator dynamics.

In the diagram, the feedback pathway includes the representation of the network
interconnection with the coefficient Ks and the effects of the LPF on the active power
measurement. The components of synchronizing and damping coefficients due to network
interconnection and low-pass filter can be isolated employing a similar approach to the one
followed in the case of synchronous machines for the change in the electrical torque due to
field flux variations caused by angle changes [40]. The open-loop transfer function between
∆pm and ∆δ in the feedback pathway of the model can be expressed by:

∆pm

∆δ
= Ks GLPF = Ks

ωf
ωf + s

(13)

where ωf = 1/Tpf.
The transfer function in (13) can be regarded as the variation of ∆pm caused by a

change in the angle ∆δ. The expression in (13) can be rearranged multiplying numerator
and denominator by ωf − s, resulting in:

∆pm = Ks
ω2

f
ω2

f − s2
∆δ − Ks

ωf

ω2
f − s2

s∆δ (14)
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Recalling that the derivative of the angle is the frequency through s∆δ = ωn∆ω and
substituting s = jω in (14), the variation of ∆pm caused by a change in the frequency ∆ω
can be expressed by:

∆pm

∆ω
= −ωnKs

ωf

ω2
f + ω2

(15)

which represents the component of the damping coefficient due to network interconnection
and low-pass filter. The term given in (15) immediately indicates that the contribution
provided by the feedback component is negative, causing therefore a reduction of the
damping provided by the whole control. The reduction is clearly due to the presence of
the LPF on the feedback pathway of the system, and it is affected by the cut-off frequency
ωf of the filter. The magnitude of the reduction is also determined by the given oscillation
frequency ω and by the coefficient Ks. Recalling the dependence of the synchronizing
coefficients, it can be observed that small rated powers and close electrical distances would
result in severe damping reduction, possibly threatening the stability of the system. These
two factors have, therefore, an additional specific impact on the power–frequency dynamics,
referring in particular to the damping characteristics of the system.

3.2. Discussion about Stability and Damping

The factors identified in the previous sections are summarized in Table 1. The number
of oscillating grid-forming units connected to the system, their mutual distances and their
rated powers are main aspects which can affect the dynamic interactions during a frequency
transient. The characteristics of the grid-forming controls governed by specific parameters
such as the inertia time constant and the virtual impedances are also factors to consider,
since they certainly affect the power–frequency dynamics of the system. As observed in
the previous analysis, all these factors can have a critical impact on the system stability.
The aspects related to damping and oscillatory stability of power systems dominated by
power converters are addressed in several works [36–39,41,42]. In [41], it is remarked that
grid-forming controls should be properly implemented, as they could result in a poorly
damped closed-loop system. In [36], the effects related to LPF within the active power
loop of the converter control are analytically investigated and recognized as a potential
source of a critical lack of damping, leading to instability and loss of synchronization. Other
works and research propose specific solutions to this problem [37–39]. More generally, the
issue of damping provision by power converters is widely discussed in several papers
and technical reports [42–51]. While this article focuses on the frequency stability of an
autonomous system operated with multiple grid-forming converters, other various aspects
related to the dynamic interactions between grid-forming converters are addressed from
different points of view and hierarchical control levels [52–62].

Table 1. Investigation factors with critical impact.

Key Factor Description

Number and size Share of grid-forming converters and rated powers
Location Electrical distances and impedances
Control parameters Inertial effect and virtual impedance

4. Design Principles for Fully Non-Synchronous Autonomous Systems
4.1. Reference Hypothesis

The design of an autonomous system completely operated with interfaced generation
is an aspect which has been explored only in very few cases, often in the context of pilot
projects and experimental test cases. In general, the design objectives for an autonomous
system with 100% converter-interfaced generation can be various and are dependent on
the given characteristics of the system. In this work, a general design approach is proposed.
The method is a three-step procedure and it is focused on fundamental aspects of the
frequency dynamics, targeting both steady-state and transient frequency performance as
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design principles. As an initial step, it is fundamental to define a specific design hypothesis
for the system under planning. The purpose of this design objective is the determination
of a reference power imbalance ∆p∗, which will be used in the next steps of the design
process. The definition of a reference incident might be made according to several methods
and criteria. For instance, a possible design hypothesis for ∆p∗ could be the loss of the
biggest generation unit in the system, adopting an N-1 criterion. Another possibility could
be to assign ∆p∗ in the range of 3–5% of the maximum system load: a power imbalance
in that range is in fact already considered as a large disturbance for the system [63]. More
advanced techniques might be based on probabilistic methods, including considerations
about the availability of the generation sources interfaced by the converters. In this work,
the approach based on the designation of the reference power imbalance as percentage of
the maximum load of the system will be considered, fixing ∆p∗ to 5% of the maximum load.

4.2. Total Required Grid-Forming

One first point which should be surely addressed is how much grid-forming power
is required in an autonomous system. This point can be subjected to several different
constraints and addressed from several points of view. For instance, some works indicate
that there is a minimum amount of non-synchronous generation sources with grid-forming
capabilities required to guarantee the stability of the system [5,8,64]. To keep the design
process simple, the determination of the total required grid-forming is exclusively derived
for the realization of the given steady-state conditions on frequency dynamics, leaving
the consideration related to transient performance to the other design step. The design
principle will be then focused, in this case, on the realization of proper active power sharing
between the generation sources. This will also give an idea of the possible proportion
between grid-forming and grid-following units in the system. For the determination of
the total rated power, which must summed up by all the converters with grid-forming
capabilities, it is necessary to fix two design targets: the frequency deviation at steady-state
∆ f ∗s which should correspond to the reference power imbalance ∆p∗, and the frequency
droop gain R which will govern the power sharing of the grid-forming sources. The target
value of the frequency deviation at steady-state ∆ f ∗s can be fixed according to the grid code
specifications existing for the autonomous system under design. The value of the frequency
droop R is instead typically assigned in the range from 1 to 10% of the rated power of
the element: if the per unit frequency droop will be assumed equal for all the generation
sources participating in the primary reserve with the grid-forming control, a given power
imbalance in the system will be thus shared between them proportionally. For the design,
it is assumed that the other interfaced generation sources are operated as grid-following
without implementing any frequency droop control. This is a conservative assumption,
since in many cases grid-following units can participate in the primary reserve while
operating in frequency sensitive mode. For an autonomous system where the generation
sources are limited, it is, however, reasonable to think that some units will not be always
available for participation in the primary frequency control. For fixed values of the reference
power imbalance ∆p∗ and of the target frequency deviation at steady-state ∆ f ∗s , the total
required power S∗

tot can be expressed as:

S∗
tot =

fnR∆p∗

∆ f ∗s
(16)

Using (16), it is possible to determine the minimum total required amount of grid-
forming converters to match the steady-state performance design. The number of grid-
forming converters and the subdivision of the total required power between them are
aspects which can be determined according to additional constraints and further considera-
tions. For that, some insights will be provided by the investigations of the critical factors
for frequency dynamics described in Section 5.
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4.3. Total Required Inertia

Another point which should also be considered in the design concerns the transient
performance of the power–frequency dynamics of the system. The main aspects are the
total required amount of inertial effect, the maximum/minimum allowed instantaneous
frequency deviation and the maximum allowed absolute frequency rate. These aspects are
interrelated, since the inertial effect taking place in the very first instants of the transient
affect both the frequency rate and the instantaneous deviation of the frequency. The
design principle can be then focused on the realization of a predefined inertial effect,
synthetically provided by the interfaced generation sources which will be operated as
grid-forming. For the design, it is assumed that the other interfaced generation sources
operated as grid-following will not implement any synthetic inertia control. Like the case of
primary reserve, this assumption is conservative because grid-following units can generally
provide synthetic inertia through specific additional controls. For the determination of
the total amount of inertial effect which must be provided by the converters with grid-
forming capabilities, the approach can be based on the concepts of the center of inertia and
aggregated swing dynamics. Contrarily to large interconnected power systems, in the case
of autonomous networks, it is reasonable to assume that the dynamics of all the oscillating
elements can be concentrated at the center of inertia, with a unique coherent frequency
for the whole system. Two alternative design targets can be then fixed: the total required
inertia can be in fact determined either considering the maximum allowed frequency rate
or the maximum/minimum allowed instantaneous frequency deviation. While for large
interconnected systems both targets would likely require a complex and elaborated design
procedure, for small autonomous power systems the design can be easily kept simple in
both cases: if the target is either the limitation of the frequency rate or the containment of the
instantaneous frequency deviation, the possibility of assuming the dynamics of the system
concentrated at the center of inertia makes both design targets viable. In this work, the total
required amount of inertial effect will be determined assuming the maximum frequency
rate as design target. The alternative of considering the instantaneous frequency deviation
is discarded: since the frequency dynamics of a multiple grid-forming autonomous system
can be essentially characterized by a first-order dynamics, no significant differences between
instantaneous and steady-state frequency deviations are expected, and therefore the inertia
would only have a limited effect on this design target. For fixed values of the reference
power imbalance ∆p∗ and of the target frequency rate ρ∗max, the total required inertial effect
can be expressed in terms of total inertia constant H∗

tot as:

H∗
tot =

fn∆p∗

2ρ∗maxS∗
tot

(17)

Using (17), it is possible to determine the minimum required amount of inertial ef-
fect which should be provided by grid-forming converters to meet the specific transient
performance design. It is worth noting that the inertial effect synthetically provided by
grid-forming converters has also a particular impact on the synchronization mechanism
between the oscillating grid-forming generation sources, and consequently on the oscilla-
tory characteristics of the system. For that, some additional insights will be provided by
the investigations of the critical factors for frequency dynamics described in Section 5.

5. Case Study: Application to the Existing Power System of a Mediterranean Island

The system considered as case study is the medium voltage network of Pantelleria,
an island in the Mediterranean sea. The total demand of the island strongly depends on
the period of the year, and it varies from a minimum of around 4 MW to a maximum of
around 8 MW. The load demand is currently supplied by a thermal generation power plant,
composed by diesel generators and located close to the urban center. The island is therefore
dependent on external sources of energy. The power is delivered to the loads through four
main feeders, all departing from the thermal power plant. The total lengths of the medium
voltage feeders span from 14 km for the longest lines to 4 km for the shortest. The lines
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are mainly cables, with resistance in the range 0.33–0.47 Ω/km, reactance 0.23–0.31 Ω/km
and capacitance 0.1–0.24 µF/km. There are only a few photovoltaic plants installed in
the system, mainly in the urban center: the total active power is around 300 kW, so the
photovoltaic plants represent just a minor generation share over the total load of the island.
A schematic outline of the system is shown in Figure 7.

Figure 7. Current network scheme of Pantelleria island, with selected nodes in the 4 feeders.

The autonomous system of the island is then imagined in future operating conditions,
characterized by the complete phase out of all synchronous machines of the diesel power
plant and the corresponding integration of the necessary amount of renewable power
generation to guarantee the load supply. In the considered scenario, the electric system
of the island would be therefore powered by 100% converter-interfaced generation. This
scenario is then formulated in several different potential combinations and configurations.
The interfaced generation sources integrated in the system of the island will vary in
number and rated power, they will be assumed to be installed at different locations across
the system, and they will either implement a grid-following or a grid-forming control,
considering also different tuning of the control parameters. All the particular combinations
and configurations will be adapted depending on the aspects to be investigated. For an
efficient management of all the various system configurations and simulation cases, the
handling of the calculations is automated with a stand-alone application written in C#.
The utility accesses externally the functionalities of the powers systems analysis software
NEPLAN [33] by calling the available APIs of the software. The application makes then
possible to manage all the elements and the models of the system in a custom-defined and
automatic way, run consecutive simulations programmatically and post-process the results
for statistics. For the simulations, the power system of the island is represented with a
positive sequence RMS dynamic model. The models of the converter-interfaced generation
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sources are implemented according to the control structure presented in Section 2, and
they are developed as user-written dynamic models with SYMDEF (SYMbolic DEFinition),
proprietary modeling language of NEPLAN. In all the considered configurations, the power
system is simulated in perturbed conditions, characterized by an uniform disturbance
identically applied to all the loads of the network. For that, a step change of ∆pd = 1% in the
initial active power of all the loads is applied in the time-domain simulations. The value of
the load step is selected as a relatively small perturbation for the system, considering that a
load change in the range 3–5% is already regarded as a large disturbance [63]. Moreover,
the approach of considering a uniform distributed disturbance for all the loads allows to
investigate the effects of different percentages and locations of non-synchronous generation
sources with inertial and damping capabilities on the system dynamics [65]. For the
simulation model, the parameters have the following default values: H = 2 s, R = 0.05 pu,
Ku = 1 pu, Tu = 0.001 s, Xv = 0.1 pu, ωf = 100 rad/s.

5.1. System Design for Frequency Dynamics

The design of the power system of Pantelleria island for a future scenario with 100%
converter-interfaced generation can be made according to the methods introduced in
Section 4. The maximum load of the system is Pmax = 8.1 MW, observed in the summer
season due to the influx of tourists. The reference power imbalance ∆p∗ can be then
calculated as 5% of the maximum load, resulting in ∆p∗ = 0.05·Pmax = 400 kW. For the
frequency control, it is decided to fix the frequency droop to 5% for all the generation sources
participating in the primary reserve. The aggregated frequency droop R is thus equal to
R = 5/100 = 0.05 pu, in per unit of the given grid-forming converter rated power. The
design targets are the steady-state frequency deviation, fixed to ∆ f ∗s = 50 − 49 = 1 Hz, and
the maximum absolute value of the frequency rate, fixed to ρmax = 5 Hz/s. Applying (16)
with all the previous values for the design targets, it is possible to calculate the total amount
of rated power S∗

tot which should implement grid-forming capabilities as:

S∗
tot =

fnR∆p∗

∆ f ∗s
=

50 × 0.05 × 0.4
1

= 1 MVA (18)

Applying (17), it is possible to calculate the total amount of inertial effects in terms of
inertia constant H∗

tot which should be guaranteed in the system approximately as:

H∗
tot =

fn∆p∗

2ρ∗maxS∗
tot

=
50 × 0.4
2 × 5 × 1

= 2 s (19)

The calculated value of S∗
tot represents the minimum total amount of grid-forming con-

verters required to guarantee the steady-state frequency performance, while the calculated
value represents the total inertial effect which should be provided by the grid-forming
converters to meet the specific transient performance assumed as design target.

5.2. Impact of Size

The impact of the size of grid-forming converters is investigated with the following
system configuration: only two interfaced generation sources are operated as grid-forming
units, while all the remaining interfaced generation sources are controlled as grid-following.
The two grid-forming units are connected at the nodes A-01 and A-05, at locations close
to the same feeder (Figure 7). Different combinations of the rated powers of the two grid-
forming converters are examined. The first combination considers two big grid-forming
units, both with rated power Sr = 4 MVA. The second combination considers instead
two relatively small grid-forming units, with rated power Sr = 1 MVA each. Finally, the
third combination considers a big and a small grid-forming units, with Sr = 4 MVA and
Sr = 1 MVA, respectively. In this analysis case, the size of Sr = 4 MVA is considered to be a
big generation unit in comparison with the total load of the system (Pmax = 8.1 MW), while
the size of Sr = 1 MVA is assumed to be instead a small generation unit as conventionally
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equal to or smaller than about 10% of the total load. The simulation of the described system
configurations give the results shown in Figure 8. The results indicate that small grid-
forming units in an autonomous system might lead to a detrimental oscillatory instability.
In fact, it can be noticed that two small units are not capable of realizing a successful
synchronization in the system. In other words, the small sized grid-forming units are
not strong enough to impose the frequency of the voltage at their terminals, and having
comparable sizes, they will “compete” with each other for synchronism without success.
It can also be observed that it is not only the rated power of the single oscillating grid-
forming converter which matters, but it is rather the ratio between the rated powers of
the grid-forming units involved in the oscillations which can have a significant impact. In
the case of one big unit and one small unit, the system response is in fact unstable. The
phenomenon of the oscillatory instability is mitigated and eventually compensated for by
bigger sizes of the grid-forming converters: for the given system configurations with two
big sized grid-forming units, the system response is stable. In that case, the oscillating
units are strong enough to sustain a reference frequency for the terminal voltage, thus
contributing to a successful synchronization process.
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Figure 8. Impact of size of grid-forming units.

5.3. Impact of Number

The impact of the number of grid-forming converters is investigated with the following
two configurations. In the first configuration, only four relatively big converter-interfaced
generation sources are connected to the network, representing the whole generation of
the system. All four converter-interfaced generation sources implement grid-forming
capabilities, and they have a rated power of Sr = 2 MVA each. The four grid-forming units
are assumed to be connected in the middle of the four feeders of the network, located
not too close to each other. In the second configuration, 80 small converter-interfaced
generation units are distributed all across the autonomous system, with a rated power of
Sr = 100 kVA each. All the generation units are controlled with the grid-forming scheme:
almost every medium voltage substation of the network has, therefore, a generation source
with grid-forming control. In both configurations, the grid-forming units cover the total
load demand of the island, providing also the same amount of inertial effect. The two
configurations are then equivalent from the point of view of generated power, total rated
power and total inertial effect. The results of the time-domain simulations are shown
in Figure 9. It can be immediately observed that an high number of small grid-forming
converters puts the system at the edge of the stability, generating sustained oscillations in
the transient response after a perturbation. The system does not experience the oscillatory
instability in this case because the distribution of oscillating grid-forming units across
the grid is so dense that they are very close with each other, and therefore able to reach
the synchronism. If instead the grid-forming capabilities are provided by a few units
concentrated in the network, the dynamic behavior of the system is stable and exhibits
better transient performance. The results confirm then the observations made about the
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impact of the rated power of grid-forming units, indicating the opportunity of having only
a few big generation units operated as grid-forming, instead of many small oscillating
grid-forming distributed in the system.
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Figure 9. Impact of number of grid-forming units.

5.4. Impact of Location

The impact of electrical distances and mutual locations between grid-forming con-
verters is investigated with the following system configurations. The first configuration
considers three grid-forming units installed at the most close locations in the grid: the
selected nodes with the grid-forming controls are then A-01, B-01 and C-01 (Figure 7). The
second configuration considers the same three grid-forming units installed at the most dis-
tant locations between each other: the selected nodes are in this case A-30, B-3-20 and C-10.
The third configuration considers two of the three grid-forming units installed close to each
other, while the third grid-forming unit is connected far from the other two. The selected
nodes are in this case A-01, B-01 and C-10. The fourth and last configuration considers two
of the three grid-forming units installed at very distant locations from each other, while
the third grid-forming unit is connected in an intermediate position between the other two.
The selected nodes are in this case A-30, B-01 and C-10. In all the configurations, the grid-
forming units have a rated power of Sr = 2 MVA each. The simulation of the four system
configurations give the results shown in Figure 10. The results indicate that the location of
the grid-forming units can have a critical impact on the oscillatory stability of the system.
It can be in fact observed that when two or more oscillating grid-forming converters are
electrically close in the network, they might not be capable to realize the synchronization,
“competing” with each other through sustained oscillations and eventually leading to the
instability of the system. In the case of grid-forming units electrically far from each other,
they can successfully reach the synchronism and the response of the system is stable. It
can be additionally observed that the case of a grid-forming converter in an intermediate
position between the other two grid-forming distant from each other shows some initial
oscillations at the beginning of the frequency transient (yellow line in Figure 10), indicating
already an alteration of the power–frequency dynamics of the system. It is clear that the
location of generation sources is subject to several constraints, and it is not a factor of free
decision in the system operation. However, the understanding and the considerations
about the impact of electrical distances between grid-forming converters might be use-
ful in supporting a more careful selection and design of the converters implementing a
grid-forming control in autonomous power systems.
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Figure 10. Impact of location of grid-forming units.

5.5. Impact of Inertial Effect

The most relevant parameter of the considered grid-forming control is the time con-
stant of the first integrator. This parameter is in fact responsible for the realization of
the inertial effect provided by the control, and it also significantly affects the inherent
synchronization mechanism between grid-forming units. The impact of the inertial effect
provided by the control is investigated considering again the case of three grid-forming
units connected at the most close locations in the system, and performing a parametric
analysis by simulating the system with different values of the inertia time constant H. The
considered values are the inertia constant of the base case (H = 2 s), and then four times
smaller (H = 0.5 s) and four times bigger (H = 8 s) inertia constants. The simulation results
are shown in Figure 11. The base case with H = 2 s corresponds to the instability observed
in the previous section, when the grid-forming units are electrically near and they swing
against each other without reaching a successful synchronization. For the same system
configuration, if the inertia time constant of all the grid-forming converters is reduced by
reducing the constant H, the control actions become faster and more damped, realizing
a swift synchronization between the oscillating units. With the reduction of the inertial
effect, the implemented control approaches the zero-inertia grid-forming model proposed
in [20,28], and it would also correspond to other inertia-less grid-forming schemes, such as
the power-synchronization control or droop-based controls without low-pass filters [21,66].
In the simulated case, a reduced inertia time constant of H = 0.5 s can already ensure a stable
transient operation of the autonomous system. If instead the inertial effect is increased
by increasing the time constant H of the integrator, the phenomenon of the oscillatory
instability becomes mitigated for as well. For the simulations, a value of H = 8 s has been
considered. In this case, the increased inertial effect makes the control actions slower,
introducing a sort of temporal margin which gives flexibility in the synchronization process
between the grid-forming units. The response of the system in this case would be still
oscillatory, with the tendency to stabilize. From the results, it appears the possible existence
of a range of inertia time constant, where the oscillating grid-forming units with given rated
powers engage themselves increasing oscillations, eventually leading to the instability of
the system.

Given the recognized relevance of the inertial effect on the frequency dynamics of
the system, a more detailed analysis is dedicated to the impact of this factor, considering
four additional simulation cases. The configuration used to investigate the impact of
different rated powers of the grid-forming units is here analyzed again, assuming different
values of the inertia time constant. Two grid-forming units are then connected at relatively
close locations in the grid (nodes A-01 and A-05 in Figure 7), considering different values
and combinations of the rated powers. The results of the time-domain simulations are
summarized in Table 2. To complete the previous considerations, it can be further observed
that the reduction of the inertial effect is more effective when applied to grid-forming unit
with relatively big rated power, or, in a specular way, that the increase of the inertial effect
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producing a temporal lag as margin for synchronization is more effective when applied to
grid-forming units with relatively small rated power.
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Figure 11. Impact of inertial effect in grid-forming converters.

Table 2. Impact of rated powers and inertial effect.

Sr (MVA) System Response

GFM1 GFM2 H1 = H2 H1 � H2 H1 � H2

1 1 unstable marginally stable marginally stable
4 4 stable stable stable
1 4 unstable marginally stable stable
4 1 unstable stable marginally stable

It is worth observing that the proposed methodology for the determination of the total
amount of inertial effect can be effectively used for the realization of the desired design
target, with the containment of the frequency rate within a given maximum value, but
the oscillatory characteristics and the power–frequency control of the system can be also
significantly affected. For that, more elaborated design techniques of the inertial effect
could be applied.

5.6. Impact of Virtual Impedance

The virtual impedance of a grid-forming scheme is another control parameter such as
the inertia time constant which can have a significant impact on the dynamic response of
the system [67–69]. As with what was achieved for the inertia time constant, the impact
of the virtual impedance is investigated considering the case of three grid-forming units
connected at the most close locations in the system, performing a parametric analysis with
different values of the virtual impedance Xv implemented in the control. The simulation
results are reported in Figure 12. The base case with Xv = 0.1 pu corresponds to the
phenomenon observed studying the impact of location, when the grid-forming units are
electrically near and they swing against each other eventually leading to the instability of
the system. If the virtual impedance Xv is increased, the grid-forming converters become
virtually more distant, the positive effect of long electrical distances is emulated, and the
power–frequency dynamics of the system becomes stable. In this case, the increased virtual
impedance makes the couplings between the oscillating grid-forming units looser, enabling
a more flexible synchronization process. According to the previous considerations, the
increase of Xv determines in fact a reduction of the synchronizing coefficients Ks. This
reduction however is not critical for the frequency dynamics of the system, but it rather
introduces a sort of elasticity which allows the grid-forming units to successfully reach the
synchronism after a perturbation. The difference observed in the steady-state frequency
between the two cases with different virtual impedances is related to the self-regulating
effect of the loads: the implementation of a virtual impedance modifies in fact the voltage
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control realized at the terminal of the converters, and consequently the loads produce
different changes in the power according to the different values of the voltage.
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Figure 12. Impact of virtual impedance in grid-forming converters.

5.7. Impact of Control Strategy

The possible contribution of converter-interfaced generation sources implementing grid-
supporting controls is investigated considering two critical cases identified in the previous
analyses. As observed, the realization of the inertial effect in grid-forming controls through
an internal synthetic oscillator can significantly affect the power–frequency dynamics
of an autonomous system. If the inertial effect is reduced, the control action of the grid-
forming converters becomes faster and all the oscillating units can rapidly reach a successful
synchronization between each other. Implementing inertia-less grid-forming schemes such
as droop-based controls, the frequency dynamics of the system would be clearly stabilized.
However, a given amount of inertia might still be required. A possible alternative for the
realization of the inertial effect would be to call the other grid-following units to participate
in the power–frequency dynamics of the system. This category of converters control
can in fact realize the synthetic inertia in different ways, i.e., emulating the principle of
synchronous machines through derivative-based methods on the frequency acquired by
the phase-locked loop, but in any case without the need for including a grid-independent
internal oscillator in the control. This possibility is here investigated for two different
system configurations.

In the first configuration, the system includes only two grid-forming units, with
relatively small rated powers and connected at close locations in the network. The two
units have a rated power of Sr = 2 MVA each, and they are connected at close locations
to the same feeder (A-01 and A-05 in Figure 7). As seen, small rated powers and short
electrical distances can have a critical impact on the frequency dynamics of the system. In
contrast to the previous simulation cases, the grid-following units are assumed this time to
be capable of supporting the grid with specific frequency services. For that, they implement
a derivative-based control to synthetically provide an inertial effect in the dynamic response.
The analysis is performed for different values of the inertia provided by the grid-supporting
units. The simulation results are shown in Figure 13. It can be immediately observed that
the exclusion of the inertial action from the grid-forming controls has a positive effect on the
power–frequency dynamics of the system, allowing a successful synchronization between
the oscillating grid-forming units. The provision of inertial effect by the grid-supporting
units does not undermine the oscillatory stability of the system, but it rather contributes
positively to obtain the required performance in the frequency dynamics.
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Figure 13. Contribution of grid-supporting controls with two grid-forming converters.

In the second configuration, many small grid-forming units are distributed across the
system, amounting to the 30% of the total required generation. As seen, a high number of
grid-forming with small rated powers is a critical condition for the frequency dynamics
of the system. The system includes only one grid-forming unit relatively bigger than the
other, connected to guarantee an appropriate primary reserve. The small units have a
rated power of Sr = 100 kVA each. Similarly to the previous case, the interfaced generation
sources implement a grid-supporting control scheme, with the capability of providing
synthetic inertia to the system. The analysis is performed for different values of the inertia
provided by the grid-supporting units. Even if this configuration is less likely than the first
one, it is reported in the analysis for the sake of completeness. The simulation results are
shown in Figure 14. The results basically confirm the opportunity of including inertia-less
grid-forming units in the system. In this case, the grid-forming units are assigned the task
of realizing an effective synchronization process through fast control actions. The task of
providing the required inertial effect is left instead to the grid-supporting units, ensuring a
stable frequency dynamics of the system.
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Figure 14. Contribution of grid-supporting controls with many grid-forming converters.

6. Conclusions

The power–frequency dynamics of autonomous systems with 100% converter-interfaced
generation has been analyzed, starting from a theoretical point of view and then exam-
ining the existing electrical network of Pantelleria island as a case study. For a fully
non-synchronous operation of the system, basic design principles for the determination of
the required amount of grid-forming power are proposed and applied to the case study.
The considerations obtained from the investigations and the possible solutions for a fully
non-synchronous operation of autonomous systems can be summarized as follows. The
selection of a few big units with grid-forming capabilities appears to be generally prefer-
able. The few selected grid-forming must be ideally reliable sources with relatively high
rated powers, such as storage systems or large wind power plants. Small grid-forming
converters might not be able to effectively synchronize with each other, since they would
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not be strong enough to impose the frequency at their terminals. Many small grid-forming
units distributed across the system might introduce sustained oscillations and experience
critical issues in the synchronization process, competing for synchronism with each other
and in the worst cases leading to the instability of the system. For the units implementing
the grid-forming control, electrical distances and relative locations in the grid, fast control
actions and the reduction of the inertial effect are all recognized as essential aspects for
securing the synchronization and the stability of the system. For a good system design,
grid-forming units should implement fast control actions with small inertial time constants,
while the required inertial effect could be provided by grid-following units participating in
the frequency control.

It is finally worth underlying the importance of this kind of study from the perspective
of a full and effective integration of renewable energy sources on small islands. Indeed,
studies in the literature are mainly focused on energy aspects or steady-state issues (power
losses, voltage regulation, etc.) related to the integration of renewable energy sources
in isolated systems, and only a few authors discuss the dynamic issues of fully non-
synchronous autonomous networks. The proposed study aims to address some of the
research gaps discussed in the introduction, and it demonstrates that much effort must
still be made in the definition of an effective way to size and design autonomous systems
dominated by converter-interfaced generation, while preserving their stability and security
of supply.
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