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A B S T R A C T

The article illustrates the wide-synchronization control, a novel wide-area control for general application
to inverter-based resources. The principle is first introduced from a theoretical point of view, including a
mathematical proof of the concept, a technological assessment of grid-following and grid-forming converters
as actuators, and the examination of the effects of the latencies. The wide-synchronization control is then
demonstrated with the application to two case-studies, the standard two-area benchmark system and the large-
scale European power system. Analysis and results indicate that the proposed control can remarkably improve
the dynamic characteristics of the system, securing a stable operation with a high degree of flexibility and
even under critical conditions.
1. Introduction

Modern power systems are evolving towards high integration of
renewable energy sources, with massive penetration levels of power
converters technologies, heavily stressed operating conditions, and in-
creasing vulnerability against contingencies. In this rapid transforma-
tion, expansion and reinforcement of the system struggle to keep the
same pace. Power systems are then experiencing considerable chal-
lenges, especially related to major stability issues. In this context,
power system oscillations are an essential aspect which has to be
addressed [1,2]. System oscillations are generated as a characteristic
of interconnected power systems and power transfer operations, and
must be contained since they can degrade the capabilities of the system.
In worst cases of poorly damping conditions, these oscillations can
even cause the instability of the system, leading to partial or total
power outages [3]. The use of local controllers such as the power
system stabilizers (PSSs) connected to synchronous machines is of-
ten not sufficient to damp the inter-area oscillations in the system.
Wide-area damping control is an alternative and modern solution to
effectively damp system oscillations, supported by recent advancements
in the wide-area measurement system (WAMS) and increasing inte-
gration of phasor measurement units (PMUs) in the system [4,5].
The conventional actuators of wide-area control schemes are the PSSs,
with the provision of supplementary damping control signals. Recently,
with the development and the integration of power converters, other
technological solutions have been considered as wide-area control ac-
tuators, such as flexible AC transmission system (FACTS) devices, high
voltage direct current (HVDC) stations, renewable-based power plants
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and storage systems [6]. The three main types of actuators, i.e. PSSs,
FACTS and HVDC, present both advantages and disadvantages [7–9].
PSSs and FACTS are widely used in power systems, and they also
offer a high control efficiency. However, both PSSs and FACTS provide
damping indirectly, by controlling voltage and reactive power. HVDC
systems have the advantages of directly controlling the active power,
with fast and flexible control actions, offering also a large adjustable
capability. HVDC systems, however, are not distributed in the power
system as PSSs controllers of synchronous machines and FACTS devices,
and the damping performances might be affected by their locations.
Several works in literature address different types of wide-area control
actuators. For instance, application and design of a STATCOM-based
wide-area damping control is discussed in [10]. Doubly fed induction
generators of wind power plants are used as actuators in the wide-
area control presented in [11]. The wide-area control proposed in [12]
implements a coordination between the HVDC controller of doubly
fed induction generators and FACTS devices. A wide-area damping
controller based on thyristor controlled series compensators (TCSC) is
presented in [13]. The wide-area control discussed in [14] considers
wind power plants and superconducting magnetic energy storage with
damping controllers. The application of a static VAR compensator
(SVC) as actuator of a wide-area damping control is discussed in [15].
A wide-area control employing the energy storage systems represented
by large-scale fleet of electric vehicles is proposed in [16].

Although various possibilities have been studied, a research gap
exists in the definition of a common wide-area control for application
to different technologies and different types of actuators. Also, the
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emerging technology of grid-forming control for power converters has
not been considered for application in wide-area damping controls.

1.1. Novelty and contribution

Inverter-based resources can support the system for different as-
pects, such as frequency control and local damping provision. This
work investigates the application of inverter-based resources to a novel
wide-area control scheme, presenting a general and comprehensive
formulation. The definition of the proposed concept is intended for
general application to the inverter-based resources in the system. The
concept is denominated wide-synchronization control (WSC), and it
basically relies on a reference frequency signal as main feedback of the
control. The reference frequency is provided as remote signal to the
resources participating in the control, and it is ultimately used to de-
termine a transient adjustment of the active power of the inverter-based
resources. This wide-area control concept can be implemented both on
grid-following and grid-forming control structures. For that, the article
resumes the work of the authors in [17], presenting an alternative
implementation of the WSC for general application to any inverter-
based resource. In the previous works of the authors, the focus was the
grid-forming technology, and the WSC was implemented as an internal
modification of the synchronization control loop of the grid-forming
converter. In this work, an alternative formulation of the WSC concept
is presented, relying on an independent external control block rather
than an internal modification of the control structure, thus leading to a
general application of the WSC to any inverter-based resource. For that,
an original theoretical formulation not present in existing literature is
provided. In comparison with previous works, the novelty of this paper
can be therefore summarized in the following points:

• generalization of the proposed concept, extending to any inverter-
based resource;

• theoretical definition of the damping coupling concept, as the
driving force of the proposed control;

• analytical investigation of the effect of the latencies, with partic-
ular focus on the root causes;

• comprehensive demonstration of the capabilities of the concept,
also under critical conditions.

The proposed concept is particularly addressed to Transmission
System Operators (TSO), but also inverter manufacturers and power
plant owners can be related, as this control action might be a service
specified by grid codes and possibly subject to a remuneration scheme.

1.2. Organization

The remaining part of the paper is organized as follows. Concept
and main characteristics of the proposed control are presented in
Section 2. A technological assessment about relying on grid-forming
or grid-following power converters as wide-area actuators is provided,
describing advantages and disadvantages of both solutions. The con-
cept is then discussed from a theoretical point of view in Section 3,
illustrating the mathematical background and providing a deep insight
about the principles of the control. Section 4 addresses the impact
of latencies and time delays on the WSC with a formal analysis, also
providing a representative example. The theoretical considerations are
demonstrated with two different case-studies in Section 5, considering
the standard two-area benchmark system and the large-scale model of
the European power system. In Section 6, open points and possible
further research are finally discussed.

2. Wide-synchronization control

2.1. General concept

The concept of the WSC substantially consists in a transient change
of the active power output of the inverter-based resources. The tran-
sient change in the active power is determined according to the differ-
2

Fig. 1. Implementation of the WSC in a grid-following control structure.

Fig. 2. Implementation of the WSC in a grid-forming control structure.

ence between the local frequency measurement and a remote reference
frequency, which should represent the average behaviour of the power
system. The basic idea is resumed from the concept developed by the
authors in previous works [17–19]. The principle of the WSC can be
ultimately summarized by:

𝛥𝑝∗ = 𝐾𝑤
(

𝑓sys − 𝑓
)

(1)

where 𝛥𝑝∗ is the change in active power locally realized by the inverter-
based resource, 𝐾𝑤 is the control gain, 𝑓 is the local frequency, and 𝑓sys
is the remote reference signal provided by a computation unit of the
wide-area control. According to the principle of the WSC, the reference
signal 𝑓sys should correspond to the average frequency of the system,
and it is generally given by:

𝑓sys =
1
𝑁𝑚

𝑁𝑚
∑

𝑚=1
𝑓𝑚 (2)

where 𝑁𝑚 is the number of frequency measurements, sent to the
computation unit of the wide-area control for the determination of
the average value. Independently on the given control structure of the
inverter-based resources, the reference setpoint of the active power can
be then adjusted according to (1), for the actuation of the proposed
control. The inverter-based resources participating in the WSC control
can be either controlled with grid-following or grid-forming strategies.
These two technologies are extensively studied and compared [20], also
in terms of damping and power system oscillations [21–23]. Figs. 1 and
2 show the block diagrams of possible grid-following and grid-forming



International Journal of Electrical Power and Energy Systems 160 (2024) 110086M.G. Ippolito and R. Musca
Fig. 3. Illustration of the proposed wide-synchronization control.
control structures, respectively. In the diagrams, the implementation of
(1) within the active power controller of the two fundamental control
strategies is delineated with shaded areas.

Although the implementation of the WSC can be achieved relying
on both technologies as actuators, some fundamental differences can
be pointed out. The first and main difference is that the grid-forming
offers the direct availability of the terminal frequency within the active
power control, whereas the grid-following requires the acquisition of
the local frequency through the use of a phase-locked loop (PLL). Ad-
ditionally, the grid-forming control implements by default an intrinsic
power-frequency control relationship within the synchronization loop,
while the grid-following control tracks the frequency changes from
the grid independently of the active power control. Another important
difference is that grid-forming converters are generally faster than grid-
following, and the grid-forming control has the potential of providing a
better damping contribution to the system. In the comparison between
the two technologies, it is important to remark that the grid-following
technology is a well-established standard for the control of power
converters, and it is widely present in existing power systems. The grid-
following technology is therefore suitable for a prompt implementation
of the WSC. The grid-forming, instead, is an emerging technology, and
especially in the case of interconnected power systems, there are very
3

few grid-forming resources in operation. The grid-forming technology,
however, is rapidly advancing and it is expected to play soon an
essential role in the operation of the power systems. The choice of the
control technology for the converters actuating the proposed WSC has
therefore both advantages and disadvantages, and it might also driven
by other factors depending on each specific case.

2.2. Architecture details

The architecture of the proposed WSC for a system-wise implemen-
tation is illustrated in Fig. 3.

In the proposed architecture, a central computation unit is respon-
sible for the determination of the reference signal 𝑓sys, corresponding
to the average frequency of the system. For sake of illustration of the
concept, the case of a single computation unit for the entire system is
considered. Alternative architectures with multiple computation units
for each area of the system are however possible: this decentralized
control architectures will be the focus of future research, as also com-
mented later in the article. The reference signal 𝑓sys computed by the
central unit is sent to the inverter-based resources involved in the con-
trol, which can be controlled either in grid-following or in grid-forming
mode. The central unit computes 𝑓 processing a given number of
sys
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Fig. 4. Fundamental interactions in the wide-synchronization control.
frequency measurements, which are provided by the PMUs distributed
in the network. The PMUs are synchronized through a GPS signal.
The difference between the local frequency and the average system
frequency is processed within the active power control, for a transient
modification of the reference setpoint 𝑝∗, as shown in Figs. 1 and 2
with the signal 𝛥𝑝∗. According to the implementation, as long as there
is a difference between the local frequency and the reference average
frequency of the system, the control will determine a modification of
the active power output of the converter. Consequently, the change in
the active power will be ultimately aimed to make the local frequency
of the inverter-based resource as much as possible closer to the ref-
erence signal, which represents the average of the frequencies in the
different areas of the system. The implementation should also include
a dead-band, to conveniently activate the control action only for values
exceeding a given range of normal conditions. It is fundamental that
the wide-area feedback signal 𝑓sys is properly received by the resources
participating in the control. In the unfortunate case of signal corrupted
or not received at all, the inverter-based resource will be requested to
provide a wrong amount of transient power, which may be unfeasible
for the resource, with a consequent intervention of the protections.
Aspects such as data integrity and cyber security are essential, and
should be covered within appropriate defensive plans. It is also worth
noting that the WSC will not alter the steady-state characteristics of
the inverter-based resources participating in the control: the difference
between the local frequency 𝑓 of the inverter-based resource and the
remote reference frequency 𝑓sys of the control will be eventually within
a range of ordinary operation, and therefore the change in the active
power requested by the WSC will be annulled. At steady-state, the
change in the active power given by (1) will be zero, and the inverter-
based resource will provide a given active power output according to
the steady-state characteristics exclusively defined by the local control
scheme and settings.

Two types of areas can be then identified when representing the
fundamental interactions in the proposed wide-area control: system-
coupled areas and communication-coupled areas (Fig. 4). By effect of
the WSC, the natural exchange of power flows across the electrical
couplings of neighbouring areas for the maintaining of the synchronism
will be modified. This modification is ultimately due to the transient
power changes determined by the communication couplings of the
areas participating in the control, and generally located far away from
each other. Areas not participating in the wide-area control will also
4

sense the transient variations in the power flows for synchronism with
remote areas, and they will respond consequently. When properly
implemented, this effect will then result in an effective coherency
of all the areas, and thus in a significant improvement of the dy-
namic characteristics of the entire system. This diffusion phenomenon
is conceptually depicted in Fig. 4, and it suggests the opportunity of a
system-wise design of the WSC, for a full exploitation of the benefits
with a minimum engagement of resources.

3. Mathematical background

The power-frequency dynamics of a generic coherent area 𝑖 of the
system can be described by [24]:

𝑀𝑖�̇�𝑖 = 𝑝∗𝑖 − 𝑝𝑖 −𝐷𝑖𝜔𝑖 (3)

where 𝑀𝑖 is the inertia coefficient, equal to 2𝐻𝑖 with 𝐻𝑖 being the total
inertia constant of the area; 𝐷𝑖 is the damping coefficient, comprehen-
sive of the aggregated frequency droop 1∕𝑅𝑖 of the area; 𝜔𝑖 is the per
unit frequency of the area; 𝑝∗𝑖 and 𝑝𝑖 represent the total active power ref-
erence and active power flow of the area, respectively. The power 𝑝𝑖 be-
tween the area 𝑖 and the other areas of the system can be expressed as:

𝑝𝑖 =
𝑁
∑

𝑗=1
𝐾𝑖𝑗 sin(𝜃𝑖 − 𝜃𝑗 ) (4)

where 𝑁 is the number of areas of the system; 𝜃𝑖 is the angle of the
area; 𝐾𝑖𝑗 is the synchronizing coefficient between area 𝑖 and area 𝑗.
The angle 𝜃𝑖 is related to the frequency by:

�̇�𝑖 = 𝜔𝑛𝜔𝑖 (5)

where 𝜔𝑖 is numerically expressed with respect to the nominal angular
frequency 𝜔𝑛 of the system. Using per unit values, the angular fre-
quency 𝜔 and the frequency 𝑓 correspond, assuming the same numeric
value. When the system is linearized at a given operating point [𝜔0 𝜃0

𝑝0], the coefficients 𝐾𝑖𝑗 are given by 𝐾𝑖𝑗 = 𝑌𝑖𝑗𝑉𝑖𝑉𝑗 cos(𝜃0𝑖 −𝜃0𝑗 ), where 𝑉𝑖
is the voltage magnitude of the equivalent node of the area 𝑖, and 𝑌𝑖𝑗
is the equivalent admittance between area 𝑖 and area 𝑗. Combining (3)
and (4), for the linearized system it results:

𝑀𝑖�̇�𝑖 = 𝑝∗𝑖 −
𝑁
∑

𝐾𝑖𝑗 (𝜃𝑖 − 𝜃𝑗 ) −𝐷𝑖𝜔𝑖 (6)

𝑗=1
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Combining (6) and (5) and rearranging, it results:

𝑀𝑖�̈�𝑖 +𝐷𝑖�̇�𝑖 + 𝜔𝑛

𝑁
∑

𝑗=1
𝐾𝑖𝑗 (𝜃𝑖 − 𝜃𝑗 ) = 𝜔𝑛𝑝

∗
𝑖 (7)

Putting (7) in matrix form, it is possible to derive the compact
notation:

𝑀�̈� +𝐷�̇� + 𝐿𝜃 = 𝑝∗ (8)

where 𝑀 and 𝐷 are diagonal matrices of inertia and damping coeffi-
cients, and 𝐿 is the admittance (or Laplacian) matrix. It is worth noting
that, in the conventional case, the mutual interactions between the
areas of the system are solely described by the matrix L. Eqs. (3) and
(4) hold under specific assumptions, i.e. when higher-order dynamics of
machines and associated controllers is neglected, lines are considered
purely inductive, loads are assumed to be constant sources without
dynamics, and the network is reduced to equivalent nodes, each corre-
sponding to a coherent area. Despite the simplifying assumptions, the
swing dynamics described by (3) can be conveniently used to represent
the essential dynamics of the power system [25].

When the WSC is applied, (6) modifies in:

𝑀𝑖�̇�𝑖 = 𝑝∗𝑖 −
𝑁
∑

𝑗=1
𝐾𝑖𝑗 (𝜃𝑖 − 𝜃𝑗 ) −𝐷𝑖𝜔𝑖 +𝐾𝑤(𝜔sys − 𝜔𝑖) (9)

Supposing that all 𝑁 areas of the system contribute to the de-
ermination of the average frequency, 𝜔sys will be given by 𝜔sys =
1∕𝑁

∑𝑁
𝑗=1 𝜔𝑗 . Substituting 𝜔sys in (9) and rearranging, it results:

𝑀𝑖�̇�𝑖 = 𝑝∗𝑖 −
𝑁
∑

𝑗=1
𝐾𝑖𝑗 (𝜃𝑖 − 𝜃𝑗 )

⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟
synchronizing coupling

−𝐷𝑖𝜔𝑖 −
𝐾𝑤
𝑁

𝑁
∑

𝑗=1
(𝜔𝑖 − 𝜔𝑗 )

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
damping coupling

(10)

In (10), two terms are pointed out. The first term corresponds to
the synchronizing couplings between the areas, as well known from
power systems theory and as briefly recalled before. The synchro-
nizing couplings are enforced between system-coupled areas, through
the physical interconnections of the power system. The second term
is introduced by the implementation of the WSC, and it ultimately
corresponds to the damping couplings between areas participating in
the proposed wide-area control. The damping couplings produced by
the WSC are the driving force leading to the general improvement of the
dynamic characteristics of the system. The terms related to the damping
coupling are enforced between communication-coupled areas, through
the information carried by the signal 𝜔sys and transmitted over the
communication system. The theoretical development of the damping
coupling terms is illustrated with (9) and (10), and represents one of
the novelty aspects of the work, providing an original mathematical
formulation not present in existing literature. Referring to the matrix
form in (8), it is possible to observe that, in the conventional case,
𝐿𝑖𝑗 ≠ 0 for each 𝑖 and 𝑗 belonging to system-coupled areas, whereas
𝐷𝑖𝑗 = 0 as 𝐷 is a diagonal matrix. With the application of the WSC, it
results 𝐷𝑖𝑗 ≠ 0 for each 𝑖 and 𝑗 belonging to communication-coupled
areas. It is worth noting that, for a given area applying the WSC, the
overall power flows with the neighbouring areas will be modified by
effect of the proposed control, and consequently also the neighbouring
areas will be driven to be closer to the average behaviour of the system,
even when those areas do not participate in the control. This theoretical
consideration corresponds to the diffusion phenomenon qualitatively
discussed in the previous section.

The WSC is therefore aimed to introduce mutual damping couplings
between the different areas of the system, contrasting the difference
between the local frequencies and the average system frequency, and
therefore driving the areas to be coherent with each other. Through the
synchronizing couplings enforced within the power system itself, also
areas not participating in the control will benefit, leading to a general
improvement of the dynamic characteristics of the system.
5

t

4. Effects of latencies

4.1. Analytical discussion

The WSC has necessarily to deal with time delays and latencies, as it
relies on a specific communication architecture. The expected impact of
latencies is a negative destabilizing effect on the system [26]. Common
countermeasures to compensate the negative effects of the latencies
are model extension using Padé approximations, Smith predictor, and
phase shifting with lead–lag filters [6,27,28]. Even though specific com-
pensation techniques exist, the impact of time delays must be carefully
assessed for each individual wide-area damping control scheme [7].

The effects of latencies on the proposed WSC is therefore inves-
tigated according to the following considerations. For a given area 𝑖
participating in the control, the dependence on time in (1) can be made
explicit, resulting in:

𝛥𝑝∗𝑖 (𝑡) = 𝐾𝑤

[

𝑓sys(𝑡 − 𝑇𝑑𝑖) − 𝑓𝑖(𝑡)
]

(11)

here 𝑇𝑑𝑖 is the time delay for the computation of 𝑓sys and the trans-
ission of the signal to the area 𝑖. The determination of the average

requency also modifies in:

sys(𝑡) =
1
𝑁𝑚

𝑁𝑚
∑

𝑚=1
𝑓𝑚(𝑡 − 𝑇𝑑𝑚) (12)

here 𝑇𝑑𝑚 is the time delay for the acquisition of the frequency
easurement 𝑚 and the transmission of the signal to the central unit.

rom (11) and (12), it is possible to remark that the effect of latencies
n the proposed wide-area damping control is a shift between actual
nd delayed values of 𝑓sys. From (11), it can be observed that the
ariations of the active power 𝛥𝑝∗(𝑡) are in phase with the variations of
he signal 𝑓sys(𝑡−𝑇𝑑 ) = 𝑓 𝑑

sys. In the ideal case of no delays, the variations
f the active power 𝛥𝑝∗ will be in phase with the actual variations
f the frequency 𝛥𝑓sys. This means that the delivered active power
𝑝∗ will be entirely a damping power component [29,30], providing
maximum positive contribution to the damping of the system. By

ffect of the latencies, the variations 𝛥𝑓sys will suffer a phase lag, and
onsequently the active power variations 𝛥𝑝∗ will not be adequately
n phase with the actual frequency variations 𝛥𝑓𝑠𝑦𝑠, since 𝛥𝑝∗ will
ave the same phase of the delayed frequency variations 𝛥𝑓 𝑑

sys. This
eans that the delivered active power 𝛥𝑝∗ will have a reduced damping
ower component, ultimately depending on the phase shift between
ctual and delayed values of the frequency 𝑓sys. In the worst case,
hen power and frequency variations are in phase opposition, the
amping contribution will be even negative, adversely amplifying the
scillations in the system and thus introducing a destabilizing effect. If
he inherent damping of the system is not sufficient to counteract the
estabilizing effect of the latencies, the system might be then critically
nstable.

During perturbed conditions, the frequencies in the system can be
ffected by transient oscillations, which are typically in the range 0.1
o 2.0 Hz [29]. In the WSC, for 𝛥𝑓sys and 𝛥𝑓 𝑑

sys signals to be in phase
pposition, the total time delay 𝑇𝑑 should be equal to half of the
eriod 𝑇osc of the transient oscillations. Theoretically, the expected
ritical damping caused by the latencies is therefore periodic, and it will
ccur when the delays are near multiples of the half of the oscillation
eriod. Practically, however, these transient oscillations are normally
ading out within some seconds, due to the inherent damping of the
ystem: therefore, for time delays bigger than the natural decaying
ime of the oscillations, the negative impact of the latencies will be
ignificantly contained. The expected critical damping will then exhibit
n attenuation as the time delays increase. In the case of no relevant
ransient oscillations in the frequencies during perturbed conditions,
he effect of latencies will simply result in bigger instantaneous spreads
etween the local frequency and the delayed average frequency of

𝑑
he system 𝑓sys. Consequently, the transient amount of active power
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Fig. 5. Representation of the possible effects of the latencies.
Fig. 6. Critical phase opposition region due to latencies.

𝛥𝑝∗ will be larger than in the ideal case of no latencies, determining
ultimately an increased inertial effect in the system.

These considerations are conceptually illustrated in Figs. 5(a) and
5(b). The figures refer to the assumption of under-frequency conditions
for the system: it is worth noting that the same conclusions can be
obtained assuming over-frequency conditions for the power system.

The relation between time delays and the phase opposition phe-
nomenon is illustrated in Fig. 6. The figure shows the difference 𝛥𝜙
between the angles of actual 𝑓sys and delayed 𝑓 𝑑

sys signals, for three
different transient oscillations frequencies. The angles are periodically
wrapped between 0 and 360 degrees. The figure reports also the
normalized magnitude of the oscillations for a decaying time of approx-
imately 10 s. The critical region is identified around the value of 𝛥𝜙 =
180 degrees, where the two signals are in complete phase opposition.
Considering the typical range of 0.1 to 2.0 Hz for the transient oscil-
lations in the system, critical damping conditions due to the phase lag
between actual and delayed frequency signals might occur for latencies
in the range of 100 ms to few seconds. This range corresponds to the
typical values of latency in wide-area applications [31,32]: a longer
time has been considered in Fig. 6 only for demonstrative purposes.

For the proposed architecture, an estimation of the total latency
can be done according to the following considerations. The acquisition
of local frequency measurements depends on the reporting latency
of the PMUs, and it can be considered in the range of 100–200 ms.
The exchange of data through the communication system is strongly
dependent on the chosen technology and infrastructure: for dedicated
fibre-optic cables, the delay is typically around 5 μs per kilometre. The
elaboration of the reference system frequency 𝑓sys simply corresponds
to computing the average value of the received frequencies: the CPU
time required by the central unit can be estimated around 10–20 ms.
The execution of the control actions in the local control system of the
inverter-based resources can be assumed approximately in the range of
10–50 ms. Based on these considerations, a total round-trip latency can
be approximately estimated around 200 ms. This value is consistent
with the delays experienced in actual implementations of wide-area
damping controls, which are found in the order of some hundreds of
milliseconds [31,32].
6

Fig. 7. Block diagram of coupled areas for latency effect investigation.

The presented estimation of the latencies provides a constant av-
erage value 𝑇𝑑 of the delay, which is determined according to a
deterministic approach. It is important to acknowledge that delays are
actually subjected to uncertainties, and in case of large interconnected
systems, they will also differ from area to area. Another important
observation is that the major contribution to the total time delay is due
to the PMUs for the measurement of the local frequencies, as generally
known for wide-area control schemes [31]. This observation suggests
that, for different areas of the system, the corresponding delays for the
receiving of the signal 𝑓sys will be approximately of the same order,
being in practice only some milliseconds apart.

4.2. Representative example

The effects of latencies on the WSC can be examined referring to
the representative case of two coupled areas of the system. According
to the mathematical background presented in Section 3, the dynamics
of the system can be described with the block diagram of Fig. 7. In the
diagram, the time delays related to the actual implementation of the
control have been also considered. For sake of demonstration, the WSC
is initially applied only in one area.

The transfer function 𝐺A𝑖 describes the aggregated dynamics of area
𝑖, and it is given by:

𝐺A𝑖 = 𝐾𝑠𝑖
1

𝑀𝑖𝑠 +𝐷𝑖
(13)

which corresponds to (3) in the Laplace 𝑠 domain, and ultimately
represents the transfer function between active power and frequency.
Since the mathematical system of the coupled areas is expressed in a
common per unit base of 𝑆 = 100 MVA, the factor 𝐾 = 𝑆 ∕𝑆 is
b 𝑠𝑖 b A𝑖
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Fig. 8. Eigenvalues for time delay 𝑇𝑑 in the range 20 ms–6 s.

introduced for a proper base change, with 𝑆A𝑖 being the total rated
power of the area 𝑖. The transfer function 𝐺WSC𝑖 corresponds to (1),
and it is simply given by:

𝐺WSC𝑖 = 𝐾𝑤𝑖 (14)

where the gain 𝐾𝑤𝑖 takes into account the total power of the inverter-
based resources participating in the control, and it is expressed in per
unit of 𝑆b. The transfer function 𝐺d represents the modelling of the
latencies in the system, and it is given by:

𝐺d =
6 − 2𝑇𝑑𝑠

6 + 4𝑇𝑑𝑠 + 𝑇 2
𝑑 𝑠

2
(15)

where 𝑇𝑑 is the time delay. The modelling approach corresponds to
approximating the latency with a Padé rational function. This method
is commonly adopted for the representation of time delays in wide-
area control schemes [33,34]. A strictly second order approximation
has been here used, since rational functions with numerator and de-
nominator of same degree introduce a jump in the output at initial
conditions. The transfer function in (15) is used to represent all the
latencies in the system. The blocks 𝐺d1 and 𝐺d2 represent the time
delays related to the acquisition of the frequency measurements 𝑓𝑚 and
the transmission of the signals to the central unit from the PMUs of area
1 and area 2, respectively. The block 𝐺ds represents the time required
for the computation of 𝑓sys and the transmission of the signal from the
central unit to the area where the WSC is applied.

The following representative values are considered for numerical
application: 𝑆A1 = 1000 MVA, 𝑀1 = 8 s, 𝐷1 = 3.33 pu, 𝐾𝑤1 = 50 pu
(expressed w.r.t 𝑆A1 base), 𝑆A2 = 100 MVA, 𝑀2 = 8 s, 𝐷2 = 3.33 pu,
𝐾𝑠 = 1.1 pu. Using these numeric values, it is then possible to compute
the oscillation modes of the coupled areas. Fig. 8 shows the eigenvalues
of the system when the time delay 𝑇𝑑 varies in the range 20 ms–6
s. The starting points are marked with crosses, whereas the ending
points are marked with squares. The results confirm the theoretical
considerations previously discussed. The power system with the WSC
is a delay-dependent system, with multiple delay margins. The system
becomes unstable for a given value of the delay, and it returns to the
stable region for a successive value of the delay. It can be seen that the
trajectory of the critical pair of eigenvalues is a decreasing spiral, which
crosses the 𝑦-axis of the plane two times. More importantly, it can be
noticed that the crossing occurs for a value of the time delay close to
the half of the oscillation period. It can be easily derived that, for the
considered system of coupled areas, the period 𝑇osc is approximately
0.95 s: the system becomes unstable for 𝑇𝑑 = 0.47 s, and then it becomes
stable again for 𝑇𝑑 = 1 s, approximately after half of the period 𝑇osc.
The critical lack of damping is then periodic, with an attenuation of the
negative effect as the time delays increase. These results fully confirm
the observations made in the analytical discussion.

For sake of a more comprehensive example, the computation of the
oscillation modes is also repeated for different variations of the most
7

Fig. 9. Eigenvalues for different parametric ranges.

relevant parameters of the system. The results of the sensitivity analysis
are shown in Fig. 9. As before, starting points are marked with crosses,
ending points with squares. In the evaluations of varying parameters,
the time delay is fixed to the critical value 𝑇𝑑 = 0.47 s.

The size 𝑆A1 of the area 1 is varied from 100 to 10,000 MVA. It
can be noticed that an increase of the size of the area 1 can mitigate
the critical situation caused by the latencies, eventually leading to a
stable condition of the system (yellow line). It can be seen that also
a reduction of 𝑆A1 brings the system within the stable region, since
the critical lack of damping in a smaller area 1 will be more easily
compensated by the other area. For varying values of the size 𝑆A2
of the area 2 in the range 60 to 160 MVA, it can be seen that a
reduction of 𝑆A2 worsen the situation, whereas an increase of 𝑆A2 will
support the stability of the system (green line), since a bigger area 2
will compensate more easily the critical lack of damping in the area
1. Varying the synchronizing coefficient 𝐾𝑠 in the range 0.86 to 1.4
pu, it can be noticed that the strength of the interconnection between
the coupled areas can also play a role: for smaller 𝐾𝑠 and therefore for
weaker inter-tie couplings, the area 2 will be marginally affected by the
negative effect of the latencies in the area 1, and therefore the overall
stability of the system will be improved (purple line). The gain 𝐾𝑤1 of
the WSC in the area 1 is varied from 10 to 1000 pu. It can be observed
that, as it could have been expected, the decrease of the WSC gain 𝐾𝑤1
in the area 1 determines an attenuation of the negative effect caused
by the latencies, shifting the critical eigenvalue towards the left-half of
the plane. It is interesting to notice that an increase of the gain 𝐾𝑤1
will eventually lead the system to the stable region (orange line). This
result might appear counter-intuitive, and it is explained considering
that bigger values of 𝐾𝑤1 will make the control action of the WSC
significantly stronger. Consequently, the damping component will be
intensified, and it could eventually turn to be sufficient to compensate
the negative effect of the latencies. Finally, the possible participation of
the area 2 in the control is also investigated, varying the gain 𝐾𝑤2 from
0 to 5 pu. An interesting observation is that the additional participation
of the area 2 can secure the stability of the system (light blue line), even
with only a small contribution. This phenomenon can be regarded as a
sort of compensation effect, and it can be clarified with the following
considerations. Under the assumption of comparable dynamics in the
coupled areas, it is possible to approximate the difference 𝛥𝜔 = 𝛥𝜔1 −
𝛥𝜔2 between the frequencies of the two areas as:

𝛥𝜔 ≃ 𝐺A
(

𝛥𝑝 +𝐾𝑤𝛥𝜔
)

−𝐾𝑤
(

𝐺𝑑1 − 𝐺𝑑2
)

𝜔sys
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

term due to latencies

(16)

The term due to the latencies in (16) fundamentally depends on the
time delays 𝑇𝑑1 and 𝑇𝑑2, which are respectively represented by the
transfer functions 𝐺𝑑1 and 𝐺𝑑2. These delays have generally different
values: however, in practice, their values can likely be only some
milliseconds apart, as detailed in the analytical discussion before. It can
be then reasonably asserted 𝐺 ≃ 𝐺 , which means that the term due
𝑑1 𝑑2



International Journal of Electrical Power and Energy Systems 160 (2024) 110086M.G. Ippolito and R. Musca

t
t
w
e
d
c

5

a
s
E
m
p
i
a
v
s
c
s
a
m

5

o
s
c
a
i
f
c
c
s
c
i
p
o
c
v
i
a
a
a
s

r
o
A
s
i
W
w

s
i
d

o
b
o
t
i
d
l
t
l

t

Fig. 10. Two-area four-generator benchmark system.

o latencies will be small, and the negative impact limited. This substan-
iates the compensation effect observed in the representative example,
hen both coupled areas participate in the WSC. The compensation
ffect will be rather effective when the coupled areas have comparable
ynamics, but it will still have a certain positive effect in the general
ase of areas with different characteristics.

. Case-studies

The theoretical considerations discussed in the previous sections
re here demonstrated with two different case-studies, considering the
tandard two-area benchmark system and the large-scale model of the
uropean power system. All simulations are based on phasor RMS
odels, and they are done in the commercial software Neplan with
roper modifications for the implementation of the proposed WSC. The
nverter-based resources have been modelled in the simulation tool
s controlled sources, assuming an average model for the power con-
erters. Grid-following converters are modelled as controlled current
ources, with synchronization angle provided by the PLL. Grid-forming
onverters are instead modelled as controlled voltage sources, with
ynchronization angle provided by the power-angle control loop. In
ll cases, the gains 𝐾𝑤 of the WSC are determined according to the
ethodology described in [17].

.1. Two-area benchmark system

The system considered is the two-area benchmark system. The aim
f this case-study is to assess the observations made in the analytical
ections, and also to demonstrate the effectiveness of the WSC under
ritical conditions of instability. The two-area four-generator system is
well-known benchmark system: full description and data can be found

n [35]. The system is shown in Fig. 10. The original model is modified
or the purposes of the work, including in both areas the possibility of
onnecting inverter-based resources. The control system of the power
onverters implements either the grid-following or the grid-forming
cheme: in both cases, the application of the WSC is realized with a
hange 𝛥𝑝∗ in the active power output of the converter, as described
n Section 2. For sake of generality, the initial steady-state operating
oint of the system is preserved, assuming the inverter-based resources
perating with zero active and reactive power setpoints. The physi-
al sources behind the power converters are represented as ideal DC
oltage sources. The converter is represented with an average model,
mplementing a controlled current source in the case of grid-following,
nd a controlled voltage source in the case of grid-forming. Latencies
re included in the model of the system according to the modelling
pproach described in Section 4.2. The additional data required for the
imulation of the inverter-based resources are reported in Table 1.

The system is simulated for a simultaneous change in the voltage
eferences of all generating units. This perturbation excites all the
scillation modes of the system, including inter-area and local modes.
s documented in [35], the two-area system without power system
tabilizers is unstable: the configuration without PSS is here assumed
n the case-study, for sake of demonstration of the capabilities of the

SC. For the excitation system of the generating units, the ST1A model
8

ith transient gain reduction has been implemented. The simulations
Table 1
Parameters for IBR simulation.
Name Valuea

Converter rated power Sr 100 MVA
Active power control - Proportional gain KpP 1 pu
Active power control - Integral gain KiP 10 pu
Reactive power control - Proportional gain KpQ 1 pu
Reactive power control - Integral gain KiQ 10 pu
Phase-locked loop - Proportional gain KpPLL 60 pu
Phase-locked loop - Integral gain KiPLL 900 pu
AC voltage control - Proportional gain KpV 1 pu
AC voltage control - Integral gain KiV 100 pu
Synchronization loop - Inertia constant H 3 s
Synchronization loop - Frequency droop R 0.5 pu
Converter time constant Tc 10 ms
Filter resistance rf 0.008 pu
Filter reactance xf 0.1 pu
Wide-synchronization control - Proportional gain Kw 100 pu
Wide-synchronization control - Dead-band dbw 20 mHz
Wide-synchronization control - Communication delay Td 200 ms

a The per unit values refer to the rated power 𝑆𝑟 of the converter.

results are shown in Fig. 11. For different simulation cases, the figures
report the frequency of one area of the system. The results of the base
case show the expected instability of the system, with a progressive
amplification of the oscillations (dashed lines).

From the results of Figs. 11(a) and 11(b), it can be seen that, in the
ideal case of no delays, the application of the WSC effectively resolves
the instability of the system, containing the oscillations and thus secur-
ing the stable operation of the system. This fundamental contribution
can be provided either applying the control with grid-following or
with grid-forming converters. When a time delay of 𝑇𝑑 = 200 ms is
considered in the simulations, it can be observed that the frequency is
affected by slightly bigger oscillations, but the system has still a solid
stable response. When the time delay is increased to 𝑇𝑑 = 900 ms,
it can be seen that there are sustained oscillations in the frequencies
of the system. In this case, a difference between grid-following and
grid-forming can be clearly noticed: the impact of the time delays on
the control strategy when applied to grid-following converters is more
critical than when applied to grid-forming converters. In particular,
while the grid-forming implementation of the WSC guarantees the
stability of the system even in presence of big latencies, the grid-
following implementation of the WSC leads the system to the edge
of the stability, as the frequency is affected by sustained oscillations
with very poor damping. The difference between grid-following and
grid-forming can be related to the different characteristics of the two
control technologies, since the grid-following converters respond more
slowly than grid-forming converters, as discussed in Section 2. Another
relevant observation is that the instability due to the latencies happens
for a specific value of the time delay 𝑇𝑑 . The frequency of the critical
oscillation mode is approximately 0.55 Hz, which corresponds to a
period of 𝑇osc = 1.81 s: the critical lack of damping happens for 𝑇𝑑 = 0.9
, which corresponds to half of the oscillation period 𝑇osc. This result
s in complete accordance with the observations made in the analytical
iscussion.

The results of Figs. 11(c) and 11(d) demonstrate the effectiveness
f the WSC when applied within multiple areas of the system. For
oth grid-following and grid-forming implementation, the participation
f both areas in the WSC determines an essential improvement of
he dynamic characteristics of the power system. The grid-following
mplementation of the WSC is now stable even for the critical time
elay, whereas the grid-forming implementation of the WSC is no
onger affected by the sustained oscillations. These results confirm
he observation made in Section 4 on the compensation effect of the
atencies in case of coupled areas.

For sake of a comprehensive investigation, the modal analysis of
he two-area benchmark system is also performed. The analysis is
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Fig. 11. Frequency of area 1.
computed using the small-signal stability module of Neplan. The modes
of the system resulting from the calculations are shown in Fig. 12 for
all the considered cases. The reach of the unstable region for a latency
approximately equal to half of the oscillation period is confirmed
(Fig. 12(a)). The different behaviour of grid-following and grid-forming
is also demonstrated, proving the grid-forming technology to be a
better option to guarantee the stability of the system even in case of
critical latencies (Fig. 12(b)). Finally, the implementation of the WSC
in both areas proves to bring a significant improvement to the dynamic
performances of the system. The results of the modal analysis are thus
in agreement with all the observations made with the time-domain
simulations.

5.2. European power system

The system considered is the European power system. The aim of
this case-study is to assess the observations made in the analytical
sections, and also to prove the effectiveness of the WSC for a large
power system under different inter-area oscillations. Given the extent
of the Continental Europe synchronous area, this interconnected system
is particularly suitable for investigating the implementation and the
application of wide-area damping control schemes. The system is simu-
lated according to the model provided by the ENTSO-E. This simulation
model is a large-scale representation of the European system, it includes
all zones of the different areas, and it is suitable for simulating the
main frequency dynamics of the system [36–38]. To the purposes of
this work, the original ENTSO-E model is modified with a specific
implementation: the proposed architecture of the WSC is supplemented
to the overall mathematical model, and a given amount of inverter-
based resources is integrated in the system. These sources can be
controlled either as grid-following or grid-forming, and they include the
possibility of receiving a reference frequency signal for participation in
the WSC.

In this case-study, two scenarios are examined: moderate and ex-
tensive. In the first scenario, a limited participation of inverter-based
resources in the WSC is considered. The scenario designates only 5
inverter-based resources for each European country. The sources are
selected among a pool of possible candidates, having rated power in
the range of few hundreds of MW. This procedure leads to the values
reported in Table 2 for the moderate scenario: the total power of the
9

Fig. 12. Results of modal analysis.

inverter-based resources participating in the WSC is approximately 33
GW, corresponding to the 10% of the total generated power for the
considered conditions of the European system. In the second scenario,
an extensive participation of inverter-based resources in the WSC is
considered. The scenario selects a given number of inverter-based
resources for each European country, to reach a predefined power to
be committed in the WSC. The sources are selected among a pool of
possible candidates, assuming a minimum rated power of some tens
of MW. This procedure leads to the values reported in Table 2 for the
extensive scenario: the total power of the inverter-based resources im-
plementing the proposed wide-area damping control is approximately
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Fig. 13. Frequencies of selected areas in the European power system.
Table 2
Statistics of WSC participation.

Country Moderate Extensive

# IBR Power (GW) # IBR Power (GW)

Germany 5 2.3 178 29.1
Spain 5 1.8 51 13.6
France 5 2.1 164 31.8
Greece 5 1.4 12 2.7
Italy 5 1.9 53 10.9
Romania 5 1.1 12 2.4
Turkey 5 1.9 74 19.2
All Europe 100 33 710 153

153 GW, corresponding to the 50% of the total generated power for
the considered conditions of the European system. For both scenarios,
the sources serving as actuators of the wide-area control are controlled
with a mix of grid-following and grid-forming, considering the co-
existence of these two technologies for a plausible integration in the
power system, assuming a bigger presence of grid-following converters
and a definite number of grid-forming converters. For the given number
of resources participating in the control, 20% is considered to be
grid-forming, and the remaining 80% is considered to be grid-following.

The inverter-based resources integrated in the model are repre-
sented as controlled sources, assuming an average model for the power
converters and implementing the grid-following or grid-forming control
10
schemes, with the application of the WSC according to the diagrams de-
scribed in Section 2. Latencies are included in the model of the system
according to the modelling approach described in Section 4.2. The time
delays are considered varying within a given range, for a more realistic
representation of the actual conditions of the system. The total round-
trip delay is assumed to be variable in the range 𝑇𝑑 = 180–300 ms. This
range is determined according to the actual geographical characteristics
of the European system, and it takes into account possible uncertainties
in the latencies according to the considerations described in [17]. The
data required for the simulation of the inverter-based resources are all
as reported in Table 1, expect for the rated powers 𝑆𝑟, which have
been properly determined for each individual inverter-based resource
integrated in the system.

The system is then simulated for two power imbalances: approxi-
mately 1 GW generation loss in the western part, and approximately
1 GW generation loss in the northern part. These two disturbances
are chosen as they respectively excite the main oscillation modes of
the European system, the West-East mode at around 0.15 Hz, and the
North-South mode at around 0.3 Hz [39]. The results of the simula-
tions for the generation loss applied in western Europe are shown in
Fig. 13(a), Figs. 13(c) and 13(e). The results of the simulations for the
generation loss applied in northern Europe are shown in Fig. 13(b)
Fig. 13(d), and Fig. 13(f). In all the cases, the plots display the fre-
quencies of selected areas of the system. The countries selected for the
visualization of group results are as follows. For West-East oscillations:
Spain (West), Switzerland (Centre), Turkey (East). For North-South
oscillations: Denmark (North), Switzerland (Centre), Italy (South). It
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can be immediately observed that the proposed WSC is already effective
even only with a moderate participation of inverter-based resources
in the control (Figs. 13(c) and 13(d)). The damping of the system
is increased, and the inter-area oscillations following the contingency
are almost all eliminated. This demonstrates the diffusion phenomenon
discussed in Section 2. With an extensive participation of inverter-based
resources, the proposed WSC determines an exceptional improvement
of the dynamics of the system (Figs. 13(e) and 13(f)). All the areas have
a strongly coherent behaviour, with basically no oscillations between
each other. The negative effect of the latencies has a negligible impact
on the dynamics of the system, since the European synchronous area
is a particularly robust system, and consequently the level of intrinsic
damping is sufficient to overcome the negative effect introduced by
the latencies. In this case, therefore, the latency compensation methods
would not even be necessary. Additionally, the participation of all
the areas of the system guarantees the positive contribution of the
compensation effect discussed in Section 4. From the reported results,
it is possible to observe that the application of the WSC does not alter
the steady-state characteristic of the system, as the frequency reaches
the same steady-state value at the end of the primary frequency control
stage. It is also worth noting that the WSC can be effective against dif-
ferent inter-area oscillations at different oscillating frequencies, without
the need of any specific tuning or particular adjustment.

6. Conclusion

The presented extension of the wide-synchronization control makes
the proposed concept suitable for a general application to inverter-
based resources, independently of the chosen control strategy. The
active power of the resources involved in the control is transiently
modified, according to the difference between the local frequency
measurement and the average frequency of the system. This basic prin-
ciple can be implemented either with grid-following or grid-forming
converters. Both technologies can be used as actuators of the control:
specific differences between the two possibilities exist, as the grid-
forming offers a more flexible and effective implementation, whereas
the grid-following offers a much wider readiness for actual deployment.
The analytical aspects presented in the mathematical discussion indi-
cate that the implementation of the WSC ultimately corresponds to
the introduction of damping couplings between the areas participating
in the control. By effect of the WSC, the differences between the
local frequencies of all the areas and the average frequency of the
system will be significantly reduced or even eliminated, leading to
a general improvement of the dynamic characteristics of the entire
system. The examination of the impact of the latencies on the proposed
control shows that, by effect of the time delays, the variations of
the active power might not be adequately in phase with the actual
frequency variations, with a consequent reduction of the damping
power contribution. Critical conditions can occur only if the inherent
damping of the system is not sufficient to counteract the destabilizing
effect of the time delays. The analysis also shows that the proposed
WSC has some resilience against the negative effect of the latencies.
The application of the WSC to two different case-studies confirms the
observations made in the analytical sections. Both case-studies prove
how the application of the proposed wide-area control can lead to a
relevant improvement in the dynamic characteristics of the system. The
first case-study demonstrates the capability of the control to secure
the stability of the system even under critical conditions, showing
the results also in terms of small-signal stability analysis. The second
case-study indicates that the proposed control performs markedly well
in large interconnected systems, increasing the system damping for
different transient phenomena and inter-area oscillating frequencies,
even without any particular adjustment.

The wide-area damping control presented in this work is particu-
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larly addressed to TSOs, as it has the potential to significantly improve
the dynamic characteristics of the system. However, also inverter man-
ufacturers and power plant owners can be related. The proposed WSC
has several open points, which can be addressed in further research and
developments of the concept. Number and localization of the required
measurements is certainly an aspect which can be investigated, with
rigorous and detailed methodologies. The eligibility of the inverter-
based resources to be operated as actuators in the WSC is another aspect
worth investigating. The opportunity of alternative architectures based
on multiple computation units might be also explored with further
studies. An important aspect is the possibility of a decentralized control,
where the single control units in each area of the system should coordi-
nate and interact with each other to achieve the required performances.
Finally, from the point of view of a practical deployment of the pro-
posed control architecture, it is fundamental to consider aspects such
as data integrity and cyber security, robustness against communication
failures, resilience under severe system split contingencies.
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