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ABSTRACT Power systems around the globe are undergoing a transformation characterized by a massive
deployment of converter-interfaced generation (CIG) to effectively combat climate change. However,
achieving a seamless transition from current power systems dominated by synchronous generators (SGs)
to future ones with high levels of CIG requires overcoming several technical challenges. From a frequency
stability perspective, reduced system inertia increases the frequency nadir after a loss of generation thereby
endangering frequency stability. In this context, this paper proposes a novel methodology for determining
control requirements to impose on CIG as their penetration in the network increases. Results of a case study
based on the Chilean grid projected for the year 2046 show that, if only grid-following converters without
frequency control capability are deployed, a maximumCIG penetration level of 75% can be achieved without
threatening frequency stability. The Chilean system can reach a 99% CIG penetration, provided that the
remaining CIGs are deployed in grid-following with frequency support capability. Finally, we show that if
the last SG is replaced with a grid-forming converter, the system can still sustain frequency stability and
exhibits a good dynamic performance. These results demonstrate that, at least from a frequency stability
viewpoint, achieving a 100% based CIG system is technically possible. The proposed methodology can
be used by energy regulators to define the control requirements necessary to impose on CIG for achieving
renewable energy targets in a secure way. Although the obtained results are particular for the Chilean system,
the proposed methodology can be applied to any power system.

INDEX TERMS CIG, grid-following converter, grid-forming converter, frequency stability, low-inertia
systems, PLL, renewable energy resources.

NOMENCLATURE
A. SYMBOLS
1CIG Block of CIG displaced by SG (MW).
imax Maximum number of iterations for an itera-

tive process.
MaxCIG_gf Maximum penetration of grid-following

CIGs (%).
MaxCIGgf+f Maximum penetration of grid-following

CIGs with a frequency controller (%).

The associate editor coordinating the review of this manuscript and

approving it for publication was Inam Nutkani .

CIGtarget Penetration target of CIG (%).
ytarget Year with a defined CIG penetration target.

B. PARAMETERS
m Droop coefficient for the frequency con-

troller of a CIG (%).
n Droop coefficient for the voltage controller

of a CIG (%).
Kvi Integral gain of the voltage controller of a

grid-following CIG (pu).
KiPLL Integral gain of the PLL of grid-following

CIGs (pu).
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Kvp Proportional gain of the PI voltage controller
of grid-following CIGs (pu).

KpPLL Proportional gain of the PLL of grid-
following CIGs (pu).

C. PERFORMANCE INDICATORS
ξ Damping ratio of an eigenvalue (%).
fnadir Frequency nadir following a contingency

(Hz).
ξmin Minimum damping ratio of the eigenvalues

obtained (%).
Ts Tnadir Settling time of the frequency following a

contingency (s)
Time for reaching the frequency nadir after
a contingency (s).

I. INTRODUCTION
A. AN ENERGY TRANSITION IS ALREADY UNDERWAY
The diverse effects that climate change has had on the envi-
ronment have motivated several countries to promote strong
power policies with the aim of decarbonizing their electrical
energy systems. Among the pillars for achieving this ambi-
tious objective are an accelerated deployment of renewable
energy sources (RES), as well as different energy efficiency
measures [1], [2]. The results of said policies are already
evident: since 2010, the cumulative renewable energy capac-
ity (including hydropower) rose worldwide from 1227 GW
to 2799 GW by the end of 2020 [3], [4]. This growth has
been especially high for RES based on power converters,
such as solar photovoltaic (PV) and wind power (WP) gener-
ation. Between 2009 and 2019, the installed capacity of both
technologies has grown in factors of 40 and 6 respectively
[5], [6], and the projections indicate that this upward trend
will further continue in the coming years [7], [8]. In what
follows, when referring to any kind of converter-based RES
such as PV and WP, the term CIG will be used, following the
terminology used in the recently published report of the IEEE
Power System Dynamic Performance Committee [9].

While the transition to low-carbon electricity systems is
already underway, achieving it seamlessly is not an easy task.
Several studies and practical experiences worldwide have
shown that to make this transition safely, the energy sector
must first jointly overcome enormous technical challenges
not only related to the stochastic nature of RES [10], but
also to technical features of the power electronic converters
of these energy resources [11], [12]. Although both aspects
have wide-ranging repercussions in power systems opera-
tion and control, major challenges stem from the underlying
dynamic behavior of CIG and its substantial differences with
conventional generation facilities. Among the cornerstones to
understand this are:
• Fast response of converters: The dynamics of power
converters and their controls are significantly faster
than the ‘‘slow’’ electromechanical dynamics of SGs
and their control systems [9], [13]. Consequently, the

dynamic response of power systems dominated by CIG
becomes faster and hence more difficult to control [13].
From a frequency stability perspective, this may lead
to situations in which traditional protection schemes
become too slow to prevent large frequency devia-
tions [14]. Furthermore, fast phenomena within the elec-
tromagnetic time scale (usually neglected in stability
analysis), may become relevant [9], meaning that fast
control interactions due to dynamic couplings between
the converters and the grid are more likely to arise [2].

• Dependency on control strategy: The overall dynamic
performance of CIGs, along with their interaction with
the grid during contingencies, is dominated by the con-
trol systems and strategies used to control the power
electronic converter interface between the energy source
and electric grid [1], [2], [9], [11]. This contrasts
with conventional synchronous generators (SGs), where
the physical properties of the machine itself, such as
inertia and electrical parameters, play the largest role
in determining their transient behavior [1]. This high
dependence on the control strategy means that the
dynamic performance of CIG during contingencies will
substantially vary not only depending on system oper-
ating conditions and fault characteristics, but also on
the chosen control strategy, parameters, and equipment
vendor.

Aside from the two factors mentioned above, as the pen-
etration of converter-based RES grows, hundreds (or even
thousands) of new fast-control points are created in the
grid [15], which inevitably adds a supplementary layer of
complexity in terms of coordination, monitoring and (cross)
parameter tuning.

B. CHALLENGES FROM A FREQUENCY
STABILITY PERSPECTIVE
The stability problems of power systems with high levels
of CIG cover a wide spectrum of phenomena, which may
range from timescales of a few seconds to minutes, or even
hours [9], [13]. In this section, we summarize the stability
challenges with a focus on frequency stability and related
control issues. Other relevant challenges such as voltage
stability, converter-driven stability (including slow- and fast-
interactions), and electric resonance stability [9], [16] are out
of the scope of this article and hence are not further discussed.

From a frequency stability perspective, several studies have
shown that system dynamic performance can be seriously
threatened by CIG power plants due to their lack of inertial
response [14], [17] and by the significantly faster response
of converters in comparison to conventional SGs [11], [13],
[18]. Reduced system inertia increases the frequency devia-
tion after a loss of generation and leads to a steeper rate of
change of frequency (RoCoF) at the inception of a contin-
gency [17], [19], [20], whichmeans that the system frequency
dynamics become faster [2], [14]. This can make conven-
tional frequency control schemes too slow to successfully
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overcome large frequency deviations, which could cause a
more frequent activation of the under-frequency load shed-
ding schemes (UFLSS), thereby risking the security of the
electricity supply [12].

Although the lack of inertial response can be counter-
acted through fast-acting energy storage systems [1], [21]
or additional control loops in the CIG converters [17], [22],
the underlying mechanism behind such support also raises
challenges. This is because the frequency support provided
by CIGs is a fully actuated response implemented through a
control loop, and hence it is subject to actuation delays, poor
tuning of parameters, possible malfunctions, current satura-
tion of the converters, as well as potential (unstable) fast con-
trol interactions that are difficult to predict [2]. Conversely,
the support of SGs during the first seconds after a power
imbalance (inertial response) is based on the available kinetic
energy naturally stored in their rotating masses according to
Newton’s second law of motion [11], [12], [23]. This support
is, therefore, naturally coupled to the physical principles
governing the machine’s behavior, and hence, intrinsically
ensured.

From a frequency stability perspective, the secure transi-
tion from up-to-date bulk power systems to low-inertia grids
dominated by CIG is essentially a complex control problem.
Accordingly, a first step is to conceive how to success-
fully coordinate thousands of fast-response CIGs distributed
throughout the grid while, at the same time, operating them
successfully in parallel with few (dispersed) synchronous
machines.

C. OPEN RESEARCH QUESTION
Power electronic converters are modular and nearly fully
actuated devices that allow a wide variety of control alter-
natives with very fast actuation times [2], [9]. Grid-following
and grid-forming are the most frequently mentioned operat-
ingmodes in the literature. Still, grid-forming converters have
essentially been used in microgrid applications only, without
being deployed in bulk power systems [24]. Other operating
modes such as partial grid-forming [25], grid supporting [26],
[27] or combinations thereof are also conceivable, thus fur-
ther increasing the control alternatives of these devices.

Currently, the dominant operating mode used by vendors
in CIG-based power plants is the grid-following mode [1],
[2], [7]. In their most basic form, grid-following converters
inject a fixed amount of power just following the imposed
voltage and frequency of the grid, meaning that the out-
put power does not change as a function of the system
operating condition. Accordingly, it is highly unlikely that
future power systems with low inertia levels could ever oper-
ate just with grid-following CIG in its most basic form.
Although modern grid-following converters can be easily
programmed to embed frequency and voltage control capabil-
ities [28]–[30], as their penetration in the network increases,
some CIG units will have to be operated as grid-forming
in order to participate in the process of forming frequency
and voltage [2], [31]. Moreover, grid-following converters

have limited restoration-support capabilities because they
depend on an external source for regulating system frequency
and voltages [24]. Still, as long as no cost-effective grid-
forming solution for high-voltage applications is developed,
grid-following CIG with frequency/voltage controllers will
continue to be the best option for enabling the widespread
integration of CIG without threatening system stability.

The control flexibility of power electronic converters offers
a wide range of opportunities, but it also raises many ques-
tions and new paradigms that are yet to be addressed. For
instance, open questions are: what are the control require-
ments that need to be imposed on CIG-based power plants as
their penetration in the network increases?When should grid-
following CIG compulsorily embed frequency and voltage
control capabilities? From which point onward should it be
mandatory for new CIGs to be operated as grid-forming
resources? So far, the most realistic scenario that can be
conceived to successfully operate low-inertia power systems,
is one in which a mix of grid-following, grid-following
with frequency/voltage control capability, and grid-forming
converters coexist. However, it is unclear at which penetra-
tion level of CIG should more advanced operating modes
be required to ensure stability, or the ways in which these
requirements change depending on power system character-
istics and CIG deployment.

D. WHAT HAS BEEN DONE
To date, several studies and magazine articles have been
published addressing different control challenges that power
systems with high levels of CIG will face. Although useful
insights and results have been obtained so far, no work has
directly addressed the question of how energy regulators
should define the control requirements that CIG must fulfill
as their penetration in the network increases. Next, we dis-
cuss main results and conclusions of recent studies that are
closely related to our work. Even though these studies do not
have our same objective, they still provide useful results and
conclusions for our work.

One significant drawback of recent works that address
control challenges in low-inertia power systems is that most
of them use small test systems modeled with a few equiv-
alent generators and busbars [7], [32]–[34]. In these cases,
drawing general conclusions applicable to real-world power
systems is difficult. Among the research applicable to large-
scale real power systems, [32] and [35] compare the dynamic
performance of 100% renewable power systems using differ-
ent types of grid-forming controllers. In particular, the work
in [32] includes droop control, virtual synchronous machines,
matching control, and virtual oscillators. The results of [32]
show that regardless of the chosen grid-forming control strat-
egy, the frequency performance is improved when using
grid-forming CIGs compared to SGs. Moreover, both works
conclude that multiple grid-forming control schemes can
coexist in the same power system, provided that all of them
show similar behavior and are compatible with each other.
In the context of the MIGRATE project [36], [7] presents
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an analysis of the operational limits and the minimum grid-
forming converters penetration required to maintain voltage
stability during short-circuits. For this, a reducedmodel of the
Irish system operated with a 100% CIG penetration is used.
To find the minimum grid-forming penetration level, first a
100% grid-forming CIG system is implemented. Then, grid-
forming CIGs are progressively displaced by grid-following
ones until the system becomes unstable. The results show
that for the Irish system, a minimum grid-forming CIG pen-
etration of 37.5% is needed to sustain voltage stability. This
limit can be reduced to 30.1% if the grid-forming capacity
is distributed more evenly across the grid. A similar study
is presented in [37] for the Western Electricity Coordinating
Council (WECC) 2012 system (consisting of 18205 buses).
This work focuses on transient stability for a grid with a CIG
penetration close to 100%. The converters are modeled as
grid-following sourceswith frequency droop controllers. This
work shows that a power system with very low inertia can
remain stable for different types of contingencies when grid-
following converters are used.

The works [7], [32], [35], and [37] presented before show
that it is possible to sustain voltage and rotor-angle transient
stability in power systems with very high levels of CIG.
Regarding studies with focus on frequency stability, not much
has been done. In [12], the feasibility of operating a 100%
CIG-based system during power imbalances is studied. The
results show that grid-following converters with traditional
frequency droop control do not contribute to the load shar-
ing process when a grid-forming CIG imposes a constant
frequency. In this respect, the authors conclude that if angle
droop controllers [38] are used instead, the system can oper-
ate with a constant frequencywhile ensuring proper load shar-
ing among units. Hence, an important conclusion of this work
is that a 100% CIG-based system can indeed be operated at a
constant frequency without the need of secondary frequency
controllers.

E. CONTRIBUTIONS OF THIS WORK
As presented in the previous section, to the best of the
authors’ knowledge, no work has proposed a methodological
approach to systematically define the control requirements
that grid-connected CIG must fulfill to enable its widespread
adoption from a frequency stability viewpoint. In this context,
this work proposes a novel methodology to systematically
define the control requirements that must be imposed on
CIG-based power plants as their penetration in the network
increases. The methodology is designed to ensure frequency
stability during extreme contingencies assuming that: 1) in a
first stage of CIG development (in which no major frequency
challenges arise), CIGs are operated in grid-following mode
without any frequency control, 2) in an intermediate stage
of deployment, at least some CIG units will be required to
participate in system frequency regulation and then, 3) as
the system inertia approaches zero, some CIG will also be
required to participate in the process of forming frequency
and voltage. The study is based on time-domain simulations

using a complete dynamic model of the Chilean system
projected to the year 2046. The Chilean case is particularly
interesting because it already has high levels of solar power
concentrated in the north of the country and it is an isolated
extreme longitudinal network prone to face stability prob-
lems. Although our results and conclusions are only valid for
the Chilean case, the proposed methodology can be applied
to any other power system. Our study provides several useful
insights to start outlining answers to the following questions:

• What is the maximum level of grid-following CIG that
a system can accommodate without compromising fre-
quency stability?

• When should CIG be required to embed frequency con-
trol capabilities?

• If the system includes grid-following CIG with and
without frequency control capability, from which point
onward should it be required that new CIG be operated
as grid-forming devices?

The remainder of the paper is organized as follows.
In Section II the main characteristics of the most common
converter operating modes are summarized. The method-
ology used for the study is presented in Section III.
In Section IV the case study implemented is described.
Finally, results are discussed in Section V and the conclusions
are presented in section VI.

II. OPERATING MODES OF CONVERTERS
As mentioned in the introduction, power converters used
in CIG power plants allow a variety of operating modes.
Although the names that are most repeated in literature
are grid-forming and grid-following modes, different names
can also be found (e.g., the grid-following mode has also
been called grid-feeding [26], [39]). Next, we present the
main characteristics of the most common operating modes of
power electronic converters.

A. GRID-FOLLOWING CONVERTERS
The vast majority of converters used in existing CIG power
plants rely on an external voltage source to operate and also
on a phase-locked loop (PLL) to estimate the angle of the
measured voltage at the connection point of the converter.
They require a stiff grid (robust grid), whose voltage and
frequency at the connection point can be determined by a
PLL. This family of converters is often referred to as grid-
following converters [1], [2]. In the traditional grid-following
operatingmode, the converter is controlled as a current source
that injects a fixed amount of active and reactive power to
the grid by simply following the voltage and frequency at
its connection point [7], [12], [26]. Consequently, the use of
grid-following converters is feasible as long as the system to
which the CIG is connected has other generators capable of
participating in the process of establishing the frequency and
voltage of the network [1], [7], [24].

The control scheme of a grid-following converter can be
implemented in different ways [26]. In the area of power
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FIGURE 1. Generic control structure of a grid-following converter.

systems, PI (Proportional-Integral) controllers are used the
most, as well as systems in dq axes [40]–[42]. Fig. 1
illustrates a typical control diagram of a grid following con-
verter. This scheme has two cascaded control loops based
on PI controllers oriented in the dq axis. The angular ref-
erence of these axes comes from a PLL. Although the
synchronous reference frame PLL (SRF-PLL) is currently
the most widely used method by vendors to synchronize
CIGs to the grid [43]–[45], other synchronization alter-
natives such as adaptive-based PLLs [46], the decoupled
double SRF-PLL (DDSRF-PLL) [47], the dual SRF filtering-
based PLL (DSRF-PLL) [48], or the dual complex-coefficient
filter-based PLL (DCCF-PLL) [45], have also been pro-
posed. Further, PLL adaptations without direct computation
of trigonometric functions [49] and implementations using
the Kalman filter [50] or the recursive Discrete Fourier Trans-
form (RDFT) [51] are also among the newer synchronization
solutions proposed in the literature.

In this case, the PLL estimates the phase (θ) of the voltage
at the point of common coupling (PCC). This angle is used
to transform current and voltage measurements from the abc
axes to the dq axes. The orientation of the dq axes is regulated
using a PI loop that carries the voltage of the q-axis (vq) to
zero. This ensures that the voltage at the PCC is aligned with
the voltage in the d-axis (vd ) [43], [52].

The external control loop regulates the active power
injected (P) by manipulating the current in the d-axis (id ),
while simultaneously regulating either the reactive power
injected (Q) or the magnitude of the voltage at the PCC (v)
through the current in the qq-axis (iq). For this, PI loops are
used, which, from the errors between reference values and
measured power/voltage, determine the reference currents to
be injected in dq axes

(
i∗d , i
∗
q

)
. These reference currents are

used by the internal control loop to regulate the current
injected by the converter. The output of the current internal
loop is the voltage u∗abc that has to be imposed at the converter

FIGURE 2. Generic control structure of a grid-following converter with
droop controllers.

terminals in order to inject the desired values of active and
reactive power.

Although the basic control structure explained above was
the most common until recently, as discussed in [25], addi-
tional modes of operation are also feasible. For example,
in [11], [53], [54], grid-following converters with control
loops designed to regulate voltage magnitude instead of the
reactive power injected are considered. This form of opera-
tion is known by some authors as partial grid-forming [25].
Other research works have proposed to incorporate external
loops into the classic grid-following control schemes for
CIG to participate in frequency and/or voltage regulation
[27], [33]. Grid-following converters with frequency/voltage
controllers have not only been discussed by the academic
community, but have already been required and implemented
in several power systems [28]–[30].

A possible control scheme for a grid-following converter
with frequency and voltage droop control is presented in
Fig. 2 [27]. Although in some research articles this implemen-
tation is known as grid-supporting operating mode [26], [27],
in this work we refer to this implementation as grid-following
converter with droop controllers. As shown in Fig. 2, when
the frequencymeasured by the PLL (ω′) differs from the nom-
inal frequency (ω∗0) (e.g., due to a load imbalance in the grid),
the frequency droop modifies the value of the active power
P∗∗ to be injected. This way, the converter contributes to
restoring the balance between generation and demand, similar
to the action of governors in conventional SGs [33]. Similarly,
the voltage droop determines a new reference voltage v∗∗

based on the reactive power deviation measured at the PCC
so that the CIG participates in the voltage regulation.

The control action of the frequency and voltage droop
controllers are represented in (1) and (2), respectively, where
the droop gains m and n determine the converter contribution
to the frequency and voltage regulation.

P∗∗ = P∗ + 1/m · (ω∗0 − ω
′) (1)
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v∗∗ = v∗ + n · (Q∗ − Q) (2)

To ensure frequency support during power imbalances (1),
the converters must keep some power reserves available. This
can be done either by incorporating an energy storage system
[55] or by operating the converters in de-load mode [1],
[10], [22]. When operating in de-load mode, the CIGs only
supply a percentage of the available power, meaning that
they operate at a sub-optimal operating point and not at the
maximum power point commonly used in traditional grid-
following CIGs with no frequency response capability [10].

Although the incorporation of these additional control
functionalities allows grid-following converters to contribute
to system recovery following a loss of generation, their
support capability is quite limited, as they still depend on
a stiff (well-defined) terminal voltage that the PLL can
follow. Regardless of the grid-following control structure
used, black-start following a system outage could represent
a significant challenge in low-inertia power systems where
most SGs have been replaced with grid-following CIGs [24].

B. GRID-FORMING CONVERTERS
The term ‘‘grid-forming’’ is generally used to refer to gen-
eration plants that are able to impose frequency and voltage
autonomously without the need of an external grid [11], [26].
Conventional synchronous machines are the grid-forming
generation sources par excellence. In the case of CIG,
power plants with similar functionalities to SGs are gener-
ically referred to as grid-forming CIGs. Similarly, to SGs,
grid-forming converters have black-start capability and can
contribute to system restoration following a blackout [24].
Accordingly, the grid-forming operating mode can, at least
theoretically so far, operate in a power system without any
conventional SG [26], [31], [35]. Nevertheless, today there is
not enough experience with grid-forming converters operat-
ing in real power systems.

Grid-forming converters can be implemented in sev-
eral ways [32]. Although the most well-established grid-
forming method is the droop control [7], there are also
other strategies such as virtual synchronous generators (also
called synchroinverters) [56], [57], virtual oscillator [58],
[59], and matching control [35], [60], to name a few.
However, these methods are not discussed further here as
they are not the focus of this work, and they have been
proven to be mathematically equivalent to the classic droop
control [35], [39], [61].

Fig. 3 shows a generic control scheme for a grid-forming
converter with droop-type controllers. The diagram has three
cascaded control loops oriented in the dq axis. In contrast
to a grid-following converter, this operating mode does not
need a PLL for synchronizing the converter to the grid [39],
[62], [63]. Instead, the angle θ , which defines the dq axis
orientation, is obtained by integrating the reference frequency
that the converter imposes at the PCC [62].

The droop controller is the outer loop of the scheme in
Fig. 3. This controller allows the converter to participate

FIGURE 3. Generic control structure of a grid-forming converter.

in the frequency and voltage regulation, and therefore,
in load distribution among generators [53], [64]. The fre-
quency loop of a grid-forming converter is represented
in (3).

ω∗∗ = ω∗0 + m · (P
∗
− P) (3)

where ω∗∗ is the reference frequency to be imposed at
the PCC, ω∗0 is the reference frequency when the con-
verter injects the reference power P∗, and P is the active
power injected in the grid. When a disturbance leads to
a deviation in the active power injected by the converter
(P∗ 6= P), the droop control modifies the output frequency
imposed by the converter according to the deviation of power
injected and the droop coefficient m [62]. Once the steady
state is reached, the generators distribute the load varia-
tions according to the slope of their droop curves [26].
This controller is also known as ‘‘inverse droop’’, because,
as opposed to the governor of an SG, it modifies the output
frequency considering the deviation of the injected power
in relation to its reference [65]. As in the case of grid-
following converters, the frequency regulation capability in
grid-formingmode requires an energy buffer (power reserve),
which can be achieved by either incorporating an energy
storage system or by operating the converters in de-load
mode.

Similarly, the voltage magnitude established at the PCC is
modified according to (4).

v∗∗ = v∗ + n · (Q∗ − Q) (4)

The frequency and voltage references provided by the
droop controllers enter to the voltage control loop where,
from the voltage measurement at the PCC and from the cur-
rent ig injected into the grid, the reference currents

(
i∗d , i
∗
q

)
to

be injected to the grid by the converter are calculated. These
reference values are the input of the internal current control
loop, which determines the voltage u∗abc to be imposed at
the converter terminals to establish the desired voltage at
the PCC.
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III. PROPOSED METHODOLOGY
A. INTRODUCTION
As mentioned in the introduction, this paper proposes a novel
methodology to systematically define the control require-
ments imposed on CIGs to ensure system frequency stability
as their penetration in the network increases. To this end, it is
assumed that the corresponding power system under study
has a CIG penetration target (CIGtarget ) for a year ytarget in
the future, for which there is an elaborated roadmap for the
expansion of its generationmatrix. On this basis, the proposed
methodology consists of three main stages that are briefly
explained next.

1) Maximum level of CIG in grid-following mode only
(business-as-usual): in this stage, the purpose is to
determine the maximum level of CIG penetration,
assuming that these units are connected in a grid-
following mode only, i.e., without any frequency con-
trol. The assumption behind this is that in the first stage
of CIG deployment, in which there are no major effects
on the frequency stability of the system, the CIGs will
be connected to the network in grid-following mode, as
this is the default control scheme used today in nearly
all grid-connected CIGs due to its maturity, economic
advantages and collected practical experience.

2) Maximum level of CIG in grid-following+f mode: in
this stage the system obtained in stage one is taken as a
base, and the penetration of CIG is increased provided
that new units participate in system frequency regula-
tion. Here it is assumed that once the energy regulators
start demanding capacity of frequency regulation in the
new CIGs, the solution that vendors will adopt will
simply be to add a frequency loop to the traditional
grid-following mode.

3) Maximum level of CIG considering grid-formingmode:
in this last stage, the system obtained in stage 2 is taken
as a base, and the CIG level is increased provided that
the new CIG power plants being incorporated into the
system are connected in grid-forming mode. Accord-
ingly, these CIGs must support the process of forming
frequency and voltage and also contribute with black-
start capability.

Aswill be explained in detail in the next sections, in each of
these three stages, the determination of the maximum level of
CIG is done through an iterative process inwhich the dynamic
performance of the system is continually assessed for dif-
ferent levels of CIG. The performance assessment includes
a small-signal stability assessment (modal analysis) and a
dynamic assessment through time-domain simulations during
large disturbances. The method described is illustrated in
Fig. 4. Note that the proposed methodology is general enough
to be applied to any power system. The main requirement is
to have available both an appropriate dynamic model of the
network for time-domain simulations and a penetration target
of CIG.

The process mainly consists of increasing the CIG level
and, for each penetration level, assessing if the power system

FIGURE 4. General block diagram.

has a good dynamic performance. If the performance is sat-
isfactory, the CIG penetration is increased in 1CIG and the
system performance is assessed again. This iterative pro-
cess is repeated until for a certain CIG level the system
becomes unstable, or the maximum number of iterations
imax to make the system stable (for a certain CIG level) is
exceeded.

In the following subsections, each methodological stage is
presented in detail. In addition, an initial section called ‘‘First
steps’’ is included to present some general considerations
about the dynamic studies.

It is worth to mention that each time that the term ‘‘grid-
following’’ is used, we are referring to converters operating in
a grid-following mode in its most basic form, that is, without
any kind of frequency control. To refer to the case of grid-
following converters with some frequency controller, we will
use the term ‘‘grid-following+f ’’.

B. FIRST STEPS
In what follows, some practical aspects of the dynamic study
that is undertaken in each of the three stages of the proposed
methodology are addressed.

1) BASE DYNAMIC MODEL OF THE SYSTEM
As a first step before beginning with Stage 1 of the method-
ology, the dynamic model of the projected system to the year
ytarget for which there is a defined CIG target (CIGtarget ) must
be elaborated. For this, the current roadmap with the gener-
ation expansion plan of the system (that allows to reach said
objectives) is used alongside any other official information
from regulator and/or transmission system operator (TSO).
Based on this first system model, all future CIG power plants
are (initially) modeled in grid-following mode. This initial
model is calledModelv0.

2) FREQUENCY CONTROL AREAS
For the purposes of the dynamic study, the power system
is divided in frequency control areas, which may be deter-
mined either using any existing methodology [33], [66], [67]
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or based on the practical experience of the pertinent
TSO. Regardless of the method used, this step is a must,
so that potential problems with inertia distribution can be
addressed [14], [66], [68]. As explained in [14], [66], [68],
in low inertia power systems, post-fault frequency dynamics
do not only depend on the total system inertia, but also on
their spatial distribution across the network. As a conse-
quence, not including this division in the system may com-
promise the validity of the obtained results.

3) SYSTEM OPERATING CONDITIONS AND CONTINGENCIES
As is common in stability assessments of large-scale power
systems, we adopt a worst-case approach, meaning that only
a limited set of critical operating points and contingencies
are investigated [69]. Since frequency stability problems are
more likely to arise during periods of low system inertia [2],
[17], the study is undertaken for theminimum net load operat-
ing point (i.e., when SGs generate the least amount of power),
in which case only few SGs are available to support the
system frequency response. Regarding the contingencies to
be studied, the sudden outage of the largest online generation
unit [70] is considered, since this contingency is critical
from a frequency stability perspective. In addition, to eval-
uate the technical feasibility of reaching high levels of CIG
penetration, the set of critical contingencies to be analyzed
include the sudden disconnection of the wind and PV power
plants with the greatest generated power in the corresponding
operating condition.

4) PERFORMANCE INDICES
In regard to the dynamic performance indicators that are used
in this study, we have that:
◦ For the small-signal stability assessment, it is demanded

that all eigenvalues obtained must be stable and with
a damping ratio complying with ξmin > 10%. In this
paper, that value is used because it is theminimum estab-
lished in the Chilean grid code [71]. However, depending
on the case under study, and the corresponding regula-
tions, this value may change.

◦ To assess the dynamic performance of the system during
large power imbalances, two indicators are used: (i) the
minimum frequency (nadir) reached following each fault
and (ii) the settling time of the frequency in its post-
fault steady state value. The boundary values for both
indicators are obtained from current regulations.

C. STAGE 1: MAXIMUM LEVEL OF CIG IN
GRID-FOLLOWING MODE ONLY
(BUSINESS-AS-USUAL)
The objective of the first stage in this methodology is to deter-
mine the maximum level of CIG operating in grid-following
mode (MaxCIG_gf ) that can be incorporated into the system
while maintaining stability. For this, the model Modelv0 is
taken as a base. Then, an iterative process is performed, which
consists of 2 cascaded stages whose details are presented in
what follows.

FIGURE 5. Block diagram of first iterative process of Stage 1.

1) FIRST ITERATIVE PROCCESS
Through this first process, we seek to verify if the target
defined (CIGtarget ) for the year ytarget can be reached only
based on grid-following converters. For this, the iterative
process shown in Fig. 5 is followed, where each iteration
includes a tuning process based on amodal analysis, followed
by a stability assessment.

The tuning process performed in each iteration k con-
siders the parameters of the CIG controllers, including the
bandwidth of the PLLs and the gains (K vp,Kvi) of the PI con-
trollers in the voltage control loop. Additionally, the process
may include the retuning of some Power Systems Stabilizers
(PSS) of conventional machines through the modification
of their gains, KPSS . The parameter tuning is made based
on several modal analyses using a trial-and-error process.
The tuning in iteration k ends when the system reaches a
suitable performance in small signal, that is, when all system
eigenvalues are stable with damping ratios complying with
ξmin >10%. Once the system has been tuned, the stability
analysis begins. This analysis is made through time-domain
simulations where the critical contingencies of each fre-
quency control area are simulated. If for one of the con-
tingencies the system becomes unstable and/or its dynamic
performance does not comply with the corresponding tech-
nical regulation, the following iteration is conducted and the
process that was previously described starts once again, that
is, the parameters are retuned, and again, a stability analysis
is conducted.

This first iterative process ends when one of the following
conditions is met:

◦ If for an iteration k ≤ imax the system dynamic
performance complies with current regulation, and it
is stable during all critical contingencies, the itera-
tive process ends, and it is therefore concluded that
the CIGtarget can be reached only using CIG in
grid-following mode alone. Accordingly, the maximum
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level of penetration of these units is equal to the tar-
get, i.e., MaxCIG_gf = CIGtargetMaxCIG_gf = CIGtarget.
In this case, the process moves to Stage 2 of the method-
ology without going into the second iterative process.

◦ On the other hand, if for an iteration k we have that
k > imax , this process ends, and the second iterative
process begins. Accordingly, it is concluded that the
CIGtarget cannot be reached based only on CIG operated
in grid-following mode, and therefore, its penetration in
the system has to be decreased.

2) SECOND ITERATIVE PROCCESS
If this second process is activated, it means that the CIGtarget
defined for the year ytarget cannot be reached with only
grid-following CIG. Hence, the penetration level of grid-
following converters in the system has to be diminished.
From the perspective of the generation expansion plan asso-
ciated to CIGtargetCIGtarget, the process of reducing CIG
implies a sort of setback in time. This way, in this step,
not only the maximum level of grid-following converters is
determined (MaxCIG_gf ), but also the year from which the
regulator should start demanding that new CIG units to be
connected in the system are connected in grid-following+f
mode. To determine the value of MaxCIG_gf that the system
can take in this case, the iterative process shown in Fig. 6 is
followed.

The process starts by diminishing the installed capacity
of grid-following CIG in blocks of 1CIG [MW], which are
previously defined. For this, the first units that are taken out of
service are the last ones connected according to the expansion
plan, prioritizing those plants located in the frequency control
areas with low levels of inertia (weak areas of the grid). As in
previous stages, the process continues with the parameter
tuning of the CIG controllers, followed by a stability assess-
ment. This iterative process ends when, for a given iteration,

FIGURE 6. Block diagram of second iterative process of Stage 1.

FIGURE 7. Block diagram of Stage 2.

the dynamic performance of a system complies with current
regulations and is stable for all selected critical contingencies.

As a result of this stage, the maximum level of CIG able to
operate in the system considering grid-following converters
(MaxCIG_gf ) is obtained. The dynamic model of the sys-
tem that is obtained for the MaxCIG_gf penetration level is
calledModelv1.

D. STAGE 2: MAXIMUM LEVEL OF CIG IN
GRID-FOLLOWING+f MODE
Assuming that the system has the maximum level of grid-
following converters connected already, the objective of
this stage is to determine the additional CIG that can be
connected in grid-following+f mode (MaxCIGgf+f ), so that
system stability can be maintained. As in Stage 1, this is
done through several iterative processes that include a tuning
process followed by a stability assessment. Fig.7 shows a
general scheme of Stage 2.

From the previous diagram, it can be seen that the second
stage of the methodology depends on themaximumCIG level
obtained in Stage 1 (CIGtarget ).

◦ If MaxCIG_gf < CIGtarget , Stage 2 begins in the first
iterative process.

◦ If MaxCIG_gf ≥ CIGtarget , Stage 2 starts directly in the
second iterative process, without going through the first
iterative process.

More details of both blocks are presented in the next
section.

1) FIRST ITERATIVE PROCCESS
If MaxCIG_gf < CIGtarget , there are CIGs of the generation
expansion plan that cannot be connected in grid-following
mode in Stage 1. To be consistent with the generation
roadmap associated to CIGtarget , in this stage, those units
are precisely the first ones to be incorporated in grid-
following+f mode. The incorporation process is realized
following the scheduling of the generation expansion plan.
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As in previous stages, the process entails progressively
increasing the level of CIG in grid-following+f mode,
parameter tuning, including in this case, the parameters of
droop loops of frequency of CIG to then assess if the power
system has a good dynamic performance for said CIG level.
If that is the case, the penetration of CIG is increased, and
the dynamic performance is assessed once again. The per-
formance indicators, as well as their boundary values, are
the same as those used in previous stages. This process ends
when, for a certain iteration k , one of the following conditions
is met:

◦ There is no more CIG to be connected in the generation
expansion plan and the system is stable for all simulated
critical contingencies. In this case, we have that the
target is reached through a combination of CIG units
in grid-following and grid-following+f mode. Then,
the process continues and goes to the second iterative
process.

◦ For a given iteration k we have that k > imax , the
process ends and goes directly to Stage 3 of the pro-
posed methodology (without going through the second
iterative process). It is concluded, by consequence, that
CIGtarget cannot be reached based on converters in grid-
following mode only, even if some of them embed
additional frequency control functions.

2) SECOND ITERATIVE PROCCESS
In this stage it is assumed that the CIGtarget has already been
reached through a combination of grid-following converters
with and without frequency control. In this way and from this
point onward, there is no generation expansion plan to follow,
and so the increase of CIG is made taking conventional
SGs out of service (those that are still in operation in the
year ytarget ).

The process of displacing SGs by CIGs in grid-
following+f mode is done progressively, starting with those
machines located near the best RES potential (solar or wind).
In each iteration, a conventional power plant is replaced
with a CIG of equivalent capacity to then continue with the
same process of parameter tuning and stability assessment
described in previous stages. The end of this iterative process
can take place in the following two cases:

◦ When, for a given iteration k , we have that k > imax ,
that is, for the CIG level considered, the dynamic per-
formance of the system does not reach stability for all
critical contingencies considered.

◦ When, for a given iteration k , there is only one SG to be
replaced.

The restriction of keeping at least one SG connected to the
system in Stage 2 is justified because a real power system
cannot operate without having at least one generating unit
able to participate in the process of forming frequency and
voltage [7]. Further, according to [24], black-start following
a power system outage could present a great challenge if

grid-following CIG have replaced most SG with black-start
capability.

As a result of this stage, the maximum level of CIG operat-
ing in grid-following+f mode that can be incorporated to the
system (MaxCIGgf+f < CIGtarget ) is obtained. The dynamic
model that is obtained in this stage is called Modelv2, and it
includes theMaxCIG_gf% of CIG in grid-following mode and
the MaxCIGgf+f% of CIG in grid- grid-following+f mode.

E. STAGE 3: MAXIMUM LEVEL OF CIG CONSIDERING
GRID-FORMING MODE
In the last stage of the methodology, the feasibility of oper-
ating the system when there are no synchronous machines
in operation is studied. For this, the starting point is the grid
resulting from Stage 2 (Modelv2) and the SGs still connected
to the system begin to be replaced with CIG units operating in
grid-forming mode. This is done following the same iterative
procedure of previous stages.

As a result of Stage 3, we obtain the maximum level
of CIG that can be integrated into the power system under
study, considering the three types of operating modes: grid-
following, grid-following+f , and grid-forming.

IV. CASE STUDY DESCRIPTION
A. INTRODUCTION
In this work, we use the Chilean power system as a case study.
From a frequency stability perspective, the Chilean case is
particularly interesting because it is an isolated network with
an extreme longitudinal topology of 3100 kilometers long and
low levels of inertia (even without CIG). These features make
this system one that is inherently less robust, and hence, likely
to face instabilities. Additionally, the Chilean system already
has high levels of CIG concentrated in the north area of the
country (Atacama Desert), which is an area that concentrates
one of the most attractive solar potentials in the world. In fact,
Chile has an installed capacity of 5349 MW based on CIG
already, which is equivalent to 21.6% of the total installed
capacity in the country [72]. Out of this capacity, 3206 MW
are based on PV power plants installed in the north of the
country.

For the year 2050, the Chilean government has set the
goal to reach at least 70% of generation based on RES [73].
In this context, we used the system projected for the year
2046 according to official estimations by the government.
The projection used is based on one of the energy scenar-
ios contemplated in the Long-term Power Plan (similar to
a generation expansion plan) elaborated by the Ministry of
Energy of Chile in 2017 [74]. In this scenario, the total
generation capacity installed at the national level for the year
2046 is 38236 MW, out of which 27679 MW correspond to
CIG (including more PV power plants in the North and wind
power plants in the south). In this way, for the year 2046 it
is contemplated that 72% of the total generation capacity
installed in the system will be based on CIG and only the
remaining 28% (i.e., 10557 MW) based on conventional SG.
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FIGURE 8. Injected power by CIG and SGs per frequency control area.

B. SYSTEM OPERATING CONDITION
Given that the focus of this work is the frequency stability
in grids with high levels of CIG, the proposed methodology
is applied for the minimum net load of the system projected
for the year 2046. In this scenario, the total system load is
17077 MW and the total power generated is 17777 MW, out
of which 13820 MW are generated by CIG. In this way, 78%
of the demand is supplied by CIG-based power plants.

The system under study is shown in Fig. 8, where the colors
are used only to distinguish frequency control areas. To the
right of each area there is a chart that includes the demand
and power generated by CIG and SG for the minimum net
load operating point, along with the inertia per area (with a
common base of 10557 MW). Additionally, the red dots indi-
cate the location of the critical contingencies studied. Note
that, as usual in frequency stability assessments of realistic
size power systems, critical contingencies considered for the
simulations are sudden outages of large online generation
units [69], [75].

As seen in Fig. 8, most of the power generated in the north
area of the country (areas 1 and 2) is generated by CIG,
while in central and southern areas (areas 3 and 4) the power
generation is distributed more evenly between CIG and SG.

C. SYSTEM DYNAMIC MODEL
The dynamic model developed for the Chilean system is a
detailed model with 2400 busbars, 1560 transmission lines,
and 1175 load points distributed along the grid. The model
was implemented in DIgSILENT PowerFactory [76] and is
based on the official model of the Chilean system avail-
able on the website of the Chilean TSO [77]. To model the
existing generation plants in the system, the same dynamic
models in the official TSO model were used. The loads
are modeled using voltage-dependent models. The gener-
ator models correspond to the classical fifth order model

with two damping windings, in which stator transients are
neglected [13]. For expanding the system to the year 2046,
new transmission assets and generation units are modeled
considering the long-term energy planning developed by the
Chilean government [74].

For modeling future wind and PV plants, we develop two
models depending on the converter’s operating mode:
◦ For converters operating in grid-following mode,

we implemented dynamic models based on generic
WECC models for WT and PV power plants [78], [79].
In both models, CIGs are controlled as voltage sources
whose angular reference is provided by a PLL. To do
this, the original WECC models were adapted to explic-
itly incorporate an SRF-PLL [45] in the converter con-
trol scheme. As shown in Fig. 1, both models consist
of an outer active power/voltage control, an inner cur-
rent controller, and the PLL that provides the angular
reference to the inner control loop. Additionally, the
implemented WECC models have filters for the mea-
surement of voltage and power. The time constants for
the filters are the default values of the WECC templates
in DIgSILENT: for PV plants 0.02 s is used for all
the measurements, whereas for WT plants 0.01 s and
0.05 s are used for the voltage and power measurements,
respectively.

◦ For grid-forming converters, we implemented the droop-
based model shown in Fig. 3, which has been widely
used in the literature [2], [39], [43]. The model has an
outer power/voltage control loop and an inner current
control loop, whose output is the voltage to be formed
at the PCC. The parameter values used are those consid-
ered in [7].

The PLL bandwidth used in the grid-following converters
is 6 Hz because it represents an intermediate value between
typical values considered in stability studies of large-scale
power systems with high CIG penetration levels (see, for
example, [7], [12], [80]–[82], in which PLL bandwidth values
are within the range of 1 to 13Hz).With these values, the PLL
is capable of correctly following the phase of the voltage at
the PCC during normal operation. Higher PLL bandwidths
are not commonly used in power systems with high levels of
CIG as they can significantly affect the small-signal stability
of the system [63], [83]. Parameter tuning (K vp,Kvi) of the PI
in the voltage control loop is made on a trial-and-error fashion
by considering typical values found in literature. Concretely,
for the parameter Kvp, a sensibility analysis is performed
using values between 0 and 5, while for Kvi, values in the
range of 0.5 to 25 are used [52], [54], [83]–[85].

Finally, to allow frequency support capability in CIG,
we consider a de-loaded operation in both grid-following+f
and grid-forming converters. The droop coefficients used in
both grid-forming and grid-following+f converters are m =
5% and n = 0% as they are typical values found in the
literature [7], [19], [64], [65]. It is important to highlight that
the choice of the droop coefficients is a techno-economical
problem that should be optimized [86], [87]. Although this
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TABLE 1. System dynamic performance indicators for different
parameters combinations.

is a highly interesting problem, it is out of the scope of this
paper and is not further discussed. In addition, it is worth
mentioning that, although the proposed methodology is inde-
pendent of the architecture and control parameters adopted in
the converters, the results obtained may be different if other
dynamic models and control parameters are used.

V. OBTAINED RESULTS
In this section, the results obtained for the Chilean case
projected to the year 2046 are presented after applying the
proposed methodology in Section III.

A. MAXIMUM LEVEL OF CIG IN GRID-FOLLOWING MODE
ONLY (BUSINESS-AS-USUAL)
As explained in Section III, the first methodological stage
seeks to determine the maximum level of grid-following CIG
(MaxCIG_gf ) that can be incorporated based on two iterative
processes. The first process determines if CIGtarget can be
reached only based on grid-following converters. If this is
not possible, then the second iterative process is conducted.
In this process, the grid-following CIG installed capacity is
progressively decreased until a proper system performance
is achieved. Both steps are carried out through an iterative
process that includes parameter tuning followed by a sta-
bility assessment that takes into account a set of critical
contingencies. Due to space constraints, the following section
summarizes only the main conclusions obtained in each
stage.

1) FIRST ITERATIVE PROCESS: CIGtarget ONLY WITH
GRID-FOLLOWING CIG
Table 1 summarizes how some of the system dynamic per-
formance indicators change for different parameter combi-
nations when the amount of grid-following CIG is equal to
CIGtarget . The indicators shown are the minimum damping
(ξmin) obtained from the modal analysis (related to a specific
mode), as well as the frequency nadir (fnadir ) and settling time
(Ts) when fault 1 is simulated. Even though the table shows
a limited range of the values for Kvp and Kvi, the analysis
included a much larger number of combinations. This table
only includes the value combinations that provided the best
results from a stability perspective.

From the table above, it can be observed that as the Kvp
and Kvi values increase, the frequency nadir of the system

FIGURE 9. Modal analysis a) Without PSS retuning; b) retuning PSS.

FIGURE 10. System frequency during critical contingencies considering
78% of grid-following CIG a) Fault 1, b) Fault 2, c) Fault 3.

after fault 1 improves. However, the improvement is not sig-
nificant. Although not shown in the table, when Kvi increases
to values over 25 (Kvi > 25) the improvement in the nadir
becomes marginal. This may be due to the measurement
filters values used in the PV and WT plants, which could
restrict the values adopted for Kvp and Kvi [88]. Finally, for
values Ki ≤ 1, the system becomes unstable, which is why
these results are not shown in the table above.

Even though it can be inferred from the table that the best
parameter combination is KvP = 5 and Kvi = 25, the lowest
damping ratio (among all eigenvalues) does not comply with
the minimum damping of 10% established in the Chilean
grid code. Additionally, the frequency nadir after fault 1 is
lower than 49 Hz (fnadir = 48.744 Hz, fnadir= 48.744fnadir =
48.744), which in the Chilean case, implies the activation of
under frequency load shedding schemes (UFLSS). In light
of this, the tuning process is conducted once again, but this
time by considering the PSS of some key generators in the
system. Fig. 9 shows the eigenvalues of the system when
KP = 5 and Ki = 25 with and without PSS retuning.
The axes of both graphs have been reduced to show the
window of electromechanical modes. The red-colored area
indicates the oscillation modes with damping ratio lower
than 10%.

As shown in Fig. 9, the retuning of some key PSS con-
tributes to increase the damping ratio of the modes that
were initially not correctly damped (ξ <10%). However,
the frequency of the system continues to fall below 49 Hz
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FIGURE 11. System frequency during critical contingencies for different
levels of grid-following CIG a) Fault 1, b) Fault 2, c) Fault 3.

during extreme contingencies, which implies a loss of energy
supply. The frequency evolution in a representative busbar
of the grid during faults 1, 2 and 3 (applied in t = 1 s)
is presented in Fig. 10. It is observed that the post-fault
frequency oscillations do not have a good damping level.
In fact, at 100 seconds, the frequency does not yet manage
to stabilize in its steady-state value.

The previous iterative process (parameter tuning followed
by a dynamic assessment) was conducted for a total of imax
iterations without reaching satisfying results in terms of the
minimum performance required for the indicators. Accord-
ing to the proposed methodology, it is concluded that the
CIGtarget cannot be reached using only CIG operated in grid-
following mode. Hence, the penetration of grid-following
CIG in the system has to be decreased.

2) SECOND ITERATIVE PROCCESS: REDUCTION OF
GRID-FOLLOWING CIG
In the second iterative process of Stage 1, the level of
grid-following CIG in the system is progressively decreased
until reaching the maximum level that complies with the
minimum performance of the indicators. For this, we first
took grid-following CIG plants out of service, according
to the expansion plan (the first units to be taken out
of service are the last ones to be connected to the sys-
tem according to the expansion plan) by prioritizing those
plants located in frequency control areas with low levels
of inertia. This step-by-step iterative process was explained
in detail in Section III; only the obtained results will be
presented.

Once the second iterative process was conducted, we have
that four grid-following CIG power plants with a total
installed capacity of 730 MW should be taken out of service.
In Fig. 11, the behavior of system frequency for the critical
contingencies is presented. Each graph presents the frequency
evolution in 4 iterations of the process, that is, for differ-
ent levels of grid-following CIG connected to the system:
(i) 78%, (ii) 77%, (iii) 76%, and (iv) 75%.

FIGURE 12. System frequency during critical contingencies for different
levels of grid-following+f CIG a) Fault 1, b) Fault 2, c) Fault 3.

As expected, the frequency performance improves as
the penetration of grid-following converters decreases. This
improvement is reflected both in the frequency nadir of the
system and the damping of post-fault frequency oscillations.
This can be explained due to the fact that the CIG reduction
comes with an increase of conventional synchronous genera-
tion, which are units that contribute to both inertial response
and primary frequency control of the system. Fig. 11 shows
that, when the level of grid-following CIG equals 75%,
the system frequency nadir reaches values over 49 Hz for
all selected critical contingencies, thus complying with the
established performance indicators. Based on these results,
we conclude that the maximum level of grid-following CIG
for the case under study is 75%, that is,MaxCIG_gf = 75%.

B. STAGE 2: MAXIMUM LEVEL OF CIG IN
GRID-FOLLOWING+f MODE
The objective of this stage is to determine the additional
CIG that can be connected to the system in grid-following+f
mode (i.e., CIG with frequency droop controllers) as a way
to maintain power system stability. For this, we start by
assuming that the power system already has a grid-following
CIG penetration MaxCIG_gf = 75%. As in Stage 1, this step
is conducted based on several iterative processes that include
a tuning process followed by a stability assessment.

As explained in Section III, since MaxCIG_gf < CIGtarget ,
the first units that are added to the system in grid-following+f
mode are the same CIG from the generation roadmap that
were taken out of service in the previous stage.

OnceCIGtarget is reached, we proceed to iteratively replace
conventional machines with grid-following+f CIG, accord-
ing to the prioritization detailed in Section III. Fig. 12 shows
the frequency behavior for the three critical faults. Each graph
presents the frequency evolution considering different levels
of grid-following+f CIG connected to the system (in this
case, in 4 iterations): (i) 0%, (ii) 3%, (iii) 10%, and (iv)
24%. In iterations (ii), (iii), and (iv), SGs were progressively
displaced in areas 1, 4, and 3, respectively (considering the
inertia values registered in Fig. 8).
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FIGURE 13. Modal analysis in 100% based CIG power system (75%
grid-following and 25% grid-following+f ) a) Without retuning PLLs;
b) retuning PLLs.

This figure shows that as the CIG levels increase by
means of frequency droop controllers, the frequency behavior
improves considerably. Even for the case in which the level
of grid-following+f is only 3%, frequency already complies
with the minimum performance requirements established by
Chilean technical regulations. Concretely, the nadir is higher
than 49.3 Hz and the settling time is less than 40 s for the
3 critical contingencies. It is important to observe that as
the CIG participation increases, system frequency acquires
a much faster dynamic in comparison to what is observed
in conventional systems. In fact, when the level of grid-
following+f is 10%, the frequency stabilizes in its steady
state value after approximately 15 s, whereas when the level
of grid-following+f is 24%, it is stabilized in less than 5 s.
This settling time is considerably shorter than that observed in
the simulations previously presented and, in general, shorter
than typical settling times in conventional systems dominated
by SG.

Therefore, the system can operate with a level of grid-
following+f equal to 24% (MaxCIGgf+f = 24%), which
in this case implies that only one SG is in operation by
contributing 1% of the total load of the system.

C. STAGE 3: MAXIMUM LEVEL OF CIG CONSIDERING
GRID-FORMING MODE
From the results obtained in the previous stage, in this stage
the only SG in service is replaced with a CIG plant. For com-
parison purposes, two cases are considered for this analysis:
1) SG replaced with a grid-following+f converter, and 2) SG
replaced with a grid-forming converter.

1) LAST ONLINE SG REPLACED WITH A
GRID-FOLLOWING+f CONVERTER
When replacing the last SG in service by a grid-following+f
converter, the modal analysis yields only stable modes. How-
ever, as shown in Fig. 13, there is a pair of eigenvalues not
well damped, with a damping ratio of ξ = 3.85%. Accord-
ingly, the minimum established damping requirement of 10%
is not met. The oscillation frequency of this mode is 4.4 Hz,
and according to the participation factors, it is associated with
a state variable of the PLL of some of the CIG power plants
with larger capacity.

FIGURE 14. System frequency during critical contingencies in 100% based
CIG power system (75% grid-following and 25% grid-following+f )
a) Fault 1, b) Fault 2, c) Fault 3.

FIGURE 15. Modal analysis in 100% based CIG power system (75%
grid-following, 24% grid-following+f, and 1% grid-forming).

To increase the damping of these modes, the PLL gains
(KP,Ki) of the grid-following+f converters that replaced
SGs are retuned. Concretely, PLL gains (KPPLL ,KiPLL ) are
reduced to decrease the PLL bandwidth from 6 Hz to 3 Hz
and hence improve the small-signal behavior of the system.
In fact, some studies have shown that in weak grids with high
levels of CIG, PLLs with high bandwidth values can com-
promise the small-signal stability [42], [69], [74]. The results
of this retuning are shown in Fig. 13 (b), where it can be
observed that there are no poorly-damped modes. It is inter-
esting to observe that in Fig. 13 (b), the electromechanical
oscillation modes that are usually observed in SG-dominated
systems do not appear. This becomes evident when compar-
ing the results of Fig. 13 (b) with those presented in Fig. 9.

Once the PLL retuning is conducted, the critical faults
are simulated (sudden disconnections of generation at t =
1 s). Fig. 14 depicts the system frequency evolution in a
representative busbar of the grid during faults 1, 2, and 3.

From Fig.14 it can be observed that the system remains
stable after the 3 critical faults and that the frequency nadir
is higher than 49 Hz in all cases. As in the scenario in which
there was only one SG (Fig. 12), after the contingency, the
system frequency presents some oscillations that are rapidly
damped so that it reaches its steady-state value in less than 5 s.
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FIGURE 16. System frequency during critical contingencies in 100% based
CIG power system (75% grid-following, 24% grid-following+f, and 1%
grid-forming) a) Fault 1, b) Fault 2, c) Fault 3.

TABLE 2. Results summary for different faults and CIG penetration
scenarios.

Although Fig. 14 (a) shows that in the case of fault 1 oscilla-
tions have a higher amplitude and duration in comparison to
faults 2 and 3, this is explained because fault 1 is located in
an area with a large amount of CIG.

2) LAST ONLINE SG REPLACED WITH A
GRID-FORMING CONVERTER
Finally, the behavior of the system is verified when the last
SG in service is replaced with a grid-forming converter.
As illustrated in Fig. 15, in this case, the modal analysis does
not yield poorly damped modes (ξ < 10%), thus it is not
necessary to conduct a retuning of the CIG controllers. The
figure shows that there are no electromechanical oscillation
modes associated with synchronous machines.

The system frequency during the simulated critical faults is
presented in Fig. 16. From the figure it can be seen that in this
case, the system is also stable during and after the 3 faults.
Additionally, and as in Fig. 14, the frequency shows very
fast dynamics with settling times between 1 and 3 seconds.

Finally, it is worth mentioning that for the 3 critical faults, the
system frequency performance improves when incorporating
a grid-forming CIG in comparison to the results obtained
in Fig. 14 (only with grid-following and grid-following+f
CIG), especially in fault 1.

D. RESULTS SUMMARY
Table 2 summarizes the results obtained for the most rele-
vant simulated scenarios. The nomenclature used in the table
is based on synchronous generation (SG), grid-following
(GFL), grid-following+f (GFL +f ), grid-forming (GFM),
and total system inertia (H ). The performance indicators
registered are the frequency nadir (fnadir ), the time to reach the
frequency nadir (Tnadir ), and the frequency stabilization time
(Ts), which is defined as the time required for the frequency
to reach and remain within a band of±0.1 Hz around its final
value.

From Table 2 it can be seen that, due to the fast response
of CIGs, Tnadir and Ts are reduced as the penetration of CIG
with frequency controllers increase.

VI. CONCLUSION
This article presents a novel methodology for systemati-
cally determining the control requirements to impose on
CIG-based power plants as their penetration in the network
increases. Although the proposed methodology is especially
designed for ensuring frequency stability, it can be applied
considering other types of stability as long as some minor
changes are undertaken such as the kind of contingency to
be simulated and the definition of the control areas.

The methodology allows to systematically determine
(i) the maximum level of grid-following CIG, (ii) the penetra-
tion level from which grid-following CIG should be required
to embed frequency control capability and (iii) the point from
which CIG should operate in grid-formingmode to contribute
to the process of forming frequency and voltage.

Results of a case study based on a detailed dynamic model
of the Chilean grid projected for the year 2046 allowed us to
draw several major conclusions. First, the maximum level of
CIG penetration considering only themost basic form of grid-
following converters (without frequency control capability)
is 75%, which is below the Chilean target of 78% CIG pen-
etration for the year 2046. To achieve the Chilean target, 3%
should be based on grid-following CIG with frequency con-
trollers to provide frequency support. Moreover, our results
show that further incorporation of grid-following CIGs with
frequency control capability can reach 99% CIG penetration
where only one SG remains in operation. Finally, we showed
that replacing the last online SG with a grid-forming con-
verter (thus achieving a 100% based CIG system) is also
technically possible from a frequency stability viewpoint.

The proposed methodology represents a first attempt to
systematically define the control requirements to be imposed
on CIG to ensure frequency stability as its penetration in
power systems increases. From the economic viewpoint,
said methodology can also be used by system operators or
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energy regulators as a support tool in the design of grid code
requirements related to frequency control capability in CIGs.
To complywith any kind of frequency control obligation, CIG
must be either operated in de-loaded mode or incorporate
an energy storage system, requiring this capability without
a proper technical justification may significantly hinder the
deployment of CIG.

In future work, the proposedmethodologywill be extended
to include the requirements related to other types of sta-
bility, namely, voltage, converter-driven, electric resonance,
and rotor angle stability. Only by considering all dynamic
phenomena will we be able to accurately determine the con-
verters’ control requirements that ensure the stable operation
of power systems dominated by CIG.
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