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A B S T R A C T

Over the last decades, renewable energy sources have increased considerably their generation share in power
systems. As a consequence, in terms of frequency deviations, both grid reliability and stability have raised
interest. By considering the absence of a consensual set of models for frequency control analysis, both for
the different generation units (conventional and renewables) and the power system itself, this paper provides
extensive and significant information focused on the models and parameters for studies about frequency control
and grid stability. An extensive analysis of supply-side and power system modeling for frequency stability
studies over the last decade is presented and reviewed. Parameters commonly used and assumed in the specific
literature for such simulations are also given and compared. Modeling of generation units are described as well,
including both conventional and renewable power plants.
1. Introduction

Frequency is a crucial parameter in power systems. Imbalances
between supply and demand cause deviations from the nominal fre-
quency: a supply-side excess yields an increase in frequency, while
a demand-side excess results in a decrease in frequency [1]. Under
large grid frequency deviations, statutory and operational limits can
be breached, forcing generators to disconnect and resulting in catas-
trophic failures within the system [2]. With the increasing integration
of renewable sources into power systems, it is expected that frequency
events severity becomes more and more important as conventional
units are supplanted by renewable generators [3]. In fact, and apart
from the intermittent nature of renewables, most of these renewable
resources are decoupled from the grid. Consequently, they do not
contribute to the system inertia, commonly considered as one of the
crucial grid parameters to ensure a synchronized operation of current
power systems [4]. Indeed, according to Dreidy et al. [5], an inertia
reduction of 70% is expected between 2014–2034 as a result of the
renewable integration, thus needing a more ‘flexible’ power system [6].
Table 1 compares dispatchable generation units in terms of flexibility
dimensions: Min. generation refers to the minimum stable output
power that a power plant can achieve, expressed as a percentage of
their nominal output capacity; Ramp rate represents the maximum
power per minute a power plant can increase or decrease its generation
(in percentage of the nominal output capacity); and Start-up time
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Table 1
Conventional power plant characteristics according to [7].

Power plant Min. generation
(%)

Ramp rate
(%/min)

Start-up time (h)

Steam turbine (gas/oil) 30–60 2–8 3–8
Nuclear 90 2 24
CCGT 40 8 3
Hydro 0–50 5–15 0.16
Bioenergy 50 8 3

corresponds to the start-up of the power plant from warm conditions
(i.e., 8 to 60 h of shutdown) [7]. As can be seen, these power plants
show relevant differences in their technical flexibility, which should
be considered for future high renewable energy source integration into
power systems [8].

In the specific literature, there are many studies focused on fre-
quency control, power system stability, and imbalance scenarios. Fig. 1
depicts the main elements usually considered in such studies. Due to the
increased penetration of renewables in current electrical grids, different
authors have proposed and assessed inertial response capability from
them during the last decade [9,10], mainly wind power plants [11,12]
and PV installations [13,14]. However, these contributions usually
evaluate power systems’ stability through different power systems and
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Fig. 1. General overview.
b

eneration units’ models, together with different scenarios and power
mbalances, thus making it difficult to compare the results of the
requency control strategies proposed in different studies. In addition, a
ariety of models for the same generation units are usually considered
y the authors.

Under this framework, this paper describes and compares power
ystem and generation units’ modeling for frequency control analysis
ased on an extensive literature review for the last decade, including
he parameters commonly used in previous contributions – both for
onventional and renewable generation unit modeling –. The specific
requency control strategies are not included, as several reviews fo-
used on both conventional and renewable energy sources are available
n the specific literature [5,15–20]. Most of the models presented in this
aper are linear (based on transfer functions) to obtain time-domain re-
ponses. Subsequently, these models are suitable to analyze the system
ehavior under small-signal stability [21], even though current studies
lso use such models to analyze the loss of the largest power plant,
roviding proper results [22–24]. Consequently, and despite the models
an be used to simulate severe power imbalances, they are not robust
nough to variations in the operating conditions. Moreover, it should
e noticed that these models should be used for qualitative studies, and
ay lack the precision needed by Transmission System Operators (TSO)

25], who can perform a fully nonlinear simulation of the power system
ehavior.

The rest of the paper is structured as follows. Section 2 provides
he models and parameters most commonly adopted for the power
ystems modeling focused on frequency stability analysis. In Section 3,
he models and parameters of conventional power plants are discussed.
odels and parameters about renewable sources are presented in Sec-

ion 4. Section 5 compares the different values for the parameters, to
nderstand how them affect the simulation results. Section 6 presents
he discussion. Finally, conclusions are given in Section 7.

. Power system modeling for frequency analysis

According to the specific literature, most frequency oscillation stud-
es propose an equivalent power system model by considering the swing
quation, in which all grid synchronous generators are summarized in
n equivalent rotating mass, with an equivalent inertia constant 𝐻𝑒𝑞
26]. This 𝐻𝑒𝑞 is estimated with:

𝑒𝑞 =

𝑆𝐺
∑

𝑖=1
𝐻𝑖 ⋅ 𝑆𝐵,𝑖

𝑆𝐵
, (1)

here 𝐻𝑖 and 𝑆𝐵,𝑖 are the inertia constant and rated power of the
ynchronous generator 𝑖 (respectively), 𝑆𝐺 is the total number of
ynchronous generators connected to the grid, and 𝑆𝐵 is the rated
ower of the power system [21]. Hence, the swing equation of the
ower system is [27–42]:

𝑓 = 1
⋅ (𝛥𝑃𝑔 − 𝛥𝑃𝐿), (2)
2

(2 ⋅𝐻𝑒𝑞) ⋅ 𝑠 +𝐷
where 𝐻𝑒𝑞 [s] is the equivalent inertia of the grid, and 𝐷 [W/Hz] is
the damping factor, which models the dependency of loads power to
frequency [43], even though there are more ‘‘damping elements’’ in
a power system (i.e., speed governing, excitation system, etc.) [44].
Other authors replace 2⋅𝐻𝑒𝑞 by 𝑀 [s] [45–54], and other contributions
propose and use the following expression [55–64],

𝛥𝑓 =
𝐾𝑃

𝑇𝑃 ⋅ 𝑠 + 1
⋅ (𝛥𝑃𝑔 − 𝛥𝑃𝐿), (3)

eing 𝐾𝑝 = 1∕𝐷 [Hz/W] and 𝑇𝑃 = 2 ⋅ 𝐻𝑒𝑞∕𝐷 [W−1]. Consequently,
regardless of the equation used, both 𝐻𝑒𝑞 and 𝐷 are crucial parameters
for the power system stability, as both reduce the impact of power
variations in frequency [3]. The models corresponding to Eqs. (2) and
(3) are shown in Fig. 2. Tables 2 and 3 summarize values found in the
literature for 𝐻𝑒𝑞 and 𝐷 sorted in chronological order, also including
the 𝐻𝑒𝑞 values of those studies where 𝐻𝑒𝑞 = 𝑀∕2. From the information
given in Table 2, a wider range of inertia values can be even found
in [34], which suggested 𝐻𝑒𝑞=21.08 s for grid-connected mode in line
with micro-grid model parameters used in [65,66]. Tables 4 and 5 give
the values for 𝐾𝑃 and 𝑇𝑃 respectively, as well as the values for 𝐷 and
𝐻𝑒𝑞 determined from:

𝐷 = 1
𝐾𝑃

, (4)

𝐻𝑒𝑞 =
𝑇𝑃 ⋅𝐷

2
. (5)

As can be seen, there are severe differences among the values con-
sidered in each study to simulate the equivalent power system model,
which affect considerably the corresponding frequency excursions in
terms of nadir and rate of change of frequency (RoCoF) [67]. In fact,
there is a relevant heterogeneity regarding equivalent power system
inertia values, which can be derived from the different synchronous
power plants connected to the grid in each study – refer to Eq. (1)
–. This may be caused by the important differences existing among
the inertia constant of power plants, mainly depending on their type
and rated power as detailed in [19]. With regard to the damping
factor, remarkable differences are found in the specific literature as
well. Furthermore, it is crucial to estimate an accurate value of 𝐷 for
power systems under disturbances, as this parameter highly influences
the results and, subsequently, can have a relevant impact on the study
[68]. Frequency control of power systems for stability analysis are also
sensitive to such parameter values. Moreover, virtual damping and
virtual inertia based on the small-signal stability are currently topics
of interest for the scientific community [69,70]. Nevertheless, such
topics are out of the aim of this paper and they have been extensively
discussed in other contributions [71–75].

3. Supply-side: Conventional thermal power plant modeling

In frequency stability studies, thermal power plants have been tradi-
tionally and still typically used by TSO for frequency control purposes
[82]. As a usual term, thermal power plants mainly refer to those based
on fossil fuels: coal, oil, and natural gas [83], which still represent
an important share in current power systems. For instance, coal-fired

power plants fueled 38% of global electricity in 2020 [84].
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Fig. 2. Power system models for frequency stability studies simulations.
Table 2
Values of equivalent inertia constant (𝐻𝑒𝑞) for frequency analysis.

Constant Value Refs. Year

𝐻𝑒𝑞 5 [76] 2004
𝐻𝑒𝑞 4–5 [28] 2010
𝐻𝑒𝑞 3.5 [77] 2012
𝐻𝑒𝑞 4–5 [29] 2012
𝐻𝑒𝑞 5 [78] 2013
𝐻𝑒𝑞 5–6 [45] 2013
𝐻𝑒𝑞 5–6 [51] 2017
𝐻𝑒𝑞 5 [60] 2017
𝐻𝑒𝑞 7.11 [34] 2017
𝐻𝑒𝑞 5 [79] 2017
𝐻𝑒𝑞 5–6 [36] 2017
𝐻𝑒𝑞 5 [37] 2017
𝐻𝑒𝑞 5 [42] 2019
𝐻𝑒𝑞 3–3.3 [80] 2020
𝐻𝑒𝑞 4 [81] 2020

Table 3
Values of equivalent damping factor (𝐷) for frequency analysis.

Constant Value Refs. Year

𝐷 0.8 [76] 2004
𝐷 0.6–0.9 [28] 2010
𝐷 0.1 [30] 2012
𝐷 0.6–0.9 [29] 2012
𝐷 0.01 [78] 2013
𝐷 0.0084–1.8 [45] 2013
𝐷 1.5 [51] 2017
𝐷 1–3 [37] 2017
𝐷 0.01 [60] 2017
𝐷 1–1.8 [36] 2017
𝐷 0.8–1 [42] 2019

Table 4
Values of 𝐾𝑃 and 𝐷 (1∕𝐾𝑃 ) for frequency analysis.

Constant Value Constant Value Refs. Year

𝐾𝑃 120 𝐷 0.0083 [55] 2012
𝐾𝑃 115–120 𝐷 0.0087–0.0083 [58] 2016
𝐾𝑃 120 𝐷 0.0083 [59] 2016
𝐾𝑃 20–120 𝐷 0.05–0.0083 [63] 2019
𝐾𝑃 120 𝐷 0.0083 [64] 2019

Table 5
Values of 𝑇𝑃 and 𝐻𝑒𝑞 (𝑇𝑃 ⋅𝐷∕2) for frequency analysis.

Constant Value Constant Value Refs. Year

𝑇𝑃 10 𝐻𝑒𝑞 0.0417 [55] 2012
𝑇𝑃 10–20 𝐻𝑒𝑞 0.0435–0.083 [58] 2016
𝑇𝑃 20 𝐻𝑒𝑞 0.083 [59] 2016
𝑇𝑃 3.76–20 𝐻𝑒𝑞 0.094–0.083 [63] 2019
𝑇𝑃 20 𝐻𝑒𝑞 0.083 [64] 2019

3.1. Steam turbines

With regard to steam turbines, they have different turbine dimen-
sions depending on the cycle pressures; i.e., high pressure, intermediate
pressure, and low pressure. In current thermal power plants, the steam
from the high pressure turbine goes back to the power plant to be
reheated. It goes through the intermediate pressure turbine, and then
it is conducted to the low pressure turbine by means of the cross-
3

over pipe. The efficiency of the thermodynamic cycle is increased by
Table 6
Non-reheat steam turbine: parameters (Fig. 3(a)).

Parameter Value Refs. Year

𝑇𝑔 0.2–0.3 [28] 2010
𝑇𝑔 0.2–0.3 [29] 2012
𝑇𝑔 0.06–0.17 [45] 2013
𝑇𝑔 0.1–0.4 [51] 2017
𝑇𝑔 0.1–0.2 [36] 2017
𝑇𝑔 0.08 [35] 2017
𝑇𝑔 0.08 [40] 2019
𝑇𝑔 0.1–0.4 [52] 2019
𝑇𝑔 0.06–0.08 [54] 2020

𝑇𝐶𝐻 0.5–0.6 [28] 2010
𝑇𝐶𝐻 0.5–0.6 [29] 2012
𝑇𝐶𝐻 0.3–0.4 [45] 2013
𝑇𝐶𝐻 0.17–0.3 [51] 2017
𝑇𝐶𝐻 0.3–0.4 [36] 2017
𝑇𝐶𝐻 0.4 [35] 2017
𝑇𝐶𝐻 0.4 [40] 2019
𝑇𝐶𝐻 0.17–0.3 [52] 2019
𝑇𝐶𝐻 0.3–0.4 [54] 2020

Table 7
Single-reheat steam turbine: parameters (Fig. 3(b)).

Parameter Value Refs. Year

𝑇𝑔 0.08 [30] 2012
𝑇𝑔 0.20 [55] 2012
𝑇𝑔 0.078–0.082 [58] 2016
𝑇𝑔 0.08 [59] 2016
𝑇𝑔 0.20 [80] 2020

𝑇𝐶𝐻 0.30 [30] 2012
𝑇𝐶𝐻 0.30 [55] 2012
𝑇𝐶𝐻 0.30–0.70 [58] 2016
𝑇𝐶𝐻 0.30 [59] 2016
𝑇𝐶𝐻 0.30 [80] 2020

𝑇𝑅𝐻 10 [30] 2012
𝑇𝑅𝐻 10 [55] 2012
𝑇𝑅𝐻 4–4.30 [58] 2016
𝑇𝑅𝐻 10 [59] 2016
𝑇𝑅𝐻 7 [80] 2020

𝐹𝐻𝑃 0.50 [30] 2012
𝐹𝐻𝑃 0.33 [55] 2012
𝐹𝐻𝑃 0.31–0.34 [58] 2016
𝐹𝐻𝑃 0.50 [59] 2016
𝐹𝐻𝑃 0.30 [80] 2020

reheating the steam [85]. In the literature review, steam turbines for
frequency analysis are usually modeled by two different approaches:
non-reheat steam turbines [28,29,35,36,51–54,59,63,64] and single-
reheat steam turbines [30,31,38,39,42,55,57–64,81]. Both approaches
include the governor, modeled as a first-order transfer function (1∕(1+
𝑠 𝑇𝑔)), as summarized in Fig. 3. In these block diagrams, 𝑃𝑠𝑝 [W] is the
set-point power, 𝑇𝑔 [s] is the time constant of the governor, 𝑇𝐶𝐻 [s]
is the time constant of the steam chest and the inlet piping, 𝑇𝑅𝐻 [s]
is the time constant of the re-heater, 𝐹𝐻𝑃 [–] is the fraction of total
turbine power generated by the HP body of the turbine, and 𝑃𝑔 [W] is
the generated power. Typical values of these parameters are given in
Table 6 for non-reheat steam turbine, and in Table 7 for single-reheat
steam turbine.
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.2. Gas turbines

Gas turbines use gas as working fluid, i.e. air, carbon dioxide, or
elium [85]. Among the different studies found in the specific literature
ocused on gas turbines modeling, two main models are identified to
ive explicitly simulations of such turbines: (𝑖) the non-reheat steam

turbine modeling depicted in Fig. 3(a) [86,87], being 𝑇𝑔 = 0.1 s and
𝑇𝐶𝐻 = 0.4 s; and (𝑖𝑖) the model provided in Fig. 4, by considering a
valve positioner, speed governor, fuel system and combustor, and the
gas turbine. As can be seen in Fig. 4, 𝑎 [–] and 𝑐 [–] are the valve
positioner constants, 𝑏 [s] is the valve positioner time constant, 𝑋 [s]
is the lead time constant of the gas turbine speed governor, 𝑌 [s] is
the lag time constant of the gas turbine speed governor, 𝑇𝐹 [s] is the
gas turbine fuel time constant, 𝑇𝐶𝑅 [s] is the gas turbine combustion
reaction time delay, and 𝑇𝐶𝐷 [s] is the compressor discharge volume
ime constant [88–90]. These references used the same values for the
ifferent parameters: 𝑎 = 1, 𝑏 = 0.05 s, 𝑐 = 1, 𝑋 = 0.6 s, 𝑌 = 1 s,
𝐹 = 0.23 s, 𝑇𝐶𝑅 = 0.01 s, and 𝑇𝐶𝐷 = 0.20 s.

3.3. Combined cycle gas turbine

In reference to combined cycle gas turbine (CCGT) plants, it is
the result of combining a steam turbine and a gas turbine, each one
powering its own generator. As a consequence, a higher efficiency
is obtained compared to a conventional thermal plant [85]. CCGT
plants are commonly considered for frequency stability studies through
the Rowen CCGT model [37,60,61,78,91–93]. Fig. 5 schematically
represents such a model. Further information of the parameter values
and ranges can be found in [78]. According to Hermans et al. [94],
the fast capabilities of CCGT are essential in power systems with high
integration of variable Renewable Energy Sources (vRES), as these grids
need a more flexible operation, as already detailed in Section 1.

3.4. Nuclear power plants

Due to the high fixed costs and low variable costs of nuclear
power plants, and together with security reasons, these generation units
usually work as base-load power plants [95,96]. Possible power output
variations can then occur under the needs of the plant operator, instead
of under the needs of the system operator [97]. Consequently, nuclear
power plants do not usually participate in frequency control strategies,
subsequently not being considered in most frequency stability stud-
ies. In fact, some works which include nuclear power plants in their
supply-side, consider its output power as a constant [98–101], thus not
modeling the power plant. However, as some national power systems
have a large amount of their supply-side from nuclear power plants
4

(e.g., Belgium (50%), Hungary (50%), Ukraine (50%), and France
(75%), [102]), advanced nuclear reactors have been currently designed
to provide a suitable transient response capability [103]. Moreover, Li
et al. [104] affirm that, with the increase of the nuclear power share-
generation in the world, it is an inexorable trend that nuclear power
units will participate in the load-follow operation of future grids.

As nuclear units are based on steam turbines [105], the reheat-
steam turbine of Fig. 3(b) can be used as a first approximation to
simulate such power plants. However, to the authors’ knowledge, no
studies focused on load-frequency control included such a model and,
consequently, no parameters can be provided. In contrast, based on the
model presented in [106], two recent studies provided a linear model
to simulate nuclear power plants [107,108], see Fig. 6: 𝑇𝑔 [s] is speed
governor time constant, 𝑇𝑇 1 [s] is the time constant of LP turbine, 𝑇𝑅𝐻1
[s] is the time constant of first LP turbine, 𝑇𝑅𝐻2 [s] is the time constant
of second LP turbine; 𝐴 = 𝐾𝐻1 ⋅𝑇𝑅𝐻2 +𝐾𝐻1 ⋅𝑇𝑅𝐻1 +𝐾𝑅1 ⋅𝑇𝑅𝐻2 [s], and

= 𝐾𝐻1 ⋅ 𝑇𝑅𝐻1 ⋅ 𝑇𝑅𝐻2 [s2], being 𝐾𝐻1 [–] the gain of HP turbine, and
𝑅1 [–] the gain of the LP turbine. The values used in the simulations

or the different parameters were: 𝐾𝐻1 = 2; 𝐾𝑅1 = 0.3; 𝑇𝑇 1 = 0.5 s;
𝑅𝐻1 = 7 s; 𝑇𝑅𝐻2 = 9 s.

. Supply-side: Renewable energy sources modeling

Different and diverse sources are considered as renewable, such
s hydropower, wind (onshore and offshore), solar (PV and thermal),
iomass, geothermal, and ocean (tide and wave). Among them, hy-
ropower, wind, and PV installations are the most mature technologies
o be integrated into power systems [109–111] and their equivalent
ower plant models are following reviewed in this section.

.1. Hydro-power plants

Hydro-power plants are commonly modeled and included for fre-
uency analysis in a remarkable amount of works [38,39,42,63,64,
0,81,112–115]. The traditional equivalent modeling of these turbines
ssumes the following issues [21]: (𝑖) the hydraulic resistance is negligi-
le; (𝑖𝑖) the penstock pipe is inelastic, being thus incompressible water;
𝑖𝑖𝑖) water speed varies directly with the gate opening and the square
oot of the net head; and (𝑖𝑣) the turbine output power is proportional
o the product of the head and volume flow. Under these premises, the
ydro-power turbine transfer function is shown in Fig. 7, being 𝑃𝑠𝑝 the
et-point power, 𝑇𝑔 the time constant of the governor, 𝑇𝑅 the reset time,
𝑇 the temporary droop, 𝑅𝑃 the permanent droop, and 𝑇𝑤 the water

tarting time estimated as follows:

𝑤 =
𝐿 ⋅ 𝑈0 , (6)

𝑎𝑔 ⋅𝐻0
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w

Fig. 5. Rowen CCGT model.
Fig. 6. Linear nuclear power plant model.
Fig. 7. Classical hydro-power turbine modeling.
Fig. 8. Simplified equivalent model for a wind turbine.

here 𝐻0 is the initial steady-state of the hydraulic head at gate, 𝑈0 is
the initial steady-state of the water velocity, 𝑎𝑔 is the constant of gravity
and 𝐿 is the length of conduit. Both 𝑅𝑇 and 𝑇𝑅 can be determined from:

𝑅𝑇 = [2.3 − (𝑇𝑤 − 1) ⋅ 0.15] ⋅
𝑇𝑤
2 ⋅𝐻

, (7)

𝑇𝑅 = [5 − (𝑇𝑤 − 1) ⋅ 0.5] ⋅ 𝑇𝑤 , (8)

being 𝐻 the inertia constant of the hydro-power plant [21,116]. Typical
values of these parameters are given in Table 8. As can be seen, the
same (or quite similar) values are given for the classical hydro-power
plant model. Nevertheless, some authors consider that this model is
not applicable for hydro-power plants including long penstocks. In
such cases, the elasticity of water and conduit should be included and
modeled as presented in [117–119]. However, according to Eremia
et al. [85], the simplified model of Fig. 7 is suitable for control system
studies, such as frequency stability analysis.

4.2. Wind power plants

The frequency control based on wind power plants has become
an important subject during the last decade [120]. In addition, the
5

Table 8
Hydro-power plant modeling: parameters (see Fig. 7).

Parameters Value Refs. Year

𝑇𝑤 0.5–4 [21] 1994
𝑇𝑤 1 [38] 2018
𝑇𝑤 1 [42] 2019
𝑇𝑤 1 [63] 2019
𝑇𝑤 1 [80] 2020

𝑇𝑅 5 [21] 1994
𝑇𝑅 5 [38] 2018
𝑇𝑅 5 [42] 2019
𝑇𝑅 5 [63] 2019
𝑇𝑅 5 [80] 2020

𝑅𝑇 0.38 [21] 1994
𝑅𝑇 0.38 [38] 2018
𝑅𝑇 0.38 [80] 2020

𝑅𝑃 0.05 [21] 1994
𝑅𝑃 0.05 [38] 2018
𝑅𝑃 0.05 [80] 2020

𝑇𝑔 0.2 [21] 1994
𝑇𝑔 0.2 [38] 2018
𝑇𝑔 0.6 [63] 2019
𝑇𝑔 0.2 [42] 2019
𝑇𝑔 0.2 [80] 2020

𝑅𝑇 ∕𝑅𝑃 7.6 [42] 2019
𝑅𝑇 ∕𝑅𝑃 6.4 [63] 2019

wind turbine generator design has an influence on the control mech-
anism [121,122], being variable wind speed turbine (VWST) the most
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Fig. 9. Equivalent wind turbine model for frequency control strategies.
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Table 9
Simple model for wind turbines: parameters (Fig. 8).

Parameters Value Refs. Year

𝐾𝑊 𝑇𝐺 1 [79] 2017
𝐾𝑊 𝑇𝐺 1 [132] 2018
𝐾𝑊 𝑇𝐺 1 [54] 2020

𝑇𝑊 𝑇𝐺 1.5 s [79] 2017
𝑇𝑊 𝑇𝐺 0.2 s [132] 2018
𝑇𝑊 𝑇𝐺 1.5 s [54] 2020

common design and which allows to implement different frequency
control strategies or techniques [123–125]. However, these generation
units do not sense any grid frequency drop as they are connected to
the grid through converters [126], even though wind turbines have
similar inertia to conventional generators due to the stored kinetic
energy in their rotating masses [127]. Different equivalent wind power
plant models have been proposed in the specific literature to provide
and evaluate grid frequency stability with high vRES integration [128].
Indeed, some contributions affirm that aggregated and simplified mod-
els simulating wind power plants provide similar results for power
analysis. In this way, Chang-Chien et al. [129] compared wind power
plant participation in automatic generation control by (𝑖) aggregating
individual wind turbines, and (𝑖𝑖) assuming a simplified equivalent
wind power plant model. Fernández et al. [130] modeled wind power
lants based on aggregating detailed models of wind turbines, and
ompared to an equivalent wind turbine for power system dynamic
imulations. Conroy et al. [131] compared one equivalent wind tur-
ine generator with a re-scaled power capacity to each wind turbine
enerator modeled separately for transient stability studies.

As a first simplified wind turbine model, different authors have
roposed a first-order transfer function [54,79,132] – see Fig. 8 –.
arameters of this model are summarized in Table 9. Nevertheless,
he most common model used to simulate an equivalent wind turbine
or frequency studies is shown and described in Fig. 9. Regarding the
echanical model, it can either be a one-mass [38–40,115,118,133–
38] or two-mass [135,136,138–141] model, see Fig. 10. The two-mass
odel assumes the rotor and blades as a single mass, and the gen-

rator as another mass [23,142,143]. However, most studies analyze
requency deviations with the one-mass mechanical model, assuming
t as acceptable due to the consideration of constant voltage [144].
n the contrary, Huerta et al. considers that the two-mass model is

he most suitable to evaluate grid stability [145]. In addition to the
echanical model, two main equations estimate the 𝐶𝑝 curves from 𝛽

and 𝜆 parameters:

𝐶𝑝(𝜆, 𝛽) = 𝑐1 ⋅
(

𝑐2 − 𝑐3 𝛽 − 𝑐4

)

𝑒
−𝑐5
𝜆𝑖 + 𝑐6 𝜆𝑖. (9)
6

𝜆𝑖 o
his expression is considered in [33,62,77,81,124,134,140,141,146–
49], where 𝑐1 to 𝑐6 values are the wind turbine characteristic coef-

ficients and 𝜆𝑖 is estimated with:

1
𝜆𝑖

= 1
𝜆 − 0.08 𝛽

− 0.035
𝛽3 + 1

. (10)

On the other hand, the following expression is taken into account in
[23,38,39,46,118,133,150,151]:

𝐶𝑝(𝜆, 𝛽) =
4
∑

𝑖=0

4
∑

𝑗=0
𝛼𝑖,𝑗 ⋅ 𝛽

𝑖 ⋅ 𝜆𝑗 , (11)

being 𝛼𝑖,𝑗 specific coefficients depending on each specific wind tur-
ine. This expression is proposed in [152,153] to model some General
lectric wind turbines for grid studies.

.3. PV power plants

A PV module is represented by its mathematical characteristic I–V
unction because of its accuracy and simplicity [154–160]:

𝑝𝑣 = 𝑁𝑝 ⋅ 𝐼𝑝ℎ −𝑁𝑝 ⋅ 𝐼𝑟𝑠

(

𝑒
𝑞⋅𝑉𝑀𝑃𝑃
𝑘⋅𝑇 ⋅𝐴⋅𝑁𝑠 − 1

)

, (12)

where 𝑁𝑝 is the number of cells in parallel, 𝑁𝑠 is the number of cells
in series, 𝐼𝑟𝑠 is the reverse saturation current, 𝑞 is the electron charge
(1.6 ⋅10−19 C), 𝑘 is the Boltzmann’s constant (1.4 ⋅10−23 J/K), 𝐴 is
the ideality factor, 𝑇 is the temperature, and 𝑉𝑀𝑃𝑃 is the voltage at
maximum power point. 𝐼𝑝ℎ is the short-circuit current for one string of
he PV panel, which can be estimated with

𝑝ℎ =
[

𝐼𝑠𝑐 +𝐾𝐼 (𝑇 − 𝑇𝑟𝑒𝑓 )
]

⋅ 𝑆, (13)

eing 𝐼𝑠𝑐 the short-circuit current of the cell, 𝑇𝑟𝑒𝑓 the reference tem-
erature, and 𝐾𝐼 the temperature coefficient.

This 𝑉𝑀𝑃𝑃 for a given irradiation 𝐸 is calculated based on 𝑉𝑀𝑃𝑃 ,𝑆𝑇𝐶
voltage at maximum power point at standard test conditions), which
s specified in the data sheet of the PV module. Moreover, 𝑉𝑀𝑃𝑃 also
aries with temperature. A correction factor 𝛼𝑣 is thus included. The
𝑀𝑃𝑃 is then calculated for any irradiation and temperature with:

𝑀𝑃𝑃 = 𝑉𝑀𝑃𝑃 ,𝑆𝑇𝐶 ⋅
(

ln(𝐸)
ln(1000)

)

⋅ [1 + 𝛼𝑣 (𝑇 − 𝑇𝑆𝑇𝐶 )]. (14)

y multiplying 𝐼𝑝𝑣 by 𝑉𝑀𝑃𝑃 (results of Eq. (12) and (14)), the power
f the PV module is obtained. In most studies, the PV system is simply
odeled by a first-order transfer function to analyze the frequency

tability of the power system [161], neglecting any dynamic behavior
f the PV power conversion systems [162–166] (see Fig. 11).
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Fig. 10. Mechanical models for VSWTs.
Fig. 11. I-V and P-V curves of a PV module.

4.4. Emerging renewable technologies

Biomass power plants are based on a conventional Rankine ther-
modynamic power cycle [105]. These power plants include a boiler, a
steam turbine, and a condenser [167–170]. As a result, the models pre-
sented in Fig. 3 for steam turbines are used to simulate biomass power
plants in frequency studies with the parameters shown in Table 10
[132,171,172].

Concentrated-solar power plants (CSPP) are based on heating a
working fluid through concentrated sunlight. This heated fluid is then
used with conventional turbines and generators to produce electricity
[174]. Indeed, the solar heat from the field can be integrated into the
three power conversion cycles of Section 3 [175]. However, they are
commonly based on steam turbines [105]. Actually, in recent years,
several studies focused on frequency control have included CSPP by
using the non-reheat steam turbine shown in Fig. 3(a) [176–182]. The
7

Table 10
Values of steam turbine model parameters for biomass power plants.

Constant Value Refs. Year

𝑇𝑔 0.2 s [173] 2003
𝑇𝑔 0.08 s [171] 2018

𝑇𝐶𝐻 0.55 s [173] 2003
𝑇𝐶𝐻 0.3 s [171] 2018

𝑇𝑅𝐻 10 s [171] 2018

𝐹𝐻𝑃 0.3 [171] 2018

Table 11
Values of non-reheat steam turbine parameters for CSPP.

Parameter Value Refs. Year

𝑇𝑔 1 s [176] 2015
𝑇𝑔 1 s [181] 2018

𝑇𝐶𝐻 3 s [176] 2015
𝑇𝐶𝐻 5 s [79] 2017
𝑇𝐶𝐻 3 s [181] 2018

parameters used in this case are presented in Table 11. Rahman et al.
[79] did not consider the governor transfer function.

Finally, and apart from the aforementioned vRES, biomass, and
CSPP, there are other renewable sources, such as geothermal energy
and ocean energy (tide and wave) [183]. However, and due to the low
penetration of these sources and their weak integration, they are not
considered in this study.

5. Simulation results

In order to understand the influence of the different values for the
same parameter, some simulations are here carried out. Only those lin-
ear models which have severe differences between the values proposed
in the specific literature are considered (i.e., Figs. 2, 3, 7 and 8). The

values are changed between the minimum and the maximum of those
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s

Fig. 12. 𝛥𝑓 depending on the values of the power system.
Table 12
Values considered for comparing frequency stability.

Type Figure Parameter Minimum Maximum Mean

Power system 2(a) 𝐻𝑒𝑞 3.00 7.11 5.06
𝐷 0.01 1.80 0.90

Non-reheat steam turbine 3(a) 𝑇𝑔 0.06 0.40 0.23
𝑇𝐶𝐻 0.17 0.60 0.39

Reheat steam turbine 3(b)

𝑇𝑔 0.08 0.20 0.14
𝑇𝐶𝐻 0.30 0.70 0.50
𝑇𝑅𝐻 4.00 10.00 7.00
𝐹𝐻𝑃 0.30 0.50 0.40

Hydro-power 7

𝑇𝑔 0.20 0.60 0.40
𝑇𝑤 0.50 4.00 2.25
𝑇𝑅 – – 5.00
𝑅𝑇 – – 0.38
𝑅𝑃 – – 0.05

Wind 8 𝐾𝑊 𝑇𝐺 – – 1.00
𝑇𝑊 𝑇𝐺 0.20 1.50 0.85

shown in previous tables, and the mean of them. Table 12 presents
the specific values considered. In such cases where only one value is
provided for a parameter, it is shown in the Mean column. To clearly
show how the values affect the frequency stability, each parameter
under analysis is changed at a time, considering the others as fixed and
equal to the Mean values. A sudden increase of the consumed power is
upposed at 𝑡 = 5 s, with a value of 𝛥𝑃 = 0.05 pu. This power imbalance

is not considered for the wind turbine model, but a variable wind speed
profile, as depicted in Fig. 16(a). Together with this, the primary and
secondary frequency controls are included for thermal and hydropower
plants, considering 𝑅𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝑅ℎ𝑦𝑑𝑟𝑜 = 0.05 for the primary frequency
control, and an integral constant of 𝐾𝐼,𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝐾𝐼,ℎ𝑦𝑑𝑟𝑜 = 1. The results
for the different simulations are shown in Figs. 12–16.

As can be seen, the reduction of the inertia 𝐻𝑒𝑞 causes an increase
in the frequency deviation values and oscillations. This is in line with
previous studies, as already explained in Section 1, and one of the main
drawbacks of massive integration of vRES. Indeed, severe frequency
variations can occur if proper controllers are not included in such
units and vRES replace conventional power plants. With regard to
the damping factor 𝐷, the lower its value the larger the frequency
excursions, but its impact is much more reduced than 𝐻𝑒𝑞 (see Fig. 12.
With regard to the non-reheat steam turbine model, both 𝑇𝑔 and 𝑇𝐶𝐻
get lower and less oscillating frequency deviations when their values
are reduced. In fact, both of them have nearly the same effects on
frequency deviations, as their values are quite similar (refer to Ta-
ble 12). Similar results are gotten for the reheat steam turbine (Fig. 14):
𝑇𝑔 , 𝑇𝐶𝐻 , and 𝑇𝑅𝐻 reduce the 𝛥𝑓 as they reduce their values, being
𝑇 the one that affects the most; however, the lower the value of
8

𝐶𝐻
𝐹𝐻𝑃 , the larger the frequency excursion. The 𝑇𝑔 value of hydropower
plants slightly affects the frequency variation, whereas reducing the
𝑇𝑤 constant reduces the 𝛥𝑓 deviation as well (Fig. 15). Finally, as
the value of 𝑇𝑤𝑡𝑔 is reduced, the frequency excursions are increased
(see Fig. 16). In summary, the analyzed parameters have a relevant
influence on the frequency excursions and power system performance
under imbalance conditions. Subsequently, standard benchmark models
should be proposed by the researchers and the international commit-
tees for frequency control analysis, avoiding discrepancies in terms of
simulation conditions, modeling and parameters.

6. Discussion

Apart from the different supply-side models presented in Sections 3
and 4, there are other elements, techniques, and power plants that
can be considered in frequency deviation studies, which, in fact, can
reduce the frequency excursions under high vRES integration [184].
With regard to energy storage systems (ESS), different solutions have
been proposed in the literature to be applied to power systems with
high RES integration, mainly batteries, super-capacitors, and flywheels.
Nevertheless, these ESS require capital investment, being crucial to
estimate the reasonable storage capacities avoiding any overflow size
[185]. Among them, batteries are considered as the oldest and most
mature storage system [186] and, according to Akram et al. [187],
those based on lithium-ion are the ones that best suits for frequency
regulation services. As super-capacitors have higher levels of power
with lower energy storage ratio in contrast to batteries [188–190],
several proposals have been made to combine batteries and super-
capacitors [191], being considered as an interesting solution to solve
the ‘intermittency’ of vRES [192]; in fact, according to Bai et al.[193],
such combination is a proper alternative to improve the battery lifetime
and enhance the system economy. Flywheels are applied from very
small microsatellites to large power systems [194]. Amiryar and Pullen
[195] concluded that flywheels are excellent options to back up solar
PV.

Together with this, new types of hybrid power plants can deal with
the power variations due to the high vRES integration. In fact, the
pumped storage hydropower plants are commonly under study [196–
199]. In fact, several advantages are obtained in contrast to other
ESS, such as the huge amount of energy that can be stored in the
reservoirs, the high energy conversion efficiency, and the flexibility
provided in the short-term [200]. This kind of hybrid power plant
helps on balancing the energy production and consumption by pumping
water (increasing the load) at valley hours and generating electricity
(increasing the generation) at peak hours, to balance energy production
and consumption levels [201].

Hydrogen is the most abundant element on the Earth, account-

ing for, approximately, 15 mol% of its surface [202]. Nowadays, the
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Fig. 13. 𝛥𝑓 depending on the values of the non-reheat steam turbine.
Fig. 14. 𝛥𝑓 depending on the values of the reheat steam turbine.
’number-one element’ is considered as the future energy carrier [203].
In fact, according to Mazloomi and Gomes [204], hydrogen can not
only be a feasible energy carrier, but also an energy source at consumer
level. Moreover, recent studies affirm that it can be produced from
the different RES, such as solar and wind energies, water electrolysis,
and biomass [205,206]. Among the different benefits of hydrogen, its
main application from the power system stability point of view is the
power-to-gas (P2G) conversion. P2G implies using the excess of gener-
ated renewable electricity to produce hydrogen via water electrolysis
[207,208]. Hence, the system’s flexibility would be enhanced [209],
as these P2G plants would provide supply security in terms of storage
9

facilities [210].
Finally, demand response participation in frequency control has
gained important developments in recent years. A review of design and
control schemes for electrical load contribution can be found in [211],
focused on frequency control algorithms. Secondary frequency control
based on demand response was developed by Lakshmanan et al. [212].
Control strategies for including battery energy storage systems (BESSs)
and demand response for load frequency control strategies are recently
proposed in [213–215]. Coordinated electric vehicles (dis)charging and
demand response participating in frequency control have been also
discussed in the specific literature [216–218]. In general, the contri-

butions demonstrate the effectiveness of the coordinated and hybrid
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Fig. 15. 𝛥𝑓 depending on the values of the hydropower plant.
Fig. 16. 𝛥𝑓 depending on the values of the wind turbine generator.
lgorithms, aimed to provide interactive solutions based on aggregated
gents: demand response, energy storage and electric vehicles [219].

. Conclusion

In this paper, an extensive literature review focused on supply-
ide and power system modeling for frequency control analysis is
iscussed in detail. The parameters involved in the swing equation
grid inertia and damping factor) are summarized and compared when
sed to simulate power systems. Moreover, the models for conventional
eneration units (steam turbines, gas turbines, combined cycle gas
urbines, and nuclear power plants) and renewable generation units
mainly hydropower, wind and PV) are provided. The parameters used
or each model are widely discussed and compared, with more than 50
ifferent values identified and referenced. From this literature review,
onsensual models for the power system and the different generation
nits should be proposed, aiming to homogenize the frequency stability
nalysis that would allow the scientific community to evaluate fu-
ure frequency control strategies under similar/equivalent assumptions,
hich is not currently available in the specific literature.
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