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The problem of frequency stability becomes more concerning as the presence of
converter-interfaced units increases and conventional generators are suppressed.
A decrease in total system inertia, inherently delivered by synchronous generators,
results in abrupt frequency changes and jeopardizes power system stability.
Therefore, securing sufficient flexible resources with frequency support
capability is necessary. The rotational masses of wind turbines (WTs) are a
significant and economical source of flexibility in power systems. However, the
available kinetic energy (KE) of the WTs’ rotational masses depends on wind
conditions and can only be exploited when the wind speed is sufficient for their
rotation. When the wind speed is low, the WT is stopped and cannot support the
frequency recovery. In this paper, a new concept of WT operation is proposed,
which enables the permanent rotation of the WT under low and no wind
conditions, making them reliable flexible resources that can continuously
provide frequency support. Due to its widespread presence, the doubly-fed
induction generator (DFIG) type of machine was considered. The variable-
speed WT’s converter management allows rotational speed control, fast power
injection, and release of the turbine’s stored KE even when no wind energy is
available. The estimated accessible KE in the WT justifies the proposed concept,
and the energy consumption due to motoring operation under low and no wind
conditions is shown to be acceptable. A case study is performed for the South
Banat region in Serbia to demonstrate the presented management concept.
Additionally, a dynamic simulation was implemented to illustrate the
permanent operation strategy’s impact on frequency stability in a low-inertia
system under low and no wind conditions. Besides virtual inertia continuous
capability, the proposed concept provides reduced wear of the WT mechanical
components due to a lower number of on/off events.
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1 Introduction

Environmental concerns accelerated the displacement of power
plants relying on fossil fuels and intensified the integration of
renewable energy sources (RES). This transition led to a
significant dynamic characteristic change in power systems
because most of these generation units are connected to the grid
via power electronic converters and thus decoupled from the grid
dynamics. Therefore, the overall system’s inertia reduces
(Fernández-Guillamón et al., 2019; Makolo et al., 2021), resulting
in deteriorated frequency behavior (Saha et al., 2023). The problem
of system stability with a high share of RES is one of the main
challenges regarding the sustainability of decarbonized power
systems. To ensure the required level of stability and reliability of
system operation, new inertia providers must take over the role of
traditional power plants with synchronous generators (Shazon et al.,
2022).

Inertia emulation, also known as synthetic or virtual inertia,
combines power electronics and control algorithms to mimic the
inertia of a conventional power system. Extensive research
endeavors have been carried out to develop inertia emulation
techniques (Cheema, 2020; M; Chen et al., 2020). These
approaches may generally be distinguished based on the resource
used as a synthetic inertia provider.

The first group is made of research where RES, namely,WTs and
photovoltaic (PV) plants, are included in frequency control
operations providing inertia response (Dreidy et al., 2017; Yap
et al., 2019). In (Kushwaha et al., 2022), a novel day-ahead
stochastic security-constrained unit commitment framework
incorporates synthetic inertia and primary frequency support
from wind and PV plants to ensure frequency response
adequacy. In (Jawad and Masood, 2022) it is shown that PV
plants can help to improve frequency parameters with
appropriate deloading percentages for PV systems. Authors in
(Hoke et al., 2017) implemented the rapid active power control
method in a prototype PV inverter connected to a PV array. The
response to various frequency events is experimentally confirmed to
be fast and accurate. However, the drawbacks of using RES as inertia
providers are the intermittency of the primary energy source and the
fact that inertia response cannot always be guaranteed, yet it
depends on available wind or solar energy.

Secondly, different energy storage systems (ESS) may be
exploited to provide frequency services (Akram et al., 2020).
Based on the review (Niu et al., 2023), the flywheel energy
storage system (FESS) was concluded to be the most suitable
candidate for inertia emulation. In (Karrari et al., 2020) adaptive
controller based on inertia emulation is proposed for high-speed
FESS while fuzzy-based virtual inertia with FESS is presented by
(Kumar et al., 2022). The potential of stored energy in capacitor
(Liang et al., 2023) to emulate the system inertia and
superconducting magnetic energy storage (Salama et al., 2021)
are also analyzed. Though ESS have fast response times, their
application requires extra infrastructure, resulting in additional
costs (Karbouj et al., 2019).

The third group of resources is distributed assets on the load
side, such as electric vehicles (EVs) (Magdy et al., 2021; Khazali et al.,
2022), smart loads (T. Chen et al., 2020), or heat pumps (Ibrahim
et al., 2020). The problem arising from using EVs as inertia providers

is that the cost incorporated to enable bidirectional response can be
high, tear and wear of ESS of V2G stations due to the bidirectional
response (Khalid and Peng, 2020) and state of battery packs due to
accelerated aging (Khalid et al., 2022). In addition, large-scale
implementation of these assets requires visibility of where the
resources are to appropriately re-calibrate protection schemes,
and response time is limited by customer comfort (Karbouj et al.,
2019).

Due to their dimensions and KE storage potential, the rotating
masses of WTs represent a significant and inexpensive flexibility
resource (Aziz et al., 2018; Wang et al., 2018). Besides, virtual inertia
can be easily integrated into existing information and
communication infrastructure for remote control (Karbouj et al.,
2019). However, the synthetic inertia capability of WTs strongly
depends on wind speed, and it cannot be guaranteed under all wind
conditions (Gloe et al., 2019). Though, there is the possibility of
integrating wind generation units with EES, such as batteries (Ma
et al., 2017; Watson et al., 2018; Dhundhara and Verma, 2020),
supercapacitors (Sun et al., 2020) or FESS (Akbari and Izadian,
2021) for improving turbine’s synthetic inertia performance, these
are related to additional infrastructure cost. Still, relatively frequent
shutdowns caused by low wind represent an unsurpassed drawback.
Throughout this paper, the term ‘low wind’ will refer to calm and
wind speeds below cut-in wind speed (vcut-in) at hub height, which is
around 3 m/s for most modern WTs. The focus of this paper is
investigating the possibility and technical justification of
permanently providing wind power flexibility, even when no
wind energy is available. The analysis carried out in the paper
refers to the doubly-fed induction generators (DFIG), widely
used in wind energy applications. Existing technical solutions and
control algorithms for including WTs in frequency control are
applicable for operating wind speeds in the range vcut-in < v <
vcut-out. This paper proposes a strategy for the permanent operation
of theWT.When wind speed drops below vcut-in, instead of stopping,
WT alters its operation to motoring mode and rotates maintaining
the constant rotational speed. According to the proposed strategy,
WTs will be stopped only in case of too strong winds v > vcut-out.
These winds are rare, short-lived, and locally limited, so the
proposed strategy is named permanent operation. Considering
the dependence of WT inertial response on local wind speeds,
with the proposed permanent operation strategy, periods of low
wind would not present an obstacle and those turbines that would
usually be stopped could still contribute to system stability. This
could be achieved solely by modifying converter control system
software without adding expensive infrastructure. This is an
important contribution compared to other techniques, which
involve constructing new elements, such as batteries and FESS,
and require significant investment costs. A management concept
of WT control was developed for v < vcut-in, which extends the
availability of WTs for frequency support, contributes to the
maintenance of the system’s inertia, and allows guaranteed
provision of auxiliary services to the transmission system
operator (TSO). The proposed concept maintains the rotational
speed of the WT at the reference value under no and low wind
conditions so that the KE stored in the rotating masses of the turbine
can be injected into the grid, mitigating severe frequency excursions.
With this novel WT operation concept, not only would power
system stability improve, but mechanical stresses during often
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start-ups and shutdowns would be alleviated, as well. The latter is
important to notice because fewer start-stop events will positively
affect the lifespan of the main turbine components. The excessive
stress and operation induced by frequent startup/shutdown could
enhance the likelihood of WT component failure. A large number of
startups/shutdowns could accelerate mechanical components’ aging
and fatigue and shorten the circuit breaker’s or switchgear’s lifetime
(Yin et al., 2017). Paper (Luan and Moan, 2021) showed that
transient loads caused by startup and shutdown could multiply
fatigue damage in the offshore WT tower. It can be expected that
material fatigue during frequent transient processes can be
significant, especially in modern WTs with a large blade
diameter, where the transient forces are more drastically reflected
in the bending moments at the root of the blades. In order to reduce
the number of transient operations, the paper (Yin et al., 2017)
proposed startup speed with a dead band to prevent frequent
startup/shutdown of WTs. However, such techniques inevitably
reduce annual energy production (AEP) and limit WT
availability to provide inertial support. The concept proposed in
this paper will contribute to multiple reductions in the adverse
effects of on/off transients on the turbine’s lifetime. At the same
time, it will contribute to the permanent readiness ofWTs to provide
auxiliary services such as voltage and frequency support to the power
system.

This paper’s priority is to evolve the idea of WT permanent
operation strategy. The conducted research investigates the potential
of WTs in terms of frequency response in low wind conditions. A
modified WT power curve is defined for v < vcut-in, which supports
the permanent WT rotation strategy, allowing flexibility in the
entire range of wind speeds v < vcut-out. The proposed strategy has
the potential to improve the flexibility of the power system with a
significant share of wind power plants (WPPs). Implementing

this strategy requires only software changes, i.e., reprogramming
the control algorithms of the WT for the range of low wind
speeds. An analysis of the energy costs of applying the proposed
concept in real wind conditions was performed, and the
economic justification of the proposed strategy was
demonstrated. In addition to improving flexibility, the
proposed strategy could significantly increase the availability
of WTs and extend their lifetime.

The remainder of the paper is organized as follows. The WT’s
KE storage potential for frequency support under low wind
conditions and the power curve extrapolation are discussed in
Section 2. In Section 3, the case study is performed based on
wind speed measurement data from the Banat region in Serbia,
and annual energy consumption to maintain the WT in the
motoring regime is estimated. In Section 4, the proposed
concept’s effectiveness and contribution to arresting the initial
frequency drop are demonstrated through dynamic simulations.
Main conclusions are presented in Section 5. The layout diagram of
the paper structure is shown in Figure 1.

2 Wind turbine operating under low
wind conditions

2.1 Kinetic energy potential in wind turbines

Inertia is a property of rotational machines that allows them to
store or release KE. Releasing KE in case of frequency drop is more
significant since the over-frequency event can be solved by other
generators’ power reduction or storage charging. In that sense,
releasing KE by production units is more important from the
system’s security point of view because it can be provided only

FIGURE 1
Layout diagram of paper structure.
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by quick-to-react assets with available energy resources. Traditionally,
this was achieved by utilizing the inertia property of online synchronous
generators. The KE stored in the rotating mass (Ek) of a conventional
generator is defined by the following expression:

Ek � 1
2
Jω2, (1)

where J is the sum of the moments of inertia in the shafts, and ω is
the rotational speed.

The inertia constant H is often used as a measure of inertia,
defined as:

H � ω2
n

2Sn
J, (2)

where Sn and ωn are rated apparent power and rated rotational
speed, respectively. The inertia constant has the dimension of time
and it indicates the time it takes a synchronous generator to release
all its KE assuming that the energy is released at a constant rate equal
to the generator’s nominal power. Typical inertia constants for the
generators in large conventional power plants range from 2 to 9 s
(Tielens and Van Hertem, 2016), depending upon the size, speed,
and type of the machine.

Even though there is no electromechanical coupling between
WT and grid frequency, the inertia constant of a WT can be
defined in the same manner. Its KE is stored mainly in the
rotating blades, gearbox, and wind generator. Typical values of
inertia constant of WTs are roughly the same, about 2–6 s
(Tielens and Van Hertem, 2016). However, comparing inertia
constants does not provide adequate information about
accessible KE that can be used in case of disturbance.

Accessible KE depends on operating limits, i.e., rotational speed
that machine can achieve. Substituting H for J in (Eq. 1), the
following expression defines usable KE:

ΔEk � HSn �ω 2 − �ω 2
min ),( (3)

Where �ωmin and �ω are per-unit (pu) quantities of minimal and
instantaneous rotational speed at the moment of disturbance,
respectively.

The rotor in the conventional generators is synchronously
locked with grid’s frequency, which has to be maintained within
a narrow range around nominal frequency, so the accessible KE is
significantly lower than the stored. ENTSO-E defines synchronous
generator frequency design criteria of +3% to −5% of nominal
frequency (StG CNC, 2021) meaning that rotational speed is
within the same range. It should be noted that realistic frequency
variations are far narrower.

On the other hand, DFIG can operate permanently within a
wide speed range of 40%–100% of the rated speed (Wu et al., 2011).
Although the ability of aWT to store and release energy to the grid is
decoupled from system frequency, reliance on a converter’s control
mechanism allows releasing completely stored KE until stopping.
The technical feasibility of the proposed strategy relies on the
research (Yongzheng Zhang and Ooi, 2012) that demonstrated
low wind speed operation of a DFIG. It is shown that DFIG can
stand low torques without exceeding the current limit when working
in motoring operation. In the following subsection, it is
demonstrated that the proposed management belongs to low
torque area.

Figure 2 shows accessible KE by different providers after
disturbance while operating within ENTSO-E frequency limits.
The comparison is made between conventional synchronous
generator (H = 4 s), WT (H = 4 s) working with different
rotational speeds, and entire WPP consisting of 20 WTs.

It can be concluded that the KE accessible in case of severe
frequency drop in a WPP operating with minimal operational
speed is around 60% higher than the usable KE in a conventional
synchronous generator of the same power operating at the
nominal frequency. Suppose only usual frequency variations
are considered (red dashed lines). In that case, a single WT
operating at the rated speed has 3 times more usable KE than the
synchronous generator with the same inertia constant. This
comparison justifies the idea of keeping the WT online
even when no wind is available because of its KE storage
capacity.

In the proceeding of the paper, it will be assumed that during
low wind periods, rotational speed is kept at a minimal operational

FIGURE 2
Usable KE for synchronous generator and WT of same inertia constant H = 4 s.
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value. It could be higher, though, but that would require the
absorption of more energy from the grid due to larger friction
and Joule’s losses. Additionally, this approach allows an easy
transition from motoring to generator regime when wind speed
becomes larger than vcut-in.

2.2 Extended wind turbine power curve for
motoring operation

Turbine manufacturers do not provide data about WT
consumption in the motoring regime, and not many
literature deals with WT operation when wind speed is
around vcut-in (Eisenhut et al., 2007; Fan and Zhu, 2019).
The concept proposed in this paper requires creating an
appropriate model for assessing energy consumption during
motoring regime operation. The traditional and proposed
modification of power-wind speed (P-v) curve are shown in
Figure 3.

The traditional control strategy implies the WT being
stopped in the state of standby or idling for wind speeds
below vcut-in (Region Ia) because the torque exerted by the
wind on the blades is insufficient to bring the turbine to
rotate and cover all the power losses. For vcut-in and higher
wind speeds up to rated wind speed, vnom, the WT aims to
capture maximal wind energy by controlling the rotational
speed. A detailed explanation of the control regions could be
looked up in the literature (Saint-Drenan et al., 2020).

Modifying the standard power curve (Region Ib) means the
transition to motoring operation under low wind conditions
while turbine rotates with a minimal operational speed ωcut-in.
Power consumption during motoring operation (Pmotoring) is
considered to be constant in entire low wind speed range.
This assumption is justified because mechanical losses are
mainly speed-dependent and remain constant, and electrical
losses will not vary significantly for a range of wind speeds

0<v < vcut-in since generator, transformer, and converter
operate with less than 2% of rated power, as will be shown
later. Considering the wind power cube dependence upon
wind speed, it is assumed that the turbine extracts no wind
power in the low wind speed region. Therefore, drawing
electrical power from the grid is necessary to overcome the
existing losses and maintain the WT’s rotational speed at a
constant value.

The power flow diagrams of standard and flywheel operation
are shown in Figure 4. The power which WT extracts from wind
while working in generation mode and rotating with ω cut-in is
denoted by Pt. The losses in the WT can be divided into several
types (Tamura, 2012). Mechanical losses, Pmech consider gearbox,
bearings and windage losses. Electrical losses include copper
losses in winding coils (PCu) of generator and transformer,
iron losses (PFe), and energy converter losses (Pconv). Stray
load loss (Pstray load) includes iron loss resulting from a
conductor with leak flux, eddy current loss due to adjacent
metal parts, and flux density distortions in the gap (Inoue
et al., 2006).

The motoring power, Pmotoring, drawn from the grid for
maintaining rotational speed to ωcut-in in wind speed range 0<v <
vcut-in is equal to the total power loss when turbine rotates with ωcut-

in at wind speed vcut-in in traditional generation mode. In order to
calculate these losses, operating point A (Figure 3) from standard
P-v curve will be further analyzed.

The power which WT extracts from wind is a complex function
of wind speed, rotor speed, and pitch angle, and according to
(Carpintero-Renteria et al., 2020) it can be expressed as:

Pt � 1
2
ρCp λ, β( )πR2v3, (4)

λ � ωR

v
, (5)

where ρ is the air density, R is the radius of the blade, v is free wind
speed at hub height, and Cp is the power coefficient, which can be
approximated using a non-linear function of the pitch angle β and
the tip speed ratio λ:

Cp λ, β( ) � C1
C2

λi
− C3β − C4( )e−C5/λi + C6λ, (6)

1
λi
� 1
λ + C7β

− C8

1 + β3
. (7)

Values for coefficients in (6) and (7) are: C1 = 0.5109, C2 = 116,
C3 = 0.4, C4 = 5, C5 = 21, C6 = 0.068, C7 = 0.08, C8 = 0.035 adopted
from (Nouira and Khedher, 2012).

As stated in (Anfossi et al., 2005), low-frequency horizontal
wind oscillations start to prevail for wind speeds below a specific
value (1–3 m/s). Under these conditions, it becomes difficult to
define a precise wind direction. It indicates that neither yaw nor
pitch control during low wind speeds cannot be efficient. For this
reason, it was assumed that the yaw control is not active during
periods of low wind, and the pitch angle retains a constant value of
β = 0°. Thus, the WT keeps the same azimuth, rotational speed, and
pitch angle as when the wind speed drops below vcut-in. This also
contributes to the reduced WT self-consumption while working in
motoring mode.

FIGURE 3
Traditional (A) and modified (B) P-v curve.
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The power thatWT generates when wind speed is equal to vcut-in,
can be defined as:

PP−v v � vcut−in( ) � 1
2
ρCp λcut−in, β( )πR2v3cut−in − P0γ, (8)

where PP-v (v = vcut-in) is electrical output power from the P-v curve
provided by the manufacturer.

The minimum rotational speed can be estimated as a function of
the rotor diameter, Drotor (Saint-Drenan et al., 2020):

ωcut−in � 1046, 588 ·Drotor
−1,0911 (9)

Thus, the power curve can be extended for wind speed range 0 <
v < vcut-in:

Pmotoring 0< v< vcut−in( ) � −P0γ

� PP−v v � vcut−in( )
− 1
2
ρCp λcut−in, β( )πR2v3cut−in. (10)

Previously described methodology was used to assess
Pmotoring for three different commercial WTs. Standard air
density of 1,225 kg/m3 is assumed. The results are presented
in Table 1. Results show that commercial multi-MW WT
consumes less than 2% of the rated power if controlled to
work with the minimum operating speed during low wind
periods.

It should be noted that the power P0γ required to maintain the
turbine’s rotation speed in conditions without wind also depends on
the air density. The assumed value of 2% refers to the case of
standard air density, which corresponds to the sea level. These losses
can be significantly lower for wind turbines at higher altitudes,
where the air density is lower. This parameter can also optimize
turbines that provide frequency support in windless conditions.
Also, in the case of large WPPs, those WTs with the smallest wake,
i.e., the highest energy yield, can be chosen to be in the permanent
operation regime because their cumulative downtime is less, so the
costs for their maintenance in permanent operation will also be
lower. Next section gives the estimation of annual energy
consumption caused by WT motoring operation.

3 Costs and benefits of proposed
strategy: case study for South Banat
region

A case study was performed based on 1-year wind speed data
collected in the South Banat region in Serbia. These data were used to
estimate the annual energy consumption of a WT working in a
permanent operation. Model Vestas V136-3.6 with a rated power
of 3.6 MW and a hub height of H = 125 m, is used as a test turbine
assumed to be installed at the location.

FIGURE 4
Power flow in traditional and motoring regime.

TABLE 1 Motoring regime consumption for different WT models.

Turbine model Prated [MW] ω cut-in [rpm] Pflywheel [kW] Pflywheel [%Prated]

Vestas V136 3.6 4.9 69.1 1.92

GE Renewable Energy 158 5.3 4.2 71.7 1.35

Siemens Gamesa SG170 6.6 3.8 96.1 1.45
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3.1 Wind energy resource at the site

The region of South Banat, with very flat terrain, is situated in the
northeastern part of Serbia. Wind potential in this region is proven to be
extensive (Đurišić and Mikulović, 2012), and several WPPs with a total
rated power of around 400MW are already being exploited, while up to
2,000MW are planned to be installed until 2030, according to Ten-Year
Network Development Plan for the Republic of Serbia. This region has
two prevailing wind directions: southeast (the wind called košava) and
northwest. Wind speed and wind direction measurements were carried
out in 2018with a 10-min record, at the height of 125m, in the area called
Bela Anta (44°52′14″N, 20°38′25″E).

The statistical processing of the collected wind speed data has been
carried out. The average annual wind speed at 125mabove ground level is
7.3 m/s. The total annual duration of lowwind periods, i.e., a total number
of hourswithwind speed below 3m/s, is around 1347, which is 15%of the
year. The wind speed histogram is shown in Figure 5. It should be
mentioned that during the analyzed period, thewind speedwas above vcut-
out for only half an hour, which is negligible. Wind roses for the whole

wind speed range and low wind range are presented in Figure 6. It is
apparent that the prevailing wind direction is noticeable for low wind, but
this ismuch less pronounced compared tomedium andhighwind speeds.

3.2 Wind turbine permanent operation
during 1 year in South Banat

Based on the measured data set, the annual energy production of
the Vestas V136-3.6 MWWTwas estimated. The calculation wasmade
according to the standard and the modified power curve, derived in
Section 2.2. An air density of 1.2 kg/m3 was assumed.

Annual energy production of the WT working according to
standard operation strategy is 14285MWh. In the case of
permanent operation, net annual production (the difference between
produced and absorbed energy) is 14191MWh. The latter comprises
WT rotating all the time, but it must consume certain energy so that the
net energy yield is reduced. It can be concluded that the energy which is
used for the maintenance of the WT in permanent operation is about

FIGURE 5
Histogram of wind speed data measured at the hub height of 125 m at the target site.

FIGURE 6
Wind roses for the whole wind speed range (A), and low wind range (B).
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100MWh or around 0.7% of total standard annual energy production.
Figure 7 shows WT output power for each 10-min period during 12 h
on June 2, for both permanent and standard operation.

With the standard operating strategy, WT would have
926 shutdowns and startups annually due to low winds, an
average of about 2.5 stops per day, causing mechanical fatigue of
the entire WT mechanical system. Besides, each startup of the
WT requires energy consumption for acceleration, which can be
treated as power loss, as well as energy loss due to delayed
reaction after wind speed increases above vcut-in. Neither of
these would exist in permanent operation unless frequency
disturbance happens and WT has to react and release stored
KE. In that case, WT decelerates and finally gets stopped, after
which the usual startup procedure should be performed.

3.3 Annual energy consumption caused by
permanent operation in various wind
climate

Assuming Weibull distribution function, which is widely
used for wind data analysis, it is possible to calculate the annual

energy consumption for a specific location by using the
extrapolated power curve described in Section 2.2. The
general expression of the Weibull function is given by
(Đurišić and Mikulović, 2012):

f ]( ) � k

c

v

c
( )k−1

e−
v
c( )k , (11)

where k is the shape factor, and c is the scale factor, f(v) denotes a
probability density distribution function that wind speed v appears.
The expected annual consumed energy, caused by permanent
operation can be calculated as:

Wcons � 8760 · ∫
vcut−in

0

Pmotoring ]( )f ]( )dv, (12)

where Pmotoring is the extrapolated part of the power curve for low
wind range, defined by (10). The calculation is performed for
different values of k and c parameters, and a graphical
representation of results is shown in Fig 8. An increasing c
results in decreased annual energy consumption, whilst low c
values cause a relatively large amount of consumed energy,
because of longer motoring operation. For most of the

FIGURE 7
WT output power for two operating strategies.

FIGURE 8
Annual energy consumption of continuous WT operation for different wind climate in MWh (A), expressed as a percentage of total annual energy
production (B).
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locations of interest, shape parameter k has value of around 2, so
it can be estimated that the energy consumption is in the range of
50 MWh for sites with good wind potential (c = 9 m/s) to
250 MWh for sites with low wind potential (c = 6 m/s).
Compared to AEP, the strategy of permanent operation
requires about 1%, at locations with low and moderate wind
potential, while at sites with higher wind speeds, it is even
smaller.

3.4 Pseudo-code for general calculation of
kinetic energy potential and required energy
for the proposed permanent operation

The pseudo-code of the proposed permanent operation
calculations applied on WPP consisting of NWPP WTs is
shown in Algorithm 1. The first step of the algorithm is to
identify the set L of WTs, affected by low wind speed during the
considered time horizon. In the next step, the rotational speed is
defined, which may be higher than the minimal operational WT
speed, depending on the tolerant energy consumption. The
estimation of the total accessible KE potential of WPP starts
in step 3. It implies setting the minimum rotational speed that
WT can reach during a disturbance, possibly higher than zero.
Knowing the technical characteristics of WTs, the calculation of
inertia constants and accessible KE based on (Eqs 2, 3),
respectively, is performed. The estimation of total active
power consumed by WPP working in motoring operation
starts in step 10. For wind speed equal to vcut-in, the turbine’s
active power is read from power-wind speed curve data, and a
speed ratio and power coefficient calculation, based on (Eqs 6,
7), respectively, are made. Finally, using Eq. 10, the power
consumption of single WT is obtained.

Input: Sn,i, ωn,i, Drotor,i , P-v data ∀i = 1, 2, . . . , NWPP
Output: ΔEk,WPP, Pmotoring,WPP
1:Indentify the set of L = {WTi | v<vcut-in }

2:Setωcut-in,i

3:fori←1 toNL do

4:Set �ωmin,i

5:CalculateHibased on Eq. (2)by introducing�ωi=�ωmin,i

6:CalculateΔEk,ibased onEq. (3)

7:ΔEk,WPP += ΔEk,i8: end for

8:end for

9:returnΔEk,WPP
10:fori←1 toNL do

11:Read Pp-v (v =vcut-in,i) fromP-v data

12:Calculateλi(vcut,in,i,wcut-in,i) based onEq. (5)

13:CalculateCp(λi,0)based on Eq. (6) and Eq. (7)

14:CalculatePmotoring,i based on Eq. (10)

15:Pmotoring,WPP+= ΔPmotoring,i
16:end for

17:return Pmotoring,WPP

Algorithm 1. Pseudo-code for calculation of KE potential
required energy for proposed permanent operation of WTs
in the WPP.

4 Dynamic simulation

4.1 Model description

A single bus model of an isolated hypothetical system is used to
demonstrate the impact of the WT’s permanent operation on the
system frequency response. The dynamic frequency scheme consists
of a power system frequency response model, including
conventional generation units, a simplified WT model working
with a permanent operation strategy, and a PV power plant
model insensitive to frequency change (Figure 9).

The parameters dw, dt, dh, and ds are the wind, thermal, hydro,
and PV power plants’ generation share, respectively. Each online
conventional unit, namely, hydro and thermal has a droop
controller. The transfer functions and typical values for a thermal
reheat steam turbine and the hydraulic unit, given in (Kundur and
Malik, 1994) are used. The input to the model is the power
disturbance caused by load disturbance, power plant outage,
wind speed, or solar irradiation disturbance. The outputs are the
system frequency deviation and the output power variations of all
power plants (ΔPW, ΔPT, ΔPH, and ΔPS are WPP, thermal, hydro,
and PV power plants’ total output power variations, respectively).
The model also includes automatic generation control (AGC),
assuming that only 50% of hydraulic units participate in it. The
inertia of the system is described by equivalent system inertia Heq,
and frequency load damping D. A review of system parameters used
in the simulation is given in Table 2. The described system is suitable
to emphasize the impact of the proposed management concept
because of low overall inertia, and the analyzed generationmix could
be called realistic when the perspective power system is considered.
Transmission lines and transformers are not included in the
simulation because of their minor impact on system frequency
response. The model is made using Matlab/Simulink.

The dynamic model of variable-speed WT is made based on the
model and parameters from (Ullah et al., 2008) and is shown in
Figure 10. Modifications are made in order to include permanent
operation capability. The rotor speed, ωt, is computed from the
inertia equation of the equivalent one-mass turbine and generator
model (Eisa, 2019). The inertia equation uses the mechanical power
extracted from the wind (Pt), constant power of losses (P0γ), and
electrical power injected into the grid (Pe). In this simulation, it was
assumed that there is no wind (calm), so Pm = 0. Based on the results
of the analysis performed in 2.2, it was adopted that P0γ has a value of
2% of ratedWT power. A first-order system approximates the power
electronic interface dynamic with a time constant Tconv. The
terminal voltage of the generator (VWT) is assumed to be
constant, thus output power limitation can be included through
Imax and -Imax generator current limit (in generator and motoring
operation). Further details on the control scheme used here can be
found in (Ullah et al., 2008).

The proposed control contains an additional control loop that
performs frequency support. Additional power is implemented as
the inertia-droop model, which takes absolute variation in frequency
and the rate of change of frequency as input signals (Morren et al.,
2006). K1 is the inertia constant weighting frequency deviation
derivative and is equal to 2HWT, where HWT is the inertia
constant of a WT, while the K2 is controller gain weighting
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FIGURE 9
Block diagram of isolated system used for demonstration of WT permanent operation effect.

TABLE 2 Parameters of power system used in simulation.

Parameter Symbol Value

Load damping D 1

Equivalent system inertia Heq 1.8

Droop coefficients of thermal and hydro units RT1,., RTt 0.05

RH1,. . .,RHh

The time constant of the governor in thermal and hydro units TG1,. . ., TGt, ’ 0.2 s

TG1,. . ., TGh

The time constant of the reheater in thermal units TRH1,. . ., TRHt 7.0 s

The time constant of the main inlet volumes and steam chest TCH1,. . ., TCHt 0.3 s

Fraction of total turbine power generated by high-pressure section FHP1,. . ., FHPt 0.3

Temporary droop in governor system of hydro units RTD1, . . ., RTDh 0.38

Permanent droop in the governor system of hydro units RP1, . . ., RPh 0.05

Reset time in the governor system of hydro units TR1,. . ., TRh 5.0 s

Time constant of hydraulic turbine TW1,. . ., TWh 1.0 s

The generation share of thermal, hydro, and PV power plants dt, dh, ds 0.2, 0.4, 0.4

AGC proportional gain KP 0.008

AGC integral gain KI 0.007

Frequency bias factor bS 20
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frequency deviation. The parameter values of WT used in the
simulation are shown in Table 3.

The operation mode is determined by a logic circuit (Table 4),
which takes the measured values of frequency (f), rotational speed
(ω), control signal (cmd), and WPP operator signals (Td and �ω min)
as inputs. The outputs are switches’ positions and reference
rotational speed.

WT should work under low wind conditions in order to
participate in frequency control if an external command (cmd)
for that exists, otherwise, it is off-grid standing still. In case the
permanent operation is applied, both pos1 and pos2 are equal to 1, PI
controller 1 (fast response) regulates the rotational speed ωcut-in as

long as the frequency belongs to the regular range and WT is
working in Mode 1—normal motoring operation.

If the atypical frequency deviation happens, signal pos2 takes the
value 2, and WT injects active power into the system (Mode 2-
frequency support operation) until the available KE is used. This
lasts until the rotational speed ωmin is reached, and then pos1 and
pos2 both get value 1 again, but the reference speed is ωmin (Mode 3-
temporary motoring operation). The transition from Mode 2 to
3 requires altering from generation to motoring operation.

When the system has responded to the disturbance and the
frequency is back again in the permissible range, after the time delay
Td, the signal pos1 becomes equal to 2, pos2 is equal to 1, and the
reference rotational speed becomes ωcut-in. During this period, the
process of KE recovery begins (Mode 4 - motoring recovery
operation), whereby a PI controller 2 (slow response) is used.
The parameter Td can take different values for each WT so that
setting back in Mode 1 results in a smooth transition as possible.

FIGURE 10
Control scheme of WT for frequency support under low wind conditions.

TABLE 3 Parameters of the DFIG-based WT used in simulation.

Parameter Symbol Value

Terminal current limitation in pu Imax 1.1

Inertia constant of a WT HWT 3 s

Time constant of a power converter Tconv 20 m

Terminal voltage of the WT in pu VWT 1

Proportional gain of WT frequency control K2 5

Integral gain of WT frequency control K1 6

PI controller 1 proportional and integral gain Kp1, KI1 4.96, 0.77

PI controller 2 proportional and integral gain Kp2, KI2 0.83, 0.027

TABLE 4 Logic circuit description.

pos1 pos2 ωref Operation mode

1 1 ωcut-in Mode 1–normal motoring operation

1 2 has no impact Mode 2–frequency support operation

1 1 ωmin Mode 3–temporary motoring operation

2 1 ωcut-in Mode 4–motoring recovery operation
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4.2 Scenario 1: load disturbance 0.05pu,
different level of wind turbines in permanent
operation

The analyzed scenarios refer to a sunny day without wind when
PV power plants generation is high (covering 40% of system load)
and constant during the period of interest, but WPPs production is
missing. Though only active power deficit in the system will be
considered as disturbance, permanent operation allows WT to react
in case of frequency increase, as well. The system suffers a generation
deficit situation by 0.05 pu at t = 5 s, causing a frequency
drop. Several cases are explored: when all WTs stand still and

make no contribution to frequency stabilization, and when the
different shares of WTs are employed to work permanently.
Frequency variation, WT speed, and WPP output power
variation for each case are shown in Figures 11–13, respectively.

According to the standard control strategy, WTs are stopped
(case: No permanent operation ofWPP), disconnected from the grid
and cannot help through additional active power support. Their
speed and output power are zero during the entire simulation
period. On the other hand, implementation of the proposed
strategy implies that, at the moment of the disturbance, WTs
work with the rotational speed at the pre-defined value ωcut-in =
0.4 pu and react to the sudden frequency drop. A higher number of

FIGURE 11
Frequency variation for different level of WTs in permanent operation.

FIGURE 12
WT speed for different level of WTs in permanent operation.

FIGURE 13
WPP output power variation for different level of WTs in permanent operation.
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turbines working in motoring operation results in a higher first
frequency nadir, reduced rate of frequency change, and prolonged
active power injection, but also causes a more intense secondary
frequency dip. The latter is caused by the sudden transition of WTs
from a generator to a motoring operation after the accessible KE is
used entirely. An overview of frequency indices for the considered
cases is shown in Table 5.

Output power variations for each plant type on a plant’s base for
WPP permanent operation share of 60% are presented in Figure 14.
It can be seen that the dynamic response of WPP is significantly
faster compared to the dynamic response of conventional units. The
maximum power injection is 8.2%, while the duration of frequency
support to the system is about 7.8 s. The previous parameters
depend on the setting of the inertia-droop controller parameters,
the size of the disturbance, the pre-defined WT minimum speed of
rotation, and the WPP permanent operation share.

4.3 Scenario 2: load disturbance 0.05pu,
speed recovery after disturbance

In order to demonstrate the WT rotational speed and KE
recovery process, i.e., turbine acceleration during the motoring
recovery operation, a longer time horizon was analyzed for 60%
of WPP permanent operation share. The simulation horizon, in this
case, includes the effect of AGC, which achieves the recovery of the
frequency to the nominal value. When the frequency deviation
becomes less than 0.002 pu, the countdown of the duration Td

begins. Two cases were considered:

a) simultaneous speed recovery: all WTs start to speed up after
Td = 50 s,

b) gradual speed recovery: each group of 25% ofWTs starts to speed
up, in consecutive steps of 10 s interspace.

Frequency and WPP output power variation are shown in
Figures 15, 16. The results show that gradual speed recovery is
more convenient, from the system’s security point of view, because it
causes a mild transition to normal motoring operation. With the
gradual transition, frequency disruption is smoother, with 4 small-
scale drops, compared to a single larger one in case of simultaneous
speed recovery.

4.4 Comparison to other virtual inertia
providers

Competing solutions for inertia emulation are various ESS, such as
batteries, supercapacitors, FESS, and superconductingmagnetic energy
storage. Installing such systems is associated with high investment
costs and a relatively short lifespan (Ahmed et al., 2023). Due to high
capital costs, their presence in systems is insufficient to provide the
necessary capacity of virtual inertia required by systems with a high
degree of integrated WPPs and PV power plants.

In (Niu et al., 2023), a comparative analysis of the economy of
different ESS to provide inertial response services was performed.
Costs range from 0.13 USD/kW/s for Li-Ion batteries to over
20 USD/kW/s for supercapacitors. The relatively high costs of
providing this auxiliary service are mainly the result of high
investment costs. Given that providing inertial response by wind
turbines does not require any additional investment in equipment,
the cost of providing this service by the permanent operation of WT
are determined practically only by the costs of electricity used to
maintain the rotation of the wind turbine in conditions without

TABLE 5 Frequency quality parameters.

Scenario ROCOFMAX (Hz/s) over 200 m window First frequency nadir (Hz) Second frequency nadir (Hz)

No permanent operation 0.7 49.04 -

WPP share of 30% 0.65 49.21 negligible

WPP share of 60% 0.34 49.33 49.49

WPP share of 100% 0.26 49.44 49.48

FIGURE 14
Output power variations for each plant type on a plant’s base.
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wind. To estimate the cost of delivering inertia with permanent
operation strategy of Vestas136-3.6 model with assumed inertia
constant value of 4 s, is taken as reference. Using the results from
subsection 2.2 for the consumption of electricity for permanent
operation of the turbine, and the adopted price of electricity of
150 USD/MWh it was estimated that the cost to provide inertial
response services by WT according to the proposed strategy would
be only 0.005 USD/kW/s. The cost of inertia provision by
permanently operating WT is multiple times lower than by any
other ESS. The cost analysis proved the economy of the proposed
concept.

Besides, according to (Makolo et al., 2021), the response speed of
WPPs when emulating inertia is about 40 m, so they can be classified
as systems with a relatively fast response. However, it is somewhat
slower than battery systems and supercapacitors, where the response
is 10–20 m.

It may be conlcuded that the proposed model of permanent
operation allows WTs to provide reliable and economic system
support and maintain the inertia constant regardless of wind
conditions, which is particularly important for a systems with
low inertia.

5 Conclusion

This paper’s main idea is to present the permanent WT
operation strategy, i.e., operation without stopping during low
wind periods. This strategy represses uncertainty over the inertial
response capability of the power electronics-dominated systems.
The practical implementation of the proposed management strategy
does not require a hardware modification but only the WT control
system software. Thus, it could be implemented without severe
difficulties.

It was found that the power necessary to keep the WT rotating
under low wind conditions is less than 2% of its rated power, and the
annual energy consumption can be estimated at less than 1% of the
annual energy yield. On the other hand, the duration of guaranteed
virtual inertia support could be extended to last continuously.

Dynamic simulations proved that inertial capability of WTs
working in flywheel mode could be of significant impact when
disturbance happens in low inertia system during no wind period.
The compromise should be made between number of WTs
working in flywheel mode and severeness of secondary
frequency dip.

FIGURE 15
Frequency variation with simultaneous and gradual speed recovery.

FIGURE 16
WPP output power variation with simultaneous and gradual speed recovery.
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Nomenclature

Acronyms

AEP annual energy production

AGC automatic generation control

DFIG doubly-fed induction generator

ESS energy storage systems

ENTSO-E European Network of Transmission System Operators for
Electricity

EV electric vehicle

FESS flywheel energy storage system

KE kinetic energy

PV photovoltaic plant

ROCOF rate of change of frequency

RES renewable energy sources

TSO transmission system operator

V2G vehicle-to-grid

WT wind turbine

WPP wind power plant

Indices and sets

i number of WTs

t number of thermal units

h number of hydro units

L set of WTs within WPP that are working in motoring operation

Parameters

J the sum of the moments of inertia in the shafts of generation unit

Drotor turbine diameter

Sn rated apparent power of generation unit

ωn rated rotational speed of generation unit

vcut-in cut-in wind speed

vcut-out cut-out wind speed

vnom rated wind speed

P-v power-wind speed curve

ρ air density

β pitch angle

R radius of the blade

k Weibull’s distribution shape factor

c Weibull’s distribution scale factor

NWPP number of wind turbines in WPP

D load damping

RTt droop coefficient of thermal generation unit

RHh droop coefficient of hydro generation unit

TG time constant of turbine governors

TRHt time constant of the reheater in thermal units

TCHt time constant of the main inlet volumes and steam chest

FHPt Fraction of total turbine power generated by high-pressure
section

RTDh Temporary droop in governor system of hydro units

RPh Permanent droop in the governor system of hydro units

TRh reset time in the governor system of hydro units

TWh Time constant of hydraulic turbine

dt, dh, ds generation share of thermal, hydro, and PV power plants

KP AGC proportional gain

KI AGC integral gain

bS Frequency bias factor

Imax Terminal current limitation in pu

HWT Inertia constant of a WT

Tcon Time constant of a power converter

VWT Terminal voltage of the generator

K1, K2 WT frequency control parameters

Kp1, KI1,
Kp2, KI2

Parameters of PI controllers of WT speed control

ωmin minimal rotational speed in the stationary state

Td time delay

Variables

v wind speed at hub height

Ek kinetic energy stored in the rotating mass of the synhronous
generator

H inertia constant of the generation unit

ΔEk accessible kinetic energy

ω rotational speed of generation unit

�ω rotational speed in pu

�ωmin minimal rotational speed in pu

Pmotoring wind turbine power consumption while working in motoring
operation

ωcut-in minimal rotational wind speed

Pt power which wind turbine extracts from wind

Pmech mechanical losses in wind turbine

PCu copper losses in winding coils of generator and transformer, PFe
iron losses

Pconv energy converter losses

Pstray load stray load loss

PP−v power value from P-v curve

P0γ losses in the wind turbine while working as a generator with vcut-in

Cp power coefficient

λ tip speed ratio

λcut-in tip speed ratio while rotating ωcut-in while wind speed is vcut-in
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f(v) probability density distribution of wind speeds

Wcons annual consumed energy

ΔEk,WPP available KE in WPP

Pmotoring,WPP power consumption in WPP working in permanent operation

Δf frequency variation

ΔPW WPP total output power variation

ΔPT thermal power plant total output power variation

ΔPH hydropower plant total output power variation

ΔPS PV power plant total output power variation

ωref reference rotational speed

f frequency

pos1, pos2 logic circuit outputs
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