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ABSTRACT: As wind energy gains prominence as a significant power source, the capacity of the
(windmills) Doubly-fed Induction Generator (DFIG) to respond to load variations in the power
grid is restricted by decoupled active power control, posing a noteworthy concern. This study
delves into the windmill's (DFIG) capabilities in aiding frequency regulation (FR). We explore
mathematical relationships between the rate of wind energy incorporation, windmills
regulation capabilities, frequency modulation (FM), and wind energy efficiency. This paper
introduces innovative control strategies that enhance the proactive role of adjustable windmills,
endowed with augmented virtual inertia, in stabilizing grid frequency. Our research scrutinizes
how wind energy influences grid frequency stability under changing conditions — from
Sfluctuating wind velocities and steady operational states to sudden shifts in load demand.
Utilizing data from Yunnan-Power-Grid, alongside MATLAB/Simulink and a windmill model.
We demonstrate the effectiveness of windmills (DFIG) in maintaining grid frequency. Our
analysis also incorporates windmill models designed for FR into a comprehensive two (02)-
areas, four (04)-machines electricity-network grid design, pinpointing the optimal percentage
of tunable windmills required for maintaining grid frequency equilibrium. The simulation
findings underscore the importance of prioritizing windmills (DFIG) operating at standard
velocities within windmill fields for effective frequency control.

Key Words: DFIG; wind energy, frequency regulation (FR); frequency modulation (FM);
windmill;

Introduction:

Electricity is now a cornerstone of modern life [1]. The environmentally friendly nature of wind
power, a renewable energy source subject to weather conditions, is increasingly acknowledged [2].
Globally, there's a surge in the development of wind energy, despite engineering challenges [3]. In
certain Chinese local power grids, wind power accounts for several percentages of the energy mix [4].
Its sustainability and zero-emission attributes make wind power an exemplary green energy source [5].
To combat frequency and voltage fluctuations caused by variable power sources and loads, energy
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resources are linked to grids through advanced controllers [6,7]. Nevertheless, the inherent
unpredictability and intermittent nature of wind power can adversely affect the vibrant solidity, FM,
and in high capacity wind farms. Presently, the DFIG has risen to prominence in the wind energy
market as a variable-speed wind generator (VSWG) [8]. VSWGs contribute to frequency modulation
by implementing inertia control, power control, and integrating power storage systems [9—11].
Significant research has focused on primary and secondary frequency responses [12]. Modern wind
farms are under increasing pressure to adapt to the evolving demands of the grid [13,14]. However, the
DFIG's control system, being decoupled from grid frequency, and the limited 'implied inertia' from
rotor kinetic energy, marginally contribute to grid stability [15]. Thus impacting, sometimes negatively,
the grid's frequency regulation capabilities [16]. As wind power penetration in the grid heightens, this
becomes a glaring issue, threatening the safe operation of the entire grid system [17, 18]. This
underscores the importance of studying large-scale wind power grid connections and their influence on
power grid frequency characteristics [19].

Recent research has intensively examined DFIG's involvement in grid FM [20], proposing various
control strategies. Due to the distinct frequency response characteristics of windmills compared to
traditional synchronous generators [21], the grid's frequency response post DFIG integration has been
simulated and analyzed [22, 23]. A proposal to manage rotor speed changes and regulate output
involves controlling the rotor flux position in DFIG [24]. The integration of a frequency response link
into the doubly-fed induction wind turbine control system is also explored [25]. By controlling output,
wind turbines can generate a simulated inertia 'H', allowing them to contribute to FR [26]. Studies
indicate that excess simulated inertia control might destabilize the windmill [27]. A method
coordinating the frequency governor of modifiable windmills with the old one’s emphases on referend
inertia (H) for principal regularity variation, but it does not fully address subordinate regularity
physiognomies [28, 29]. Implementing droop control by incorporating windmills into FM follows
traditional synchronous generator control modes [30, 31]. Comparisons between different windmill
speed control methods reveal potential issues with a fixed droop coefficient, leading to
recommendations for its adjustment [32-34]. Recent research advancements in control strategies and
energy evaluation for wind power's role in system FM are also highlighted [35, 36]. Studies on the
impact of DFIG access on grid transient stability using simulation methods focus on the adverse effects
of high wind power permeability and propose improvement measures [37—40].

1.1 A critical analysis and comparison with existing literature to establish the rationale and
significance of this research:

e General Recognition of Wind Energy: Acknowledged globally for its environmentally
friendly nature Wind power is increasingly a significant part of energy mixes, notably in
certain Chinese local grids.

o Challenges in Wind Power Integration: Despite its sustainability, the integration of wind
power into grids faces challenges due to its inherent unpredictability and intermittency,
impacting grid stability, particularly frequency and voltage regulation.

o Role of DFIG in Wind Farms: The DFIG has gained prominence in wind energy for FM,
but its decoupled control system from grid frequency and limited inertia contribute
marginally to grid stability.

o Frequency Response and Control Strategies: Intensive research has focused on DFIG's
role in grid FM, with various control strategies proposed to manage rotor speed changes,
integrate frequency response links, and simulate inertia for FR.
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Comparison with Traditional Generators: Windmills, including those with DFIG, exhibit
distinct frequency response characteristics compared to traditional synchronous generators,
necessitating specific control strategies for integration and stability.

Rationale and Significance: Our research addresses an essential gap, the wind energy
effect on grid frequency stability, in scenarios of changing wind speeds and unexpected
load demands. The rationale of the study is vital due to the growing dependence on wind
energy and the need for effective frequency regulation.

Challenges in Simulated Inertia and Control Methods: Excess simulated inertia control
can destabilize turbines, highlighting the need for careful coordination of frequency control
between adjustable wind turbines and traditional generators.

1.2 Key Contributions and Innovations
The key contributions and innovations of this study are as follows;

Research Focus and Novelty: This research delves into the DFIG in farms of wind for grid
FR. The paper introduces new control tactics for modifiable turbines with augmented
effective inaction, aiming to stabilize grid frequency.

Literature Comparison: Existing literature primarily addresses the challenges posed by
the intermittent nature of wind power and its impact on grid stability. Our research extends
this by specifically focusing on the role of windmills (DFIG) in maintaining grid frequency
stability under varying conditions. Previous studies have also explored the frequency
response characteristics of windmills and the integration of energy storage systems, which
are pertinent to our research.

Mathematical Model: It provides a detailed mathematical model analyzing the relationship
between wind energy incorporation, turbine regulation capabilities, FM, and energy
efficiency.

Simulation and Analysis: Utilizing MATLAB/Simulink and a windmill (DFIG) model, the
study demonstrates the effectiveness of DFIGs in maintaining grid frequency. This includes
two (02)-areas four (04)-machines grid framework simulation to identify the optimal
proportion of tunable windmills required for frequency equilibrium.

Real-World Application and Data Use: The research incorporates real-world data from
Yunnan-Power to validate the model and its applicability in practical scenarios.
Contribution to Knowledge: Our findings contribute to understanding the optimal
allocation of adjustable windmills within wind farms for effective frequency control. The
research advances knowledge on the integration of wind power into grid systems, offering
practical implications for energy policy and grid management.

Frequency Regulation Capability Analysis: It examines the capabilities of windmills
under various wind conditions, providing insights into their FR abilities, energy reserve
capacities, and rejection rates at different wind velocities.

Future Research Directions: Potential areas for future research could include exploring
the scalability of control strategies in different grid configurations and geographical
contexts. Investigating the long-term impacts of these strategies on grid reliability and
sustainability would also be valuable.

In this paper, a mathematical model is presented in section 2. Section 3 formulates a frequency
control framework based on primary grid frequency control method. Section 4 outlines a
theoretical analysis and a controller approach for wind turbines in frequency regulation. Section 5's
simulation results suggest that, in high wind power permeability scenarios, ensuring safe and
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economical wind farm operation requires strategically allocating adjustable units, prioritizing those
with substantial comprehensive FR capability. Section 6 concludes the paper, followed by references.

2. Mathematical model :

2.1 Power frequency features

In recent years, there has been significant development in wind energy conversion systems
(WECS). At the heart of any WECS lies the machine responsible for converting mechanical energy
into electricity. The windmill (DFIG) stands as a primary technology utilized within WECSs. The
Windmill (DFIG) essentially functions as a wound rotor induction device, historically employed for
applications necessitating speed regulation [41]. Fig. 1 demonstrates the basic structure of the DFIG
generator. To optimize wind energy capture, DFIG typically operates in the MPPT mode at rated
wind speeds. In this mode, DFIGs are unable to reserve energy for grid frequency fluctuations.
However, if the operational mode is shifted such that the DFIG rotor operates at a velocity above
MPPT through an over-speed strategy, and the rotor's current excitation frequency remains constant; a
different scenario unfolds [42]. Although DFIGs may not harness wind energy at its peak in this phase,
the rotor can accumulate kinetic energy. This endows it with dynamic characteristics akin to a
synchronous generator; thereby enabling its contribution to prime grid FR. Figure 1 demonstrates the
standard Of-over-speed-control. The diagram, taking into account the operational features of turbine,
maps the liaison among outcome power (P t) and speed (o ) beneath a continual terrain control across
different wind speeds. The MPPT curve, representing optimal power generation, is formed by
connecting maximum power points at varying wind speeds. While the over speed and slowing methods
can offer

Generator Transformer

_[HG

Converter

Gear Box

Fig. 1 DFIG basic structure

Standby energy, dropping the wind turbine's active output through lower rotational speeds might cause
static instability and related challenges [17]. Consequently, the often preferred for adjustable velocity
load detaching. At a specific wind speed, v;, the runs smoothly at point a (as shown in Figure 2). If the
velocity drops to vy, the system's dynamic power declines, causing a frequency dip. Due to the
significant inertia, its at @, , avoiding abrupt changes.
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Fig. 2 Command principle for over spéed controller

During this phase, the windmill’s power output shifts from P, at spot ‘a to P, at point b , analogous
to the reduced velocity v, Simultaneously, the EM power of generator stays at P, Any surplus power
from the turbine is rerouted along the shaft. This diversion of mechanical power causes the unit's
rotational speed to decrease. The turbine's mechanical power output follows the BC curve, increasing
as it does. To boost system frequency and raise power, it's critical to modify the slipup angle
velocity to match the windmill’s reference speed with @, After excess mechanical energy is unleashed,
the windmill stabilizes at the ¢ spot, stabilizing energy outcome at Pc, which in turn elevates the
frequency. The control strategy for decreases in wind speed follows a similar pattern, as depicted by
points e, d , and f in Fig. 2.

The electric energy induced by generating engine to the power network is:

Pgen:Ps.'Pr. (1)
Where P; is the actual power going out from the rotor and P, is the actual power added by the rotor.
When DFIG deviates from MPPT, the EM (electromagnetic) power (P) of the is

regulated by adjusting the rotor velocity and utilizing the KE (kinetic energy) deposited;

_ BB _ 4 Aw
P_At _]wAt 2)

where Ej represents the rotating kinetic energy produced by wind turbine, J signifies rotating inertia,
o denotes rotating spin velocity. The “H” is;

Ex=05]w.? (3)
H=0.5]wz2/ Sy, 4)
The ratio of active power to apparent power is expressed as:
P w A(w/ws )
—=02H ——————
S W At
(5)
Per unit is stated as,
P'=2Hw" (A w" /A ). (6)

The generator speed being essentially identical to the synchronous speed, denoted as w*= 1, also
relates to the inertia time constant.

H=P"/(2A w" /A ¢t). (7)
This enables reaction to changes in grid frequency through the modification of rotor speed, thereby
enabling the release or absorption of kinetic energy following shifts in grid frequency.

2.2 The basic norm of wind farms participating in the main FR

Upon integration of wind power denoted as P,, into the system, the power output from represented
5
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as Pg, and the energy consumed by the load is referred to as P;.
Pyt + Pg = Py + yPey = dP, (8)

Based upon the key network, when wind power participates in FR, there is a change in the system
load, denoted as dP;, and the following occurs;

In this scenario dP¢ and dP,, represent the variations in the outcome of the synchronous machine and
the windmill, df indicates the change in frequency, while (TC) transmission coefficient is K7

KT=HT/H1 (10)

The coefficient is measured in the units of megawatts per hertz (MW/Hz).

(a) the permeability of the farm U is defined as rate of total power output of the
windmill to change in P;. Expressed as;
u =Py /AP, (11)

(b) The FM rate of-the windmill fields, represented as y and expressed in a mathematical equation
given below;

y =dB,/dPy, (12)
According to equation (6) ~ (11), it can be obtained
Pen _ 12§ dPwe _ ¥§
ar, v’ Pen  1-¢ (13)
Additionally,
( — dPG — Pgn
| Ke af fnoG
_adap, _ dp, dp;
{KW =y T hew ST T (14)
_ dpPj, _ dapPy,
k KL - df KL* dfn

In this context, fy represents the nominal power frequency, which is 50Hz.

Moreover, the value of K7 and o7 ; derived from LP (load-power).
f 1
Kr. =KTP—’LV=— (15)

ar
From equations (10) and (14) into equation (15), and subsequently organizing and simplifying the
expressions;

1 PN $n
;=W+J+KL* (16)
The components of the RHS in the formula have distinct interpretations:
The first part)", represents the differential adjustment function attributed to the synchronous generator,
detailing how it adapts to changes in the grid.
The second part)", illustrates the effect of wind energy integration on the grid's differential adjustment
coefficient. This aspect shows the dynamics, specifically in FM, but
it does not alter the synchronous generator's differential adjustment function within the grid.
The third component)", corresponds to the usual worth of the load's frequency correction factor,
highlighting how LP (load power) varies with frequency changes in the grid.
In this context, AP, the power variation handled by the wind turbine, is determined as;
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AP, =K, Af = Af (17)

Formula (17) indicates that an increase in the ratio of windmills partaking in FM () and the higher
level of wind power permeability (&), lead to a more significant change in wind power output (AP,,).
According to equation (16), a lower adjustment coefficient (o7) enhances the FM impact of wind
power. In conclusion, for effective integration of wind power into grid FM and to optimize wind
energy production, it's essential to determine the minimum required ratio of modifiable
given diverse levels of wind power permeability.

While there is a dynamic change in the system load, represented as AP;, and the goal is to warrant
that the resulting variation in the system frequency Afremains within or below 0.2 Hz, the necessary
parameters can be deduced using equation (6);

AP, = K;Af — AP+AP, = (K — Kg)Af+AP, (18)

It is evident that when both the synchronous machine and the system's total FR coefficients,
remain constant, any variation in the load, denoted as AP, will be recompensed by the amendment in
wind power output AP, that can share in FM. The determined rate of vigorous change in the load is
defined as ¢ which can be set as follows;

€= AP, /P, (19)
(17) ~ (18) signifies that, with a fixed permeability&, both the minimum fraction yof windmill
partaking in the FM and the determined valuation of load vigorous alter ratio & can be ascertained
based on the frequency deviation AP;.
2.3 Widespread FR ability of windmill
The equation for the windmill’s rotor captured power can be expressed as follows:
Pvw=05pACyv.3
(20)
where p = air-density. (kg/m’), 4 = swept-area of the rotor, Cp is power coefficient (dimensionless),
and v = wind speed (m/s).
(c) The utilization factor beta (£ ) is defined as;
B =dP,, /Py (21)
(d) The power reserve coefficient (K,) 1is rate of the windmill’s dP,, to its P,,,, in other words, it is;
K, =dP,,/Pyn (22)
In the formula, the typical range for Kp is between 10% and 20% [43]. This composed ene
rgy is vital for the DFIG windmill to react to vibrant network. It ensures stable operation when the gen
eration unit operates away from the MPPT mode.

Based on equations (20) and (22), it is observed that at lower wind speeds, wind turbines produce less
power, leading to a smaller energy reserve available for participating in frequency modulation. This
results in a reduced capability for frequency modulation under low wind speed conditions. Conversely,
at higher wind speeds, the potential for wind turbines to contribute to frequency modulation increases.
However, this also means a larger energy reserve and consequently a lower usage rate for the wind
turbine, indicating a higher rate of energy rejection. Thus, wind turbines demonstrate varying abilities
in frequency regulation, energy reserve capacities, and rejection rates at different wind speeds. This
underlines the importance of carefully selecting wind turbines for involvement in frequency regulation.

1oy o1 280 (23)

B Py pSCpv3
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Based on equation (17), once the permeability of the wind farm is determined and every turbine
participates in frequency modulation, the entire windmill field can be considered as a solo windmill
involved in modulating the grid frequency. In this scenario, ¢ is treated as a constant (a fixed value)
and 7 is assigned a value of 1. By incorporating equation (17) into equation (25) and rearranging the
subsequent formula;

2epaf 171
b=V st (24
Equation (24) shows that for a constant wind speed when there are variations in the system
frequency, the of the windmill, represented by oy, is in direct proportion to its
utilization coefficient f. This implies that the capacity of frequency is

inversely proportional to its utilization ratio. To maximize the wind turbine efficiency while
maintaining its ability to regulate frequency, a comprehensive frequency regulation coefficient,
referred to as K, is established for the adjustable wind turbine at dissimilar velocities, as under;

K = a1Ky(¥,§) + azp (25)
here, K,, represents the FM coefficient that is intrinsically linked to the FM ratio y and the
permeability & of the wind farm. The coefficients a, o are adjustable real numbers that should be
finely tuned in harmony with the unique dynamics of the grid. If it's imperative to maintain the
FM capability of the wind within the grid, then a higher proportion is assigned to ¢, thereby
ensuring a greater utilization ratio for the wind turbine compared to . Typically, the optimal values
for a; and o, are derived through a meticulous evaluation of historical wind farm data, leveraging
optimization techniques, empirical insights, or relevant mathematical formulations. The overriding
objective is to attain the most efficient FM impact, utilizing the smallest number of FM and
the lowest air denial rate.

Taking into account the widespread FM coefficient K, the optimum wind velocity of the turbine
can be identified, ensuring both the utilization proficiency. The determination method for K,, and f
of windmill is as below;

1. At the specified velocity, connect the conventional wind turbine to the system. Then, by
escalating the load, reduce the frequency by zero point three hertz and measure the actual power
output of the wind turbine.

2. In an identical setup, replace the conventional wind turbine with a frequency adjustable one.
Measure the maximum frequency variation and the actual power output of the windmill before it
initiates FM, confirming that these measurements are taken under the same load change
conditions.

3. By incorporating equations outlined in sections 2.2 and 2.3 with the upward estimated values, it
becomes possible to calculate the FM coefficient K,, and the utilization coefficient 5 at the
definite wind velocity.

3 DFIG’s control model’s contribution to primary frequency regulation

Adhering to the controlling philosophy of wind energy role in frequency modulation, this paper
conceptualizes a detailed and all-encompassing frequency control model, as visualized in Figure 3.
This intricately designed model encompasses five pivotal components: (1) the speed control of rotor;
(2) the analog inertia control module; (3) the drop control module; (4) the combined module for
protection of speed and power evaluation; and (5) the pitch angle control module. Each of these
modules plays a crucial role in harmonizing and optimizing the frequency control process, ensuring a
seamless and efficient integration of wind power into the broader frequency modulation framework.
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Fig. 3 DFIG’s model contributing in FR

Figure 2 illustrates a speed protection mechanism designed to safeguard DFIG from over engaging
in frequency modulation, which could result in the speed of the rotor falling below the critical
minimum, @pi,. When the velocity goes to @min, it becomes necessary for the power-network to adjust
the further actual energy AP to zero. Disengaging DFIG to share in grid FM. The energy evaluation
section is to evade the energy P ' contributing in FM surpassing the AP allocated by the windmill. In
the instance where Py hits the determined value APy, , the grid then requires to set the added actual
power AP; to APn. and cease to participate in FM. The pitch angle control module, primarily
utilized when wind speeds surpass the rated threshold, is depicted in its model form in Figure 4.
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Y
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Fig. 4 Pitch perspective control unit

4 Wind farm’s control strategy partaking in (FM) frequency modulation

The fundamental rationale for incorporating wind farms into the FM control strategy revolves
around the objective of preserving both the system frequency and the wind farm's active power at
stable levels, to reduce the involvement of turbines in the FM process as much as possible. Upon the
earlier review of the fundamental principles of windmill-cluster in FR and their overall FR capacity,
this article presents the following procedural flow for the management plan of windmill-cluster
partaking in regulating the rate of cycles per second (frequency);
a: Evaluate the wind speed experienced by each wind turbine.
b: Determine the total windmill tally engaged in FR, taking into account the smallest ratio of

modifiable turbines required at varying permeability conditions.
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c: Prioritize the involvement of the wind turbines that demonstrate the best overall regulation of
frequency ability and optimal wind speed for FR purposes.

d: If the necessary quantity is not achieved, select wind turbine units based on a sequential decrease in
wind speed from the best operating wind velocity.

e: In case the required number of turbines is still not attainable, proceed to select turbine units based on
a principle that involves operating at speeds above the optimal level, with a gradual increase in wind
speed. This procedure is illustrated in Figure 5.

[ Mo. of fans
[ wind-speed
measurement

Turbine to pariicipate in
FR at required apeed

Yes

urhbine take
part in FM

Satisty No. of
FM Machine

Wind-turbine above
required speed

the required speed

Turbine with high wind-speed Turbine with low wind-speed
take part in FM take part in FM

Y h J

Fig. 5 Optimization control strategy’s flow chart for wind farm contributing
5 Simulation’s Results

5.1 1% Case-Study

Under the guidelines of the state standard of China GB 15946-1995, the power system's frequency
control within the range of (50 = 0.2) Hz should exceed 98% of the time [4]. Using the gridin a
specific region of Province of Yunnan as a case study, Figure 6 displays the primary wiring diagram of
the grid. Within this setup, the wind farms at Luopingshan, Ma'an, and Dalongtan have capacities of 55
(40 x 1.38) MW, 50 (33 x 1.51) MW, and 50 (35 x 1.43) MW. Meanwhile, the hydropower stations at
Luosiwan, Lanping, Longdi, and Xuebangshan have capacities of 210MW, 75SMW, 12MW, and 16MW
respectively. This indicates that the total established capacity of wind energy is closer to 150MW,
which represents about 24% of the total installed capacity, indicating a relatively high level of

permeability in this area. If the wind turbines from all three farms are consolidated into a single unit,
10
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this would result in three equivalent wind turbines. The input wind speeds for equivalent turbines are
depicted in Figure 7.
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Fig. 6 Main Power Grid Layout for a Specific Section of Power Grid Area
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Fig 7 wind speed’s wave pattern

5.1.1 Influence of high wind on the frequency of the grid

At the moment when t equals 70 seconds, there's a sudden load increase at node 6. To assess the
effect of heightened wind energy permeability on-the-grid's-frequency, simulations are conducted with
total load and output at 10%, 20%, and 30% respectively. The frequency behavior curve of the
electricity network is demonstrated in Figure 8. From the graph, it's clear that at lower wind speeds,
grid frequency is more significantly affected by gusts, leading to a slower recovery of frequency and
heightened fluctuations due to variable wind speeds. In contrast, at higher wind speeds, the active
power reaches its peak between 60 and 70 seconds, aligning with the determined entire outcome of
system. In such instances, the wind turbine remains non participatory in frequency modulation, which
leads to reduced grid inertia at higher wind power permeability. This scenario is not conducive for the
grid's primary frequency modulation capacity.

5.1.2 Confirmation of FM controller model
By replacing the standard wind turbine with the one equipped to partake in FM, a comparative
analysis is performed on the frequency variation characteristics at a wind turbine permeability of 20%,
as depicted in Figure 9. It becomes apparent that the involvement of the turbine in FM substantially
reduces the rate of change in the frequency of the grid and lowers the steady state frequency error. This
effectively lessens the influence of casual wind speed oscillations on frequency. Nevertheless, there is
11
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a minor reduction in the utilization rate before the load increase, attributable to the power reserve
requirement of the DFIG.
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Fig. 8 Grid frequency response at various wind energy infiltration plugs

i
infilcration of wind
M, gen. 20 percent

winli'-—tu rbine:not
engagedin FR

L4
[l
[==]
LA

L
=
=]

Procucsy ey

I

:«I:l

D

LA

T
{
i
f
|

|

wind-turbine engaged in F&

i
h el
p el
T

1 1 1 1
T e — — = = =5 o e
10 20 30 40 50 &0 20 o0

Fig. 9 Power grid frequency regulation impact of Partaking wind turbines

5.2 2" Case-study

This study introduces four (04)-machines, two (02)-areas electricity-network design created using
simulation software, publicized in Figure 10. There are four synchronous generators in the grid, each
with wattage of about 910MW. A DFIG Windmill, labeled FW and with a corresponding assessed
capability of 455MW (290 x 1.56 MW), is connected at bus 6. Elements La and Lb represents the
loads of the grid for the two respective areas, cumulatively amounting to a load capacity of slightly
more than three thousand megawatts.

[£x]
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Fig. 10 System configuration for simulation
Upon the examination of the fraction of turbines at varying levels of permeability and their overall

frequency regulation ability, the study makes the following assumptions:

1. The wind velocity during steady operations is set at the lowest acceptable level for the wind
turbine's working.

2. The objective is to keep the grid frequency steady at 50 Hz, ensuring that fluctuations do not
surpass +0.3 Hz.

3. The velocity of incoming wind is maintained uniformly across all types of turbines.

12
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5.2.1 Fraction of wind turbine in changed permeability

The primary goal of integrating wind power into the regulation of grid frequency is to guarantee
the stability of frequency on the generation side. However, the regulatory effects on the load side are
also addressed, using a coefficient K; as presented in equation 7. The strategies described aim to
enhance the integration of wind power in grid frequency modulation, maximize wind energy
utilization, and establish the lowest rate of regulating wind turbines necessary underneath various
wind power permeability conditions. The approaches used are detailed below;

1. Escalation the wind velocity to the determined adequate limit of the turbines. Modify the share
of modifiable wind turbines to maintain grid frequency in the designated limits. This step is
instrumental in determining the least necessary fraction of adaptable wind turbines 7.

2. After stabilized grid operations, there is an abrupt rise in load L; by 300MW at t = 40s. The aim

is to limit the determined load change rate € that the grid handles while staying within the
prescribed frequency limits.

Adjust the increment value to 5%, thereby facilitating a gradual rise in the grid's wind power
permeability. Table 1 displays the varying proportions of frequency modulation (FM) wind turbines
corresponding to different permeability levels. It is evident that as permeability & escalates, effectively
managing the power grid's frequency fluctuations becomes feasible by augmenting the proportion of
frequency adjustable wind turbines 5. Consequently, the load change rate € also rises, aligning with
real world scenarios. However, it's noteworthy that an excessively high proportion of FM wind
turbines might lead to a decreased utilization rate of wind power.

Table 1 Frequency regulation partaking of wind turbines at varied penetration rates

Penetration rate Fraction of wind Rate of Load change
& (%) turbine 77 (%) & (%)
7 54 7.0
12 17.6 11.00
16 27.4 14.7
22 41.1 16.3
27 57.6 23.0
30 75.8 28.89

5.2.2 Enhanced Ability of FR of a Turbine Across Varying Wind Speeds

Utilizing the framework of Figure 10, this study investigates the K,, and # of the windmills across
velocities of wind ranging from a minimum of five meters/seconds to a maximum of sixteen
meters/seconds. This investigation follows the methodology described in section 2.3. The findings are
presented in Figure 11. For instance, in calculations in this article, to confirm the ability of the
turbine’s FR, the coefficients @;=2 and a,=1 in equation (22) are determined after thorough
consideration. Figure 11 also displays comprehensive coefficient K of the windmill’s FR at various
velocities of wind. Additionally, the frequency and power change curves of the turbine of wind under
both traditional and frequency adjustable conditions are illustrated in Figure 12 and Figure 13, with Af;
and Af, representing frequency variations of the windmill having and not having FM, respectively.

The curve in Figure 11 reveals that as wind speed increases, the K, also surges. Notably, when the
speed reaches 13m/s, which is the assessed speed for the wind turbine, K,, attains its determined value.
Further, as the velocity of wind increases beyond this point, the coefficient f decreases, hitting its
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lowest value at a wind speed of 13m/s. Operating above the rated wind velocity, the wind turbine
maintains consistent parameters by dissipating wind energy of wind via pitch angle control. Within
the velocity range of 09 to 13m/s, the adaptable wind turbine exhibits superior FR ability and a higher
utilizing coefficient. Reflecting on the wind curtailment rates in recent years, from 2011-2014 and
2015, the nationwide rate of power of wind waste was approximately 20%. In certain regions, these
rates were even higher: 35.2% in Jilin Province, 32% in the Xinjiang Uygur Autonomous Region, 39%
in Gansu Province, and 18% in the Inner Mongolia Autonomous Region [37, 44]. Given these figures,
and based on the utilization coefficient f, maintaining the rate of abandoned wind within 5% to 35% in
the 10 to 12m/s wind speed range aligns with current standards for wind power waste. Consequently,
wind turbine units within a wind farm that operate at wind speeds between 10 and 12m/s should be
prioritized for participation in frequency modulation.

Comprehensive FM Coefficient K
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Fig. 13 Contrasting active power output at a speed of wind less than 10 meters per second.
Figure 12 shows that with a constant capability of dynamo machines involved in grid FR, the
frequency difference of the electricity network is smaller when the windmill partakes in this
management compared to when it does not. This indicates that an increase in atmospheric energy
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permeability and the windmill power utilization coefficient can lead to further reductions in the grid's
frequency deviation by regulating the operative way of the turbine. On the other hand, Figure 13
demonstrates that when the turbine is not part of the modulation of grid’s frequency, its generated
active power remains stable due to its flexible connection with the grid. In contrast, when the turbine
is engaged in the modulation of grid’s frequency, the active power it generates varies in accordance
with the grid's frequency changes. This variation is a result of the rigid association between the
turbine and the grid during frequency modulation, giving the wind turbine similar dynamic features to
an equivalent synchronous generator.

6 Conclusive remarks

This research formulates a framework for frequency control tailored to doubly-fed asynchronous
wind turbines, investigating their contribution to regulating grid frequency. Key conclusions include:

1. Creation of a model enabling wind turbines to adaptively respond to deviations in the frequency of
the grid. The model shows wind turbines behaving similarly to synchronous generators in grid
dynamics

2. For the first time, the research identifies and quantifies the relationships among several key factors:
the total adjustment coefficient, synchronous generators rate of adjustment, the coefficient of
frequency modification of loads, wind turbines' modification coefficient, permeability, and the
frequency modification rate within a wind farm, followed by in-depth demonstrations and analysis
of these relationships.

3. The results from the simulations indicate that, given consistent wind power permeability, the
adjustable wind turbine is capable of effectively reducing the frequency fluctuations within the
power grid.

4. The research determines the necessary participation level of wind turbines in regulation of
frequency and the parameters of dynamic load changes.

5. Additionally, in varying wind power conditions, the optimization coefficient adjusts to grid needs,
allowing for strategic frequency modulation and effective windmill field integration into the
electricity network grid.

7 Engagement of Interests

The authors affirm that there is no engagement of interests among them.

15



International Multidisciplinary Journal of Science, Technology and Business
Volume No. 03 Issue No. 02(2024) 202311

Reference

[1] Adetunla, A., Rominiyi, O.L., Adaramola, B.A., & Adeoye, A. (2022). Development of a wind
turbine for a hybrid solar-wind power system. Heliyon, 8.

21 Elkasem, A.H., Khamies, M., Hassan, M.H., Nasrat, L.S., & Kamel, S. (2023). Utilizing controlled
plug-in electric vehicles to improve hybrid power grid frequency regulation considering high
renewable energy penetration. International Journal of Electrical Power & Energy Systems

8] Odam, N., & de Vries, F. (2021). Corrigendum to “Innovation modeling and multi-factor learning
in wind energy technology” [Energy Economics, https://doi.org/10.1016/j.eneco0.2019.104594].

4 Kumar, G.V., Chowdary, D.D., & Naidu, K.A. (2017). Two area load frequency control for DFIG-
based wind turbine system using modern energy storage devices.

5] Bidram, A., Nasirian, V., Davoudi, A., & Lewis, F. L. (2017). Cooperative synchronization in
distributed microgrid control. Cham: Springer International Publishing.

6] Ibraheem, M.I., Edrisi, M., Gholipour, M., & Alhelou, H.H. (2023). A Novel Frequency Regulation
in Islanded Microgrid using Sliding Mode Control with Disturbance Observers Considering
Storages and EVs. Comput. Electr. Eng., 105, 108537.

[71 Zhou, X., Usman, M., He, P., Mastoi, M.S., & Liu, S. (2020). Parameter design of governor power
system  stabilizer to suppress ultra-low-frequency oscillations based on phase
compensation. Electrical Engineering, 103, 685-696.

81 Wang, Y., Guo, Y., Du, Y., & Xu, W. (2023). Flexible torque control for wind turbines considering
frequency response under wind speed crossing region. Frontiers in Energy Research, 11, 1181996.
https://doi.org/10.3389/fenrg.2023.1181996

[91 Mohapatra, S. P., & Dash, P. K. (2024). A novel control strategy of a variable-speed doubly-fed-
induction-generator-based wind energy conversion system. Clean Energy, 8(1), 153-170.
https://doi.org/10.1093/ce/zkad074

[10] Hussain, M., Lotfy, M. E., & A., M. (2023). Effective participation of wind turbines in frequency
control of a two-area power system using cost optimization. Protection and Control of Modern
Power Systems, 8(1), 1-15. https://doi.org/10.1186/s 41601-023-00289-8

[11] Mostafa, M.A., El-Hay, E.A. & Elkholy, M.M. Optimal low voltage ride through of wind turbine
doubly fed induction generator based on the bonobo optimization algorithm. Sci Rep 13, 7778
(2023). https://doi.org/10.1038/s41598-023-34240-6

[121 Bevrani, H., Golpira, H., Messina, A., Hatziargyriou, N.D., Milano, F., & Ise, T. (2021). Power

system frequency control: An updated review of current solutions and new challenges. Electric
Power Systems Research.

31 PX., A., & P.P., Z. (2019). Frequency Regulation By Doubly Fed Induction Generator. 2019 IEEE
International Conference on Electrical, Computer and Communication Technologies (ICECCT), 1-
4,

141 Wu, Q. (2018). Grid Code Requirements for Wind Power Integration.

[15] Bignucolo, F., Cervi, A., & Stecca, R. (2019). Network Frequency Regulation with DFIG Wind
Turbines compliant with Italian standards. 2019 IEEE International Conference on Environment
and Electrical Engineering and 2019 IEEE Industrial and Commercial Power Systems Europe
(EEEIC / I&CPS Europe), 1-6.

[16] H. Karbouja, Z. H. Rather, D. Flynn, H. W. Qazi, “Non-synchronous fast frequency reserves in
renewable energy integrated power systems: A critical review,” International Journal of Electrical
Power and Energy Systems, vol. 106, March 2019.

7 Li, B., Yang, S., Yang, B., & Fang, K. (2022). Robust Nonlinear Control of DFIG-Based Wind
Farms for Damping Inter-Area Oscillations of Power Systems. Frontiers in Energy Research.

16


https://doi.org/10.1093/ce/zkad074
https://doi.org/10.1186/s

International Multidisciplinary Journal of Science, Technology and Business
Volume No. 03 Issue No. 02(2024) 202311

(18] Hadi Suyono, Rini Nur Hasanah, Eka Putra Widyananda "Power System Optimization of Static
VAR Compensator Using Novel Global Harmony Search Method" International Journal of
Electrical and Electronic Engineering & Telecommunications, vol.8, pp.26- 31,2019.

[19] Jiao, J., Yu, Y., & Zou, J. (2020). Coordinated Frequency Control of Doubly-fed Induction
Generator Based on Interconnected Grid. 2020 4th International Conference on Power and Energy
Engineering (ICPEE), 124-129.

[20] Jalali, M. (2011). DFIG Based Wind Turbine Contribution to System Frequency Control.
UWSpace. http://hdl.handle.net/10012/5730

[21] Cortajarena, J.A., De Marcos, J., Alkorta, P., Barambones, O., & Cortajarena, J. (2018). DFIG wind
turbine grid-connected for frequency and amplitude control in a smart grid. 20/8 IEEE

International Conference on Industrial Electronics for Sustainable Energy Systems (IESES), 362-
369.

221 Mastoi, M.S., Zhuang, S., Haris, M., Hassan, M., & Ali, A. (2023). Large-scale wind power grid
integration challenges and their solution: a detailed review. Environmental Science and Pollution
Research, 30, 103424-103462.

23] Sonkar, P., & Rahi, O.P. (2017). Investigation on DFIG-based wind turbine for short-term
frequency regulation techniques. 2017 4th International Conference on Power, Control &
Embedded Systems (ICPCES), 1-6.

[24] Lu, G., Zhang, F., Tian, Y., & You, H. (2022). Research on Frequency Regulation Strategy of
DFIG-BESS System Based on Frequency Regulation Coefficient Adaptive Control. 2022 Power
System and Green Energy Conference (PSGEC), 425-429.

25] Yang, D., Li, J., Jin, Z., Yan, G., Wang, X., Ding, L., Zhang, F., & Terzija, V. (2024). Sequential
frequency regulation strategy for DFIG and battery energy storage system considering artificial
dead bands. International Journal of Electrical Power & Energy Systems.

26] Sonkar, P., & Rahi, O.R. (2020). Contribution of wind power plants in grid frequency regulation:
Current perspective and future challenges. Wind Engineering, 45, 442 - 456.

271 Hu, Y., & Wu, Y. (2021). Inertial Response Identification Algorithm for the Development of
Dynamic Equivalent Model of DFIG-Based Wind Power Plant. IEEE Transactions on Industry
Applications, 57, 2104-2113.

28] Peihong, Y., He, B., Wang, B., Dong, X., Liu, W., Jihong, Z., Zhenkui, W., Jingxia, L., & Qin, Z.
(2021). Coordinated control of rotor kinetic energy and pitch angle for large - scale doubly fed
induction generators participating in system primary frequency regulation. IET Renewable Power
Generation.

[29] Wang, J., Qu, L., Ji, W., & Zhang, W. (2023). Wind Turbine Frequency Control Strategy
Considering Dynamic Classification. 2023 3rd Power System and Green Energy Conference
(PSGEC), 210-214.

B0] Xu, C., Chu, X., & Huang, H. (2019). Wide-area synthetic inertia control of multiple resources
incorporating primary frequency control of wind turbines. Journal of Physics: Conference Series,
1176.

31 Deepthi, N.R., & Sree, V.S. (2017). Study of Effects on Micro Grid/Week Grid Stability with
Implementing Droop Control for Dfig Based Turbine.

32] Adelpour, M., Hamzeh, M., & Sheshyekani, K. (2021). Comprehensive small-signal stability
analysis of islanded synchronous generator-based microgrids. Sustainable Energy, Grids and
Networks, 26, 100444.

33] Jahan, E., Hazari, M.R., Muyeen, S.M., Umemura, A., Takahashi, R., & Tamura, J. (2019).
Primary frequency regulation of the hybrid power system by deloaded PMSG - based offshore
wind farm using centralized droop controller. The Journal of Engineering.

17



International Multidisciplinary Journal of Science, Technology and Business
Volume No. 03 Issue No. 02(2024) 202311

34] Nadour, M., Essadki, A., & Nasser, T. (2018). Dynamic Participation of a DFIG-based Wind
Turbine Controlled using Backstepping in Frequency Regulation. 2018 6th International
Renewable and Sustainable Energy Conference (IRSEC), 1-6.

351 Ali, Y.A., Ouassaid, M., Cabrane, Z., & Lee, S.H. (2023). Enhanced Primary Frequency Control
Using Model Predictive Control in Large-Islanded Power Grids with High Penetration of DFIG-
Based Wind Farm. Energies.

36] Ouyang, J., Pang, M., Li, M., Zheng, D., Tang, T., & Wang, W. (2021). Frequency control method
based on the dynamic deloading of DFIGs for power systems with high-proportion wind
energy. International Journal of Electrical Power & Energy Systems, 128, 106764.

(371 Chen, B., Duan, J., Wang, J., Qin, B., & Li, Z. (2022). Frequency Regulation Control Strategy for
Combined Wind-Storage System Considering Full Wind Speed. 2022 12th International
Conference on Power and Energy Systems (ICPES), 737-742.

[38] Boubzizi, S., Abid, H., El Hajjaji, A., & Chaabane, M. (2018). Comparative study of three types of
controllers for DFIG in wind energy conversion system. Protection and Control of Modern Power
Systems,

9] Abouzeid, S.1., Guo, Y., & Zhang, H. (2019). Dynamic control strategy for the participation of
variable speed wind turbine generators in primary frequency regulation. Journal of Renewable and
Sustainable Energy.

40] Ates, K.T. (2023). Estimation of Short-Term Power of Wind Turbines Using Artificial Neural
Network (ANN) and Swarm Intelligence. Sustainability.

411 Simonetti, D. S., Amorim, A. E., & Oliveira, F. D. (2017). Doubly Fed Induction Generator in
Wind Energy Conversion Systems. Advances in Renewable Energies and Power Technologies,
461-490. https://doi.org/10.1016/B978-0-12-812959-3.00015-0

421 Zhou, Z., Mastoi, M.S., Wang, D., & Haris, M. (2023). Control strategy of DFIG and SVG
cooperating to regulate grid voltage of wind power integration point. Electric Power Systems
Research

[43] Sharma, G., Narayanan, K., Adefarati, T., & Sharma, S. (2022). Frequency regularization of a
linked wind—diesel system using dual structure fuzzy with ultra-capacitor. Protection and Control
of Modern Power Systems, 7, 1-9.

[44 Li, Shimin, et al. "Analysis of the status of photovoltaic and wind power abandoned in
China." Journal of Power and Energy Engineering 5.01 (2017): 91.

18



