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Abstract: The significant presence of variable-speed wind turbines in worldwide power systems
has led to planners and grid operators requiring them to participate in frequency control tasks. To
address this demand, a large number of wind frequency control proposals have been reported in
the literature in recent years. Many of these solutions have been tested by specific experiments
carried out in computer simulation environments. This paper proposes a methodology to evaluate
the effects of enabling frequency support by wind turbines on the magnitudes that characterize
the inertial response of a power system by using an analytical approach. The derived formulation
and the illustrations are designed to provide a better understanding of both the mechanisms that
determine the frequency stability indices and the improvement achieved by enabling the inertial
response of wind turbines by implementing a virtual inertia-based method on the active power
controllers of these machines. To facilitate the comprehension of the results obtained, the analytical
approach is complemented with time-domain simulations in a predefined test system implemented
in MATLAB/Simulink®. The proposed methodology achieves a generalization of the results and can
be used for the assessment of any power system configuration.

Keywords: load frequency control; low-inertia power systems; power system modeling; virtual

inertia; wind power integration

1. Introduction

The imminent depletion of fossil fuel reserves, the growing concern for the preserva-
tion of the environment and the constant increase in energy needs are some of the factors
that have motivated the use of renewable energy sources for production of electrical energy
in recent decades. From the various alternatives available for the use of non-conventional
renewable energy resources, wind generation has been making its way in the electricity
generation market, so that, nowadays, it presents a significant share of participation in the
energy mix of many power systems in the world and a high level of technological matu-
rity [1,2]. Among the factors that have motivated this trend in the use of this generation
technology are: the cost of the energy produced, the annual availability of the resource,
the efficiency in energy conversion, the geographical areas required for its exploitation
and the flexibility to respond to the technical requirements of the grid operator. However,
the variable nature of wind and the uncertainty associated with its prediction make wind
generation management complex, compared to conventional electricity generation, mak-
ing its integration into the grid somewhat difficult, even more so when the level of its
participation becomes significant [3,4].

One of the main challenges the grid operator must deal with in its effort to guarantee
the quality, stability and reliability standards of the system, is related to frequency control,
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a task that has traditionally been performed by spinning synchronous generation. When
the power system begins to experience an important penetration level of wind generators,
displacing synchronous ones, the inertial response that the remaining generators can pro-
vide could be seriously weakened [5,6]. This is because wind generators do not contribute
to the equivalent inertia of the system, since their mode of operation differs from that of
conventional synchronous generators. A variable speed-wind turbine varies its rotor speed,
depending on the availability of the primary energy resource, with the aim of optimizing
the efficiency in the conversion of wind energy into mechanical energy in its rotor [7].
Consequently, the rotor speed of this machine is decoupled from the grid frequency and,
therefore, its inertial resources cannot be directly exploited by the power system in order to
ensure an acceptable frequency stability level [8].

To address this concern, many researchers have investigated the Load Frequency
Control (LFC) in high penetrated power systems in recent years. A decentralized model of
LFC of interconnected power systems with a massive integration of wind generation with
stochastic fluctuations is presented in [9]. In addition, research reported in [10] describes the
application of genetic and fuzzy logic controller on LFC in a power system dominated by
variable-speed wind turbines devised to enhance the system frequency response. In [11], an
exhaustive literature review on the topic of LFC addressing its challenges and opportunities
in conventional, modern and future power systems is presented.

The apparition of unintentional electrical islands is another problem of interest in
literature due to the massification of distributed generators, particularly in weak or iso-
lated systems and microgrids. In networks with these characteristics, wind turbines
controllers must be able to detect an off-grid operation and disconnect to avoid safety
hazards and damage to the electrical infrastructure [12,13]. Nowadays, there are many
methods of islanding detection that can be classified into three groups: passive, active,
and communication-based [14]. An effective passive islanding detection algorithm for
all types of distributed generators is designed in [15]. There, the measured frequency,
voltage, and current are used by the proposal to successfully discriminate the islanding
and non-islanding operating mode, as it is evidenced by simulation results on the IEEE
13-bus distribution system. Examples of active islanding detection methods are presented
in [16,17], where an advanced method based on synchronized injection of small AC-signals
and a control algorithm based on the observation and disturbance technique are proposed,
respectively. Finally, ref [18] reports a communication-based islanding detection algorithm,
where an intelligent micro-phasor measurement unit is leveraged for islanding detection.
The design also includes a cyber-attack shield feature.

In case of extreme frequency collapse caused by a severe instantaneous imbalance be-
tween generated and consumed power, under-frequency load shedding (UFLS) procedure
is a commonly accepted solution to avoid a power outage. Examples of recently published
scientific contributions on this topic are found in [19,20]. In [19], a novel UFLS-method
for inverter-based microgrids by using droop-characteristics is proposed. This method is
aimed at estimating the power deficit, in several shedding stages, without using a broad
communication platform. In [20], the use of higher order polynomial curve fitting to
predict the minimum frequency and the power deficit is proposed. This technique leads to
obtaining an improved UFLS scheme, whose effectiveness is proved by simulation in a real
power system.

Now, getting into the research scope of this work, currently, there is considerable
interest in addressing the technical challenges posed by the massive integration of wind
turbines on the grid in terms of frequency support, evidenced in the publication of a signifi-
cant number of works that present highly innovative proposals. For example, the following
literature proposes different control techniques that implement an inertial response capa-
bility in a wind turbine similar to that offered by a conventional synchronous generator:
a temporary frequency-support scheme designed to improve the frequency nadir while
ensuring rapid frequency stabilization, particularly for high wind power penetration levels,
is,presented,in [7]. The effectiveness of that proposal is evaluated in the IEEE-14 bus test
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system implemented in EMTP-RV simulator. A methodology for the analysis of frequency
dynamics in large-scale power systems with a high level of wind energy penetration by
means of a simplified model for wind generators and load frequency control-scheme is
presented by the authors in [21]. In this work, an aggregated representation of the Spanish
bulk system is used as a test bench in MATLAB/ Simulink® simulation tool. In addition,
by using a similar approach to a previous work, a novel frequency sensitive-based virtual
inertia control to extract the kinetic energy of the wind turbine and stored energy from
the DC-link capacitor for short-term grid frequency regulation is proposed in [22]. There,
the MATLAB/Simulink® simulation results are complemented with hardware-in-the-loop
simulations implemented in OPAL-RT software. An exhaustive assessment of the impact
on the grid by wind power short-term frequency support by taking advantage of pitch
angle de-loading [23], kinetic energy extraction [24], and wind turbine over-speeding is
investigated [25]. A common aspect that characterizes all these research papers is the use
of MATLAB/Simulink® as a simulation tool, except for [25] which assessed the effective-
ness of its proposal in the IEEE-39 bus system implemented in DIgSILENT /PowerFactory
software. In all the works described here, very promising results are obtained that justify
the participation of wind turbines in grid frequency control tasks. Conclusions from these
works are based on both simulation and experimental tests under certain operating sce-
narios and controlled environments, designed to accurately evaluate the benefits of the
proposed control strategies. To address the study of frequency stability issues in power
systems, two main different approaches can be found in the literature: one based on the con-
cept of load frequency control (LFC) [26,27], and the other based on detailed computational
simulations, sometimes including hardware-in-the-loop [28], or real-time simulations [29].
Each approach has its capabilities and advantages, although one can complement the
other [30]. The literature review presented here shows that there are innovative proposals
that successfully address the problem of high-level penetration of wind generators when
these participate in the frequency control tasks. Various computer simulation programs
are used to evaluate the proposals on a test-bench designed for the purpose of applying
different approaches regarding the detailed representation of the system under analysis.
From this review, it has been found that: (1) none of these studies offers a detail of how
the corrective actions of the frequency control support by wind generators might impact
on the parameters that define the inertial characteristics of the system as a whole, and
(2) the proposals for participation of wind generators in frequency control are evaluated
on specific operating scenarios under controlled environments.

In the first case, the cited papers conclusions are based on the final response of
the system when the frequency control actions of the wind turbines are implemented.
Although, in these results the reduction of frequency nadir and rate of change of frequency
(RoCoF) when enabling frequency support by wind turbines is evident, it is not possible to
identify which specific characteristic of the implemented frequency control strategy in wind
turbines is responsible for improving both the equivalent inertia constant as the damping
constant of the system. Finding this relationship would lead to a better understanding
of the effect of the implementation of fast-frequency response by wind turbines on the
short-term operation of the system.

In the second case, the design, modeling, and simulation of a specific test-bench to
evaluate the performance of the wind-frequency control strategies, provide a restricted
vision of the problem, since it would be necessary to carry out as many simulations as so
many scenarios need to be represented with different operating conditions (for example,
various wind generation penetration levels and incoming wind speeds) in order to obtain
more general results.

These research gaps have motivated the development of our proposal, which consists of:

1. The proposal of a methodology for deriving the LFC-transfer function of a weak
and isolated power system that incorporates the participation of wind turbines in
frequency control, which is based on the theory of small-signal analysis. With the de-
rived LFC-transfer function, the authors design an analysis tool devised for studying
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the frequency response of the power system under contingency by considering all
the possible scenarios characterized by different wind penetration levels and wind
speed conditions. The numerical evaluation of the LFC-transfer function to get the
main parameters that characterize the inertial response of the whole system, instead
of implementing a specific test system in simulation, make it possible to represent a
vast number of contingency scenarios without these having to run one at a time in
the simulation environment.

2. With the numerical results generated, an inertial chart is designed to show the locus
of the values of the main frequency response parameters: frequency nadir and time-
derivative of frequency as a function of the equivalent constant of inertia of the system.
The resulting chart provides an outlook of the status of the frequency resilience of the
system when wind generation is incorporated in substitution of the synchronous one.

3. Based on the symbolic representation of the derived transfer function, this work
proposes a method to identify which specific inertial parameters of the system (equiv-
alent inertia constant or damping constant) the frequency response by wind turbines
really impacts. This is done with the purpose of providing a comprehensive under-
standing of the corrective action provided by wind generation during its contribution
to smoothing grid frequency fluctuations.

This work is organized as follows: Section 2 presents the conceptual framework and
the analytical approach to the problem of primary frequency control in a power system and
introduces a case study. As an example of a frequency control strategy for wind turbines,
Section 3 explains the theoretical foundation and mechanics of the extended optimized
power point tracking (OPPT) method [21] to allow for a better understanding of Section 4,
which constitutes the main part of the work. Section 4 proposes a methodology for the
assessment of the effects on the magnitudes that characterize the inertial response of the
whole power system when wind turbines contribute to frequency support tasks. The
application of the methodology is illustrated with the implementation of the OPPT method.
In addition, the most relevant results are presented here and preliminary conclusions are
established. Finally, Section 5 presents the lessons learned in this study.

2. Representation of a Power System for Primary Frequency Control Studies

Figure 1 illustrates the typical time scale of different physical processes involved in
the operation and control of a power system [31-34]. Since the most relevant magnitudes
in a frequency control study, i.e., maximum frequency deviation, maximum rate of change
of frequency, and frequency deviation in quasi-steady state, take place a few seconds after
a disturbance appears, the modeling and analysis efforts used in this work are focused on
the time range that characterizes the primary frequency control (see the highlighted time
frame in the figure).

2.1. Load Frequency Control Scheme

Within the time frame of interest shown in Figure 1, it is common practice to represent
the dynamics of the power system using the LFC approach, in which the dynamics of
the mechanical variables of the prime movers of conventional synchronous generation
predominates over the dynamics of electromagnetic variables, whose time constants are
significantly lower [35,36]. In addition, it can be verified in the same figure that the typical
dynamics of the power converter interfacing the wind turbine to the grid is much faster
than the mechanical dynamics of the wind turbine. From the perspective of the time frame
of interest in this study, the practically instantaneous response of power converters usually
leads to their dynamics being ignored in the analytical approach to modeling [33,37]. For
that reason, this work focuses its efforts on modeling the power systems components
within the time window shaded in Figure 1.
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Figure 1. Typical time ranges in which the phenomena involved in the operation and control of a
power system take place.

Figure 2 shows the typical representation of the LFC scheme for the case of 1 operating
synchronous generators. The equivalent inertia constant of the synchronous machines is
represented by H,,, and is calculated by means of Equation (1), where H; is the individual
inertia constant of each generator and w; is the participation factor, defined as the ratio of
the nominal capacity of each generation unit to a certain base power. The introduction of
this factor in the scheme is very useful when there is a need to represent different levels
of participation of different generation agents, both in demand coverage and frequency
support. In Figure 2, AP,,; is the mechanical power deviation experienced by the speed
control system of each generator in response to a deviation of its angular speed, which, for
the time frame of interest, is common to all synchronous machines, Awe,. It is worth noting
that this simplification of a unique common frequency for the whole system drastically
reduces the integration step in simulations and obtains analytical expressions for describing
the dynamic behavior of the power system. The deviation of power demand in the system
is denoted by AP;. Additionally, the damping constant of the supplied load is represented
by De;. R; is the droop of each speed controller, whose dynamics is modeled by a transfer
function TC;(s).

n
Heq = Z w;H; (1)
i=1

Speed governor and
prime mover model

APml[pu] ].
»—1/R [*] TCl(s) TR
eq eq

APmZ[pu]

_1/R2$ TCZ(S) - -
AP

~1/R |» TC, (s) [—""% o

eqlpu]

Figure 2. Representation of power system dynamics using the LFC-scheme.
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To evaluate the frequency response of the system, Aweg, in the event of a disturbance,
APy, the following transfer function is derived from Figure 2:

Aweq(s) _ 1 2
AP, (s o
L(5) 2Hegs + Deg + ) 7 TCils)w;
i=1 "M
APy,

This equation represents the LFC-transfer function of the power system.

2.2. Case Study

A case study for evaluating the effects of the frequency support provided by variable
speed-wind turbines on the inertial response of a given power system for facing mismatches
between generation and demand is presented in Figure 3. It represents a power system
(with a rated frequency of 50 Hz) dominated by thermal and wind generation within a
frequency control area. This is a typical case of many island electric systems, in which the
excursions of the frequency (either under normal conditions, due to intermittent injection
of power from non-conventional renewable energy sources, or in contingency situations,
due to the sudden loss of generation units or consumption centers) are very pronounced
compared to a continental system [38,39]. In the example illustrated in Figure 3, the thermal
generation is represented by the linearized model of the prime mover of a steam turbine
and its speed governor [35]. The input, Aweg, is applied to a droop characteristic, Ry, in
order to generate signals to be applied to the first-order turbine model with time constant
T; (stage of admission of steam to the turbine). Then, the resulting signal is input to a
block that represents the dynamics of each turbine stage: from high to lower pressure
stages with contribution gain Fyp and the time constants Typ, Try, and Tcy. More details
of this tandem-compound configuration of the steam turbine can be consulted in [35].
Finally, the complete thermal generation model generates a control signal, APy, intended
to compensate the power mismatch in the LFC-scheme.

Incoming Source of
wind speed disturbance

0,
[m/s] ﬁ AP,
[pul
Wind

generation /L

VSWT
Thermal generation TC Prime mover
(Steam turbine) 1 ( ) dynamics
1 1 1+F HPTRHS
o — | ]
R, 1+7.s (1+T,,,5)(1+ Ty, 5)
AD, oy = Mg = BB 1
2H s+D
eq eq

Inertia of synchronous
generators and load damping

Figure 3. LFC scheme for the power system under study.

In the same figure, a block can be seen implementing the mathematical model used
to.represent.the dynamics of the wind generation (variable speed-wind turbine, VSWT)
within the LFC scheme. This model, which can be consulted in detail in [40], outputs an
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active power deviation signal, AP,, according to the incoming wind speed v. By default, the
wind turbine model dispatches its active power according to an optimal power conversion
criterion, and it is not expected that it provides frequency support to the system in any
case, unless a wind-frequency control feature is enabled. The latter is discussed extensively
in Section 3. The values of all the parameters of these two models are indicated in the
Appendices A and B.

In this example, the thermal unit has an inertia constant H; = 3.6 s and a participa-
tion factor w; = 0.8 (where the base power is the total generation capacity of the system).
Accordingly, the participation of wind generation is 20% (wwT = 0.2). It is also assumed
that the wind speed is constant, v = 9.6 m/s, and that the active power of wind turbines
is dispatched using the Maximum Power Point Tracking (MPPT) criterion. For the fre-
quency control study, a contingency event characterized by a sudden load increase (for
example, due to the loss of part of the operating generation) APy = 1% is analyzed. This
situation provokes a grid sub-frequency, through which it is possible to evaluate the iner-
tial response of the system and the effectiveness of the frequency recovery tasks carried
out by the synchronous generation. Figure 4 shows some results from simulations (with
MATLAB/Simulink®) of the LFC scheme of Figure 3 under the operational situation pre-
viously described. It illustrates the time domain behavior of the following variables of
interest: deviation of the mechanical power experienced by the primary mover of the
synchronous generator, APy, active power dispatched by the wind turbine, Pg, frequency
of the system, f;, and the absolute value of its time derivative, | ROCOF.

0'02 T T T T T T T T . T
—_ ‘ Response of thermal generation
3
o | to compensate the power deficit
= 0.01 1 The disturbance 1
Ay
< appearsat t=1s
0.00 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
(a)
0'40 T T T T T T T T T T
= \ No inertial response
20381 | / by WT at any time _
a !
0,36 ‘ 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
(b)
’E‘ T T T T T T T T T T
E 50.00 |
By O = Af =0.030 H T
g | Af, . =0083Hz s = 0:030 Z’/|‘
g w9951 ]
o
0 2 4 6 8 10 12 14 16 18 20
(c)
E 0'10 | T T T T T T T T T
N
. [N ROCOF| = 0.0837 s
= 005f max _
O
O
o
&~ 0.00 ! ! . L . L L
0 2 4 6 8 10 12 14 16 18 20
Time [sl
(d)

FiguredaResponse of the system to a sub-frequency event (base case). (a) Thermal power deviation,
(b) wind power generation, (c) grid frequency, (d) absolute value of RoCoF.
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The simulation results show a typical behavior of these variables in response to
a sudden power mismatch: the grid frequency (defined by the synchronous generator
speed, Figure 4c) suffers a decay that triggers the frequency recovery task, carried out
by the speed controllers of thermal groups (Figure 4a), leading to a maximum deviation,
Afmax = 0.083 Hz, and eventually a new equilibrium point with a quasi-steady deviation
Af gs = 0.03 Hz. Figure 4d shows the evolution of the absolute value of the rate of change
of frequency (RoCoF), where its maximum value is | ROCOF | max = 0.0837 Hz/s. Since the
power injected into the grid by the wind turbine (Figure 4b) depends solely on the incident
wind speed (v = 9.6 m/s), which is assumed constant in this study, no response is expected,
in terms of power, to contribute to the frequency recovery process. This situation highlights
one of the challenges posed by the incorporation of wind power displacing conventional
synchronous generation, as the latter is responsible for guaranteeing the frequency stability
of the grid. To maintain the inertial characteristics of the system, wind turbines need to
contribute to mitigating these negative effects by providing an effective inertial response.

2.3. Analytical Approach to the Problem

The simple experiment carried out in the previous subsection has been designed to
warn the reader about the need to involve non-synchronous generators (e.g., variable
speed-wind turbines), whose integration in an electrical system implies a displacement of
conventional synchronous generation that is detrimental to the equivalent inertial response
of the system. In order to broaden the results obtained up to this point and to draw
more general conclusions, this problem is now approached analytically, taking the transfer
function of the previous power system as a starting point. This function is presented in
Equation (3), obtained from the definition expressed in Equation (2) and particularized
for the system outlined in Figure 3. As it can be seen in the resulting expression, the
response of the system frequency, Aws, to a disturbance, APj, is by no means conditioned
by any parameter or variable related to the incorporated wind generation. This is because,
as demonstrated in the previous example, the criterion with which variable speed-wind
turbines deliver their active power makes a natural inertial response from this machine
impossible. Therefore, it is to be expected that the higher the level of participation of these
generators, the poorer the inertial response that the resulting conventional synchronous
generation can provide to face power imbalances.

Aws(s) _ 1 3)
APy (s 1 1 14+ FypTrys
L) 2w Hys + Doy + & (e ) [t e 1
Heg

From the expression in Equation (3), it is possible to systematically analyze the fre-
quency response of the system to a certain disturbance with different levels of participation
of synchronous generation in frequency control tasks. For example, the response to a
APp, = 0.01 pu step (as defined in Section 2.2) is evaluated below for all possible values
of w;. The numerical calculation of the step response is focused on the evaluation of the
following quantities:

e Peak value of the step response, max{Aws(t)}: for calculation of the maximum fre-
quency deviation, Af max.

e  Steady state value of the step response, lim;_,o{Aws;(t)}: for calculation of the quasi-
steady state frequency deviation, Af gs.

e  Maximum absolute value of dAw/dt: for calculation of | ROCOF | max.

From this numerical procedure, the set of curves illustrated in Figure 5 is obtained,
where the different participation factors, wj, are expressed in terms of the equivalent inertia
constant, Hy, normalized for the base case (w1 = 0.8). In this example, 100 possible values
of w; have been used to evaluate Equation (3), which means that the generated chart
represents an equal number of simulated scenarios. In this chart, each simulation result is
represented by one round marker placed over the corresponding curve. For this example,
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the chart contains a total of 300 numerical results (Afmax, Afqs, and | ROCOF | max) for
100 simulated scenarios. If the user requires a chart with a higher resolution, a finer varia-
tion of the values of participation factors, w;, must be done. The inertial chart of Figure 5
allows for visualizing the effect of conventional synchronous generation displacement on
the parameters that characterize the inertial response of the system within the time frame
of interest. As a fact, the inertial characteristics of the system under study tend to degrade
as operating synchronous generation is displaced. Therefore, non-synchronous generators
should participate in the frequency recovery tasks in a similar way as the displaced con-
ventional synchronous units did. In Figure 5 it can be seen that, for the base case (in which
thermal generation is 80% of the total installed capacity), the numerical results obtained
from evaluation of Equation (3) are very close to those achieved by simulation in Figure 4.

Af Af IROCOF |
1 maxl I gs I mlax
Lower values of H e caused byI Base
WTs integration, degrade the | case10-4 %
< inertial response of the system | A/ E
= 05) 0.0837| =
S
3 0.2 8
©)
K~
0 1 1 1 1 * O
0 0.2 0.4 0.6 0.8 1 1.2

H (Normalized) ,

‘Displacement of syn. generators by WTs

Figure 5. Effect of conventional synchronous generation displacement on the inertial response of
the system.

3. Frequency Support Provided by Wind Generation
3.1. Method Based on the Concept of Virtual Inertia

Making use of the significant amount of inertial resources available in a wind turbine,
several works (e.g., [7,21-23]) address the issue of providing an effective inertial response
from this machine, so that it participates in the grid frequency control. This is achieved
through additional control loops that complement the main MPPT controllers of the
wind turbine. These auxiliary control loops introduce additional active power set points,
depending on the system requirements, as a function of the frequency deviation that may
exist, thereby enabling an inertial response from the wind turbine. At this point, it must
be taken into account that this inertial response would be forced, controlled, virtual, or
synthetic, but energetically supported by a real physical property of the wind turbine: its
natural inertia.

To fulfill the central objective of this work, the virtual inertia control strategy proposed
by the authors in [21], called the extended optimized power point tracking (OPPT) method,
whose mechanics are explained below, has been considered. Generally, the active power
dispatched by variable speed wind turbines follows a set point signal, Pyippr, which is
applied to the corresponding control system implemented in the machine. Equation (4)
shows the definition of this signal for the optimization zone, where: fi,p; is a multiplication
factor (equal to unity, by default), Koyt is the optimization constant of the turbine (which
depends on aerodynamic and constructive characteristics of the rotor), and wy is the shaft
speed. If this expression is plotted on the P-w plane of the wind turbine, taking into account
the technical limits of the machine, the locus shown in Figure 6 (blue line) is obtained,
known as the MPPT curve.

_ 3
PMPPT[pu] - fKUPtKOthg[pu] @)
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The control function of the extended OPPT method is shown in Equation (5), where:
wgq is the rotor speed prior to the requirement of frequency support, k,; is a design
constant of the method, W,;, is a weighting factor, and Hyr is the inertia constant of the
wind turbine. This expression, derived in detail in [21], has two components that determine
the magnitude of the wind inertial response sought: one dependent on the grid frequency
deviation, Af;, and another dependent on the time derivative of frequency, dfs/dt.

df s[pu]

3
Weo[pu] Ko
fKot:< § ) — Wy fsu (5)
P\ Weoipu) + KoirD fafpu T Kaprcw Pt

(Mf (b)f2

_ »Yg0pu 3.
where Ky = 2 @rolpul kWHWT[S].

1.5 T T T T T T T
= Mechanical power 14.4m/s
o
R Standard
£ MPPT-curve
z
=3
[o
o 0.5
.z
k31
<
0 - T : L
0.6 0.7 0.8 0.9 $01 1.1 1.2 1.3 1.4

Rotor speed, w, [pu]
Figure 6. Mechanics of the method based on virtual inertia control.

To explain the inertia emulation process of the wind turbine achieved by implementing
the extended OPPT method (whose implementation scheme in the active power control
system of the wind turbine is illustrated in Figure 7), let us return to Figure 6. Starting from
the hypothesis that the wind turbine is driven by a constant wind speed (v = 9.6 m/s), under
normal operating conditions, the generator will deliver an active power P,, associated with
a speed wyq(, according to the MPPT control. If, for example, the power system experiences
an underfrequency event caused by a sudden decompensation between generated and
consumed power, the presence of non-zero values of Af; and df;/dt in Equation (5) will
cause the corresponding implementation scheme to start the inertial response emulation
process by moving the MPPT curve upwards, in order to drive the operation of the wind
turbine towards point B of its P-w characteristics.

At this point, the value adopted by Pg will depend on the severity of the frequency
event, measured in terms of the magnitude of Af; and df;/dt. Under this operational
situation, the value of the active power extracted from the electric generator will exceed
the value of the mechanical power delivered by the turbine, causing an internal power
imbalance, which will lead to the deceleration of the rotating masses of the wind turbine.
This use of kinetic energy, seen as a decrease in the speed of the turbine-generator set,
moves the operating point from B to C, following the path imposed by the MPPT curve
shifted to the left. At point C, the active power produced by the generator, Pc, equals again
the mechanical power given by the turbine, at a new equilibrium condition. The excursion
of the active power of the wind turbine along the path A—B—C makes its contribution to
the frequency support of the system feasible. Once this support is finished, the method
forces the turbine to recover an optimal operating condition (point A), thus preparing it to
meet future requirements. Similarly, in case of an over-frequency event in the system, the
inertial support provided by the turbine will follow the path A—+D—E— A by shifting the
MPPT curve downwards.
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3.2. Evaluation of the Inertial Response Provided by the Wind Turbines in the Study System

Figure 8 shows the simulation results of implementing the scheme of Figure 7 in the
wind turbines that integrate the power system under study. The benefits of using the
kinetic energy available in a wind turbine to contribute to the grid frequency support
can be appreciated. First, the inertial response of wind generation to the frequency drop
(Figure 8b) makes the mechanical power control action from thermal generation somewhat
smoother and of a lower magnitude (Figure 8a). The combined control action of wind
and thermal generation in frequency support gives, in this case, a 24% reduction of the
maximum frequency deviation, compared to the base case (Figure 8c). Additionally, a
19% reduction in the maximum magnitude of RoCoF is obtained (Figure 8d). Here, it
is important to note that the results presented are due to a particular wind generation
situation. The effectiveness of the virtual inertia algorithm (extended OPPT-method) in
reducing Af max and | RoCoF | pax will depend, on the one hand, on the magnitude of the
disturbance (measured in terms of the state of Af; and df;/dt), and on the other hand, on the
level of kinetic energy stored in the machine before the request for the frequency support
service (see the influence of the term wg( in Equation (5)). Since the shaft speed, wy, is
determined by pre-existing wind conditions, a more general analysis is required. This is
discussed in detail in the next section.

MPPT-curve
shifting
f 0pi 4 P I = "
Kopt ) Bueerpn = Popuy
—» % ——»
Lr To wind turbine active

power controller

T wg[PU]

Frontpun Frequency deviation dependent loop, Af:

Fapu ._*; Af o s Equation fi + 5
| 1T, +s (5(2)) §

Y
High-pass filter
o Pre-disturbance
‘ o Capa rotor speed  [—¢ Zsoipu)
Time-derivative of calculation
frequency dependent
loop, df/dt \
Y :’
d 1 Equation (5(b S
el S 1
= T s quation (5(b)) [~
Low-pass filter T

Figure 7. Scheme of the virtual inertia control implemented in the wind turbine (the values assigned
to the main parameters are given in the Appendix C).
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Figure 8. System response to a sub-frequency event considering the inertial support provided by
wind generation. (a) Thermal power deviation, (b) wind power generation, (c) grid frequency,
(d) absolute value of RoCoF.

4. Effect of the Frequency Support from Wind Turbines on the Inertial Characteristics
of the System

4.1. Linearization of the Extended OPPT Method

In order to study the effects that frequency support from wind generation has on
the inertial characteristics of the system, similar to the analysis presented in Section 2.3,
it is necessary to include the particular control function of the frequency control method
used, in this case the extended OPPT one in Equation (5), in the transfer function of
Equation (3) that defines the dynamics of the system within the time frame of interest to
this work. To get a rational transfer function, in the first place, it is necessary to carry out a
linearization process.

Considering the term dependent on Af; in Equation (5):

3
Weo[pu]
p— 6
h (“’gO[pu] +kvirAfs[pu1> ©

Since, in frequency stability studies, small disturbances are considered (that s, Afs ~ 0),
it is possible to linearize the previous expression as follows:

fi(x) & f1(0) + 00y )
fl(AfS) ~1- %Afs[pu]

Welpu]
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Then, as explained in Section 3.1, an increase in the active power dispatched by the
wind turbine, by shifting the MPPT curve upwards (from point A to point B in Figure 6),
can be formulated as follows:

AP

glpu] — Pg— Py = flKoptw

20ipu] ~ Koptgoppu 8)

By substituting Equation (7) in Equation (8), and making Afsjpu) = Aws[py):

1
AP = =BKuirKoptZpuy Ay pu )
Now, the term dependent on dfs/dt in Equation (5) is obtained from the definition
in [21]:
d As(pu]
APg[pu] = _EEWT = _KOws[pu] dt (10)

With some algebra in Equation (10) and expressing w; in terms of its deviation from
the nominal value wsg:

2
2
1, dwi,y 1 d(Aws[pu] + wsoumu)
APS[Pu] = _EKO dt = _EKO dt (11)

Considering small disturbances (Aws~ 0): Aw? << 2Awswy, and the previous
equation can be reduced to:

dAw
2 _ s[pul]
Apg[pu] = _KowsO[pu] it (12)

Then, adding Equations (9) and (12) to obtain the control function of the linearized
extended OPPT method and taking into account the weighting factor of the frequency
derivative dependent term, W,;,, in the Laplace domain:

APy = —3kvi,Koptw§0Aw5 — Wiy KowsosAws (13)
N — *—\’B,—J
14

Or, in compact form:

APgpy = —(a + Bs)Aw (14)

s[pu]

Next, in order to evaluate the numerical accuracy of the linearization process with
respect to the control method outlined in Figure 7 and implemented on the diagram in
Figure 3, the control function in Equation (14) is included in the transfer function of the
power system in Equation (3), finally being;:

Bws(s) _

AP (s) — y

n 1 1 1+ FHp TRHS

His+Deg+—
2Ot Pat Ry (1 n TGS) {(1 F Tens)(1+ TRHS)} o (/£ pis)wwr (15)
e Synchronous generation speed governor Wind turbine
frequency control
(extended OPPT — method)
here: a/ = & > dpr=2 !
where: = — an = —
1/Two +s 1+Tlps
—_———
————
Af, s dependent' loop dfs/dt dependent
high — pass filter loop low — pass filter
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At this point, it is essential to discuss the scalability and the complexity of the devel-
oped model in larger power systems with their generation units disaggregated. In order to
obtain a general equation for implementing the proposal on a multimachine power system,
let us take the complete transfer function in Equation (15) and pay particular attention to
the denominator terms. The contribution to the grid-frequency support from synchronous
generator and wind turbine, SG1(s) and WT(s) terms, respectively, can be extracted from
Equation (15) and defined as follows:

1 1 1+ FypTrys
= 2w H D, — 1
SG1(s) = 21 Hrs + Deg + Ry <1 + TGS> [(1 T Teps) (T + Trus) | ! (16
WT; (S) = (DU + ,Bls)wWT (17)

According to the representation of the LFC-scheme for a multimachine power system
illustrated in Figure 2, and expressed in Equations (1) and (2), the denominator term
corresponding to the synchronous generation speed governor model and its inertia in
Equation (16) can be extended to the case of n-synchronous generation units, as below:

n n
1
SG(s) = 2; w;iHjs + Deg + l; ETCi(s)wi (18)
| -’ D Y ——
H, APy

where, H;, R;, w; and TC; are the parameters and functions of the ith synchronous generator
unit (similar to those introduced in Section 2.1).

Now, if we consider the denominator term corresponding to the wind turbine equipped
with a frequency control characteristic (extended OPPT-method, in this study), as in Equa-
tion (17), it can be extended to the case of N-wind turbines as:

N

WT(s) = ) (& + Blis)wwr (19)
iz

where, a';, B’;, and wy; are functions and parameters of the ith wind turbine that incorpo-
rates a frequency response characteristic. Note that, according to the definition of «# and
B in Equation (13), «; and p; will depend on the pre-disturbance rotor speed wq;, which
is a function of the incoming wind speed to the ith wind turbine, v; (see Appendix D). If
the user is interested in disabling the participation of a specific wind turbine in frequency
support, it is enough to make the corresponding functions a’; and B’; equal to zero.

Finally, the general form of the transfer function for the implementation of the pro-
posed method in case of multimachine power systems is:

Aws(s) 1 .

AP (s) — ~ SG(s)+WT(s)

— 1

n n 1 N
2 Y wiHs byt ) 2 TC(s)wi +) (ahi+ Blis)wwr 20)
i=1 i=1 i1 - -
n— Synchronous n— SyrlChronous N—wind turbines
generators generators

Now, returning to our case of study, note that, in Equation (15), the transfer functions
of the high pass and low pass filters (from the Af; and dfs/dt dependent loops of Figure 7)
have been included. The final form of this transfer function is the one that was sought to
fulfill the main objective of this research.

Finally, the control action of the extended OPPT method can be expressed as follows:

APg[pu] = —(IX/ + ﬁ/s)Aws[pu] = APfl[pu} + APfZ[pu] (21)
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It is important to note that, since the linearized model, which represents the inertial
response by the wind generation, that has been incorporated into the transfer function of the
power system Equation (15) does not take into account the dynamics of the wind turbine’s
mechanical system, its accuracy will be limited to a time window of the order of the wind
turbine’s natural inertia constant, Hwt (which for the model considered, corresponds to a
value of 5.29 s). This can be verified in Figure 9, where the inertial response offered by the
wind turbine for the studied contingency scenario (AP, = 1%) has been plotted using two
approaches: the exact one, by implementing Equation (5) in the electromechanical model
of the wind turbine (Figure 3), and the linearized one, by means of the direct application of
Equation (21) in the LFC-transfer function of the power system (Equation (15)). The values
for the numerical evaluation of Equation (21) can be found in the Appendices B-D.

0.02 ‘ T T T ! T T T T T T
= | | Exact (5)
A 0.01 1 | Linearized (16)
o
A~ 0.00 7
< Hyyr s] !
20.01 L45 ' ' ' : : : : :

0 2 4 6 8 10 12 14 16 18 20

0201 |

0.00 L L

Numerical error [%]

0 2 4 6 8 10 12 14 16 18 20

Time [s]

(b)

Figure 9. Inertial response provided by wind generation: exact formulation vs. linearized formulation.

(a) Wind power generation, (b) numerical error.

Note that the error when using the linearized approach does not exceed 0.4% in any
case. This is reflected in the high numerical accuracy of the results in terms of frequency

and its derivative (Figure 10) w

ithin the time frame of interest.

F T T T T T T T T

= Hyor Is] 19,96 F Exact (5
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= | — ! \/
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;U: 49,90 | I ! ! i 1 s i
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- /:X
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Figure 10. Comparison of results: exact formulation vs. linearized formulation. (a) Grid frequency,

(b) absolute value of RoCoF.
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4.2. Evaluation of the Effect of Wind Generation Contribution to Frequency Support on the Inertial
Characteristics of the System

After evaluating the numerical accuracy of the approximate approach, this section
follows a procedure similar to that described in Section 2.3 (which led to the results of
Figure 5) to evaluate the transfer function in Equation (15), considering the same contin-
gency event for different incident wind conditions and different values of the participation
factor, wy. As a result, the inertial charts in Figure 11 are obtained, which show the effect of
the displacement of the spinning synchronous generation on the Afmax and | RoCoF | max
indicators when the contribution of wind generators to frequency support is enabled. Since
100 different values of w; were assigned, each of the curves represents 100 simulated scenar-
ios. This figure shows the corrective action of wind turbines if the extended OPPT method
is implemented. The participation of these generation units in the frequency recovery
contributes to reducing the level of degradation of the inertial characteristics of the system
as a whole, the benefit being much more pronounced, the higher the wind speed is. The
fact that the increase in wind generation penetration has the effect of shifting the curves
upwards means that the contribution of wind generators to frequency support makes their
integration (displacing synchronous generators) less harmful, in terms of the parameters of
interest: Af max and | ROCOF | max.

l T T T T
No inertial response

4 by wind turbines

T

T
| Base case

5
=
305 - v=72m/s | b
F Extended-OPPT
|
< method |

0 02 0.4 06 08 1 12
(a)

N T, T
No inertial response

@

E 0.4 | by wind turbines .
503t _
& Extended-OPPT

% 021 Base case
8 0.1F
& v=12m/s |
0 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2
Heq (Normalized)
(b)

Figure 11. Effect of synchronous generation displacement on the inertial response of the system
considering the participation of wind generation in frequency control. (a) Maximum frequency
deviation, (b) maximum absolute value of RoCoF.

To better understand the corrective effect that the implementation of the wind turbine
frequency control strategy has on the inertial response of the system, one can take a look
at the denominator of the transfer function in Equation (15). By regrouping terms, it is
possible to write the following expressions:

2HTS = (ZHeq + ‘BI'Z/UWT)S (22)

DT = ng + a/wwT (23)

From Equations (22) and (23) it is inferred that the loop of the extended OPPT method
dependent on df/dt directly influences the equivalent inertia constant of the system, Hr
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(influence of the term '), whereas the loop dependent on Af; affects the equivalent damping
constant of the system, Dr (effect of the term a’). Therefore, when the extended OPPT
control scheme starts operating during the frequency event, it forces the wind turbine to
produce variations in the active power injected into the grid, in such a way that the system
perceives a variation in its Hy and Dt parameters, although temporarily and while the
control action implemented in the wind turbine lasts.

To provide a notion of this phenomenon in the time domain, the case study presented
in Section 3.2 will be considered again. According to Equation (21), the dynamics of
coefficients «” and B’ can be calculated by using Equations (24) and (25), respectively, using
the numerical results obtained when evaluating Equation (15).

AP
_ 2
W= Aws 4)
AP
_ P2
pr= sAws (25)

Finally, by replacing the results of this calculation in expressions Equations (22) and (23),
it is possible to obtain the dynamics of Hr and Dr (Figure 12), whose precision, once again,
is limited to the time interval covered by Hyr (the unshaded time window). Note in this
figure that the participation of wind generation in the frequency support of the system has an
amplifying effect of the synchronous equivalent constant of inertia of the system, Hr, even as
to double the pre-disturbance value at a specific moment. Theoretically, it is expected that,
once the wind power participation has ended, Hr will stabilize at a new value, defined only
by the spinning synchronous generation.

Transient increase in
the constant of inertia
, of the power system ] ]

8 10 12 14 16 18 20

(a)

4 T T T TT T T T T T T
—_ \ D, .. =2.3680pu
= ' L .
Bl Transient increase in the |
QB damping constant of load
0 I I 1 1 I I

0 2 4 6 8 10 12 14 16 18 20

Figure 12. Influence of the inertia emulation of wind generation on the parameters that define the
equivalent inertial response of the system. (a) Equivalent inertia constant, (b) load damping constant.

The main effect of the transient increase of Hy on the inertial characteristics of the
system is the reduction of | RoCoF | max with respect to the base case, as already shown
in Figures 8d and 11b. Something similar happens with the dynamics of Dr. The im-
plemented virtual inertia method introduces a sudden and significant increase in the
equivalent damping constant of the load, a fact that contributes to the reduction of the
Af max (Figures 8c and 11a). In this case, the tendency of Dr to recover its original D,q value,
as the wind turbine contribution to frequency control ends, is evident.
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5. Conclusions

This paper proposes a methodology for the analysis of the effects of the contribution
of wind generation to frequency control tasks on the inertial characteristics of power
systems. This problem is approached from an analytical perspective through the study
of the transfer function that represents the dynamics of the system frequency in response
to power disturbances in the primary frequency control stage. This analytical approach
allows the researcher to go from implementing a specific test system in a time-domain
simulation to directly studying the results generated by the numerical evaluation of the
wind-penetrated power system transfer function, in order to get the main parameters that
characterize the inertial response of the whole system. In this way, it is possible to represent
a vast number of contingency scenarios without these having to be run one at a time in
the simulation environment, as has been a common practice in the literature. With these
results, an inertial chart that represents the locus of the frequency nadir and its maximum
time derivative, as a function of the wind-penetration level and the incoming wind speed,
is constructed to show the improvement of the frequency recovery capability of the whole
system offered by the participation of the wind generation in the frequency control task.
As seen by the example plotted in Figure 11, 100 possible scenarios of wind generation
penetration in the system were represented, each one evaluated for five different wind
conditions and one base case (600 scenarios to quantify the frequency nadir and 600 to
evaluate RoCoF; 1200 numerical results in total). These results were generated by the
proposed analysis tool in a single run.

Furthermore, with the symbolic form of the derived transfer function it is possible to
identify the influence of implementing virtual inertia in wind turbines on the equivalent
system inertia constant and load damping constant (Equations (22) and (23)). Both parame-
ters are decisive in characterizing the equivalent inertial response of the power system as a
whole, measured in terms of the maximum frequency deviation and its maximum rate of
change. In the particular case used as an example illustrating the proposed methodology,
the results of this analysis (Figure 12) show the benefits achieved by promoting the par-
ticipation of wind generators in this task for the operation and control of a power system,
reducing the negative impact of their massive integration in terms of an adequate frequency
response to power imbalances: on the one hand, the equivalent constant of inertia of the
system is transiently boosted (Figure 12a), passing from the pre-disturbance value 2.88 s to
5.22 s in the fast-frequency response stage. This improvement of the inertial characteristics
caused by wind generation leads to a decrease in the frequency nadir by about 24% to
the base case (Figure 8c). On the other hand, with the participation of wind turbine in
the frequency control tasks, the instantaneous load damping constant is rapidly increased
after the disturbance appears, passing from a steady-state value of 0.5 pu to 2.368 pu
(Figure 12b). This effect explains the mitigation of the frequency change rate (Figure 8d),
where the maximum absolute value of RoCoF reduces by about 19% if it is compared with
the base case. Without Equations (22) and (23), derived through the proposed methodology,
it would have been complicated to identify the influence of the fast-frequency response
from wind turbines on the system parameters He; and De,. This application justifies the
benefits of the analytical approach used for the design of the proposal.

It also constitutes an analytical tool that allows for obtaining general conclusions
and having a first vision about the behavior of the system under contingency and how
different control parameters affect this behavior. For example, it can be used as a tuning
tool for the virtual inertia controllers of wind turbines. It can also be used to understand
the interactions with other elements connected to the network through power electronics.
Of course, it is a high-level analysis that needs to be complemented with detailed studies
for each specific case.

Finally, it is important to note that the spirit of this paper is to present to the scientific
community the formulation and benefits of the proposed methodology. Thus, in order to
achieve a final model that can be run with a low computational burden without punishing
the ntimerical accuracy of the tool, some simplifications have been introduced: use of
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linearized models of the speed-governor of the synchronous generation, linearization of
the frequency control characteristic of wind turbines, disregard of the dynamics of wind
turbine power converters and non-linearities, among others. All these practices are well
justified in the literature, and they have been indicated in the corresponding part of the
article’s body.
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Nomenclature
LFC Load frequency control
AC Alternating current
UFLS Under-frequency load shedding
MPPT Maximum power point tracking
OPPT Optimized power point tracking
VSWT Variable speed-wind turbine
WT Wind turbine
n Number of operating synchronous generators
N Number of operating variable speed-wind turbines
Heg Equivalent inertia constant of the synchronous generators
H; Individual inertia constant of the ith generator
w; Participation factor of the ith generator
AP, Mechanical power deviation of the ith generator
Awyyg Equivalent rotor speed of synchronous generators
APy, Load power deviation
Deg Damping constant of load
TCi(s) Prime mover transfer function of the ith generator
Afmax Maximum grid frequency deviation
Afgs Quasi-steady grid frequency deviation
RoCoF Rate of Change of Frequency
Aws Angular frequency of the system
dAws/dt Time derivative of angular frequency of the system
Pymppr Optimal power dispatched by wind turbine
fxopt Virtual inertia multiplication factor
Kopt Optimization constant of the wind turbine
wg Rotor speed of the wind turbine
wgeo Pre-disturbance rotor speed of the wind turbine
kyir Virtual inertia design constant
Woir Virtual inertia weighting factor
Hwr Inertia constant of the wind turbine
Afs Grid frequency deviation
dfs/dt Time derivative of grid frequency
v Wind speed
|ROCOF | max  Maximum absolute value of RoCoF
AP, Output active power deviation of the wind turbine
Two Virtual inertia wash-out filter time constant
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Ty,  Virtual inertia low-pass filter time constant

Hr  Equivalent inertia constant of the system

Dt  Equivalent damping constant of the system

R; Droop of the ith generator speed controller

TG Main servo time constant (thermal generation)

Fyp  Fraction of total turbine power (thermal generation)

Try  Reheater time constant (thermal generation)

Tcy  Time constant of main inlet columns and steam chest (thermal gen.)

Appendix A

Parameters of the steam turbine model [35]: Ry =5%, T¢ =0.2s, Fgp =0.3, TRy =5,
TCH =0.3s.

Appendix B

Parameters of the wind turbine model [21]:

e Rated power (base power): Py, = 1.5 MW.

e  Wind speed base (Pypse = 0.73 pu): Upgee = 12 m/s.
e  Optimization constant: Ky, = 0.4225.

e  Turbine-generator inertia constant: Hyt =5.29 s.
e  Ditch controller gains: Kppe = 500, K = 0.

e  Speed controller gains: Kps. = 3, Kygc = 80.
Appendix C

Parameters of the frequency control scheme of the wind turbine: Ko = 0.4225, ky; = 8,
Wi = 0.2, Tyyo = 10 s, Tlp =100 ms.

Appendix D

Calculation of the pre-disturbance rotor speed of the wind turbine, wgo, depending
on the incident wind condition, vy:

1/3
_ Y0lm/s] vanse[ u] Cp(AB) 3 ici
Weolpul = Tppens ( Pl = , where Cp(A,B) is the power coefficient of the

turbine [40], which reaches a maximum value of Cp max = 0.48 under optimal operating
conditions. For example, an incoming wind speed of 9.6 m/s generates a pre-disturbance
rotor speed of 0.96 pu.

Kopt Cp,max
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