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Fast-Frequency Response Provided by DFIG-Wind
Turbines and its Impact on the Grid

Danny Ochoa, Member, IEEE, and Sergio Martinez, Member, IEEE

Abstract—This paper presents a methodology for the analysis of
frequency dynamics in large-scale power systems with high level
of wind energy penetration by means of a simplified model for
DFIG-based wind turbines. In addition, a virtual inertia controller
version of the optimized power point tracking (OPPT) method is
implemented for this kind of wind turbines, where the maximum
power point tracking curve is shifted to drive variations in the
active power injection as a function of both the grid frequency
deviation and its time derivative. The proposed methodology inte-
grates the model in a primary frequency control scheme to analyze
the interaction with the rest of the plants in the power system. It is
also proven that, under real wind conditions, the proposed version
of the OPPT method allows us to smooth the wind power injected
into the grid, thereby reducing frequency fluctuations.

Index Terms—Ancillary services, doubly-fed induction gener-
ator, fast-frequency response, primary frequency control, wind
power integration.

I. INTRODUCTION

THE rapid increase in the penetration of wind power plants
in power systems has resulted in significant advances in

wind turbine (WT) technology. At the same time, the need of
integration of higher penetration levels has led power system
operators to set new requirements to WT, such as having low
voltage ride-through capability or being able to provide ancillary
services, to transform them into grid-friendly power generation
sources [1].

A major concern in the operation of power systems with a high
share of wind power is the frequency stability, particularly when
a period with high wind production coincides with a reduced
demand. In such a condition many conventional power plants
may be forced offline, thus resulting in the loss of inertia from
their rotating masses [1]. This situation may be worse in isolated
power systems [2], [3].

From the available technologies for wind generation, this
work is focused on the doubly-fed induction generator based
wind turbine (DFIG-WT) because it has attained most of the
market share in the last decade [4]–[6]. Given the operational
characteristics of this type of WT, it would seem it cannot
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compete with conventional generation in offering certain ancil-
lary services, specifically those related to the primary frequency
control, as they are heavily limited by the intermittent nature
of wind. In addition, modern WTs lack from natural inertia
response due to the decoupling between rotor speed and grid
frequency. However, in recent years, various studies have shown
that it is possible to act on the sophisticated control system of
a WT to provide a wide range of ancillary services [1]. In this
context, supplementary control strategies to provide variable
speed WTs with an effective inertial response to meet the
grid requirements have been developed [7]–[10]. Additionally,
references [7], [11], [12] propose several frequency-droop
schemes by acting on the blade pitch angle to preserve a power
reserve margin for primary frequency regulation. A common
aspect in the aforementioned works is the use of detailed WT
models that represent quite accurately the behavior of real
prototypes. However, its application in multi-machine and
large-scale power system studies may be impractical due to the
huge computational effort required [13].

Three are the main contributions of this work. First, the paper
presents a methodology for analyzing the frequency response
of large-scale power systems using a primary frequency control
scheme. This scheme includes linearized models of the speed
governors of conventional power plants and their inertial char-
acteristics, the frequency sensitivity of the load, and a simplified
model of the DFIG-WT, instead of a detailed representation of
the grid components that would be intractable when simulating
frequency events. Second, the paper proposes an adaptation of
the optimized power point tracking (OPPT) method for a Per-
manent Magnet Synchronous Generator based wind turbine [14]
to a DFIG-WT. This method consists in shifting the maximum
power point tracking (MPPT) curve to produce variations in the
WT active power output as a function of the grid frequency de-
viation, relying on its available inertial resources. The proposed
adaptation includes the ability to operate under real wind con-
ditions and aims to the additional objective of smoothing the
power injected into the grid. Third, an extension of the adapted
OPPT method is proposed so as to reduce the frequency fluctua-
tions produced by such intermittent energy source and improve
the power quality. It is based on including the time derivative
of frequency as a new control variable, as in virtual inertia ap-
proaches [12], although not directly acting on the active power
reference but on the shifting of the MPPT curve.

This paper is organized as follows. In Section II, a simplified
electromechanical DFIG-WT model is presented. Section III
introduces the concept of virtual inertia and section IV illustrates
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Fig. 1. DFIG-based wind turbine general scheme.

the method that uses that concept to take advantage of the stored
kinetic energy in a DFIG-WT. Section V explains the utilization
of the developed model in a primary frequency control scheme.
Finally, Section VI shows some results that demonstrate the
effectiveness of the presented method by means of time domain
simulation in MATLAB/Simulink. To allow the reproduction
of the cases, the Appendix includes the values assigned to all
parameters.

II. SIMPLIFIED MODEL OF A DFIG-BASED WIND TURBINE

Fig. 1 shows the main components of a DFIG-WT: wind
turbine, gear-box, doubly-fed induction generator (DFIG) and a
power electronics converter (PEC). The operating principle of
the DFIG is based on injecting three-phase currents of variable
amplitude and frequency into the rotor to allow the operation
under different rotor speeds to achieve the maximum wind power
extraction. The stator is connected directly to the grid to deliver
most of the electrical energy produced.

The PEC is composed of two back-to-back electronic units,
the rotor side converter (RSC) and the grid side converter (GSC).
The objective of the GSC is to regulate the DC-link voltage, the
bidirectional flow of active power from the DFIG rotor to the
grid, and the injection of reactive power [4]. The RSC is respon-
sible for controlling the optimum production of active power,
but it also allows to regulate the reactive power in the DFIG
stator [15]. One of the main objectives of the work described
in this paper is to provide the DFIG-WT with inertial response
by means of a controlled variation of its active power, so the
analysis and modeling efforts are focused on the RSC.

Fig. 2 shows the block diagram of the simplified electrome-
chanical model of a DFIG-WT oriented to primary frequency
control studies that has been developed by the authors in a pre-
vious work [16]. The relationship between input and output
variables of each of the subsystems of the model are summa-
rized in the set of equations (1), where: T, P, and ω represent
torque, power and angular speed; subscripts g and t are used to
indicate the variables referring to the generator and the turbine;
subscript base is used to denote the per-unit system base values
of the different variables; and fs , p, and n are the grid frequency,
the number of pole pairs of the DFIG and the gear-box ratio,
respectively.

ωg,base[rad/s] = 2πfs[Hz]/p = ωg [rad/s]/ωg [pu]

ωt,base[rad/s] = 2πfs[Hz]/(p.n) = ωt[rad/s]/ωt[pu]

Tg,base[N ·m] = Pbase[W ]/ωg,base[rad/s] = Tg [N ·m]/Tg [pu]

Tt,base[N ·m] = Pbase[W ]/ωt,base[rad/s] = Tt[N ·m]/Tt[pu] (1)

Equations (2)–(6) represent the dynamics of the wind turbine
[17], [18], where ρ, R, v, Cp , λ, and β are the air density, the rotor
radius, the wind speed, the power coefficient, the tip speed ratio
and the blade pitch angle, respectively. The terms Kp and Kλ

are the power and speed constants, respectively, and they depend
on the constructive characteristics of the wind turbine. A “one
mass” system has been considered to represent the rotational
dynamics of the gear-box, the wind turbine and the electrical
generator [19], [20] whose equivalent moment of inertia is Jeq .

Pt[pu ] = Pt[W ]/Pbase[W ]

=
(
0.5ρπR2/Pbase

)
v3Cp (λ, β)

= Kpv
3Cp (λ, β) (2)

λ = ωt[pu]ωt,base[rad/s]R[m ]/v[m/s]

= Kλωt[pu]/v[m/s] (3)

Cp (λ, β) = Pt/Pwind

= c1 (c2/λi − c3β − c4) e−c5 /λi + c6λ (4)

1/λi = (λ + 0.08β)−1 − 0.035
(
β3 + 1

)−1
(5)

Tt[pu] = Pt[pu ]/ωt[pu] (6)

Both the DFIG and the RSC have been considered as a single
first-order dynamics actuator [20]–[22], with a time constant
τC , whose input is the electromagnetic reference torque from
the speed control system, T ∗

em . Finally, the function of the
pitch angle controller is to limit the power captured by the
turbine to avoid the rotor acceleration under high wind speed
conditions [23].

To ensure an optimal extraction of wind power by the turbine,
the speed controller in a DFIG-WT uses a MPPT characteristic
(Fig. 3) that can be represented by equation (7), where Kopt is
the optimization constant, whose value depends on the type of
turbine. With respect to Fig. 3, the segment A-B corresponds to
the starting zone. In segment B-C, known as optimization zone,
the control system modifies the rotor speed by regulating both
the amplitude and the frequency of the current injected into the
DFIG rotor to adjust its operation to the maximum power points.
Finally, in segment C-D, the speed is kept almost constant until
the power reaches its rated value. When the rotor speed goes
beyond point D, the control actions are carried out by the pitch
angle controller.

Pt =
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

Koptω0
3

(ω0 − ωmin)
(ωg − ωmin) , ωmin ≤ ωg < ω0

Koptωg
3 , ω0 ≤ ωg ≤ ω1

(
Pmax−Koptω1

3
)

(ωmax − ω1)
(ωg − ωmax) + Pmax , ω1 < ωg ≤ ωmax

(7)

Authorized licensed use limited to: ESCUELA POLITECNICA DEL LITORAL (ESPOL). Downloaded on April 15,2022 at 14:40:16 UTC from IEEE Xplore.  Restrictions apply. 



4004 IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 32, NO. 5, SEPTEMBER 2017

Fig. 2. Block diagram of a simplified model of a DFIG-based wind turbine.

Fig. 3. MPPT-curve implemented.

To show the validity of the proposed model, it has been
compared to the DFIG-WT model available in the MAT-
LAB/Simulink library with its power losses disabled, a much
more detailed model, although impractical for large scale power
systems studies. A stepped wind speed profile (from 8 to 14
m/s with an increasing rate of 2 m/s each 20 seconds, and then,
from 14 to 8 m/s with a similar decreasing rate) has been con-
sidered as an input for the two models. Fig. 4 illustrates the
behavior of the most relevant variables of the DFIG-WT for a
power-frequency analysis: the total active power generated, Pg ,
ωg , and β. The results show the accuracy of the proposed model
in terms of the transient and steady-state response despite all
the approximations considered. There is a minimum time delay

Fig. 4. DFIG-WT simplified model vs. MATLAB/Simulink detailed model.

between the compared models, representing less than 3% of the
DFIG-WT inertia constant.

III. VIRTUAL INERTIA OF A DFIG-BASED WIND TURBINE

The frequency dynamic behavior of a power system in a situa-
tion of imbalance between generation and demand is determined
by the inertial response of the online conventional synchronous
generators, by means of the natural interchange of kinetic
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energy with the grid. A DFIG-WT lacks this characteristic due
to its asynchronous operation and the decoupling between the
rotor speed and the grid frequency, thus causing a decrease in the
power system stability margin, especially when the participa-
tion of such technology becomes important [24], [25]. However,
wind turbines do have a significant amount of inertial resources
that could be exploited for the benefit of the power system by
making some modifications to the existing control systems. In
this section, the term “virtual inertia” is introduced to refer to
this non-natural response of a DFIG-WT.

The stored kinetic energy variation of a DFIG-WT, when the
rotor speed changes from ωr0 to ωr1 , can be calculated using
(8), where: Δωr = ωr1 − ωr0 , and Jeq is the natural moment
of inertia.

ΔEWT[J ] = 0.5Jeq [kg ·m 2 ]

(
ωr1

2
[rad/s] − ωr0

2
[rad/s]

)

ΔEWT[J ] = 0.5Jeq

[
(ωr0 + Δωr )

2 − ωr0
2
]

(8)

Equation (9) can be obtained by considering the DFIG-
WT as if it were a synchronous generator whose rotor speed
changes from its synchronism condition, ωs , to ωs1 , where:
Δωs = ωs1 − ωs and Jvir is the virtual moment of inertia.

ΔEWT = 0.5Jvir
(
ωs1

2 − ωs
2)

= 0.5Jvir

[
(ωs + Δωs)

2 − ωs
2
]

(9)

By matching (8) and (9), the virtual moment of inertia of a
DFIG-WT can be defined as:

Jvir =
(2ωr0 + Δωr ) Δωr

(2ωs + Δωs) Δωs
Jeq (10)

In frequency stability studies, it is common to assume the
presence of small disturbances, therefore, in (10), typically:
2ωr0 >> Δωr and 2ωs >> Δωs , making it possible to obtain
(11), in which the ratio Δωr/Δωs is defined as the virtual inertia
coefficient, kvir .

Jvir ≈ ωr0Δωr

ωsΔωs
Jeq =

ωr0

ωs
kvirJeq (11)

From (11), it is possible to conclude that the virtual inertia
of a DFIG-WT not only depends on its natural inertia, but also
on the rotor speed before the disturbance, ωr0 , and the virtual
inertia coefficient. In contrast to a synchronous generator, in
which its rotor speed, ωs , is determined by the grid frequency
and therefore varies slightly, the variation of the rotor speed in
a DFIG-WT may be much greater, thus, its virtual inertia could
exceed the natural inertia. However, it is important to keep in
mind that Jvir corresponds to an instantaneous value, with a
transient nature and relatively short duration.

IV. SHIFTING THE MPPT CURVE TO EMULATE AN INERTIAL

RESPONSE IN A DFIG-BASED WIND TURBINE

The previous section showed that, for a DFIG-WT, it is possi-
ble to emulate an inertial response to support the grid frequency
by making use of its kinetic energy. In this paper, the opti-
mized power point tracking (OPPT) method presented in [14]
has been adapted for a suitable implementation in a DFIG-WT

Fig. 5. Shifting the MPPT-curve by OPPT method.

and extended for allowing an adequate performance under ac-
tual frequency variations. An additional derivative of frequency
feature applied to the OPPT method is also proposed in order to
contribute to reducing the rate of change of frequency (ROCOF)
of the grid.

A. Optimal Power Point Tracking method

To explain the principle of this method, let us assume that
the DFIG-WT is subject to a constant wind speed, and that,
initially, its operation is governed by the implemented MPPT
curve as shown in Fig. 5. If an under-frequency event occurs
(e.g., due to a sudden loss of certain generating units), con-
ventional power plants are required to increase their production
using the available primary energy reserves and trying to re-
duce the generation-demand power imbalance. To enable the
DFIG-WT participation in the resolution of this contingency,
it should be able to increase the active power injected into the
grid, i.e., to go from its stable operation condition, at point A, to
point B, immediately. This is achieved by shifting the MPPT
curve to the left. Note that the requested active power, PB , ex-
ceeds the mechanical power given by the turbine, causing the
rotor deceleration (ωr0 → ωr1) until both powers equilibrate
again at point C. It should be noted that, throughout this pro-
cess (A–B–C), the DFIG-WT has given part of its stored kinetic
energy to reduce the rate of change of the grid frequency. How-
ever, from this point on, it works in a sub-optimal condition
(point C), which is not technically and economically desirable
(PC < PA ). Therefore, after providing frequency support, it is
necessary that the reference signal of the active power recovers
its optimum value, PA . Similarly, in an over-frequency scenario,
the inertial response of a DFIG-WT would have to describe the
path (A–D–E) and, finally, return to the optimum point A.

The MPPT curve can be shifted to the left or right, by mod-
ifying the value of Kopt from (7). If this constant is multiplied
by a factor whose value depends on the grid frequency changes,
fkopt , the parameter KOPPT is obtained. To obtain the relation-
ship between KOPPT and Kopt , given by fkopt , it is reasonable
to consider that, in the fast-frequency response stage (A–B–C),
the optimal and sub-optimal active power values, PA and PC ,
are approximately equal, particularly when considering small
disturbances. Equation (12) can be obtained by applying this
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Fig. 6. Control scheme for implementing the proposed method.

approximation to the term corresponding to the optimization
zone in (7).

KOPPTω3
r1 ≈ Koptω

3
r0 (12)

Expressing ωr1 in terms of the rotor speed deviation, Δωr =
ωr1 − ωr0 , and the virtual inertia coefficient, kvir , defined
in (11):

ωr1 = ωr0 + Δωr = ωr0 + kvirΔωs (13)

Substituting (13) into (12), KOPPT can be expressed by (14),
which coincides with the expression provided by [14].

KOPPT =
ωr0

3

(ωr0 + kvirΔωs)
3 Kopt = fkoptKopt (14)

Finally, making Δωs = 2πΔf/p, the virtual inertia factor,
fkopt , is defined as:

fkopt =
ω3

r0[rad/s]
(
ωr0[rad/s] + 2πkvirΔf[Hz]/p

)3 (15)

Fig. 6 shows the scheme that should be added to the DFIG-
WT speed controller (Fig. 2) to implement the proposed control
strategy. The subsystem of the upper part of Fig. 6, receives
the rotor speed, ωg , and the grid frequency deviation, Δf, as
inputs. Δf is passed through a first-order high pass filter (with
time constant, Two) to remove the residual component of the
quasi-steady state frequency deviation produced by the actions
of primary regulation in the power system. A dead-band block
has also been added to provide the controller with a certain
level of insensitivity to frequency variations. When a frequency
deviation is detected (Δf ∗ �= 0), the adapted OPPT controller
sends a binary control signal, CTRL, to a Sample and Hold
routine in order to store the pre-disturbance rotor speed, ωr0 , and
to guarantee the continuous evaluation of (15) to find fkopt . This
allows an adequate implementation of the OPPT method in case
of real frequency fluctuations, caused by sudden load changes,
intermittent wind power injection, etc. By multiplying fkopt and
Kopt , it is possible to modify the MPPT curve and, consequently,

the active power reference of the DFIG-WT speed controller.
The bounds fKopt,max and fKopt,min have been assigned to limit
the shift of the MPPT curve within a stable operating margin.

B. Sensitivity to the time derivative of frequency

In order to develop the desired extension of the OPPT method,
it is necessary to find a relationship between the active power in-
crease/decrease requirement of a DFIG-WT and the time deriva-
tive of the grid frequency. Based on the concept of virtual inertia
explained in section III, the kinetic energy stored in the rotating
masses of the DFIG-WT can be calculated as:

EWT[J ] = 0.5Jvir[kg·m2 ]ω
2
s[rad/s] (16)

By considering the time derivative of (16), it is possible to
evaluate the power delivered by the DFIG-WT due to a change
in the rotor speed:

ΔPWT[W ] =
dEWT[J ]

dt
= 0.5Jvir[kg·m2 ]

dω2
s[rad/s]

dt

= Jvir[kg·m2 ]ωs[rad/s]
dωs[rad/s]

dt
(17)

Using the definition of inertia constant (H = 0.5Jω2/Pbase)
and a per unit system, it is possible to express (17) in terms of
the virtual inertia constant, Hvir , as follows:

ΔPWT[pu] =
ΔPWT[W ]

Pbase[W ]
= 2Hvir[s]ωs[pu]

dωs[pu]

dt
(18)

Then, by deriving Hvir from (11) and making ωs[pu] = fs[pu] ,
equation (18) can be rewritten as:

ΔPWT[pu] = 2
(

ωr0[pu]

ωs[pu]
kvirHeq[s]

)
fs[pu]

dfs[pu]

dt
(19)

Respecting the MPPT-shifting philosophy, the increment in
the active power reference represented by (19), is obtained by
acting on fkopt as it can be observed in the subsystem of the
lower part of Fig. 6. In this diagram, Δfkopt represents the
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deviation of the virtual inertia factor which can be expressed in
terms of ΔPWT as:

Δfkopt =
ΔPWT[pu]

Koptω3
g [pu]

(20)

However, the direct application of (20) for calculating f ∗
kopt

in Fig. 6 does not take into account the amount of the kinetic
energy available in the wind turbine, and the control actions
provided by the time derivative of frequency loop are dominant
over the ones provided by the adapted OPPT method. In order to
obtain a better coordination of both contributions, a weighting
factor, Wvir , has been introduced, defined as the ratio of the
releasable kinetic energy in per unit respect to the maximum:

Wvir =
ω2

g − ω2
min

ω2
max − ω2

min
(21)

Thus, the Δfkopt to be used in the control scheme (Fig. 6) is
redefined as:

Δfkopt =
ΔPWT[pu]

Koptω3
g [pu]

Wvir (22)

A first-order low pass filter (with time constant, Tlp ) has
been added in order to remove the measurement noise from the
derivative of frequency.

When a frequency event occurs, a coordinated operation of
the two subsystems that make up the proposed method (Fig. 6)
is expected. In the initial stage of a frequency event, the term
Δfkopt is dominant because df/dt has a large value that will
decline as the grid frequency reaches its maximum instantaneous
deviation. At this point, the effect of the control action, fkopt ,
provided by the adapted OPPT method will have reached its
maximum value, because it has been conceived to respond to
any change in Δf. Finally, in the frequency rebound stage, the
term fkopt is able to compensate the sign change of df/dt, and
mitigate the power system frequency fluctuations as it will be
shown in section VI.

V. PARTICIPATION OF DFIG-BASED WIND TURBINE IN

PRIMARY FREQUENCY CONTROL

As discussed in previous sections, it is expected that the fre-
quency support provided by the DFIG-WT covers the first sec-
onds after the disturbance. According to the structure of the
ancillary services in a power system, such period corresponds
to primary frequency regulation [26]. In this sense, the proposed
DFIG-WT model has been incorporated into a traditional pri-
mary frequency control scheme for a single control area (Fig. 7)
based on [27], [28].

For this study, four conventional generation technologies have
been considered: hydro and thermal plants based on coal, nu-
clear energy and combined-cycle. All these models are taken
from [27], [29]–[33], and the values of the most significant pa-
rameters are summarized in the Appendix. The equivalent power
system inertia constant, HT , is determined by (23), where Hi
and wi are the inertia constant and the participation factor from
each power plant, respectively, and m is the number of online

Fig. 7. Primary frequency control scheme.

TABLE I
INERTIA CONSTANT AND PARTICIPATION INDEX

Type of power plant Hi (s) wi (%)a

Hydro 3.6 5
Coal 3 15
Nuclear 7 35
Combined-Cycle 6.5 15
Wind − 30

aApproximate percentages based on the actual
power demand coverage data in the SPPS on
06/04/2015 at 04:00 (UTC +01:00) [34].

conventional power plants.

HT =
m∑

i=1

Hi · wi (23)

VI. SIMULATION AND RESULTS

In this section, MATLAB/Simulink time-domain simulations
have been carried out in order to study the impact of the inertial
contribution from a DFIG-WT on the power system dynamics.
To illustrate the method, the Spanish Peninsular Power System
(SPPS) has been considered in a low demand scenario (18 552
MW) [34]. It has been assumed that all the wind power plants
connected to the SPPS are composed of DFIG-WTs and subject
to a common wind speed (9.6 m/s), that is kept constant during
the simulation. The participation index on the coverage of the
demand for each type of power plant considered, along with
their inertia constant, are summarized in Table I [27], [35].
According to [26], the load damping for this system is 1%/Hz
(D = 0.5 pu). In addition, the integral characteristic of all the
conventional plant speed governors has been disabled in order to
better show the behavior of the proposed method, particularly,
to assess the ability of the technique for recovering the pre-
disturbance operating point after providing frequency support,
independently of the capability of the rest of the plants for
reducing the quasi-steady frequency error.

A. Sudden load increase

Firstly, a sudden load increase of 600 MW (ΔPL = 0.03 pu)
is introduced in the power system in order to generate an
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Fig. 8. Behavior of the grid frequency during a sudden load increase.

Fig. 9. Primary frequency control provided by each power plant during a
sudden load increase: a) Without DFIG-WT frequency response, b) With the
DFIG-WT frequency response.

under-frequency event (after 100 s from the beginning of the
simulation). In Fig. 8, the dynamic behavior of the power sys-
tem frequency and the ROCOF is shown in four cases: with the
conventional MPPT control, with the inertial support provided
only by the adapted OPPT method, with the fast-frequency re-
sponse provided exclusively by the time derivative of frequency
loop, and with the combined action of the proposed extended
OPPT method. It is evident that, by means of controlled iner-
tial response, the DFIG-WTs help to significantly reduce the
maximum instantaneous frequency deviation (MIFD), thus im-
proving the power system stability margin. Such reduction re-
sults in a slower action of the speed governors of conventional
power plants (Fig. 9) and, therefore, the power system frequency
reaches its quasi-steady state in a slightly longer time. Note in

Fig. 10. DFIG-WT response during a sudden load increase.

Fig. 11. Behavior of the grid frequency during a sudden load decrease.

Fig. 8(b) that the ROCOF is better reduced by applying the
proposed extension of the OPPT method.

Figure 10 shows the behavior of certain variables of the
DFIG-WT during this contingency. Normally, the f ∗

kopt fac-
tor –that combines the control signals fkopt and Δfkopt– has
a unit value, which means that both the active power, Pg , and
the rotor speed, ωg , are operating at their optimum values ac-
cording to the MPPT characteristic. Note that, from the instant
in which the disturbance is introduced, the DFIG-WT rapidly
increases Pg for providing fast-frequency response. According
to the reasoning in Section IV, the rotor speed will begin to de-
crease until a new sub-optimal operation point is reached. After
this transient frequency support, f ∗

kopt will gradually recover
its optimum value and it will lead Pg and ωg to recover their
pre-disturbance values.

B. Sudden load decrease

A complementary test is carried out in which the power
system is subjected to a sudden load decrease of 600 MW
(ΔPL = −0.03 pu) so that it causes an over-frequency event.
Figures 11 and 12 illustrate the transient behavior of the grid
frequency and the DFIG-WT dynamic response, respectively,
showing almost symmetrical results.

Fig. 13 summarizes the reduction of the MIFD achieved by
the participation of the DFIG-WTs in the grid frequency support
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Fig. 12. DFIG-WT response during a sudden load decrease.

Fig. 13. Reduction of the MIFD according to wind speed.

Fig. 14. Real wind speed profile.

under different wind conditions. It can be seen that the inertial
response is strongly influenced by the incident wind speed. Its
impact is much greater for operation points within the optimiza-
tion zone of the MPPT curve (segment B-C in Fig. 3), since the
OPPT method is conceived for maintaining the DFIG-WT op-
eration within stable and secure limits, both angular rotor speed
and output active power.

C. Real wind speed conditions

Finally, in order to assess the operation of the DFIG-WT
with the extended OPPT method under real wind conditions,
the system of Fig. 7 is tested with a constant power de-
mand (ΔPL = 0 pu) and the DFIG-WT subjected to the wind
speed profile shown in Fig. 14. The consequent intermittent
wind power injection introduces undesirable grid frequency
fluctuations.

Fig. 15. Behavior of the DFIG-WT and power system variables under real
wind speed conditions.

The continuous application of the proposed method provides
for the additional feature of power smoothing, which can be
seen in Fig. 15(a), leading to the partial mitigation of frequency
oscillations shown in Fig. 15(b). Fig. 15(c) compares the rate of
change of frequency (ROCOF), showing an average reduction
of 24% over the period considered.

VII. CONCLUSION

This paper presents a simplified model of a DFIG-WT in-
tended for primary frequency regulation studies in large-scale
power systems. The model includes an additional control system
that allows the DFIG-WT to provide fast-frequency response to
the grid in presence of disturbances. The model has been inte-
grated into a traditional primary frequency control scheme to
assess its impact on the power system dynamics. The time do-
main simulations have shown that the inertial contribution of
the DFIG-WT by means of the proposed control strategy im-
proves the frequency response of the power system, to a greater
or lesser degree depending on the wind conditions. The con-
tinuous application of the extended OPPT method under real
wind conditions allows the smoothing of the DFIG-WT out-
put power, which results in a reduction of the grid frequency
fluctuations.

The technique presented in the paper is suitable for integra-
tion of DFIG-WT into large scale power systems. Additional
research is needed to assess its validity for weak networks,
in which the magnitude of frequency deviations is larger and
where the contribution to frequency support can be even more
important.
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APPENDIX

A. DFIG-WT parameters

TABLE A1
DFIG-BASED WIND TURBINE PARAMETERS

Parameter Symbol Value and Units

Base power Pbase 1.5 MW
Max. /Min. power of the generator Pg ,m ax /Pg ,m in 1/0.04 pu
Max./Min. torque of the generator Tem . m ax /Tem .m in 0.826/0.057 pu
Wind speed at Pg = 0.73 pu vn om 12 m/s
Number of pole pairs p 2
Nominal frequency fnom 50 Hz
Base speed of the turbine ωt,base 1.644 rad/s
Base speed of the generator ωg ,base 157.08 rad/s
Air density ρ 1.225 kg/m3

Radius of the rotor R 38.5 m
Power constant Kp 1.901 × 10−3 (m/s)−3

Speed constant Kλ 63.29 m/s
Min. /Max. blade pitch angle βm in /βm ax 0°/45°
Maximum blade pitch angle rate (dβ/dt)max 2°/s
Turbine-generator inertia constant Heq 5.29 s
DFIG-PEC time constant τC 20 ms
Blade pitch servo time constant τP 0 s
Pitch controller gains KP p c/KI p c 500/0
Speed controller gains KP sc/KI sc 0.3/8

B. MPPT-curve parameters

Kopt = 0.4225, c1 = 0.5176, c2 = 116, c3 = 0.4, c4 = 5,
c5 = 21, c6 = 0.0068, ωmin = 0.7 pu, ω0 = 0.71 pu, ω1 =
1.2 pu, ωmax = 1.21 pu.

C. OPPT-method parameters

Dead band = 10 mHz, kvir = 8, fKopt,max = 1.6, fKopt,min
= 0.4, Two = 10 s, Tlp = 100 ms.

D. Conventional generation units parameters

TABLE A2
GENERATION UNITS PARAMETERS

Value and Units

Parameter Hydro Thermal Comb. Cycle

Deadband 10 mHz 10 mHz 10 mHz
Droop 5% 5% 5%
Main servo time constant 0.2 s 0.2 s 0.2 s
Maximum output power
increase/decrease

10% 10% 10%

Maximum gate opening rate 0.16 pu/s 0.05 pu/s 0.02 pu/s
Maximum gate closing rate −0.16 pu/s −0.1 pu/s −0.02 pu/s
Water time constant 1 s
Temporary droop 0.4 pu
Reset time 5 s
Fraction of total turbine power
generated by high pressure

0.3

Reheater time constant 7 s (Coal)
5 s (Nuclear)

Time constant of main inlet
columes and steam chest

0.3 s

Gate time constant 0.3 s
Gas feeder time constant 7 s
Compressor discharge time
constant

0.3 s
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