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Abstract: Wind-generated energy is a fast-growing source of renewable energy use across the world.
A dual-feed induction machine (DFIM) employed in wind generators provides active and reactive,
dynamic and static energy support. In this document, the droop control system will be applied to
adjust the amplitude and frequency of the grid following the guidelines established for the utility’s
smart network supervisor. The wind generator will work with a maximum deloaded power curve,
and depending on the reserved active power to compensate the frequency drift, the limit of the
reactive power or the variation of the voltage amplitude will be explained. The aim of this paper
is to show that the system presented theoretically works correctly on a real platform. The real-time
experiments are presented on a test bench based on a 7.5 kW DFIG from Leroy Somer’s commercial
machine that is typically used in industrial applications. A synchronous machine that emulates the
wind profiles moves the shaft of the DFIG. The amplitude of the microgrid voltage at load variations
is improved by regulating the reactive power of the DFIG and this is experimentally proven. The
contribution of the active power with the characteristic of the droop control to the load variation is
made by means of simulations. Previously, the simulations have been tested with the real system to
ensure that the simulations performed faithfully reflect the real system. This is done using a platform
based on a real-time interface with the DS1103 from dSPACE.

Keywords: double feed induction generator; grid frequency and amplitude support; smart grid

1. Introduction

Wind energy is progressively gaining importance in the world’s electricity production,
with important engineering aspects to be addressed for its integration into conventional
electricity grids. In fact, it contributes about 7% of total energy production worldwide
and onshore and offshore wind energy together would generate more than a third of all
electricity needs, becoming the main source of generation by 2050 [1].

Recently, some studies have been developed in order to analyze the installation of
small wind turbines in urban areas. Installing wind turbines in all the possible extents
can mitigate the rising energy demand. Built-up areas possess high potential for wind
energy, including the rooftop of high-rise buildings, railway track, the region between or
around multistoried buildings, and city roads. However, harnessing wind energy from
these areas is quite challenging due to dynamic environments and turbulence for higher
roughness on urban surfaces [2]. Some studies have been done in order to estimate the
wind resource in an urban area [3,4]. These studies evaluate the urban wind resource by
employing a physically-based empirical model to link wind observations at a conventional
meteorological site to those acquired at urban sites. The approach is based on urban climate
research that has examined the effects of varying surface roughness on the wind-field
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between and above buildings. These papers aim to provide guidance for optimizing the
placement of small wind turbines in urban areas by developing an improved method of
estimating the wind resource across a wide urban area.

There are different types of wind turbines like induction generator [5] or permanent
magnet synchronous generators [6,7] based wind turbines, however the synchronous
generators are usually used for a small-scale wind turbines.

In addition, the DFIM is the most commonly installed type of generator in wind
turbines to date.

DFIG generators provide access to the rotor windings and regulating the rotor voltage,
the generator active and reactive powers are fully controllable. Therefore, the design
and implementation of a new control scheme for a DFIG based wind turbine system has
attracted the attention of several authors in the last years [8–12].

The main reason for using the doubly fed induction generator is that the power
converters have to manage only a fraction of the total system power, about 30%.

For this reason, there are fewer losses in the power electronics unit than in a full-power
converter topology. The reduction in costs due to the use of a smaller inverter is another
significant factor [13].

The regulation of the active and reactive powers in decoupled form with the DFIG is
regulated using the field-oriented control (FOC) technique [14–19].

A smart grid has among its goals one dedicated to providing a more robust, efficient,
and flexible electric power system [20,21]. In the last decade, the model predictive control
(MPC) has been applied to microgrid systems to optimally schedule and control the
microgrid, owing to the advantages of MPC such as fast response and robustness against
parameter uncertainties. In the work presented in [22], a stochastic model predictive control
framework to optimally schedule and control the microgrid with large scale renewable
energy sources is proposed. This microgrid consists of fuel cell-based, wind turbines, PV
generators, battery/thermal energy storage system gas fired boilers, and various types
of electrical and thermal loads scheduled according to the demand response policy. In
the work presented in [23], the authors propose a MPC for regulating frequency in stand-
alone microgrids. This work analyzes the impact of system parameters on the control
performance of MPC for frequency regulation, using a typical stand-alone microgrid, which
consists of a diesel engine generator, an energy storage system, a wind turbine generator,
and a load. A novel sensorless model predictive control (MPC) strategy of a wind-driven
doubly fed induction generator (DFIG) connected to a dc microgrid is proposed in [24].
In this work, the MPC strategy has been used as a current controller to overcome the
weaknesses of the inner control loop and to consider the discrete-time operation of the
voltage source converter that feeds the rotor.

The extensive use of power generation using wind has forced countries to establish
a set of rules for the operation and connection to the grid of wind generators. Amongst
all the standards, those related to smart networks aim to guarantee a safe supply, and
ensure the reliability and quality of the energy generated [25,26]. With the strong growth
of grid-connected wind power plants, there is a need for grid-integrated wind farms
with the ability to withstand grid voltage and frequency also during perturbations in the
network [18].

To withstand the voltage and frequency, the wind generator must be able to change
its operating point according to the needs. The most widely used and robust method is
the well-known droop control. This control method is based on a concept known from the
electrical networks and is based on the reduction of the frequency of the generator when
its active power consumption increases [27].

This control strategy can be applied to different generators such as wind turbines in
order to increase the reliability of the system.

In wind turbines, when control is carried out by means of the power drivers, as is the
case of the DFIM, the speed is adjusted according to the wind speed in order to optimize
energy production. This allows the regulation of the generator at the point of maximum
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power in a wide range of power. When using the droop technique, the generator must
be running at a different speed than the maximum power speed. Consequently, when
droop control is demanded, the control system will adjust the active and reactive powers
to balance out deviations in frequency and amplitude of the grid voltage respectfully.

In the work presented in [11] the authors propose a Power Delta Control for a wind
turbine in order to participate in the primary and secondary frequency regulation. This
work presents a readily industrializable set of algorithms for torque and pitch control.
However, the proposed control scheme are only validated by means of simulation using
the NREL’s FAST software.

The motivation of the present work is to validate the simulated algorithms in a real
system based on wind generators to contribute to the compensation of the frequency and
amplitude variations of the voltage of the microgrids.

This control scheme was initially proposed and simulated in the 2018 IEEE Interna-
tional Conference on Industrial Electronics for Sustainable Energy Systems [28]. However,
in this previous work, the proposed control approach was only validated by means of
some simulation results using a simple wind turbine model. This new work goes further,
providing more simulations using a more detailed model, which accurately represents the
dynamics of the real system. This will allow simulations to be made when real tests cannot
be performed. Moreover, some real time experiments are presented over a test bench
based on a commercial machine, typically used in industrial applications. Thus, the wind
generator is a 7.5 kW Leroy Somer DFIM driven by a synchronous machine that emulates
the desired wind profiles. Different experiments were developed using this test bench,
designed and built ad hoc, and these real experiments validated the results previously
obtained in the simulations. Thus, these experimental results can be used to demonstrate
the applicability of this control scheme in industrial applications. It should be noted that
the experimental validation of the new control schemes is a considerable research advance,
since it facilitates its implementation in real industrial applications. This article deals with
the process of controlling the DFIG in the contribution of active and reactive power for
frequency and voltage regulation. The technique used is the well-known droop control.

The work is organized as follows; Sections 2 and 3 present the equations for the control
of the DFIG. Sections 4–6 cover the droop control, the deloading process for frequency
control and explain the voltage compensation and the calculation of the maximum reactive
power based on the active working power. Section 7 introduces the laboratory results and
the simulations. Lastly, the conclusions are presented.

2. DFIG Control Equations and Reference System

Figure 1 shows the stationary αβ stator reference system, the rotor α′β′ reference
system and the dq reference system linked to the doubly fed induction machine stator
flux vector.
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The doubly fed induction generator is controlled in the revolving reference frame
aligned with the stator flux as shown in Figure 1. The next equations explain the operation
of the DFIG in the dq frame [29,30].

→
v s,dq = Rs

→
i s,dq +

d
→
ψ s,dq

dt
+ jωe

→
ψ s,dq (1)

→
v r,dq = Rr

→
i r,dq +

d
→
ψr,dq

dt
+ j(ωe −ωr)

→
ψr,dq (2)

→
ψ s,dq = Ls

→
i s,dq + Lm

→
i r,dq and Ls = Lm + Lls (3)

→
ψr,dq = Lr

→
i r,dq + Lm

→
i s,dq and Lr = Lm + Llr (4)

Te =
3
2

Pp
(
ψsdisq − ψsqisd

)
(5)

Te − TL = J
dωm

dt
+ Bωm (6)

Ps =
3
2
(
vsdisd + vsqisq

)
and Qs =

3
2
(
vsqisd − vsdisq

)
(7)

where
→
v s,dq,

→
i s,dq, and

→
ψ s,dq are the stator voltage, current and flux vectors in the syn-

chronous dq reference system.
→
v r,dq,

→
i r,dq, and

→
ψr,dq are the rotor voltage, current, and

flux vectors in the synchronous dq reference system. As can be seen in Figure 1, the stator
flux q component is zero, and when operating with Equation (3) the next two equations
are obtained,

isd =

∣∣∣→ψ s

∣∣∣
Ls
− Lm

Ls
ird (8)

isq = − Lm

Ls
irq (9)

Equations (8) and (9) shown that the stator current is controllable with the rotor
current. With the omission of the stator resistance because it is so small, the stator flux can
be assumed to be constant and its value is,

∣∣∣→ψ s

∣∣∣ =
∣∣∣→v s

∣∣∣
ωe

(10)

The stator voltage d component is almost zero because the reference system is oriented
along the stator flux, so it can be obtained that,

Ps ≈
3
2

ωeψs
Lm

Ls
irq (11)

Qs ≈
3
2

∣∣∣→v s

∣∣∣

∣∣∣→v s

∣∣∣
ωeLs

− Lm

Ls
ird

 (12)

Equations (11) and (12) show that the stator active power is controlled with the
q component of the rotor current and the stator reactive power with the rotor current
d component.

Figure 2 shows the block diagram for the control of the DFIG from the rotor side using
the rotor side converter (RSC). The current references i∗rq and i∗rd are calculated with (11) and
(12) and with the required active and reactive power references. These current references
are then compared with the real currents and the differences are the inputs signals of two PI
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regulators, obtaining in their outputs the references of the rotor voltage v∗rq and v∗rd. Lastly,
the DC/AC inverter pulses SA, SB, and SC are produced using the seven segments space
vector pulse width modulation (SVPWM).
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3. Grid Side Converter Control Equations

For the control of the grid side converter (GSC), the revolving reference frame is
aligned with the grid voltage vector as illustrated in Figure 3.
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The following equations describe the behavior of the grid side converter connected to
the grid trough a line filter Lg and Rg in the mentioned rotating reference system,

→
v conv,dq = Rg

→
i g,dq + Lg

d
→
i g,dq

dt
+
→
v g,dq (13)

Pg =
3
2

(
vgdigd + vgqigq

)
and Qg =

3
2

(
vgqigd − vgdigq

)
(14)

where
→
v conv,dq,

→
i g,dq, and

→
v g,dq are the GSC output voltage, the GSC current and grid

voltage vectors. Pg and Qg are the active and reactive powers regulated by the GSC.
Thus, the grid voltage q component is zero and the active power is regulated with

the grid current d component and the reactive power is regulated with the grid current q
component [31,32].

Pg =
3
2

vgdigd and Qg = −3
2

vgdigq (15)

Figure 4 illustrates a block diagram of the implemented grid side power converter
control structure.
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Figure 4. Grid side converter control structure.

The actual DC bus voltage is compared with the reference of the DC bus voltage and
the difference will be the input of a PI regulator to obtain at its output the reference of the
active current component i∗gd. Then, i∗gd is compared with the real igd current component
to obtain at the output of the controller v∗conv,d. The controller v∗conv,q is obtained from the
reactive power controller section. Lastly, the DC/AC inverter pulses SA, SB, and SC are
obtained using the seven segments space vector pulse width modulation (SVPWM).

4. Droop Control

One DFIM could be pictured as a voltage source that is connected to the principal or
local network, through an impedance line Z as illustrated in Figure 5 [33,34].
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Figure 5. DFIG generator connected to the main grid trough line impedance.

In a system working in a sinusoidal steady state, the apparent power, S, which flows
between the DFIG and the grid of Figure 5, could be defined as,

S = P + jQ =
→
v s
→
i
∗
s =

→
v s

(→
v s −

→
v g

Z∠θ

)∗
=

V2
s

Z
ejθ −

VsVg

Z
ej(θ+δ) (16)

whereas, Vs and Vg respectively are the voltage module of the DFIG and the main grid
voltage vectors, δ is the angle between the stator voltage of the DFIG and the grid voltage,
also known as the power angle, Z and θ are the magnitude and phase of the line impedance

and
→
i
∗
s is the conjugated complex vector of the stator current. The active and reactive

power of Equation (16) can be decomposed as,

P = V2
s

Z cos(θ)− VsVg
Z cos(θ + δ)

Q = V2
s

Z sin(θ)− VsVg
Z sin(θ + δ)

(17)
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Supposing that the impedance of the line is mostly inductive, |Z| = ωgL and θ = 90◦,
and that δ is near to zero, sin(δ) ≈ δ and cos(δ) ≈ 1, therefore (17) can be simplified to,

P =
VsVg

ωgL
δ (18)

Q = Vs
Vs −Vg

ωgL
(19)

Equations (18) and (19) show that regulating the active power the angle δ or the
frequency of the network can be adjusted and the voltage difference Vs −Vg is regulated
by the reactive power. It should be stressed, that this is just true when the line impedance
is mainly inductive, which is often the case. The aim of droop regulation is to adapt the
frequency and amplitude of the grid voltage independently by regulating the active and
reactive power.

The frequency and voltage droop characteristics are shown in Figure 6.
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Where,

Kp = −ω0 −ωPmax

Pmax − Pdel
(20)

Kq = −
Vg0 −VgQmax

QSmax −QS0
(21)

and, ω0 is the rated frequency given to the power Pdel and Vg0 is the rated voltage amplitude
given to the reactive power QS0. Pmax is the maximum active power that the wind turbine
can obtain from the wind speed and QSmax is the maximum reactive power of the stator.
KP and KQ are the frequency and voltage droop coefficients, respectively. ωPmax and
VgQmax are the admitted minimum grid frequency and amplitude for the possible Pmax and
QSmax respectively.

5. Getting Additional Active Power of the Wind Generator

In order to make a frequency regulation when the frequency of the system falls, some
extra energy must be extracted from the wind turbine. Therefore, DFIG wind turbines
must run with a deloaded power curve when the plant is running under regular frequency
requirements [35,36]. The power transferred to the shaft of a wind generator is stated as

Pturb =
1
2

CP(λ, β)ρairπR2v3
w (22)

where ρair, is the mass density of the air, R is the radius of the propeller, CP(λ, β) is the
power performance coefficient, vw is the wind speed, β is the pitch angle and λ is the blade
tip speed ratio and is defined as,

λ =
Rωpr

vw
(23)

Taking into account Equation (22), the wind turbine is deloaded by influencing the
performance of the power coefficient. Cp depends on the tip speed ratio and pitch angle;
thus, by adjusting one or both factors, the wind turbine could be deloaded.
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The term applied to the Cp factor is described in Equation (24),

CP(λ, β) =
n1(λn6+(−n4−n3(2.5+β)+n2 A−n8B))

e(n5 A−n8B)

A = 1
λ+n7(2.5+β)

and B = 1
1+(2.5+β)3

(24)

where, n1 = 0.645, n2 = 116, n3 = 0.4, n4 = 5, n5 = 21, n6 = 9.12 × 10−3, n7 = 0.08 and
n8 = 0.035 [37].

The power of the turbine produced with the Cp coefficient, for a zero pitch angle and
for various wind speeds in relation to the speed of the DFIG rotor is illustrated in Figure 7.
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Figure 7. Turbine deloaded and maximum power curves.

With Equations (24) and (22), various turbine power characteristics are determined as
illustrated in Figure 7. The red one belongs to the maximum achievable power, in which
the power coefficient is the highest available. The blue and green curves are the deloaded
power curves. The blue curve represents a 10% deloaded power curve at each given wind
speed, being able to extract when necessary a 10% of the maximum power for that wind
speed. However, the green curve allows 10% of the maximum power to be extracted at any
wind speed. The deload procedure decreases the efficiency of a wind turbine by raising the
tip speed ratio. Thus, the deload curves shift to the right of the maximum power curve.
Because of the increase in speed, kinetic energy is stored in the inertia of the wind turbine
and is expressed as

Ekinetic =
1
2

JT

(
ω2

d1 −ω2
opt

)
(25)

where JT is the wind turbine inertia, ωd1 is the turbine deloaded speed and ωopt is the
maximum power speed or optimum speed as illustrated in Figure 7. This energy could be
employed for short-term frequency control [38]. The additional active power that can be
achieved for the deloading operation can be derived from Equation (22) and is dependent
on the wind speed and the deloading percentage used as

∆Pturb =
1
2

∆CP(λ, β)ρairπR2v3
w (26)

∆Pturb is the power reserve, ∆CP is the increase in the power coefficient when the
turbine moves from the deloaded working point to a greater power line. This power
increase is utilized for long-term frequency adjustment [30].

The reference calculation of the downloaded DFIG speed for every wind speed starts
with the specification of the optimal tip speed relation. Thereafter, with the extra active
power demanded by the smart grid supervisor, the new tip speed ratio is computed based
on Equations (23) and (24).

Observing Figure 7, for 12 m/s of wind speed, the wind turbine can run 10% deloaded
as in point B. When the grid frequency decreases, due to a sudden increase in the load, the
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DFIG must boost the set point of the desired active power. Consequently, the operating
power coefficient of the wind turbine moves from the point B of the deloaded curve to the
point A of the higher power curve.

In this way, the increase in active power supports the control of the grid frequency. If
the highest deloaded power is achieved, (point B) due to increased wind speed, the pitch
controller will be required to maintain the required power reserve, which is the difference
between the red and blue horizontal lines.

The pitch controller can be used also to avoid overstress or to limit the speed of the
wind turbine while regulating the frequency [20].

The major issue of the wind generator is the uncontrollability of the wind as its speed
variations affect the amount of energy stored. The manner of saving the desired amount of
power, regardless of the wind speed, is to deload the wind turbine for a specified power
value as shown in Figure 7. For instance, the green curve shows that the reserved power is
10% of the maximum power for all speeds.

However, working in this way wastes a large amount of wind energy at low speeds.
In Figure 8, a diagram is shown for the generation of the active power reference to be
introduced in the P* input of the DFIG control scheme presented in Figure 2. Figure 8 also
includes droop control, inertial energy, and the pitch controller. The pitch controller will
act when the active power surpasses the maximum deloaded power, the peak mechanical
power or when the wind turbine speed is greater than the higher limit [39]. The control
command ∆Psupervisor is applied by the network supervisor for other control strategies
such as automatic control of generation and energy flow or to limit the energy level to a
specified level [20,40].
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Figure 8. DFIG reference generation of active power. Droop and smart grid supervisor defined control.

6. Reactive Power and Voltage Amplitude Control

The amplitude of the stator voltage is regulated by adjusting the reactive power as
described in the Section 4.

The reactive energy is controlled by the GSC and by the RSC [17]. Both converters are
dimensioned to handle about 30% of the nominal power of the generator. Converters are
principally utilized to supply the active energy from the rotor to the stator or vice versa.
The GSC can be employed to supply reactive energy together with the stator to the grid.

It should be noted that the maximum grid-side converter current cannot be exceeded
and therefore the amount of reactive power that can be injected by the grid-side converter
will depend on the amount of active power flowing through the rotor. Thus, when the
speed of the rotor is synchronous, the active power through the rotor is approximately zero
and therefore the reactive power could be maximum. However, as the power through the
rotor increases due to an increase in slip, the reactive power must be reduced.

As shown in Equation (12), the reactive power through the stator is regulated by the
rotor current d-component. When the load increases suddenly, not only does the frequency
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decrease, but also the amplitude of the grid voltage tends to be reduced. Because of that,
the active and reactive power increases trying to correct the frequency and the amplitude
of the grid voltage.

The rotor current must be limited to its maximum value taking into account the active
and reactive power values. Equation (27), derived from Equations (11) and (12), provides the
maximum active and reactive powers permitted considering the rotor maximum current,

(Ps)
2 +

Qs −
3
2

∣∣∣→v s

∣∣∣2
ωeLs


2

=

(
3
2

∣∣∣→v s

∣∣∣ Lm

Ls

)2(
ird

2 + irq
2
)

(27)

A graphical representation of Equation (27) in Figure 9, illustrates the full range of
Ps − Qs generation in steady state. If Qs is greater than zero, the DFIG absorbs reactive
energy due to its inductive feature [41], however, Qs values lower than zero correspond to
the reactive power that the DFIG is able to supply to the grid.
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Figure 9. Stator Ps −Qs boundaries for rated current of the rotor.

Figure 10 illustrates the red curve of maximum mechanical power that can be obtained
for the specified wind speeds. The blue and green curves show the reactive power that the
DFIG can provide to the grid when the generator is operating at rated rotor current.
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Figure 10. Maximum mechanical power and reactive powers obtainable for maximum rotor current.
DFIG 7.5 kW, green curve. DFIG 1.2 MW, blue curve.

The blue Qs line corresponds to a 1.2 MW DFIG and the green line to a 7.5 kW DFIG.
When the DFIG is taking the maximum power of the wind, all the rotor current is formed
by the q component and the value of the d component will be zero. This implies that the
reactive power is absorbed from the grid and its value will be defined by Equation (12). As
shown in the figure, the lower the mechanical power, the more reactive power the DFIG
can provide to the grid to compensate for the voltage drop in the grid.

The selection of the maximum active power in the grid frequency compensation does
not provide any choice to assist in the correction of the grid amplitude from the stator,
but the GSC could be used if their current limit is maintained. This is why certain criteria
must be detailed by the smart grid controller in the distribution of the maximum active
and reactive powers while respecting the current limits of the stator, rotor and the GSC.
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Figure 11 provides a diagram for generating the reactive power references of the stator
and the GSC converter. The value of KQ depends on the capacity of the DFIG to supply
reactive power and this value changes as the active power varies as shown in Figure 10.
The ∆Qsupervisor control signal is employed by the grid controller for additional regulation
strategies, like for example power factor compensation.
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7. Experimental Results

Figure 12 shows the picture of the real test bench for testing the suggested controlling
solutions. The system consists of a 7.5 kW DFIM and a 10 kW synchronous machine
(PMSM) that performs the tasks of a household wind turbine [42–45]. The probes for
monitoring all the currents and voltages of the system are matched and wired to a DS1103
dSPACE [44] control system.
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Figure 12. DFIG platform used to test the proposed control strategies.

The gate signals of the RSC and GSC IGBTs are generated by the DS1103 and the
rotor position and speed are determined by a 4096 encoder wired to the DS1103. The main
characteristics of the double feed induction machine are given in Table 1. The RSC and
GSC are two NFS-200 converters with Mitsubishi IGBTs fabricated by Dutt [46]. Three
2 mH @ 15A inductors form the line filter between the GSC and the grid.
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Table 1. Leroy Somer DFIM main parameters

Parameter Value

Stator voltage 380 V
Rotor voltage 190 V

Rated stator current 18 A
Rated rotor current 24 A

Rated speed 1447 rpm @ 50 Hz
Rated torque 50 Nm

Stator resistance 0.325 Ω
Rotor resistance 0.275 Ω

Magnetizing inductance 0.0664 H
Stator leakage inductance 0.00264 H
Rotor leakage inductance 0.00372 H

Inertia moment 0.07 Kg*m2

Before connecting the DFIM to the grid, the DC bus formed by the RSC and GSC
capacitors in a back-to-back configuration must be charged. Once the DC Bus is charged
and if the output voltage vector of the GSC is aligned with the grid voltage vector, the GSC
connects to the grid and starts the regulation of the DC Bus voltage to a set value of 580 V.

When the wind (emulated by the PMSM) reaches the minimum speed of 5 m/s, the
double fed induction machine starts the process of hooking up to the grid. This is done
in two stages. In the first stage, the encoder offset with respect to the stator flux must be
obtained. In the second stage, the voltage vector generated by the stator must be aligned
with the grid voltage vector. When the last process is complete, the DFIM’s stator is
connected to the grid and the actual regulation process begins.

Figure 13 shows the regulation of the DFIG when the wind speed changes from 7 to
12 and then to 15 m/s. This means a rotor speed from 900 (sub-synchronous speed) to 1500
(synchronous speed) and then to 1900 rpm (super-synchronous speed) respectively.
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references and actual values of rotor current d and q components.

In the DFIG the energy from the stator always flows into the grid. The flow of energy
via the rotor changes sense depending on the speed of the DFIG. Thus, when the speed of
the DFIG is lower than the synchronous speed, the energy of the rotor is absorbed from the
grid and goes from the rotor to the stator, in the figure the interval from 0.5 to 1.5 s at 7 m/s
of wind speed. Because of this, the total power is inferior to the power of the stator. When
the DFIG speed is higher than the synchronous speed, the rotor energy changes sense and
goes from the rotor to the grid.

As soon as the total power exceeds the nominal power (7.5 kW) and the wind speed
increases, the pitch regulator forces a modification of the pitch angle to ensure that the
generator does not exceed the nominal power. As it can be observed in the figure, since no
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changes are made to the reactive power reference, the d component of the rotor current is
constant. However, due to changes in wind speed and therefore in mechanical power, the
q component of the rotor changes as does the power of the stator.

Figure 14 shows the implementation made on the real platform to experimentally
check the contribution of the DFIG on the voltage amplitude when the load is connected to
the grid.
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Figure 14. Single line diagram of the system implemented and used for testing.

To observe the voltage variation at the PCC (point of common coupling), an inductive
load is set where RL = 0 and LL = 20 mH. The wind speed is fixed to 6 m/s and Figure 15
shows the grid phase voltage amplitude reduction when the load is connected at t = 0.5 s.
Due to the inductive characteristic of the line and the inductive load, there is a 5 V reduction
in the PCC. At 0.75 s the voltage compensation is activated, supplying the DFIG through
the stator with a capacitive reactive power of 7 KVAR (maximum rotor current). This
results in a voltage increase on the PCC of 1.5 V. Since the GSC (grid side converter) is
able to provide reactive power, 14 KVAR of capacitive reactive power is injected at 1.25 s
ordered by the grid supervisor, which causes an additional 3 V increase bringing the PCC
voltage closer to the grid voltage.
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Figure 15. Load voltage for inductive load and voltage compensation with the controlled DFIG
reactive power for Figure 14 structure.

Due to the impossibility of varying the frequency on the real platform, a simulation is
performed to observe the frequency variation on the PCC. The grid is configured so that
its frequency varies as a function of the active power consumed, as occurs in a generator.
Thus, the grid decreases by 1 Hz when there is an active power consumption of 10 kW.
Therefore, in our test the frequency value drops from 50 Hz when there is no consumption
to 49 Hz when the consumption in the grid is 10 kW.

If the power is negative (the grid absorbs energy), the frequency increases in the same
ratio. The active power is consumed when the load is connected in the line of Figure 14
with a resistive load where RL = 29 Ω and LL = 0, that is 5.5 kW are consumed for the
load.

Figure 16 illustrates the behavior of the system by showing the frequency of the PCC,
the wind speed and the active powers of the load, the grid and the DFIG. The wind speed
has been set at 7 m/s up to 1 s. With this wind the power that the DFIG delivers is 1.5 kW.
Up to 0.5 s the grid absorbs this power and the grid frequency at the PCC point is 50.15 Hz.
At 0.5 s, the load that absorbs 5.5 kW is connected producing a decrease in frequency of
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0.55 Hz, until it reaches 49.6 Hz. From 1 s, the wind speed increases as shown in the figure
until it reaches 10 m/s, producing an increase in the contribution of active power to the
grid, up to 3.9 kW and reducing the contribution to be made by the grid to 1.6 kW.
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This reduction of the active power contribution by the grid means a recovery of the
frequency in the grid at 49.83 Hz.

Figure 17 presents the behavior of the system by showing the frequency of the PCC,
the power coefficient CP, the DFIG mechanical speed and the active powers of the load,
the grid and the DFIG. The wind speed has been set at 12 m/s for all the time. From the
beginning the DIFG is running to 2300 rpm, this speed is higher than the optimum speed,
thus the DFIG is working 35% deloaded generating 3.5 kW when the obtainable maximum
power is 5.4 kW. The load is connected at 0.75 s, which means a drop in frequency from
50.16 to 49.6 Hz. In the instant of 1 s, the energy is extracted from the wind, going from
the deloaded working speed to the maximum power speed. This speed deceleration (from
2300 to 1780 rpm) provides extra kinetic energy which produces an increase in frequency
until it stabilizes at 49.8 Hz when the maximum possible power is extracted from the wind.
Obviously, if it is not possible to extract more energy from the wind it is not possible to
reduce the frequency deviation further. The important currents that reflect the process
shown in Figure 17, can be seen in Figure 18. In this figure, the grid current, the current
consumed by the load, the stator current of the DFIG, the current of the grid side converter
and finally the current through the rotor of the DFIG can be seen.

Until 0.75 s the load is disconnected and the DFIG works in deloaded mode. The
generator works in super-synchronous speed and the power is delivered to the grid by the
stator and the rotor or GSC converter. The generated power of 3.5 kW produces a stator
peak current of 4.4 A and a GSC peak current of 1.7 A with the imposed reactive power of
0 VAR. When the load is connected at 0.75 s the power consumption is 5.54 kW and the
load peak current is 11.2 A. Since the power delivered by the DFIG is less than the power
absorbed by the load, the grid must supply the difference and therefore the grid current
peak becomes 5.1 A. In the instant 1 s it passes from the state of deloaded to the point of
maximum power. As the deceleration from 2300 to 1780 rpm occurs, the power delivered
by the DFIG increases as the CP of the turbine increases and also recovers kinetic energy
in deceleration. For this reason, the stator and grid side converter currents increase while
the grid current decreases. Finally, when the DFIG reaches full power speed, the current
through the stator is 8.4 A and through the GSC is 1.3 A. The rest of the current, until
reach the 11.2 A that the load absorbs, is provided by the grid. The amplitude variation of
the rotor current is small since the d component of the current predominates to impose a
reactive power of 0 VAR. The Ird value is 16.5 A and the amplitude variations are due to



Mathematics 2021, 9, 143 15 of 18

the variation of the Irq component to manage the active power. The frequency reduction of
the current is observed as it approaches the synchronism speed.
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8. Conclusions

This article proposes the use of the double feed induction generator in wind power
systems to control the frequency and the amplitude of the point of common coupling
voltage. It has been demonstrated that the DFIG must be deloaded to extract the active
power from the wind that is required to compensate for the frequency of the grid, and the
smart grid controller must establish the quantity deloaded. In addition, the smart grid
controller has to choose the required maximum reactive power, taking into account the
electrical limits of the double fed induction generator, to balance out the amplitude of the
grid voltage. The capacity given to a smart grid to handle frequency and voltage amplitude
enhances the reliability of the installation.

The efficiency of the wind turbine is reduced when it is desired to reserve the wind
energy in a wind turbine to compensate for the frequency. Since the maximum current value
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of the DFIG limits the active and reactive power set, by using the converter on the grid side,
the reactive power injection can be increased to compensate the grid voltage. Frequency
compensation has been tested by performing simulations creating a weak grid. However,
the voltage compensation has been implemented in a real platform with a commercial
DFIG that has successfully validated the algorithms presented, allowing the commercial
implementation of such a system.

Author Contributions: Methodology, J.A.C. and O.B.; Software, O.B., P.A. and J.C.; Hardware and
tests, J.A.C., P.A. and J.C. Writing—original draft, J.A.C.; Writing—review editing, O.B., P.A. and J.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Basque Government through the project SMAR3NAK
(ELKARTEK KK-2019/00051), the Diputación Foral de Álava (DFA) through the project CONAVAUTIN
2 and the University of the Basque Country (UPV/EHU) through (PPGA20/06).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

RSC Rotor side converter
GSC Grid side converter
α, β Direct and quadrature axes expressed in the stationary reference frame
α′, β′ Rotor direct and quadrature axes expressed in the rotor reference frame
d, q Direct and quadrature axes expressed in the synchronous rotating reference frame
→
v s Stator voltage vector
→
i s Stator current vector
→
ψ s Stator flux vector
Lm DFIG mutual inductance
Ls DFIG stator inductance
Lr DFIG rotor inductance
Lls DFIG stator leakage inductance
Llr DFIG rotor leakage inductance
Rs DFIG stator resistance
Rr DFIG rotor resistance
ωe Synchronous speed
ωr Rotor electrical speed
ωm Rotor mechanical speed
Te DFIG electromagnetic torque
TL DFIG load torque
J DFIG inertia
B DFIG friction coefficient
RL Load resistance
LL Load inductance
Ps DFIG stator active power
Qs DFIG stator reactive power
Pp Pair of poles
→
v g Grid voltage vector
→
i g Grid current vector

Rg Grid filter resistance
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Lg Grid filter inductance
ωg Grid frequency
→
v conv Grid side converter output voltage vector
Pg Grid side converter active power
Qg Grid side converter reactive power
P DFIG total active power
Q DFIG total reactive power
S DFIG total apparent power
Z Line impedance
KP Voltage droop coefficient
KQ Frequency droop coefficient

Vs

∣∣∣→v s

∣∣∣
Vg

∣∣∣→v g

∣∣∣
δ Angle between the DFIG stator voltage and the grid voltage
ωpr Propeller speed
ωd1 Deloading propeller speed
ωopt Propeller optimum speed
L Line inductance
IGBT Insulated gate bipolar transistor
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