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Abstract: This paper presents a novel methodology for frequency control of a microgrid through
doubly fed induction generator (DFIG) employing battery energy storage system (BESS) and droop
control. The proposed microgrid frequency control is the result of the active power injection from the
droop control implemented in the grid side converter (GSC) of the DFIG, and the BESS implemented
in the DC link of the back-to-back converter also in the DFIG. This methodology guarantees the
battery system charge during operation of the connected DFIG in the network, and the frequency
control in microgrid operation after an intentional disturbance. In order for the DFIG to provide
frequency support to the microgrid, the best-performing droop gain value is selected. Afterwards
its performance is evaluated individually and together with the power injected by the battery. The
power used for both battery charging and frequency support is managed and processed by the GSC
without affecting the normal operation of the wind system. The simulation tests are performed using
Matlab/Simulink toolbox.

Keywords: battery energy storage system (BESS); battery management; doubly fed induction
generator (DFIG); droop control; frequency control

1. Introduction

Electric generation from renewable energy sources (RESs) is increasing worldwide according to
data registered by international agencies such as International Renewable Energy Agency (IRENA)
and World Wind Energy Association (WWEA). Within the RESs, wind power has shown the greatest
growth, mainly due to the reduction of manufacturing costs. According to [1], in the period from 1997
to 2016, the wind energy increase was 479.5 GW in the world and, as per statistics published by WWEA
in 2019 [2], the total installed capacity worldwide until the end of 2018 reached 600 GW, which could
supply about 6% of global electricity demand. This increase is largely due to the fact that countries
such as China, India, Brazil, and many other markets around the world are implementing wind energy
in their electricity matrix. However, this increment has brought important challenges to conventional
electrical systems such as frequency control, voltage regulation, and power fluctuations [3,4].

In power systems with high wind energy penetration, the unpredictable and fluctuating wind
behavior can affect the frequency stability. In addition, wind turbines with doubly fed induction
generator (DFIG) do not have an intrinsic inertial response and, as a consequence, their output power
does not respond to changes in the system caused by the loss of generating units, increased energy
demand, or microgrid operation [5,6]. The lack of inertia response of the DFIG associated with the
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lack of controls or systems, which allow the wind system to inject an extra active power, reduces the
kinetic energy in the system. This reduction affects the ability to regulate frequency in disturbance
situations [7].

An effective strategy for wind turbines to respond to frequency variations, and also help to control
the frequency of microgrid operation, is to use complementary control loops such as droop within the
DFIG converters [8–16]. Another suitable strategy to assist in frequency control is adding active power
from battery energy storage system (BESS) that allows wind systems to become more efficient in high
wind conditions or in low power demand situations by storing surplus energy [17–20]. In the event of
frequency drop due to grid disconnection, the kinetic energy of the wind turbine plus the power from
the BESS are released to the system through the action of the DFIG converters.

Different works have proposed methods for DFIG contribution to frequency regulation. In [8],
additional control loops were implemented in order to increase the inertia and reduce frequency
variations in a power grid. In addition, deloading was used through pitch control to ensure a power
reserve and to maintain turbine rotation within the permitted limits. In [9], a control loop is added in
DFIG to give frequency support when the system is disconnected from the main network and thus
improve the dynamic behavior of the microgrid. In [10], the conventional droop control concept of
the synchronous generators is implemented to adjust the output impedance of the DFIG through the
indirect stator flux orientation (ISFO) based in droop control so that stable operation as well as the
precise distribution of reactive power are guaranteed. In [11], the small signal stability analysis is used
to determine the stable regions of a DFIG with additional droop control under various wind speeds
in an isolated system. Droop control, inertia control, and deloading are combined and added in the
block of the maximum power point tracking (MPPT) in such a way that the system guarantees a larger
margin of stored energy to give frequency support in a microgrid [12,13]. In order to have no direct
dependence on wind speed, in [14], a new method that allows for adjusting the value of the droop
gain dynamically for the primary frequency regulation of a microgrid is presented. Since the wind
systems present variations concerning their operating point, in [15], a strategy using an inertial control
scheme based on dynamic droop for the DFIG is presented. In [16], they start from the premise of the
good performance of the droop control method and propose a method of analytical determination
of the stable loop of the droop gain based on the frequency analysis of the system for a DFIG that
participates in the frequency regulation.

All the previously cited works implement different control strategies based on droop control
and frequency support in the DFIG rotor side converter (RSC) without storage systems. In [17],
a permanent magnet synchronous machine (PMSM) and a Li-ion battery storage system coupled to the
DFIG rotor via the back-to-back converter were used for a standalone system operation. The battery
power management strategy has been selected to smooth out wind power fluctuations while the PMSM
is controlled to keep DC link voltage constant under varying mechanical speed conditions. The control
of the battery is performed from the power consumed by the loads less the power generated by the
wind speed. In [18,19], a hybrid storage system based on battery and supercapacitor was used in order
to manage the active power for standalone operation of wind turbines based on DFIG. The battery
storage system is connected to the load side of the system and is used to meet the steady component of
the demand-generation mismatch thus avoiding higher depths of discharging, while the supercapacitor
is connected to the DC link of the back-to-back converter of the DFIG using a bi-directional buck-boost
converter. In [20], a methodology is proposed in order to compensate the lack of inertia response
of the wind turbines through the coordinated control between DFIG and an energy storage system,
and thus to provide frequency support. In [21], a study evaluating the feasibility of using an energy
storage system (ESS) based on Li-ion batteries to provide inertia response in an electric system with
high penetration of wind energy. In [22], a coordinated Fuzzy-based control strategy is used in order
to improve the frequency regulation capacity of a system consisting of DFIG and energy storage ES.
This work uses fuzzy to determine the frequency variation and coordinate the frequency support with
the storage system connected in the PCC of the wind farm.
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Under normal conditions, the DFIG is operated at the point of maximum power extraction through
MPPT in order to reach the maximum efficiency of the wind system [23–25]. However, adding some
control loop in the RSC could compromise the MPPT’s optimum performance; even for the purpose of
guaranteeing a stored power margin, some methods can only be implemented if the DFIG is operating
at a point below the maximum power point. On the other hand, the storage systems connected directly
on the network side need an inverter to be able to supply the power in the network. This feature
increases the number of devices in the system.

In order to add the studies carried out so far regarding the control of microgrids with high
penetration of wind energy, this work proposes a coordinated strategy for a DFIG equipped with BESS
to provide frequency control. This paper has the following innovative characteristics compared to the
existing strategies proposed in the literature:

1. Implement the droop control method on the grid side converter (GSC) of the DFIG to provide
frequency support on a microgrid, so that wind turbine operation at the point of maximum power
extraction is not impaired when there are disturbances.

2. Insert a battery energy storage system (BESS) into the DC link of the back-to-back converter that
provides the active power required for DFIG to participate in frequency regulation of a microgrid
while at the same time controlling DC link voltage.

3. Enhance the robustness of DFIG-equipped wind power systems so that they can
participate in frequency regulation even in sub-synchronous operation and store energy in
supersynchronous operation.

2. Dynamic Modeling of DFIG and Battery Energy Storage System

In wind power, the increase in research over the years has led to the development of equipment
that makes these systems increasingly flexible and reliable, presenting doubly fed induction generator
(DFIG) as one of the most used generators in wind systems. Together with DFIG, energy storage
systems (ESS) are being implemented to increase efficiency and thereby meet the energy demand,
resulting in a significant increase in the ability of wind power systems to provide ancillary service such
as frequency control power in low wind conditions. Figure 1 shows a typical wind energy conversion
system composed of a DFIG which has the capacity to operate in variable wind speed conditions,
a gearbox in charge of connecting the DFIG with the blades, which captures the kinetic energy
contained in the air, two power converters named rotor side converter (RSC) and a grid side converter
(GSC) in charge of controlling the flow of power exchanged with the grid and a battery energy storage
system (BESS) connected to the DC link of the back-to-back converter. The dynamic representation
of the mechanical elements of the wind system (power transmission train, blades, gearbox, slow
shaft, and fast shaft) implemented in this work corresponds with the two mass mechanical model
presented in [26]. The RSC and GSC correspond with a three-phase two-level converter. The converter
is composed of six IGBT with an antiparallel free-wheeling diode for each IGBT.
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Figure 1. DFIG wind system plus BESS.

2.1. Doubly Fed Induction Generator

DFIG is connected to the grid via the stator windings. The stator is directly connected to the
grid to inject active and reactive power according to the operating conditions. The rotor terminals
are connected to the grid via back-to-back converter consisting of the RSC and GSC converters
(see Figure 1). The active and reactive powers injected into the grid as well as the generator rotation
are normally controlled through the RSC and its control is done independently [27]. Through the RSC
is also implemented the maximum power point tracking (MPPT) controller in order to extract the
maximum power for any wind speed. The GSC is usually responsible for maintaining constant DC
link voltage to enable the exchange of power between the network and the DFIG [27]. The capacity
of this converter is around 25% or 30% of the nominal power of the DFIG and its active and reactive
powers can be controlled independently. More information regarding converter functions as well as
the DFIG mathematical model can be found in [28].

2.1.1. RSC Simplified Model

In order to control the RSC, multiple control strategies can be used [29,30]. However, taking
advantage of the fact that the stator is connected directly to the grid, the stator voltage oriented control
(SVOC) is used since the frequency and the voltage can be considered constant under normal operating
conditions. The SVOC is made by aligning the d-axis of the synchronous reference frame with the
stator voltage vector:

Vqs = 0, Vds = Vs. (1)

The position of the rotor angle θr is directed to the stator reference frame in the same way that the
position of the stator angle θs is referenced to the stator. The resulting angle between the stator and the
rotor voltage vector is the slip angle defined by Equation (2):

θsl = θs − θr (2)
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Through Equation (2), it is possible to make the frame transformations of abc and dq reciprocally
as illustrated in Figure 2. As shown in [30], the electromagnetic torque is generated from the MPPT
block control and later it will generate the pulses to control the RSC through the control of the current
idr. In the same way, the reactive power generates the pulses to control the RSC through the control of
the current iqr.

T

W

Figure 2. Control diagram for RSC.

The maximum power operation is achieved through MPPT with optimal torque control following
expression (3), where Te and ωm are the turbine torque and rotor speed, respectively. Rotor speed is
measured and used to calculate the desired torque reference along with the optimal torque coefficient
Kopt, which depends on the generator parameters. Equations (4) and (5) present these calculations,
where G is the gearbox transformation ratio, ρ is the air density, R is the turbine radius, Cpmax is the
maximum turbine power coefficient, and λopt is the optimum tip speed ratio:

Te ∝ ω2
m (3)

T∗e = Kopt ·ω2
m (4)

Kopt =
1

2 · G3 · ρ · π · R
5 ·

Cpmax

λ3
opt

(5)

In some studies [31,32], several control strategies were incorporated into the RSC to ensure the
DFIG participates in the frequency regulation in weak systems or in microgrids; however, the operation
at the point of maximum power extraction can be compromised making the system less efficient. In this
work, the control of the RSC will not be modified in order not to compromise MPPT.

2.1.2. GSC Simplified Model

In the same way as RSC, GSC can be controlled through different strategies [26]; however,
the strategy used in this work was the voltage oriented control (VOC) [30]. The main function of
the GSC under this control method is to maintain the DC link voltage Vdc constant regardless of the
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magnitude and direction of the rotor power. However, in order to provide DFIG with the ability to
participate in frequency regulation, the GSC scheme was modified as shown in Figure 3. With the new
control loop implemented, the goal now is to control the power the GSC absorbs or injects into the
network through the current ids.
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Figure 3. Control diagram for GSC.

In the grid connected mode, the objective is to determine the ideal condition for charging the
battery as a function of the power generated by DFIG available in the GSC. In supersynchronous
operation, DFIG usually injects power into the network through the GSC. However, according to
the scheme shown in Figure 3, the power exchange between the GSC and the grid is zero. For this
reason, the power processed by the GSC is used to charge the battery. In subsynchronous operation,
the GSC generally absorbs power from the grid to keep the DC link voltage constant, as the power
generated by DFIG is insufficient. Nevertheless, the proposed control presented in Figure 3, the GSC
will not absorb grid power, and the control of DC link voltage will be performed by injecting battery
power. Consequently, in subsynchronous operation, the battery will not be charged. In microgrid
operation mode, the goal is to make DFIG contribute to frequency support at the time of the disturbance
by injecting active power resulting from wind speed and battery operation through droop control.
For subsynchronous, synchronous, and supersynchronous operation, the power used to control the
frequency is Pd f ig + Pdroop + ∆P, where Pd f ig corresponds to the total power injected by DFIG, Pdroop is
the battery power used by the droop control, and ∆P is the difference between the maximum converter
power and the power generated by DFIG forwarded by the GSC. Note that these powers have different
values for each operating point.

2.1.3. Droop Control

The response of a generating unit to any frequency variation is characterized by its droop. Droop
is a percentage that relates the change in frequency and the active power output and is determined
from Equation (6):

Droop(%) = 100 · (∆ f /∆P) = R (6)

K = 1/R (7)

In the case of DFIG for frequency control, the action of the droop control is made by changes in
the active output power during the disturbance. At the moment the power grid disturbance occurs,
the frequency variation will cause the DFIG rotor speed to decrease and the kinetic energy stored in
the rotary mass to be released, increasing the generator output power. The aim of this work is to keep
DFIG at the maximum power point for any operating condition; for this reason, the power required by
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droop control is obtained through the power supplied by BESS to finally be injected into the electrical
system through the GSC. The power value injected from the BESS is controlled by the value of R.

2.2. Battery Energy Storage System

The unpredictable and variable behavior of wind makes wind power unattractive in applications
that require constant power injection. Fluctuations in wind speed cause the DFIG to fail to provide
power on a regular basis for the network. However, through BESS, DFIG’s wind turbines can provide
continuous power to the grid and perform frequency and voltage control tasks even at times of wind
speed instability.

2.2.1. BESS Control

As shown in Figure 4, the battery is connected to the DC link of the back-to-back converter via the
CC–CC converter labeled buck-boost. The buck-boost converter is a bidirectional converter in charge
of controlling the DC link through the control of the battery current. In the event the DC link voltage
increases, the battery will begin to charge, and, in the event the DC link voltage decreases, the battery
will provide power.

RSC GSC

Rotor Side

Converter

Grid Side

Converter

DC

Link

CC-CC Converter

V
bat

i
bat

Vcc

Vcc*

i
bat

i
bat
*

i
bat

PWM

PI PI

Vcc

i
bat

Figure 4. Control diagram for BESS.

2.3. Grid Synchronization and Connection

In order to connect the converters to the grid and synchronize the frequency of the converter
output signal with the grid frequency, it is essential to know the angle of the grid voltage. One
technique that allows this synchronization is Phase Locked Loop (PLL). The PLL output corresponds
to the angle required to perform the coordinate transformations of the voltages and currents in the
converters by manipulating the grid phase voltages, as shown in Figures 2 and 3 [26,27]. To connect
the converters to the grid, in addition to PLL, it is necessary to use a filter. The GSC filter shown
in Figure 1 is designed from the philosophy given in [33] and is responsible for communicating
with each converter output phase with the grid voltage. This filter operates satisfactorily under full
load conditions.

3. Overall Control Scheme for the DFIG and BESS

For the DFIG-BESS system shown in Figure 1, the proposed control scheme so that DFIG can
absorb/inject active power in grid connected operating mode, and participate in frequency control
in addition to feed the loads in microgrid operating mode is presented in Figure 5. In addition,
a methodology is also proposed in this scheme in order to charge and/or discharge the battery through
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the GSC depending on the operating conditions. The control strategy manages the power generated
by the wind turbine to charge or discharge the battery when the DFIG is connected in the grid, and the
discharge of the battery through droop control to control the frequency of the microgrid mode.

droop

rated

Discharge the Battery

Figure 5. Coordinated control scheme for DFIG and BESS to provide frequency support and battery
charging and discharging.

The control system will first monitor the wind speed through the DFIG rotor speed ωr, and take
action when the minimum rotation ωrmin required to keep the system in stable operation is exceeded.
The process consists of the following steps:

• The control operates at a time when the DFIG’s rotational speed is above the minimum rotational
speed to produce power. If DFIG is connected to the grid, the control asks for the battery state
of charge (SOC), since the priority at this point is the battery. If SOC 6= 100, the control asks if
DFIG is in supersynchronous operation (ωr > ωrated). If the answer is positive, the battery starts
charging using the power that goes through the converter. If the operating mode is different from
supersynchronous (ωr ≤ ωrated), the battery discharges to maintain constant DC link voltage
without absorbing grid power. If SOC = 100, the power generated by DFIG (PGSC + PRSC) is
injected into the grid.

• If the DFIG is not connected in the network (the disturbance occurs), the priority is to control the
frequency of the microgrid, for which there are two possible situations:

(1) Frequency of the microgrid f is in equilibrium: at this point, the microgrid has already
reached stability and its frequency is controlled. For this stage, DFIG has as a priority the
use of the captured wind power to help feeding the loads that are attached to the microgrid.
The total power used to feed the loads corresponds to the power of the DFIG-BESS system plus
Synchronous Generator.
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(2) Frequency of the microgrid f is not in equilibrium: it means that the system is experiencing
the disturbance. At this period, the system has a frequency drop due to the power unbalance,
and therefore the DFIG must help to restore normal operation of the microgrid. The main objective
in this step is to ensure the return of the frequency to its nominal value in the shortest time possible;
therefore, the system needs power to perform this task. At first, the control requires the battery
to have enough power to support frequency control. If SOC is appropriate (SOC > SOCmin),
the power injection from the DFIG to the microgrid at the time of frequency sinking is the sum of
the power extracted by the MPPT plus a portion of the battery power plus the power released
from the droop (Pout = Pwind + ∆P + Pdroop). Only a portion of the battery power is used in order
not to exceed the power of the converter.

4. Description of the System Studied

In order to study the impact of the droop control method incorporated in the GSC of the DFIG
and the battery connected in the DC link of the back-to-back converter on the frequency of the
microgrid, the typical medium voltage distribution system presented in Figure 6 was adopted. Initially,
the microgrid composed of the DFIG together with the battery, the synchronous generator (SG) and
the loads of constant value over time connected in the B1− B5 buses is connected to the grid. After a
period of time, this system is isolated from the network. The total power consumed by the loads of the
microgrid is Ptot = 3.20135 MW and Qtot = 695 kW. The power consumed by the loads is considered
constant since these values represent a critical situation in this system. These values correspond to
the time of the day at which the maximum power consumption of the loads on each bar is made.
The synchronous generator has a rated power of PS.G = 3.3 MWA and the nominal power of the DFIG
is PDFIG = 2 MWA. Connected to the DC link of the back-to-back converter, there is a lithium-ion
battery with nominal power of 700 kW, rated current of 4000 A and rated voltage of 250 V. The DC link
voltage and frequency of the system are 1150 V and 60 Hz, respectively.

B6 B1 B3 B5B7 B2

C7 C1 C2 C3 C4 C5

C6SGDFIG + Batt
GRID

B4

Figure 6. General distribution system.

5. Simulation Results

The simulations to achieve the optimal behavior of the frequency in the microgrid were developed
under different situations.

5.1. Best Value Selection Droop

Since the droop control method depends on the available power, which is strongly influenced by
the wind speed, simulations were performed to determine the most suitable droop value for different
operating points.

Figure 7 shows the behavior of the microgrid frequency for different droop values when the wind
speed is 10 m/s. As shown in Equation (6), a smaller droop value corresponds to a larger injection
of power, and, therefore, better performance. Thus, the value of 3% causes the frequency nadir to
be smaller.
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Figure 7. Frequency behavior with variation of the droop value for a wind speed of 10 m/s.

The same situation is shown in Figure 8, which corresponds to the behavior of the microgrid
frequency for different droop values when the wind speed is 14 m/s.

Figures 7 and 8 present the results for the minimum and maximum wind speeds used in the
analyses, respectively, which shows that, for the wind speeds contained in this range, the droop value
that best performs is 3%.
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Figure 8. Frequency behavior with variation of the droop value for a wind speed of 14 m/s.

These analyses were performed with the objective of determining the value of droop that will be
used to operate along with the battery in frequency control.

5.2. System Frequency Using Droop Control and Delta P

Once the appropriate droop value was selected for each of the wind speeds, simulations were
made for three different scenarios. The objective is to compare the performance of the microgrid
frequency using DFIG, considering the following assumptions: (1) droop control power injection: for
frequency control, the active power delivered by BESS is used through the droop control with the
previously selected value, (2) DFIG no control: for frequency control, only the isochronous control of
the synchronous generator is used and (3) delta P plus droop control power injection: for frequency
control, the active power delivered by BESS is used through the droop control plus the power delta of
the converter.

When wind speed decreases in wind power, the ability to maintain normal system operation also
decreases. However, Figure 9 shows that it is possible to operate within permissible levels with the
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aid of alternative equipment and methods. Since DFIG is in subsynchronous operation, the generated
power is low. In addition, if the DFIG lacks any control that guarantees an increase in its active output
power, the synchronous generator must respond by increasing its power so that it can maintain the
frequency of the microgrid. As can be seen from Figure 9, the synchronous generator can control the
frequency, although it has an oscillating behavior. When battery power is used through the droop
control, the power injection is proportional to the frequency imbalance and so DFIG can help the
synchronous generator to improve the frequency behavior. When droop control is used along with
delta P, the maximum capacity of the converter is reached; however, the frequency has no oscillations,
it has a shorter nadir and shorter accommodation time if compared to the other two controls.

Time (s)
20 25 30 35 40 45 50 55 60

F
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q
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cy
 (

H
z)

58.5

59
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60.5
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Vw=10 m/s No control
Vw=10 m/s Droop+delt-P

Figure 9. Frequency comparison for wind speed of 10 m/s.

The frequency behavior shown in Figure 10 is similar to the previous case. However, as wind
speeds increase, so does DFIG’s ability to contribute to frequency support.
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Figure 10. Frequency comparison for wind speed of 11 m/s.

Once the wind speed increases such that the DFIG reaches supersynchronous operation, the output
power of the synchronous generator decreases. It happens in order to maintain the same disturbance,
regardless of the point of operation. For wind speed of 12 m/s (see Figure 11), the frequency nadir
using droop control plus delta P combination continues to exhibit the best behavior compared to the
other two methods. The minimum value and accommodation time of the frequency using droop
control are approximately 59.4 Hz and 8 s, respectively. Using droop control plus delta P, the minimum
value and accommodation time of the frequency are 59.8 Hz and 5 s, respectively.
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Figure 11. Frequency comparison for wind speed of 12 m/s.

For wind speed of (13 m/s), several characteristics can be observed as shown in Figure 12.
The minimum value and accommodation time of the frequency using droop control are approximately
59.6 Hz and 8 s, respectively. Using droop control plus delta P, the minimum value and accommodation
time of the frequency are 59.92 Hz and 5 s, respectively.
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Figure 12. Frequency comparison for wind speed of 13 m/s.

Figure 13 shows the microgrid frequency control result for wind speed of 14 m/s. The minimum
value and accommodation time of the frequency using droop control are approximately 59.75 Hz and
8 s, respectively. Using droop control plus delta P, the minimum value and accommodation time of the
frequency are 59.92 Hz and 5 s, respectively. For super-synchronous operation, a portion of the power
generated by DFIG can be used to aid in frequency control and another portion can be used to charge
the battery.

From the tests previously analyzed, the influence of wind speed on frequency control can be
clearly evidenced. Figure 14 shows this relationship. Employing only the synchronous generator to
control the system frequency at the time of the disturbance, the behavior is oscillatory and with an
accommodation time of approximately 10 s for each wind speed. The frequency nadir without DFIG
participating in the frequency support is approximately 1 Hz. When the power of droop control plus
delta P is used, DFIG participates in frequency control for all wind speed. As wind speed increases,
the frequency nadir decreases for the two controls employed. However, droop plus delta P proves to
be better. From Figure 14, it can be concluded that, in supersynchronous operation, only the power of
the droop control can be used with optimum results. However, for synchronous and subsynchronous
operation, it is appropriate to use the droop plus battery combination.



Energies 2020, 13, 894 13 of 17

Finally, Figure 15 presents the comparison of frequency behavior for all wind speeds surveyed
using the power obtained from the droop control plus delta P. The influence of wind speed on the
microgrid frequency is clearly identified. The greater the available wind resource, the lower the power
unbalance at the time of operation in microgrid, and, therefore, the frequency variation is smaller.
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5.3. Battery Management

In order to test battery management in the electrical system (network connected and microgrid)
over time, Figures 16 and 17 are presented. Figure 16 shows the behavior of the battery state of charge
for different wind speeds. The initial value of the SOC is 80% with the DFIG operating on the network.
When the rotational speed is below rated speed (subsynchronous operation), the battery must inject
power to prevent DC link voltage from decreasing, thus ensuring DFIG stability. Figure 16 shows this
behavior for speeds of 10 m/s and 11 m/s. As wind speed increases, DFIG rotation also increases and
operates in supersynchronous mode. In this case, the battery must absorb power to prevent the DC
link voltage from increasing. In Figure 16, this behavior is shown for 12 m/s, 13 m/s, and 14 m/s.
After the disturbance, the battery provides the power required by droop control and loads for all
wind speeds.
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Figure 16. 80% initial battery SOC for all wind speeds.

Another event that may occur is if the battery reaches 100% of the charge at the time the DFIG
is connected to the network. This fact is presented in Figure 17 for wind speed of 13 m/s and can
be analyzed in three steps. The first step corresponds to the battery charge. In this period, the initial
SOC of the battery is 97%. The current is negative indicating that the battery is absorbing power by
increasing the voltage at its terminals. The second step corresponds to the fully charged battery. At this
time, the battery current is zero, the battery voltage returns to its nominal value, and the power of the
DFIG used to charge the battery is summed with the total power generated. Finally, the third stage
corresponds to the discharge of the battery (moment of the islanding). In this situation, the direction of
the current changes indicating that the battery is supplying power to the microgrid and the power
output of the DFIG is the power of the DFIG plus the power injected by the battery.
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Figure 17. Battery SOC reaches 100%.

6. Conclusions

A new methodology for controlling the frequency of a microgrid through DFIG was proposed in
this paper. The droop control implemented in the GSC together with the BESS connected in the DC
link of the back-to-back converter of the DFIG, succeeded in successfully regulating the frequency of
the microgrid at the moment of the disturbance. Implementing the droop control in the GSC of DFIG
allowed the wind turbine to operate at all times at the point of maximum power extraction, while the
power required for frequency control was provided by BESS. From the point of view of frequency
control, the droop control showed great results in both super-synchronous and sub-synchronous
operation, decreasing the accommodation times and the frequency nadir when compared to the
frequency of the microgrid without DFIG intervention. On the other hand, when using BESS, the wind
system can become more efficient because when DFIG operates connected to the network and in
super-synchronous mode, the battery can be charged while BESS keeps the DC link voltage controlled,
in order to maintain stored power to assist in frequency regulation. Finally, for sub-synchronous
operation, BESS controls the voltage of the DC link by discharging the battery.
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