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21 Abstract

23 Hybrid systems comprising batteries energy storage systems (BESSs) and wind power
26 generation entail considerable advances on the grid integration of renewable energy.

28 Doubly-fed induction generators (DFIGs) stand out among different wind turbine (WT)
technologies. On the other hand, electrochemical batteries have proved to be valid for these
33 purposes. In this paper, a comparative analysis is carried out between two alternative

35 configurations for hybrid WT-BESS systems, where the BESS is connected either outside
or inside the DFIG. The modeling of these two configurations and the control systems

40 applied for achieving the coordinate operation of the energy sources (DFIG and batteries)
42 are illustrated. The hybrid systems under study are evaluated by simulation under normal
operation (wind speed fluctuations and grid demand changes) and grid faults. Simulation
47 results show that both configurations improve the grid integration capability of the WT,

49 although the configuration with external BESS presents better results since it can provide

52 additional active/reactive power injection.
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1. Introduction

Due to the intermittent and uncontrollable nature of wind, large penetration of wind
power generation into electric power systems might introduce stability and reliability
problems that threaten the proper operation of other suppliers and consumers, especially
when connected to weak grids [1]. Problems such as short-term voltage instability, random
power fluctuation, lack of energy and voltage management, excessive and uncontrollable
reactive power consumption, and defective response to grid faults (e.g. tripping because of
overspeed, or slow voltage recovery that may cause tripping of other wind turbines nearby),
can be more pronounced when traditional fixed-speed induction generators are used [2-7].
On the other hand, large-scale energy storage systems (ESSs) act as energy accumulators
which are readily accessible either to absorb or provide considerable amounts of energy,
and thus, being suitable for coupled operation with intermittent renewable energy
generators, such as wind power [8]. Therefore, hybrid systems consisting on ESS and wind
power present all the main benefits of a sustainable resource, while the ESSs reduce some

of the inherent drawbacks of these types of energy supply [9,10].

Currently, two WT technologies dominate the market: DFIG and permanent magnet
synchronous generator (PMSQ), both based on variable-speed WT. The use of a partial-

scale power converter in the former, opposite to a total-scale in the latter, stands out as one
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of the main advantages of DFIGs [11-14].
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Many different storage devices are commercially available nowadays which are
regarded as an adequate back-up system in distributed generation schemes. In this paper, a
13 suitable storage system has been considered for hybrid applications with wind power
15 generators. Ultracapacitors for instance, are seen as effective devices for mitigating short-
term wind power fluctuations. They are able to provide a boost of power during short
20 periods, usually in the range of a few seconds or minutes [15,16]. This technology can
22 operate either as a part of an external FACTS (Flexible AC Transmission System) device
o5 such as STATCOMs (Static Synchronous Compensator), or as a proper ESS coupled to a
27 WT [7,17-21]. Nonetheless, ultracapacitors are not adequate for the hybrid systems
proposed herein, since a longer duration ESS is preferred. This performance can be
32 achieved with hydrogen-based systems comprising electrolyzer, storage tanks and fuel-cells
34 [22]. However, the hydrogen is not yet a cost-competitive technology compared to other
ESS [16,23,24]. Electrochemical batteries meet some of the desired characteristics for an
39 ESS in hybrid systems. They show a relatively short time response, while they are able to
4l provide electricity in the range of seconds to a few hours. In particular, lead-acid
44 electrochemical batteries stand out for their maturity, which leads to lower capital costs,
46 and acceptable electric efficiency [15,23]. For these reasons, the lead-acid technology has
48 been chosen as storage device, thus comprising the BESS of the hybrid systems presented

51 in this paper.

Several configurations and control schemes for hybrid systems equipped with batteries

58 and wind power have been proposed in the literature. One of the eligible alternatives is the
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aggregated concept, in which a single ESS serves a group of wind generators operating
together. Nonetheless, the aim of this paper is to study the performance of a hybrid WT-
BESS system which can be connected and operate independently in any point of the grid,
not exclusively as a part of a wind farm. Such distributed configuration can be placed at
weak nodes of the grid in order to improve reliability and stability of the system. Likewise,

it can also be integrated in a wind farm to develop large-scale load leveling.

A feasible solution in distributed generation schemes is to place the BESS outside the
generator or wind farm [25,26], which is valid regardless of the WT technology employed.
On the other hand, when DFIG-based WT are considered, the DC bus of the DFIG offers an
alternative possibility where the BESS can be connected and controlled in coordination
with the WT in the hybrid system [27,28]. So far, no relevant study has been carried out
where both alternatives are compared under the same operating conditions. Therefore, a
comparative analysis of two different configurations of WT-BESS hybrid systems is

developed herein.

2. Hybrid Configuration Schemes

Two alternative configurations for the WT-BESS hybrid systems are proposed and
compared in this paper, which differ basically in their structure. One of the implemented
schemes makes use of the internal structure of the DFIG in order to exchange active power
between the BESS and the rest of the system; whereas the other presents an external
connection of the BESS to the WT output terminals. Moreover, a base case consisting of a

single DFIG driven WT (without any BESS) is also considered in Section 6 to emphasize

John Wiley & Sons
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the improvements accomplished with the inclusion of a coupled BESS.

2.1. Internal BESS Hybrid System

Regarding the internal structure of the DFIG, it can be clearly seen that the AC/DC/AC
power converter allows interconnection of the BESS by using a bidirectional DC/DC

converter, as shown in Fig. 1.

Fig. 1. Internal BESS hybrid system configuration

In this configuration, the active power exchanged with the BESS flows through the
DFIG grid side converter (GSC). Subsequently, the design parameters of this converter
affect the operational boundaries of the BESS. It would be possible to increase the rated
power of the GSC in order to allow a higher active power exchange with the BESS.
Nonetheless, this option is not considered in this paper, since identical characteristics of the
DFIG components are mandatory for the sake of adequate comparison between the internal

and external configuration, where oversizing the GSC is not justified.

2.2. External BESS Hybrid System

An alternative configuration can be obtained when the BESS is connected to the WT
output terminals. This structure requires additional power converters in order to regulate the
power exchange between the components of the hybrid system. Thus, an AC/DC and a

DC/DC bidirectional power converter become necessary to adapt the DC battery output to
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the grid AC signal.

Fig. 2. External BESS hybrid system configuration

The scheme shown in Fig. 2 avoids the additional power exchange through the GSC
observed in the internal BESS configuration, since this transference is now carried out
through the external AC/DC converter, which can be sized independently to the DFIG
characteristics. Therefore, it is the rated power of this external converter that sets the
limitation on the power exchange with the BESS, and this parameter can be chosen
conveniently during the design process. Nonetheless, the maximum allowable current of the
AC/DC converter has been set to the same value as for the GSC, in order to compare both

configurations under the same restrictions during the simulations.

3. Modeling of the Hybrid Systems Components

The main components of the hybrid systems have been modeled using
MATLAB/Simulink software. The descriptions presented herein are also applicable to the

base case, DFIG without BESS.

3.1. Wind Turbine Mechanical and Electrical Systems

A General Electric Inc. WT equipped with DFIG has been considered [29]. This model
is based on the 1.5 MW WT model available in the SimPowerSystems® library [30]. In this

model, the mechanical torque generated by the WT rotor is obtained by the actuator disk

John Wiley & Sons
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theory [31]. According to this theory, the aerodynamic power available in the airstream
facing the turbine, P,, is directly proportional to the swept area of the rotor (4,), the air

density (p), and the incoming wind speed (), as given in Eq. (1).

©CoO~NOUTA,WNPE

P =—-4 -p-u3 (1)

18 Nonetheless, the turbine power capture (P,,) is limited by the power coefficient (C,) of
20 the WT, which is usually provided by the manufacturer as a function of the tip speed ratio
(4) and the pitch angle of the blades (#). Hence, the actual power capture of the turbine is
25 given by Eq. (2). Finally, the turbine mechanical torque (7,,) can be obtained with the ratio
27 between the power captured by the blades and the angular speed of the wind turbine (w,),

30 as expressed in Eq. (3).

35 P, =Pa-Cp(/l,e)=§-Ar‘p‘Cp(,Lg)‘Lﬁ 2

P
38 T, =— (3)

Once T, is calculated, it serves as an input to the drive train model. The drive train is
45 represented by the two-mass model [32] in order to calculate the mechanical torque (7,,)
47 inputted to the DFIG rotor. In Fig. 3 a block diagram of the rotor and drive train models,
and their interaction with the DFIG, is shown. All the representative parameters are

52 illustrated, where R stands for the radius of the wind turbine rotor, @, and w, .rare the

54 generator angular speed and its reference respectively.
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Fig. 3. Block diagram of wind turbine and drive train models

A fifth-order model is used for the DFIG [33]. The power converter of the DFIG,
which is composed of two back-to-back IGBT bridges (named Rotor Side Converter (RSC)
and GSC according to their position) linked by a DC bus, is modeled as an AC/DC/AC
PWM converter based on IGBT switches. Proper control of this converter is a crucial factor
for the operation of the DFIG, and thus of the hybrid systems, within a desired

performance.

3.2. Electrochemical Battery

The electrochemical battery block available in the SimPowerSystems® [30] library has
been used in the hybrid systems presented here. This model consists of a variable DC
voltage source in series with a resistor that models internal power losses in the device. The
design parameters for the electrochemical battery model have been obtained from the
Discover Energy Corp. D23000 VRLA cell datasheet [34]. By connecting several cells in
series and in parallel, a 750V, 330kW battery has been accomplished. In order to validate
the electrochemical battery model, Fig. 4 shows a comparison between the constant current
discharge curve obtained from the D23000 device datasheet, and the response provided by

the model. As can be seen, both curves match acceptably.

Fig. 4. Discharge curves comparison: D23000 vs. Model

John Wiley & Sons
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3.3. BESS - DC/DC Converter

Either in the internal or external BESS hybrid system configuration, a DC/DC power
converter allows the bidirectional power flow for the charge/discharge of the battery. Its
structure consists of two electronic switches based on IGBTs and diodes. Besides, a high
frequency inductance filters the input current, whereas a filtering capacitor is located at the

output to improve voltage response of the device.

In the hybrid configurations proposed, the DC/DC converter is mainly controlled to

regulate the active power exchange with the BESS, as will be described below.

4. Control Schemes for the Hybrid Systems

In this section, the main control schemes implemented in the components of the hybrid

systems and the DFIG without BESS are detailed. With the purpose of achieving sufficient

homogeneity in the study of both hybrid configurations, the same control schemes have

been applied to corresponding elements in the internal and external BESS models.

4.1. DFIG — Rotor Side Converter Controller

A vector control strategy is implemented in the RSC that allows the decoupled control

of the active and reactive power generated in the DFIG by acting on the d and ¢

components of the rotor voltage, respectively, as shown in Fig. 5.

John Wiley & Sons
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Fig. 5. RSC control scheme

By acting on the d component of the rotor voltage, the RSC regulates the total active
power generated in the DFIG (Pg), which is the sum of the stator and rotor windings output.
The RSC active power control strategy implements a selector that provides two operating
modes [35], i.e. power optimization/limitation, and power reduction mode. The supervisory
control system (SCS) generates the switching signal power reduction that drives the RSC
mode selector depending on the instantaneous operating conditions of the DFIG and BESS.
In the power optimization/limitation mode, the DFIG active power-speed curve is used to
define the active power reference in the RSC controller according to the actual generator

speed.

On the other hand, in the power reduction mode, the SCS directly determines the RSC
active power reference. This operating mode is based on the coupled operation of the
electrical and mechanical systems of the WT. Since the new reference is lower than the
optimal value, the whole system must be able to reduce the overall power exchange. This
curtailment is accomplished by means of the RSC and the pitch controller operating
coordinately. Hence, as the RSC reaches a lower active power generation through the PI-
based control loops implemented (fast electrical response), the wind turbine angular speed
accelerates because of the input/output power imbalance. Consequently, the pitch angle
increases to reduce the aerodynamic power capture (slow mechanical response), thus

recovering the stable operation in a new active power generation value.

The RSC controller also regulates the reactive power generation by acting on the ¢

10
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component of the rotor voltage. The total reactive power generation in DFIGs corresponds
to the sum of the reactive power provided by the stator windings, Q;, and the fraction
supplied through the GSC, Qg Here, only Qs is considered, since Qg is controlled on the
GSC and will be described later on. The stator reactive power reference, O, , is set by the

SCS according to a hierarchical distribution of the grid demand.

4.2. DFIG - Grid Side Converter Controller

Decoupled vector control has also been implemented in the GSC. This controller is
responsible for maintaining the DFIG DC bus voltage close to its reference, and regulating
the reactive power flow through the GSC independently. Similarly to the RSC, this can be
accomplished by acting on the d and ¢ components of the AC voltage at the grid side of the

converter, respectively. The control scheme implemented for the GSC is shown in Fig. 6.

In this case, the control of the DC bus voltage is performed by acting on the d
component of the grid side voltage. On the other hand, the ¢ component of the grid side
voltage is used to regulate the reactive power flow through the GSC. Similarly to the RSC,
the reactive power reference for the GSC, Qgsc*, is set by the hierarchical strategy

implemented in the SCS.

Fig. 6. GSC control scheme

In Figs. 5 and 6, compensation terms have been added to udq,ﬂ* and udqg* control loops

respectively. These terms, which are derived from the equations of rotor voltage

11
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(compensation terms added to udq,*) and grid side voltage (compensation terms added to
udqg*), allow obtaining a linear transfer function between the currents and the controller

output voltages [36,37].

4.3. BESS — DC/DC Converter Controller

Fig. 7 shows the control scheme adopted to drive the switching cycles of the IGBT-
diodes switches that comprise the DC/DC converter. The designed control system allows
two different operating modes, which are automatically selected depending on the operation

of the hybrid systems.

Fig. 7. DC/DC converter control scheme

The normal operation mode is defined as the state when no grid voltage contingencies
appear. Then, the BESS is controlled to follow the active power reference imposed by the
SCS. Thus, active power is stored in or released by the battery according to the grid
demand and battery SOC. As seen in Fig. 7, this can be achieved with a single PI

controller-based control loop to define the duty cycle that drives the IGBT switches.

The voltage sag operation mode is activated when the grid voltage drops below a
previously defined limit. Under these conditions, it is important to regulate the DC voltage
of the bus where the battery is connected, avoiding large fluctuations of the DC voltage that
hamper a fast recovery of the hybrid system after clearing the fault. Again, a single control

loop based on PI-controller is adequate to generate the duty cycle of the IGBTs.

12
John Wiley & Sons



Page 13 of 53

©CoO~NOUTA,WNPE

Wind Energy

4.4. BESS — AC/DC Converter Controller

Exclusively in the case when the BESS is connected externally to the DFIG, an AC/DC
converter becomes necessary to transform the output of the BESS — DC/DC converter into

AC at the grid specific voltage and frequency.

Similarly to the GSC of the DFIG, its main purpose is to allow a bidirectional active
and reactive power exchange between a DC bus and the grid. Hence, the AC/DC converter
implemented in the external BESS configuration has been modeled as a back-to-back IGBT
bridge. In the implemented control strategy, the voltage of the DC bus formed between the
DC/DC and the AC/DC converters is controlled by acting on the d component of the AC
grid side voltage. On the other hand, the reactive power flow through this converter, named
here Q. is regulated through the g component of the same voltage. Therefore, this control

strategy shows an identical scheme to that detailed for the GSC of the DFIG.

5. Supervisory Control System (SCS)

Coordinate operation of BESS and DFIG in a hybrid system is achieved by action of
the SCS. This system sets the active and reactive power references for the controllers
described in the previous section, taking into account different parameters, such as battery

SOC and grid demand.

13
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5.1. SCS - Active Power Reference

The SCS is responsible for setting the battery active power reference as a function of

its SOC. Besides, it also activates the power reduction mode in the RSC when necessary.

A truth table block is used to determine the active power reference in the SCS. This
block presents as inputs the active power mismatch (calculated as the difference between
the DFIG active power generation and the grid demand), the active power through the rotor
windings of the DFIG, and the instantaneous battery SOC. As outputs, the battery active
power reference and the power reduction switching signal are delivered to their respective

controllers.

Seven states are used in the truth table, depending on the value of the defined inputs
and internal variables. For every state, the battery active power reference is calculated in a
different manner, in order to avoid the battery SOC to exceed the recommended values, i.e.
a minimum of 30% and a maximum of 70%. A more detailed explanation on the design and

operation of this SCS can be found on [38,39].

5.2. SCS — Reactive Power Reference

A hierarchical control strategy has been chosen to define the reactive power references
required for the BESS (through its AC/DC converter when it is located outside the DFIG),
the stator windings of the DFIG, and the GSC. This approach defines a ranking, according

to which the element of a lower level will not exchange reactive power until the elements

14
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corresponding to the upper levels have reached their limit. Finally, the total sum of the
reactive power through all the components must equal the grid demand. In the implemented
hierarchical structure, the BESS receives the first request to adapt to grid demand.
Nonetheless, as previously indicated, the BESS will only be able to exchange reactive
power when it is connected outside the DFIG, since when the BESS appears inside the
DFIG, the reactive power flows through the GSC, and therefore it counts as Qgy.. Following
the BESS, the stator is the second element to support reactive power
generation/consumption when necessary. Finally, the GSC will be controlled to exchange
the required reactive power in order to fulfill the grid demand when the upper components

reach their maximum current limitation.

6. Simulations Results and Discussion

Three different cases study have been considered in order to compare the performance
of the hybrid systems proposed. The base case (denoted as w/o, which stands for without
BESS, in the following figures) is used as a reference to highlight the improvements

achieved with the implementation of BESS in the hybrid schemes.

6.1. Case Study 1: Variable Wind Speed and Grid Demand

In this case study, the ability of the hybrid systems to supply an externally set active
and reactive power demand, while operating under wind fluctuations, is analyzed. This is to
verify the adequate operation of the control schemes implemented on the DFIG and BESS

converters, as well as the SCS. The aim is to achieve a proper adjustment of the hybrid

15
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systems output to variations on the grid power demand, as required by the TSO, providing a
controlled power generation similarly to traditional power plants. This performance pursues
the reduction of uncertainty, unpredictability and variability of wind power generation with

the implementation of a BESS.

During the simulation, the wind fluctuates both above and below the rated value, thus
making the WT to operate in the optimization and limitation modes. Hence, the incoming
wind speed remains above the WT nominal value during the first 135s, and below this limit

up to the end of the simulation.

In addition, active power grid demand varies in three levels, in order to show both
charging and discharging operation of the BESS. This demand is set at 1.3pu during the
first 80s, then it decreases (with a slew rate of 0.1pu/s) to 0.5pu until 160s, when it
increases to the WT rated value, 1pu. Therefore, the grid requirements are independent
from the captured DFIG mechanical power, P,,, which is close to 1pu as long as the wind
speed remains above its rated value, and fluctuates proportionally to the wind for below

rated speeds.

As seen in Fig. 8, the total output active power generated by the external and internal
BESS configurations of the hybrid systems (namely Ex¢ and Int respectively) are quite
similar. On the other hand, the response of the model without BESS varies with the wind
speed, following the DFIG mechanical power (P,,), without performing any management
on the active power output. Hence, the hybrid systems are able to partially decouple, within

a certain limits, active power generation from the actual wind conditions.

16
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When, at 160s, the grid demand increases up to 1pu, and the wind speed is low, the
BESS must provide a large amount of power in order to address the grid requirements.
Hence, the BESS current rises rapidly and reaches its limitation (1500A), as seen in Fig. 9.
As a consequence, the BESS is not able to supply all the active power needed to satisfy grid
demand, and it is partially unaddressed in some periods between 160s and 240s, when the

wind power capture is low.

Moreover, two disturbances appear at 35s and 72s. In Fig. 8, it can be seen that the
internal BESS hybrid system deviates notably from the power reference. This deviation is a
consequence of large wind speed fluctuations occurred at these instants. Nonetheless, this
effect is reduced in the external BESS configuration. This is due to the higher current
provided by the external BESS, as seen in Fig. 9, during the disturbances. In the internal
BESS configuration, the GSC of the DFIG is close to its current limit previously to the
deviations. Hence, when a current boost is necessary, the GSC soon reaches its limits and is
not able to fulfill the requirements, and therefore the total output power decreases,
deviating from the grid demand. This transitory power drop turns into a gust above the

reference as the BESS current recovers more slowly in the internal configuration.

Fig. 8. Active power output (case 1)

Fig. 9. BESS output current (case 1)

Fig. 10. Total reactive power output (case 1)

17
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Fig. 9 also shows the bidirectional power flow in the battery, which can be noticed
regarding the sign of the battery current. Hence, for positive values of this current, the
battery releases energy to support the WT generation to grid; whereas it is negative during

storage periods when the WT active power generation exceeds the grid demand.

A variable grid reactive power demand has also been set for the hybrid systems, which
comprises a generation of 1.1pu during the first 120s, and a consumption of 0.2pu from this
moment up to the end of the simulation. This ability to supply/absorb reactive power gives

the hybrid systems the capacity to regulate voltage.

Fig. 10 shows the total reactive power output of both hybrid system configurations and
the model without BESS. It can be clearly seen that the internal BESS structure and the
single DFIG are not able to completely address the grid demand when large reactive power
generation is required, whereas the external BESS configuration matches adequately the

reactive power reference during the whole simulation.

Fig. 11. BESS reactive power output (case 1)

Fig. 12. Stator reactive power output (case 1)

Fig. 13. GSC reactive power output (case 1)

According to the hierarchical structure described, different elements are responsible for

18
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addressing the changes in this reference. Firstly, the external BESS configuration provides
a considerable fraction of 0.7pu during the initial interval, and absorbs 0.2pu in the second
period, which is the total amount required by the grid (Fig. 11). However, as stated before,
in the internal BESS structure, the battery output is transmitted to grid via the GSC.
Therefore, no additional BESS reactive power supply is available in the internal BESS or
single DFIG configurations. Since the BESS is not able to provide the demanded reactive
power completely, the stator must supply the remaining in the three configurations, as seen

in Fig. 12.

For the first 120s, the three structures perform similarly, providing the maximum
reactive power through the stator windings according to the wind conditions. The external
BESS configuration reduces the reactive power generation as soon as the grid demand
decreases, and becomes null during the reactive power consumption period. On the other
hand, the internal BESS and single DFIG configurations are required to generate reactive
power through the stator until 128s, when the grid demand decreases below the maximum
stator limit. Then, the stator reactive power output turns to 0.2pu absorption, as demanded
by the grid. Finally, the GSC compensates the fraction of reactive power that the previous

elements are not able to provide or absorb, as depicted in Fig. 13.

6.2. Case Study 2: Moderate Voltage Sag (0.8pu, 1s)

A second case study has been considered, in which the responses of the hybrid systems
to a moderate voltage sag at the PCC (voltage of 0.8pu and duration of 1s) are compared. In

this simulation, a constant wind speed of 14m/s is considered as input for the WTs, since

19
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wind speed fluctuations are slower than the electric dynamics studied herein. Besides, a
constant active power grid demand of 1pu is applied. On the other hand, the reactive power
reference is set to zero during normal operation, whereas when the voltage sags occur, all
the systems are required to follow the Vpce VS. Leacrive/ Irarea CUrve presented in [40]; where
Vpcc is voltage at the PCC, Lqcive 18 the reactive component of the output current, and 7,404

is the rated current of the WT.

Fig. 14 shows the total active power of the hybrid systems and the DFIG without
BESS. Systems initiate the simulation in normal operation providing 1pu of active power to
grid. As the voltage sag occurs at 1s, the power supply drops to 0.7pu in the three
configurations. Nonetheless, in the external BESS structure, the output active power
increases notably during the fault, and approaches its reference of 1pu by the end of the
voltage sag; whereas the internal BESS and the single DFIG stabilize approximately at 0.86
and 0.85pu respectively, remaining lower than the external BESS supply during the
perturbation. After the fault is cleared at 2s, the three systems recover their reference

shortly.

Fig. 14. Total active power output (case 2)

As seen in Fig. 15, both hybrid configurations perform similarly under normal
operation. A higher battery output power is achieved for the external BESS configuration
during the fault. At the end of the voltage sag, the battery releases 0.17pu to the grid in the
external structure, whereas the internal reaches a value close to 0.035pu. This difference

eventually becomes certainly significant regarding the total output active power.
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The total reactive power output is represented in Fig. 16. No remarkable differences
appear between the configurations, since they follow the reference adequately. In all cases,
a constant reactive power generation of 0.08pu is achieved after the first 0.2s from the

detection of the fault, which helps supporting the voltage recovery.

Fig. 15. BESS active power output (case 2)

Fig. 16. Total reactive power output (case 2)

6.3. Case Study 3: Intense Voltage Sag (0.2pu, 0.5s)

A more demanding voltage sag has also been simulated. The drop is 80% of the
nominal value, reaching a voltage of 0.2pu at PCC during 0.5s. It corresponds to the lowest

limit that Spanish wind farms must be able to ride through [40].

A constant wind speed of 8m/s, and a constant active power grid demand of 0.6pu have
been considered. This grid demand corresponds to a value higher than the wind power
capture for the wind speed indicated. Hence, the batteries are required to provide energy

during normal operation in this simulation.

As seen in Fig. 17, the hybrid systems properly address the grid demand before and
after the fault. On the contrary, these requirements cannot be satisfied by the single DFIG

without BESS. Moreover, during the voltage sag, the active power generation drops
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drastically for the three configurations considered. Opposite to the previous case, here the
internal BESS configuration reaches a higher active power generation during the voltage
sag, since a value of 0.31pu is registered, whereas 0.21pu is measured for the external
arrangement. This is a consequence of the WT operating regime. With an incoming wind
speed of 8m/s, the DFIG runs in the sub-synchronous region. Hence, it consumes active
power through the rotor windings. This consumption is compensated with the battery in the
internal BESS connection. However, it is subtracted to the total DFIG generation in the

external BESS configuration.

Fig. 17. Total active power output (case 3)

Fig. 18. BESS active power output (case 3)

Fig. 19. Total reactive power output (case 3)

Fig. 20. Voltage at the DFIG stator windings (case 3)

During the voltage sag, the GSC output power drops, and this effect becomes more

critical for the external BESS. Besides, the battery active power injection (Fig. 18) is also

higher for the internal BESS during the perturbation. This contributes significantly to the

differences observed in the active power.

Remarkable differences are also observed in the total reactive power, shown in Fig. 19.

During the voltage sag, the external BESS configuration injects a total of 0.71pu of reactive
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power to grid, whereas the internal supplies 0.48pu as maximum shortly after the fault
detection, decreasing to 0.41pu by the end of the perturbation. In the case of the DFIG
without BESS, the total reactive power output remains at 0.41pu throughout the voltage
sag. On the other hand, the three systems accomplish their reference of zero reactive power
before and after the fault occurrence. Basically, this dissimilar performance between the
hybrid schemes is a consequence of the additional reactive power provided by the BESS in
the external configuration. This extra injection is not available when the battery is
connected to the DC bus of the DFIG, since the reactive power flow is controlled in the
GSC in this case. Hence, when the battery is located outside the generator, a supplementary
reactive power exchange appears, that improves the performance of the external BESS

hybrid system both under normal and fault operation.

Finally, the benefits of a superior reactive power injection during voltage sags can be
observed in Fig. 20. Regarding the stator voltage, it can be seen that the external BESS
configuration achieves a higher voltage during the voltage sag, compared to the response of
the internal BESS and single DFIG structures, due to the increased reactive power
generation registered. Moreover, all the systems recover their normal operation within 0.2s
after the fault clearance, showing an adequate response under demanding grid disturbance

conditions.

7. Conclusions

Two WT-BESS hybrid system configurations have been presented and compared in

this paper. Modeling and control of DFIG, battery and power converters have been
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described. Three case study simulations have been carried out in order to depict the

behavior of the most relevant variables.

Dynamic response of the hybrid systems has proved to be adequate under the
simulation conditions imposed. Both configurations have been able to satisfactorily address
active and reactive power grid requirements when subjected to variable incoming wind
speed in almost all cases. Nonetheless, two main limitations appeared, such as the
maximum allowable battery current, and maximum reactive power generation in the
internal BESS. Hence, there exist certain bounds to the exploitation of the hybrid systems.
If they are not exceeded, the inclusion of a BESS improves the performance of wind
turbines, and allows decoupling the generation from the wind conditions, thus adapting to

grid demand variations.

In addition, hybrid systems have been able to ride through voltage sags at the PCC,
showing an adequate response during the fault, and recovering shortly to the steady-state
operation after the fault clearance. As previously stated, the external BESS configuration
bears an additional active and reactive power support due to the AC/DC converter set for
the external connection of the battery. This expands the hybrid system generation
boundaries compared to the internal BESS alternative. Hence, an extra power injection can
be achieved in certain situations. The expanded generation boundaries of the external BESS

configuration contribute significantly to improve the performance of the hybrid system.
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Appendix: Nomenclature

Acronyms

BESS — Battery energy storage system.

DFIG — Doubly-fed induction generator.

ESS — Energy storage system.

FACTS - Flexible AC transmission system.

GSC - DFIG grid side converter.

PCC — Point of common coupling.

PMSG — Permanent magnet synchronous generator.
RSC — DFIG rotor side converter.

SCS — Supervisory control system.

SOC — State-of-charge of the energy storage system.
STATCOM - Static synchronous compensator.
VRLA — Valve-regulated lead-acid.

WT — Wind turbine.

Parameters

A, — Swept area of the wind turbine rotor.

C, — Power coefficient of the wind turbine.

d. (") = DC/DC converter duty cycle (reference).

idgg» idgr idgs () — Direct and quadrature components of the GSC, rotor and stator currents
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(references).

Lieaerive — Reactive component of the hybrid system output current.

1,.:.a — Rated current of the wind turbine.

Ly, R, — Rotor windings electrical inductance and resistance.

L,, — DFIG mutual inductance.

Lgr, Rrr — GSC output filter electrical inductance and resistance.

P, — Aerodynamic power in the airstream facing the turbine.

P, Oess (*) — Active and reactive power through the ESS (reference).

P, (") — Total (sum of stator and rotor) DFIG active power generation (reference).
Pgse, Qgse (") — Active and reactive power through the GSC of the DFIG (reference).
P,, — DFIG mechanical power.

P,, O, — Active and reactive power through the rotor windings of the DFIG.

P, O, () — Active and reactive power through the stator windings of the DFIG (reference).
P,, O,— Total active and reactive power output of the hybrid systems.

P,,,— Wind turbine mechanical power.

R — Radius of the wind turbine rotor.

T,, — Drive train mechanical torque.

T, — Wind turbine mechanical torque.

u — Wind speed.

Udgg » tagr — Compensated direct and quadrature components of the GSC and rotor
voltages.

Udgg > Udqr’ — Direct and quadrature components of the GSC and rotor voltages before
compensation.

uqys — Direct and quadrature components of the stator voltage.
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Ug abes Urabe — Three-phase GSC and rotor voltages.
Ve () = DC-bus voltage (reference).

Vpce — Voltage at the point of common coupling.
Greek

0 — Blades pitch angle.

A —Tip speed ratio.

p — Air density.

o — DFIG synchronous speed.

o, — DFIG angular speed.

o, ros — DFIG angular speed reference.

@,y — Wind turbine angular speed.
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